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Streszczenie

Zaréwno u ssakow, jak i ryb, neutrofile sg pierwszymi leukocytami rekrutowanymi do
miejsca zapalenia, co ma kluczowe znaczenie dla efektywnej odpowiedzi immunologicznej.
Proces ten reguluja miedzy innymi chemokiny CXC oraz receptory chemokinowe (CXCR).
Nowe dowody wskazuja, ze chemokiny CXC moga réwniez bra¢ udziat w regulacji odpowiedzi
na stres. Odpowiedz na stres jest mechanizmem konserwatywnym ewolucyjnie,
a ryby stanowia szczegdlnie intrygujacy model badan dotyczacych wplywu stresu na
odpornos¢, poniewaz nerka glowowa, w ktérej zachodzi produkcja hormonow stresu, jest
rowniez ich gléwnym narzagdem hematopoetycznym, a zatem hormony stresu mogg wptywac
na dojrzewanie i aktywnos¢ leukocytéw na zasadzie oddzialywan parakrynnych. Ponadto u
wszystkich kregowcow stres wywotuje szybka mobilizacje neutrofili do krwi. Z drugiej strony
zaburzenia zwigzane z neutrofilia wskazuja, ze wywolana stresem redystrybucja neutrofili
stanowi powazne wyzwanie w kontekscie powszechnego zastosowania przeciwzapalnych
glikokortykoidow.

Celem obecnej pracy byto zbadanie udziatu hormonéw stresu w redystrybucji neutrofili
z narzadow/tkanek hematopotycznych oraz roli chemokin CXC 1 ich receptorow (CXCR) w
tym  procesie. Ponadto badano, czy stres wywotuje zmiany w  skladzie
i roznorodnosci mikrobioty jelitowej, oraz jak wywotana antybiotykami dysbioza mikrobioty
jelitowe] wplywa na aktywacje osi stresu 1 wywotang stresem redystrybucje neutrofili, ich
dojrzewanie 1 aktywnos¢. W tym kontekscie sprawdzano tez udziat sygnalizacji TLR/Myd88 w
regulacji redystrybucji dojrzatych 1 niedojrzalych neutrofili pod wplywem kortyzolu
1 podczas zapalenia. Badania prowadzono na karpiu (Cyprinus carpio L.) 1 larwach danio
pregowanego (Danio rerio).

W przypadku karpia wykazano, ze podczas ostrego stresu redystrybucja neutrofili
z narzadéw hematopoetycznych (gloéwnie z nerki glowowej) do krwi jest regulowana przez
interakcje kortyzolu z wewnatrzkomorkowymi receptorami glikokortykoidowymi (Gr).
Dodatkowo stwierdzono, ze chemokiny Cxcl12 1 Cxcl8 oraz ich receptory, odpowiednio Cxcr4
i Cxcrl/Cxcr2 wplywaja na aktywacje osi stresu. Wykazano rowniez, ze chemokiny CXC
wplywajg na retencje (Cxcl12 via Cxcrd) oraz redystrybucje (Cxcl8 via Cxcrl i Cxcr2)
neutrofili. Stwierdzono, ze w regulacje tych proceséw sa takze zaangazowane czynnik
stymulujgcy kolonie granulocytéw (poprzez receptor Gesf(r) i metaloproteinaza macierzy
zewnatrzkomorkowej 9 (Mmp9). Dodatkowo zaobserwowano, ze antybiotyki 1 stres wywotuja
zmiany w mikrobiocie jelitowej karpia, ktore prowadza do dysbiozy. Z kolei dysbioza i stres

wplywaja na granulocytopoeze, proces dojrzewania neutrofili nerki glowowej, ich aktywnos¢,



redystrybucje oraz wywotuja zalezne od limfocytéw Th17 zapalenie w jelitach karpia, ktore
manifestuje si¢ m.in. zwiekszonym naciekiem neutrofili.

Ustalono réwniez, ze u larw danio preggowanego do miejsca zapalenia sg rekrutowane
zaréwno niedojrzate jak 1 dojrzate neutrofile, a stymulacja larw kortyzolem in vivo istotnie
zwigksza liczbe dojrzatych neutrofili w miejscu zapalenia. Ponadto, zahamowanie sygnalizacji
zaleznej od MyD88 zmniejsza liczbg komorek niedojrzatych w ognisku zapalenia 1 istotnie
obniza liczbg dojrzalych neutrofili zrekrutowanych do ogniska zapalenia podczas stymulacji
kortyzolem.

Wyniki obecnej pracy potwierdzaja wazng adaptacyjng role wzajemnych interakcji
pomigdzy uktadem hormonalnym a uktadem odpornosciowym. Biorac pod uwage kluczowe
znaczenie neutrofili jako komoérek pierwszej linii obrony, zwigkszenie ich liczby w krazeniu
wydaje si¢ korzystne w sytuacjach ostrego stresu, kiedy podczas reakcji walki 1 ucieczki
zwigksza sie ryzyko urazoéw i zakazenia. Nalezy jednak pamigtac, ze interakcja ta ma charakter
bardzo ztozony i1 jednym z jej waznych elementow jest takze mikrobiota.

Wyjasnienie mechanizmow zwigzanych z wplywem stresu na odpornos¢ jest jednym
z wazniejszych wyzwan w obszarze badan interakcji ukladow neuroendokrynnego
1 immunologicznego. Wyniki obecnej pracy wskazuja na potrzebe odejscia od prewencyjnego
stosowania antybiotykow w akwakulturze oraz ograniczenia w niej dziatania czynnikow
stresogennych. Badania te moga w przysztosci zosta¢é wykorzystane w celu opracowania

1 ulepszenia strategii kontroli zdrowia ryb.

Stowa Kkluczowe: stres, neutrofile, chemokiny CXC, kortyzol, mikrobiota, karp



Abstract

Both in mammals and fish, neutrophils are the first leukocytes recruited to the site of
inflammation, what is crucial for an effective immune response. This process, among others,
is regulated by CXC chemokines and chemokine receptors (CXCR). Emerging evidence
suggests that CXC chemokines may also be involved in the regulation of the stress response.
The stress response is an evolutionarily conserved mechanism, and fish are a particularly
intriguing model for studying the effects of stress on immunity, because the head kidney, where
stress hormones are produced, is also their main hematopoietic organ. Therefore, stress
hormones can affect leukocyte maturation and activity through paracrine interactions.
Furthermore, in all vertebrates, stress induces rapid mobilization of neutrophils into the blood
circulation. On the other hand, neutrophilia-related disorders suggest that stress-induced
neutrophil redistribution poses a significant challenge in the context of the widespread use of
anti-inflammatory glucocorticoids.

The current study aimed to investigate the role of stress hormones in the redistribution
of neutrophils from hematopoietic organs/tissues, and the involvement of CXC chemokines and
their receptors (CXCR) in this process. Furthermore, we investigated whether stress induces
changes in the composition and diversity of the gut microbiota, and how antibiotic-induced
dysbiosis of the gut microbiota affects the activation of the stress axis and stress-induced
redistribution of neutrophils, their maturation and activity. In this context, we also investigated
the role of TLR/Myd88 signaling in the regulation of mature and immature neutrophil
redistribution, under cortisol treatment and inflammation. The studies were performed on
common carp (Cyprinus carpio L.) and zebrafish larvae (Danio rerio).

It has been shown that during acute stress, the redistribution of neutrophils from
hematopoietic organs (mainly from the head kidney) to the blood is regulated by cortisol
interaction with intracellular glucocorticoid (Gr) receptors. Additionally, the chemokines
Cxcl12 and Cxcl8, along with their receptors, Cxcr4 and Cxcrl/Cxcr2, respectively, have been
found to influence the activation of the stress axis. Moreover, it has been shown that CXC
chemokines affect the retention (Cxcll2 via Cxcr4) and redistribution (Cxcl8 via Cxcrl
and Cxcr2) of neutrophils. Granulocyte colony-stimulating factor (through the Gesf{(r) receptor)
and matrix metalloproteinase 9 (Mmp9) were also involved in the regulation of these processes.
Additionally, it has been shown that antibiotics and stress induce changes in the intestinal
microbiota of carp, leading to dysbiosis. In turn, dysbiosis and stress affected

granulocytopoiesis, maturation, activity, redistribution of neutrophils and induced



Th17-dependent inflammation in the carp intestines, which was manifested, among others,
by increased neutrophil infiltration.

It was also established that in zebrafish larvae, both immature and mature neutrophils
are recruited to the site of inflammation, and that in vivo stimulation of larvae with cortisol
significantly increases the number of mature neutrophils at the site of inflammation.
Furthermore, inhibition of the MyD88-dependent signaling pathway reduces the number of
immature cells in the focus of inflammation, while under cortisol treatment, it significantly
reduces the number of mature neutrophils recruited to the inflammatory focus.

The results of the current study confirm the important adaptive role of bidirectional
interactions between the endocrine and immune systems. Considering the pivotal role of
neutrophils as the first-line defense responders, an increase in their number in the circulation
may be beneficial in situations of acute stress, when the risk of injury and infection increases
during the fight-or-flight response. However, it should be emphasized that this interaction is
very complex, and microbiota is one of its important components.

Elucidating the mechanisms by which stress modulates immunity remains a critical
challenge in research on neuroendocrine-immune interaction. Findings from the present study
indicate the need to transition away from the preventive use of antibiotics in aquaculture and to
mitigate stress-inducing factors. The current results can be used in the future to develop and

improve fish health control strategies.

Key words: stress, neutrophils, CXC chemokines, cortisol, microbiota, carp



L Wstep

Obecna praca skupia sie na wptywie stresu na redystrybucje neutrofili. W pierwszej
czescl wstepu, ktory stanowi praca przegladowa Ktak 1 Chadzinska (2021) opisane zostaty
konserwatywne ewolucyjnie mechanizmy reakcji stresowej ryb. Poznane dotad mechanizmy
odpowiedzi na stres u ryb skonfrontowano w niej z aktualnym stanem wiedzy na ten temat u
kregowcow wyzszych, w tym u ssakow. Neuroendokrynny charakter tej reakcji rozwazono
réwniez w wielowymiarowym konteks$cie wptywu na fizjologie oraz przede wszystkim na
uktad odpornosciowy. Praca ta rowniez argumentuje, dlaczego wsrod kregowcdw, ryby sa

unikatowym modelem w badaniach wptywu stresu na uktad odpornosciowy.

1. Klak K., Chadzinska M. Czy ryby ulegajg stresowi? Kosmos. Problemy nauk
biologicznych. 2021, 70: 57-71. doi.org/10.36921/kos.2021_2673.
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CZY RYBY ULEGAJA STRESOWI?

WSTEP

Reakcja stresowa stanowi kluczowy me-
chanizm regulacyjny, umozliwiajagcy utrzy-
manie homeostazy, aktywowany po zabu-
rzeniu ,,milieu intérieur” organizmu. Stowo
,Stres” jest zaskakujgco trudne do zdefinio-
wania. Wiele z dotychczas proponowanych
definicji osigga jednak konsensus, w ktérym
stres stanowi fizjologiczng reakcje na stresor
(gonzalo i wspotaut. 2003, Schreck i TorT
2016). Efekty dziatania stresoréw sa dwoja-
kie: wywotujg stan zagrozenia lub zaburze-
nia réwnowagi homeostatycznej i generuja
skoordynowany zbiér reakcji behawioralnych
i fizjologicznych, ktore umozliwiajg kompen-
sacje i/lub adaptacje oraz pokonanie zagro-
zenia. W przypadku doswiadczania inten-
sywnego, przewleklego stresu, fizjologiczna
reakcja na stres moze straci¢ swojg wartosc
adaptacyjna, co moze skutkowa¢ zahamowa-
niem wzrostu, rozrodu czy zmniejszong od-
pornoscia na patogeny (Wendelaar Bonga
1997).

Procesy biorgce udziat w zachowaniu
rownowagi fizjologicznej integruja kompo-
nenty neuroendokrynne, autonomiczne, me-
taboliczne i behawioralne (Schreck i TorT
2016). U ssakoéw zidentyfikowano dwie gtow-
ne osie sygnalizacyjne, stanowigce zinte-
growang reakcje fizjologiczng na zaistniate
niebezpieczenstwo/stresor: (i) aktywacja osi
podwzgorze-przysadka-nadnercza (ang. hy-
pothalamus-pituitary-adrenal axis, HPA) i (ii)
aktywacja osi ukitad wspotczulny-rdzen nad-

nerczy (ang. symphatetic-adrenal medullary
axis, SAM) (Ryc. 1). W pierwszym przypadku
reakcja na stresor jest inicjowana na pozio-
mie podwzgorza, ktére uwalnia kortykolibe-
ryne (ang. corticotropin-releasing hormone,
CRH) i wazopresyne (ang. arginine vasopres-
sin, AVP). Hormony te przekazujg sygnat do
przysadki mozgowej, inicjujagc tym samym
uwalnianie hormonu adrenokortykotropowe-
go/kortykotropiny (ang. adrenocorticotropic
hormone, ACTH), ktéry stymuluje kore nad-
nerczy do uwolnienia glikokortykoidow (GK)
(Ryc. 1). Gtownymi krazacymi hormonami
glikokortykoidowymi sg kortyzol (u ludzi,
wiekszosci innych ssakéw i ryb) lub korty-
kosteron (u gryzoni, ptakéw i wiekszosci ga-
dow). Aktywacja SAM jest o wiele szybsza,
a w jej wyniku dochodzi do uwalniania z
rdzenia nadnerczy adrenaliny/epinefryny i
noradrenaliny/norepinefryny z obwodowych
nerwéw wspotczulnych (Ryc. 1). O$ SAM ini-
cjuje tzw. reakcje ,walki lub ucieczki” (ang.
fight or flight), ktéra obejmuje zintegrowang
reakcje behawioralng w przypadku poczucia
zagrozenia lub ostrego stresu, a takze zmia-
ny metaboliczne i reakcje ukiadu odporno-
sciowego (Ryc. 1) (Wendelaar Bonga 1997,
Chen i wspotaut. 2015).

,CZUC SI
STRESORY

JAK RYBA W WODZIE” -
SRODOWISKU WODNYM

Chociaz opis przebiegu reakcji stresowej
opiera sie przede wszystkim na badaniach
przeprowadzonych na ssakach, w petni do-

Stowa kluczowe: ryby, reakcja na stres, o0$ stresu, allostaza, dobrostan zwierzat, interakcje neuro-endokrynno-immuno-

logiczne

*Praca finansowana ze zrédet Narodowego Centrum Nauki (grant nr UMO-2019/33/B/NZ6/00402) oraz subwencji N18/

DBS/000009.
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Ryc. 1. Funkcje biologiczne regulowane przez dwie osie stresu.

O$ podwzgoérze-przysadka-nadnercza (HPA) jest aktywowana stresem fizycznym lub psychicznym. Uwalnianie korty-
koliberyny (CRH) i wazopresyny (AVP) z podwzgdrza powoduje wydzielanie hormonu adrenokortykotropowego (ACTH)
przez przysadke moézgowa. ACTH nastepnie stymuluje uwalnianie glikokortykoidéw z kory nadnerczy. O$ ukiad
wspotczulny-rdzen nadnerczy (SAM) jest skoordynowang odpowiedzig na réznorodne stresory, w ktorej posredniczy
uwalnianie katecholamin. Krazace glikokortykoidy i katecholaminy oddziatujg na wiele r6znych komérek: powodujg
zmiany behawioralne, metaboliczne i immunologiczne oraz w obrebie uktadu sercowo-naczyniowego i oddechowego

(wg Chen i wspotaut. 2015, zmodyfikowana).

tyczy on réwniez nizszych kregowcow. W
poroéwnaniu do kregowcow lgdowych, szcze-
gOlnie ciekawym modelem badawczym sa
ryby, m.in. ze wzgledu na odmiennos¢ $ro-
dowiska, w ktorym zyja. ldentyfikacja stresu
u ryb w warunkach naturalnych, laborato-
ryjnych lub w akwakulturze jest skompliko-
wana i w zasadzie jest decyzjg arbitralna,
z powodu réznorodnosci parametréw beha-
wioralnych, fizjologicznych oraz wielu czyn-
nikdw tagodzacych lub nasilajagcych wptyw
stresorow. Istotny wplyw na przebieg reakcji
stresowej u ryb majg temperatura i jakos¢
wody, pora roku, wiek, pte¢, genetyczne lub
nabyte cechy indywidualne, czynniki spo-
teczne oraz réznice w obrebie szczepow lub
gatunkéw. Do powszechnych bodzcéw stre-
sowych wywotujacych zintegrowang reakcje
stresowg u ryb nalezg nagte lub ekstremal-
ne zmiany w S$rodowisku (zmiana tempera-

tury i zasolenia wody oraz jej zmetnienie),
interakcje z innymi zwierzetami (drapieznic-
two, pasozyty, konkurencja) oraz ingerencja
cztowieka, w tym praktyki zwigzane z akwa-
kultura (potowy, manipulacje, transport)
oraz zanieczyszczenie wody (metale ciezkie
i substancje chemiczne) (Wendelaar Bonga
1997, spagnoli i wspotaut. 2016, Baldisse-
ra | wspotaut. 2020, UrBinati i wspotaut.
2020). Reakcja ryb na czynniki stresowe ma
wiele cech charakterystycznych dla tej grupy
organizmow. Sg one zwigzane z bliskim kon-
taktem tych zwierzat z otaczajgcym Srodowi-
skiem wodnym, przez skrzela i jelito (w wo-
dzie morskiej). Stresory dziatajagce na skrzela
wpltywajg na rownowage wodno-mineralna.
Stanowi to jeden z gtdéwnych powoddw wy-
sokiej podatnosci ryb na zanieczyszczenia
wody. Innym powodem jest duza rdzno-
rodnos¢ i wyjatkowa wrazliwos¢ sensorycz-
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na powlok ciata ryb. Percepcja sensoryczna
stresora warunkuje wywotanie reakcji stre-
sowej zaréwno u ryb, jak i innych kregow-
cow. Ryby reagujg na szkodliwe zanieczysz-
czenia chemiczne i wiele innych stresoréw
na poziomach intensywnosci czesto znacznie
nizszych od tych, ktore sa odczuwalne dla
zwierzat lagdowych (Wendelaar Bonga 1997).

Zgodnie z koncepcjg allostazy (ogoélny
stan rownowagi utrzymywany poprzez licz-
ne zmiany wielouktadowe, ktore odpowia-
dajag przewidywanym wymaganiom srodo-
wiskowym), aby zwierze mogto pokona¢ za-
grozenie, reakcja stresowa musi by¢ kom-
pensacyjna i adaptacyjna. Taki adaptacyjny
typ reakcji stresowej to eustres. Koszt, jaki
organizm musi ponies¢ reagujac na stres,
to fadunek allostatyczny. Niski tadunek allo-
statyczny lub eustres moze mie¢ pozytywny
wpltyw na kondycje ryb (stres mobilizujacy).
Jezeli odpowiedz nie powiedzie sie lub be-
dzie niewystarczajgca, nastepuje przecigzenie
allostatyczne. Zazwyczaj obserwuje sie to w
warunkach przewlektego (chronicznego) stre-
su, gdy ryby nie sg w stanie skutecznie ra-
dzi¢ sobie z ciggtym wyzwaniem stresowym,
a reakcja stresowa traci wymiar adaptacyj-
ny, staje sie dysfunkcyjna i ostatecznie ma
niekorzystne skutki. Ten stan braku przy-
stosowania okreslono jako dystres (saMaras
i wspotaut. 2018).

Pomimo odmiennych s$rodowisk, mecha-
nizm reakcji stresowej u ryb wykazuje wiele
podobienstw do kregowcéw lagdowych (znacz-
na konserwatywnos$¢ ewolucyjna). Istniejg
trzy gtowne etapy reakcji na czynniki stre-
sowe: alarmowa, przystosowania (opornosci)
oraz kompensacji lub wyczerpania (Smierc).
Charakter reakcji na stres zalezy od nate-
zenia i czasu trwania stresora. Zasadniczo
we wszystkich przypadkach faza alarmowa
polega na uruchamianiu systemow zaanga-
zowanych w ,walke i ucieczke” i, co wazne,
radzenia sobie ze stresem. Podczas etapu
przystosowania zachodzi przywrdcenie norm
homeostatycznych - ryba pokonuje stre-
sor, co umozliwia stopniowg kompensacje
lub nastepuje faza wyczerpania (przewlekty
stres), prowadzaca do Smierci (SChreCk i
TorT 2016). W obrebie mechanizméw zin-
tegrowanej odpowiedzi na stres u ryb pod-
stawowa reakcja na stresor obejmuje akty-
wacje dwoch osi neuroendokrynnych. O$
uktad wspodtczulny-komorki  chromafinowe
prowadzi do wydzielania katecholamin (ad-
renaliny i noradrenaliny) z komoérek chro-
mafinowych, homologu rdzenia nadnerczy u
ssakow, ktore u ryb sa rozproszone lub wy-
stepuja w matych skupiskach w nerce gto-
wowej (Wendelaar Bonga 1997, galhardo i
Oliveira 2009, UrBinati i wspotaut. 2020).
Druga to o0$ podwzgorze-przysadka-komorki

59

Ryc. 2. Pordwnanie osi podwzgoérze-przysadka-
-nadnercza (HPA, A) u ssakéw i osi podwzgoérze-
-przysadka-komorki $srédnerkowe nerki gtowowej
(HPI, B) u ryb.

CRH, kortykoliberyna; ACTH, hormon adrenokortykotro-
powy (wg nardocci i wspoétaut. 2014, zmodyfikowana).

srodnerkowe nerki gtowowej (ang. hypotha-
lamus-pituitary-interrenal axis, HPI), ktora
jest funkcjonalnym analogiem osi przysadko-
wo-nadnerczowej u ssakow (HPA) (Braithwa-
ite i eBBesson 2014, nardocci i wspo6taut.
2014). Schematyczne poréwnanie osi HPA
u ssakow i HPI u ryb przedstawia Ryc. 2.
Warto w tym miejscu wspomnie¢, ze u ryb
nerka gltowowa jest narzadem parzystym,
znajdujacym sie w przedniej czesci jamy
brzusznej, za skrzelami. Jest ona funkcjo-
nalnym homologiem szpiku kostnego i nad-
nerczy u ssakow (Wendelaar Bonga 1997,
gorissen i Flik 2016).

Zar6wno u ssakoéw, jak i u ryb, wtérne
reakcje na zaistnialy stresor obejmujg na-
tychmiastowe dziatanie, na poziomie krwi i
tkanek, uwolnionych katecholamin i korty-
kosteroidow. Odpowiedzi wtdrne stanowig
mierzalne zmiany poziomu glukozy, kwasu
mlekowego i gtéwnych jonéw (np. chlorkéw
sodu i potasu) we krwi oraz tkankowego
poziomu glikogenu i biatek szoku cieplne-
go (ang. heat shock proteins, HSP) (BarTon
2002). Aktywacja osi wspotczulno-adrener-
gicznej powoduje zmiany w ukiadzie serco-
wo-naczyniowym i oddechowym oraz poma-
ga w mobilizacji zapaséw energetycznych w
zwigzku ze zwiekszeniem zapotrzebowania
metabolicznego. O$ HPI reguluje nie tylko
metabolizm energetyczny, ale takze réwno-
wage wodno-mineralng. Ma to zwigzek z fak-
tem, ze aldosteron (gtbwny hormon minera-
lokortykoidowy, odpowiedzialny za resorpcje
i utrzymywanie fizjologicznego stezenia sodu
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u ssakéw) u ryb nie wystepuje lub wystepu-
je w bardzo niskich stezeniach (Wendelaar
Bonga 1997, Spencera i deak 2017).

Przedtuzona ekspozycja na stresor moze
takze prowadzi¢ do uogolnionej reakcji cate-
go organizmu. Przykifadowo, stres ma hamu-
jacy wplyw m.in. na reprodukcje ryb i ha-
muje ich wzrost. Ogoélna odpornos$¢ na cho-
roby moze w stresie rowniez podlega¢ daleko
idgcym zmianom i prowadzi¢ do immunosu-
presji, dramatycznie zwiekszajgc zapadalnosc
na choroby i w konsekwencji $miertelnosc
ryb (Wendelaar Bonga 1997, Qalhardo i
Oliveira 2009).

JAK RYBY SIE STRESUJA?
MECHANIZMY REGULACIJI
ODPOWIEDZI STRESOWEJ

Kiedy ryby sa narazone na stresor, fi-
zjologiczna reakcja stresowa jest inicjowa-
na przez centralny ukitad nerwowy, po roz-
poznaniu rzeczywistego lub postrzeganego
zagrozenia. Wspotczulne widkna nerwowe,
ktore unerwiajg komorki chromafinowe, sty-
mulujg uwalnianie katecholamin. Tkanka
chromafinowa znajduje sie gtéwnie w przed-
nim obszarze nerki gtowowej (BarTon 2002,
ScCapigliati i wspotaut. 2007). Poniewaz ka-
techolaminy, a gtéwnie adrenalina, u ryb
doskonatokostnych sa zmagazynowane w
komodrkach chromafinowych, ich uwalnianie
jest szybkie, a poziom krgzacych hormonéw
stresu natychmiast wzrasta i nastepnie sg
one szybko usuwane z kragzenia (Ryc. 3A).
Dziatanie adrenaliny polega na szybkiej mo-
bilizacji glukozy, co zaspokaja zapotrzebo-
wanie na energie, wywotane przez stresor
(Barton 2002, FaughT i wspoétaut. 2016).
Adrenalina dziata poprzez receptory a- lub
P-adrenergiczne (ADR), ktdore nalezg do ro-
dziny receptoréw sprzezonych z biatkiem G
(GPCR) i moduluje odpowiedz komoérkowa
poprzez  fosforylacje/defosforylacje docelo-
wych biatek (Ryc. 3B). Chociaz adrenalina
wplywa na zmiany transkrypcyjne, w tym
geny zaangazowane w metabolizm i odpo-
wiedz immunologiczng, dominujaca rola tego
hormonu u ryb jest niezalezna od regula-
cji transkrypcji (Barton 2002, ChadzinsKa i
wspotaut. 2012, FaughT |1 wspotaut. 2016).
U ssakéw adrenalina aktywuje biatko wiagza-
ce element odpowiedzi na cAMP (ang. CAMP
response element-binding protein, CREB),
kluczowy czynnik transkrypcyjny zaanga-
zowany w regulacje metaboliczng podczas
stresu. Jednak rola CREB w szlaku sygnali-
zacji reakcji stresowej, w ktorej posredniczy
adrenalina, nie jest jak dotad wyjasniona u
ryb (FaughT i wspdtaut. 2016).

Uwalnianie kortyzolu u ryb jest opdéznio-
ne w stosunku do katecholamin (wzrost po-

ziomu kortyzolu nastepuje w ciggu od Kilku
minut do kilku godzin) (Ryc. 3A) (FaughT
i wspotaut. 2016, Baldissera i wspoOtaut.
2020). Wolniejsza odpowiedz tkanek na sty-
mulacje kortyzolem zwykle obejmuje synteze
biatek efektorowych, ktore utatwiaja mobili-
zacje i relokacje substratéw energetycznych,
w tym uzupeinianie wyczerpanych zapasow
glikogenu. U ryb aktywacja osi HPI rozpo-
czyna sie od podwzgorza, ktoére odbiera sy-
gnaty przesytane z osrodkowego i obwodo-
wego ukiadu nerwowego. Wykrywanie stre-
sujgcego sygnatu stymuluje nerwy podwzgo-
rzowe do wydzielania kortykoliberyny. CRH
stymuluje komorki kortykotropowe przednie-
go ptata przysadki do wydzielania hormonu
adrenokortykotropowego. ACTH wigze sie ze
specyficznym receptorem MC2 (ang. mela-
nocortin receptor 2, MC2R) na powierzchni
komorek srodnerkowych i aktywuje szlak
sygnatowy prowadzacy do wydzielania korty-
zolu jako produktu koricowego aktywacji osi
HPI. W przeciwienstwie do komorek chroma-
finowych, synteza i uwalnianie kortyzolu z
komorek srodnerkowych nerki glowowej sg
op6znione i tatwo mierzalne. W rezultacie
poziom krgzacego kortyzolu jest powszechnie
stosowany jako wskaznik stresu doswiad-
czanego przez ryby (BarTon 2002, uren
WeBsTer i wspotaut. 2020). Kontrola uwal-
niania kortyzolu odbywa sie poprzez ujem-
ne sprzezenie zwrotne, na wszystkich pozio-
mach osi HPI (Barton 2002). Kortykostero-
idy wywierajg wptyw na tkanki docelowe po-
przez dwa odrebne mechanizmy znane jako
genomowe i niegenomowe szlaki sygnatowe
(das i wspotaut. 2018, UrBinati i wspotaut.
2020). W dziataniu hormonéw kortykoste-
roidowych posredniczg wewnatrzkomérko-
we receptory, dzialajgce jako ligandozalezne
czynniki transkrypcyjne (PruneT i wspotaut.
2006). Ryby doskonatokostne wykazujg eks-
presje wiekszej liczby receptoréow kortykoste-
roidowych, w poréwnaniu z innymi kregow-
cami. Podobnie jak u ssakdéw, u ryb opisano
dwa rodzaje receptoréw kortyzolu: mineralo-
kortykoidowe (MR) i glikokortykoidowe (GR)
(STolTe i wspotaut. 2008).

W genomowym szlaku sygnalizacyjnym
hydrofobowy kortyzol dostaje sie do komorki
i aktywuje cytoplazmatyczne czynniki trans-
krypcyjne, takie jak receptor GR (Ryc. 3B).
Aktywny kompleks hormon-receptor prze-
mieszcza sie do jadra, gdzie zachodzi jego
dimeryzacja. Jako homodimer wigze sie ze
specyficznymi elementami odpowiedzi na
glikokortykoidy (ang. glucocorticoid respon-
sive elements, GRE), w promotorze genéw
docelowych regulujacych metabolizm glu-
kozy, poziom jondéw, behawior i odpornosc
(transaktywacja/transrepresja) (alsoP i Vi-
jayan 2009). Poniewaz proces ten prowa-
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Ryc. 3. Molekularny mechanizm dziatania hormondw stresu.

Zmiany stezenia adrenaliny i kortyzolu w osoczu w odpowiedzi na stres (A). Transdukcja sygnatu wewnatrz komorki
(B). Adrenalina za posrednictwem receptoréw adrenergicznych sprzezonych z biatkiem G (a, p) inicjuje wewnatrzko-
morkowe kaskady sygnalizacyjne: za posrednictwem biatka Gs stymuluje cyklaze adenylowa (AC) i powoduje wzrost
poziomu cAMP, natomiast za posrednictwem biatka Gi prowadzi do zahamowania AC i spadku poziomu cAMP.
Fosforylacja kinazy biatkowej A (PKA), powoduje aktywacje czynnika transkrypcyjnego CREB. Kompleks adrenalina-
-receptor-biatko Gq stymuluje fosfolipaze C (PLC), ktora katalizuje powstawanie trisfosforanu inozytolu (IP3). IP3 ini-
cjuje wzrost wewnatrzkomérkowego stezenia Ca2+. Kortyzol dziata na Sciezce genomowej wigzac sie z wewnatrzko-
morkowymi receptorami GR. Dochodzi do dimeryzacji komplekséw ligand-receptor i ich translokacji do jadra, gdzie
indukuja transkrypcje genu poprzez przytaczenie do GRE (wg FaughT i wspoétaut. 2016, verBUrg-van KeMenade i

wspotaut. 2017).

dzi do syntezy biatek de novo, sygnalizacja
genomowa jest wolniejsza, natomiast okres
jej trwania jest diuzszy (synteza swoistych
biatek regulatorowych zachodzi minimum
po 30 minutach od ekspozycji na kortyzol,
nastepnie stopniowo rozwija sie ich dziata-
nie). Z kolei sygnalizacja niegenomowa jest
szybka (od sekund do minut), poniewaz
komorki efektorowe sg modulowane przez
aktywacje kaskady sygnalizacyjnej, w tym
cyklicznych nukleotydow cAMP (cykliczny
adenozyno-3',5'-monofosforan), cGMP (cy-
kliczny guanozyno-3',5'-monofosforan), jonow
wapnia Cae+, trifosforanu inozytolu IP3 (ang.
inositol 1,4,5-trisphosphate) i kinaz biatko-

wych (grzanka i JarzaB 2009, das i wspot-
aut. 2018). W rozrdznianiu tych dwdch me-
chanizmoéw nie nalezy opiera¢ sie wylacznie
na czasie pojawienia sie efektow biologicz-
nych, poniewaz mogg réwniez istnie¢ me-
chanizmy niegenomowe ujawniajgce sie po
dtuzszym czasie (gQrzanka i JarzaB 2009).
Gtéwna roznicg miedzy tymi dwoma szlaka-
mi jest to, ze podczas gdy szlak genomowy
obejmuje aktywacje transkrypcji i transla-
cji genu za posrednictwem steroidow, efek-
ty niegenomowych szlakow przekazywania
sygnatlébw sa niezalezne od regulacji genéw
(das i wspotaut. 2018).
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U ryb wystepuja dwa zduplikowane geny
GR (GR1 i GR2), ktérych transkrypcja pro-
wadzi do powstania funkcjonalnych biatek
(wyjatek: danio pregowany, u ktérego wyste-
puje tylko jeden GR) (alsoP i ViJayan 2009,
das i wspoétaut. 2018). Ponadto, gen GR1
posiada dwa warianty: GRla i GR1b. Co
ciekawe, zduplikowane receptory wymagajg
roznych stezen kortyzolu (odpowiednio ni-
skich i wysokich, ktére odpowiadajg podsta-
wowemu poziomowi kortyzolu i jego stezeniu
w warunkach stresu), aby zainicjowac akty-
wacje tych receptorow w komodrkach efekto-
rowych (zdolno$¢ do transaktywacji) (Bury
i sturMm 2007, STolTe i wspotaut. 2008,
UrBinati i wspotaut. 2020). Chociaz w ba-
daniach zaproponowano istnienie receptora
btonowego posredniczagcego w szybkiej ak-
tywacji szlakow sygnatowych w odpowiedzi
na stymulacje glikokortykoidami, do tej pory
nie zostat on zsekwencjonowany w zadnym
modelu zwierzecym. Mechanizm dziatania
tych receptorow w szybkiej sygnalizacji nie-
genomowej jest jak dotad u ryb nieznany.
Zaproponowano cztery modele niegenomowe-
go dziatania, dzieki ktérym kortyzol wywo-
tuje szybka sygnalizacje stresowg u ryb do-
skonatokostnych: (i) zmiany fizykochemiczne
dwuwarstwy lipidowej w wyniku interkalacji
kortyzolu (bez udziatu receptora), (ii) akty-
wacja btonowego GR, (iii) aktywacja recepto-
row btonowych niezaleznych od GR, (iv) nie-
zalezne od receptorow btonowych otwarcie
kanatéw Ca?+ i wzrost wewnagtrzkomoérkowe-
go stezenia wapnia (das i wspotaut. 2018).
Uwaza sie, ze niegenomowe szlaki sygnaliza-
cyjne skutkujg wzmocnieniem nastepujacych
po nich efektow genomowych. Z kolei geno-
mowe mechanizmy dziatania tego hormonu
dostarczajg niezbednych biatek do nietran-
skrypcyjnego przekazu sygnatu (grzanka
i JarzaB 2009). Wszystkie te mechanizmy
tworzg szeroki zakres mozliwosci zrdznico-
wanych regulacji za pomocg kortyzolu (Bury
i sturMm 2007, STolTe | wspotaut. 2008).

WPLYW STRESU NA FIZJOLOGIE RYB

Podstawowym mechanizmem adaptacji
podczas stresu jest realokacja docelowego
wykorzystania zasobéw energetycznych (in-
westowanych np. podczas wzrostu i repro-
dukcji), w kierunku dziatan wymagajgcych
intensyfikacji, takich jak oddychanie, po-
ruszanie sie, osmoregulacja i regeneracja
tkanek, w celu przywrdcenia homeostazy i
zachowania integralnosci funkcjonalnej. Po-
woduje to obnizenie kondycji ryb podczas
stresu przewlektego i w czasie regeneracji
po stresie. W odpowiedzi wtdrnej, po percep-
cji bodzca stresowego nastepuje mobilizacja
substratow bogatych w energie, wyczerpanie

zapasow glikogenu w watrobie, podniesienie
poziomu glukozy w osoczu i ogOlne zaha-
mowanie syntezy biatek (Wendelaar Bonga
1997).

U ryb miesnie stanowig ponad poto-
we masy ciata, dlatego zmiany ich wielko-
Sci maja szczeglOlne znaczenie dla wzrostu.
Wzrost miesni jest konsekwencjg wielu pro-
cesow umozliwiajgcych absorpcje skladnikéw
odzywczych ze srodowiska oraz ich wykorzy-
stanie do wzrostu liczby i wielko$ci miocy-
tow. Ze wzgledu na duzy koszt energetycz-
ny reakcji stresowej, w efekcie obserwuje sie
zmniejszenie lub brak wzrostu, a parametry
takie jak zmiana masy ciata lub wydajnosé
metaboliczna, sg stosowane jako wskazniki
stresu ryb (Wendelaar Bonga 1997, Sado-
ul i ViJayan 2016). Ostry i przewlekty stres
zwykle wigze sie ze zwiekszonym tempem
metabolizmu, ocenianym u ryb na podsta-
wie obserwowanej hiperglikemii (poziom glu-
kozy w osoczu jest dodatnio skorelowany z
tempem metabolizmu). Stres wplywa rowniez
na wzrost poprzez bezposrednie hamowanie
molekularnych mechanizméw miogenezy i
hormonalnej regulacji wzrostu. Ostry stres
moduluje poziomy hormonu wzrostu (ang.
growth hormone, GH) w krgzeniu, co su-
geruje interakcje miedzy osig stresu i osiag
GH u ryb. Stres unieruchomienia, nagta
zmiana temperatury lub zakazenie bakteryj-
ne zmniejszajag poziom GH u ryb (Sadoul
i Vvijayan 2016). Stres wplywa rowniez na
rownowage osmotyczng ptyndw ustrojowych,
zwiekszajac utrate wody u ryb morskich
oraz jej naptyw w przypadku ryb stodko-
wodnych (Wendelaar Bonga 1997).

Obcigzenie allostatyczne spowodowane
stresem zmniejsza takze sprawnosC¢ repro-
dukcyjna u ryb obu pici. Chociaz wiekszos¢
badan donosi o hamujgcym wplywie stresu
na rozrod, istniejg warunki, w ktorych kor-
tykosteroidy moga miec¢ dziatanie stymulujg-
ce. Wiekszos¢ z tych efektow obserwuje sie
u samic w okresie okotoowulacyjnym (Mii-
la i wspotaut. 2009). Wiele badan wykazato
wzmacniajacg lub bezposrednio stymulujaca
role kortykosteroidéw w dojrzewaniu oocytoéw
in vitro (Goetz 1983, Patino i Thomas 1990).
Z kolei hamujacy wplyw stresu na rozrdéd
moze sie przejawia¢ w sposob bezposredni
poprzez zmniejszenie szans przezycia 0sob-
nikéw dorostych lub w wyniku niewydolno-
sci rozrodczej. Stres ogranicza rozrod takze
poprzez wplyw na dojrzewanie (hamowanie
rozwoju jajnikéw i jader), hamowanie taria i
owulacji oraz jakos¢ gamet i potomstwa (wy-
twarzanie mniejszych jaj i larw). Diugotermi-
nowe skutki stresu dla potomstwa pozosta-
ja jednak w duzej mierze nieopisane. Efekty
hormonalne dziatania stresu obejmujg su-
presje wytwarzania hormonoéw podwzgoérza
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(np. gonadoliberyna, GnRH), przysadki (np.
hormon folikulotropowy, FSH; hormon lu-
teinizujagcy, LH) i gonad (np. testosteron, T
i estradiol, E2), przy czym najsilniejszy jest
wplyw stresu na wytwarzanie androgendéw i
estrogendw. Zrozumienie mechanizméw za-
ktocania reprodukcji przez stres komplikuje
fakt, ze hormony modulowane stresem moga
mie¢ dziatanie ogoélnoustrojowe, a takze wy-
wiera¢ bezposredni wplyw na hormony re-
gulujagce uklad rozrodczy, a badania ekspe-
rymentalne czesto nie pozwalajg na ich roz-
roznienie (PankhursT 2016).

Istnieje takze wiele efektéw trzeciorzedo-
wych wynikajgcych z pierwotnych i wtérnych
reakcji na stres, np. zmiany behawioru.
Podczas stresu u ryb obserwuje sie przykia-
dowo: pobudzenie, lek, zmniejszony apetyt
(zredukowane zerowanie). W warunkach la-
boratoryjnych zwiekszony poziom kortyzolu
jest skorelowany ze zmniejszong eksploracjg
zbiornika, skototaksjg (szukanie schronienia
w ciemnym miejscu), tigmotaksjg (ptywa-
nie przy $cianach zbiornika), nieregularnym
ptywaniem, nurkowaniem i nagtymi, krot-
kotrwatymi unieruchomieniami (Spagnoli i
wspotaut. 2016). W warunkach naturalnych
podczas narazenia na chroniczny stres, poza
znaczacymi zmianami we wzorcu plywania,
utrzymujacy sie wyzszy poziom stresu moze
wplyna¢ na zachowania wzgledem drapiez-
nikéw, np. moze spowodowaé zwiekszenie

intensywnosci  poszukiwania  schronienia,
zmieni¢ zachowania terytorialne i zakécic
procesy pamieciowe (galhardo i Oliveira

2009). Istniejg rowniez stresory, ktére moga
wywotywac specyficzny efekt, np. substancje
toksyczne, ktorych dziatanie ukierunkowane
jest na konkretne uktady fizjologiczne (yada
i TorT 2016).

WPLYW STRESU NA ODPORNOSC RYB

ODPORNOSC RYB A ODPORNOSC SSAKOW

Ryby sa pierwszymi kregowcami, ktore
w pelni  wyksztatcity odpornosé wrodzong
i nabyta. Nalezy takze pamietaé, ze u ryb
pierwsza linie obrony stanowi nabtonek jelit,
skrzeli i skory, a tkanki tgczne sg bogate w
komorki odpornosciowe. Najwazniejszymi ko-
morkami odpornosci wrodzonej ryb, tak jak
u ssakow, sa fagocytujace neutrofile i ma-
krofagi (ktérych prekursorami sg monocyty).
Zainfekowane komoérki moga by¢ réwniez
zabijane przez komoérki NCC (ang. non-spe-
cific cytotoxic cells), bedgce odpowiednikiem
ssaczych komodrek NK (ang. natural Kkiller).
Komoérki te wytwarzajg biatka bakteriobdj-
cze i/lub lityczne (VerBUrg-van KeMenade i
wspotaut. 2009).
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Podobnie jak u ssakdow, réwniez u ryb w
obrebie odpowiedzi nabytej mozna wyréznic
odpowiedz typu komoérkowego z udziatlem
limfocytow T i odpowiedz humoralng, w kt6-
rej gtdbwna role odgrywajg limfocyty B, jedne
z kluczowych komoérek odpornosciowych u
ryb. Co ciekawe, komorki te u ryb wykazujg
cechy charakterystyczne dla odpowiedzi wro-
dzonej i nabytej. Odpowiadajg za wydzielanie
przeciwciat, produkcje cytokin, ale wykazujg
tez zdolnosci fagocytarne (yada i TorT 2016).
Nabyta odpowiedZz immunologiczna zapew-
nia ukladowi odpornosciowemu kregowcow
zdolnos¢ do rozpoznawania i zapamietywa-
nia okreslonych patogenéw oraz do uzyska-
nia silniejszej i szybszej odpowiedzi podczas
kolejnego zetkniecia sie z tym samym pato-
genem. Zainicjowanie odpowiedzi immuno-
logicznej wymaga specyficznego rozpoznania
antygenu. Gtéwne biatka kompleksu zgodno-
sci tkankowej (ang. major histocompatibility
complex, MHC) prezentujg fragmenty antyge-
nu na powierzchni komorek prezentujacych
antygen (ang. antigen-presenting cel, APC).
Limfocyty T, za pomocg specyficznego recep-
tora TCR (ang. T-cell receptor), rozpoznajg
antygeny zwigzane z czasteczkami MHC. U
ssakow wystepuje podziat funkcji limfocytow
T w obrebie ich réznych typow. Wystepuja
limfocyty pomocnicze T (Th), ktdére wspierajg
funkcje limfocytow B, i cytotoksyczne limfo-
cyty T (Tc), ktore atakujag i zabijajg komorki
zainfekowane wirusem. Komoérki Th za po-
mocg ko-receptora CD4 wigzg MHC klasy I,
podczas gdy komorki Tc charakteryzuja sie
obecnoscig ko-receptora CD8, ktory wigze
MHC klasy I. Taki podziat funkcji nie jest w
petni ustalony u ryb, chociaz leukocyty ryb
wykazujg aktywnos¢ cytotoksyczng. Ponadto,
u doskonatokostnych limfocyty T wykazujg
obecno$¢ CD4, CD8 i MHC Kklasy | (ver-
BUrg-Van KeMenade i wspotaut. 2009, UrBi-
nati i wspotaut. 2020). Ryby doskonatokost-
ne okazujg sie by¢ wyjatkowe pod wzgledem
organizacji gendw MHC, poniewaz w prze-
ciwienstwie do innych grup kregowcow, ich
geny MHC klasy 1 i klasy Il nie tworzg kom-
pleksu. W zwigzku z tym dla genéw MHC u
ryb doskonatokostnych zaproponowano na-
zwe gendéw zgodnosci tkankowej (ang. major
histocompatibility, MH) (rakus 2008). Roz-
poznanie okre$lonego antygenu prezentowa-
nego przez MHC na powierzchni APC pro-
wadzi do ekspansji klonalnej specyficznych
limfocytow B i T (VerBUrg-van KeMenade
i wspotaut. 2009). Limfocyty B wykazujg
na swojej powierzchni ekspresje receptorow
(ang. B-cell receptor, BCR) i wydzielajg je w
postaci przeciwciat (CasTro i TaFalla 2015).
Swoiste przeciwciata wydzielane przez limfo-
cyty B przylaczajg sie do patogenu, co po-
woduje opsonizacje i zwiekszong fagocytoze
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patogendw. Pierwsze zwigzanie antygenu in-
dukuje komorki pamieci, ktore po kolejnym
zetknieciu z antygenem powodujg szybszg i
bardziej efektywng odpowiedZz nabytg. Lim-
focyty T swoiste dla antygenu zabijajg zain-
fekowane komorki gospodarza lub wspoma-
gaja wytwarzanie przez limfocyty B przeciw-
ciat specyficznych dla antygenu (verBuUrg-
-van KeMenade i wspotaut. 2009, UrBinati
i wspotaut. 2020). Makrofagi sg gtéwnymi
APC u ryb, ale u niektérych gatunkéw opi-
sano rowniez komorki dendrytyczne, ktore
sg waznymi APC u ssakow. U ryb obecne
sg zatem wszystkie podstawowe funkcje od-
pornosci nabytej, jednak w poréwnaniu z
ssakami repertuar ich przeciwciat jest bar-
dziej ograniczony (VerBUrg-Van KeMenade i
wspotaut. 2009, Magnadottir 2010, SeCoM-
Bes i Wang 2012). Ryby doskonatokostne
posiadaja trzy rozne klasy przeciwciat: IgM,
IgT (zwane réwniez IgZ u niektérych gatun-
koéw, np. danio pregowanego) oraz IgD. IgM
i IgD sa obecne u wszystkich ryb dosko-
natokostnych i wydajg sie by¢ niezbednymi
przeciwciatlami, natomiast IgT/Z wystepuja
tylko u niektorych z nich. IgM jest najbar-
dziej powszechng immunoglobuling w suro-
wicy oraz $luzie skoéry i petni kluczowsg role
w odpowiedzi immunologicznej, natomiast
IgT jest gtdbwng immunoglobuling w btonie
Sluzowej jelita (yada i TorT 2016). Ogol-
nie uwaza sie, ze ograniczenie repertuaru
przeciwciat ryb w poréwnaniu do ssakow,
wynika m.in. z faktu, iz u ryb nie zacho-
dzi (lub jest znacznie ograniczone) zjawisko
przelgczania klas przeciwciat (z IgM do réz-
nych izotypéw lg) (secomBes i Wang 2012,
CasTro i TaFalla 2015). Przetaczanie klas
polega na rekombinacji miejscowo specyficz-
nej, w ktorej dochodzi do zastgpienia regio-
nu stalego tancucha ciezkiego przeciwciata
(BarreTo i wspotaut. 2005). Catoksztalt tych
zmian jest definiowany jako przetgczanie
klas, poniewaz klasa przeciwciata jest okre-
Slana przez region staty tancucha ciezkiego,
ktory jest wazny dla okreslenia jego funkcji
efektorowej. Zmiana klasy nie wplywa na
swoisto$¢ przeciwciat wzgledem antygenu
(nie dochodzi do modyfikacji czesci zmien-
nej) (Stavnezer i ameMiya 2004, BarreTo i
wspotaut. 2005). Chociaz limfocyty B ssa-
kow i ryb majg wiele wspdlnych cech, ich
Znaczenie w obronie organizmu moze w nie-
ktorych przypadkach nie by¢ poréwnywalne.
Na przyktad u ssakow fagocytujgce limfocyty
B sg ograniczone do jamy otrzewnej i stano-
wig 10-15% wszystkich limfocytéw B, pod-
czas gdy u ryb doskonatokostnych sg roz-
powszechnione ogoélnoustrojowo (w tym we
krwi, $Sledzionie i nerce gtowowej) i stanowig
60% populacji limfocytéw B. Zatem wro-
dzona rola limfocytow B u ryb wydaje sie

by¢ o wiele wazniejsza niz u ssakdw (yada
i TorT 2016). Podczas infekcji szybka, ale
zazwyczaj krotkotrwata wrodzona odpowiedz
immunologiczna poprzedza bardziej trwalg i
specyficzng adaptacyjng odpowiedZ immuno-
logiczng. U ryb ten okres opOznienia moze
wynosi¢ nawet 10-12 tygodni, o czym nalezy
pamieta¢, rozwazajac profilaktyke szczepien
ryb (Magnadottir 2010).

Do tkanki limfoidalnej ryb nalezg ner-
ka gtowowa, grasica, $ledziona i tzw. zbio-
ry limfoidalne (ang. gut-associated lymphoid
tissue, GALT), wystepujace w Scianie jelit
(gwizdon 2019). W przeciwienstwie do wyz-
szych kregowcow, ryby nie majg weziow
chtonnych i migdatkéw. Posiadaja natomiast
centra melanomakrofagowe (ang. melanoma-
crophage centers, MMC), ktére sg uwaza-
ne za homolog osrodkow rozmnazania (ang.
germinal centres, GC) znajdujacych sie we
wtdérnych narzgadach limfatycznych ssakow
(secomBes i Wang 2012). MMC wystepu-
ja w catym ciele, a koncentrujg sie gtéwnie
w $ledzionie, watrobie i nerkach. Ponadto,
ryby nie posiadajg szpiku kostnego i kepek
Peyera (Wendelaar Bonga 1997). Sugeruje
sie jednak podobienstwo gtoéwnych skupisk
GALT w s$rodkowym odcinku jelit z kepkami
Peyera ssakéw (gwizdon 2019). Najwiekszy-
mi narzadami limfoidalnymi i immunokom-
petentnymi u ryb sg nerka gtowowa i Sle-
dziona. Jak juz wspomniano, nerka gtowowa
petni role szpiku kostnego. Zawiera komor-
ki krwiotworcze, w obrebie ktorych zacho-
dzi proces tworzenia komdrek mieloidalnych
i limfoidalnych (Wendelaar Bonga 1997).
U ryb dojrzatych immunologicznie $ledziona
jest wtornym narzadem limfoidalnym. Pe}-
niona przez nig funkcja dotyczy odpowiedzi
wrodzonej i nabytej (obecnos¢ makrofagéw
i limfocytow T i B) oraz produkcji czerwo-
nych krwinek (erytropoeza) (Wendelaar Bon-
ga 1997, MyszKowskKa 2019, Baldissera i
wspotaut. 2020). Grasica, ktéra wraz z doj-
rzewaniem podlega inwolucji, podobnie jak
u ssakéw, u wielu, ale nie wszystkich ga-
tunkéw ryb doskonatokostnych, dziata jako
centrum dojrzewania limfocytow T (Wen-
delaar Bonga 1997, MyszKowska 2019).

Dojrzewanie, proliferacja, rdéznicowanie i
aktywnos¢ leukocytéw ryb sa oczywiscie re-
gulowane przez cytokiny i ich receptory. W
zaleznosci od stadium zakazenia i funkcji
poszczegoblnych rodzajéw komorek, komorki
odpornosciowe wytwarzajg rozne typy cyto-
kin. Wsrdd tych cytokin wyr6zniamy: inter-
leukiny (IL), interferony (IFN), chemokiny
(chemotaktyczne cytokiny), ktoére regulujg
migracje komorek (chemotaksja) i inne cyto-
kiny, do ktorych np. nalezg czynniki martwi-
cy nowotworéw (ang. tumor necrosis factors,
TNFs) oraz czynniki stymulujace wzrost ko-
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lonii (ang. colony-stimulating factors, CSFs)
(CasTro I TaFalla 2015). Cytokiny moga wy-
wiera¢ réznorodny wpltyw na wzrost i rézni-
cowanie komorek. Dla wielu cytokin wytwa-
rzanych u ssakéw, u ryb wykazano wyste-
powanie ortologéw. Pomimo niskiego stopnia
homologii sekwencji, zachowane sg ich istot-
ne motywy i struktury tréjwymiarowe. W
uktadzie odpornosciowym kregowcow proza-
palne cytokiny, w tym czynnik martwicy no-
wotworow alfa (TNF-a), interleukina 1 beta
(IL-1P) i interleukina 6 (IL-6), indukuja od-
powiedZz ostrej fazy i uwalnianie chemokin.
Nastepnie uwalniana jest interleukina 12
(IL-12), co z kolei stymuluje uwalnianie in-
terferonu typu IlI: interferonu-gamma (IFN-y).
W poréwnaniu do ssakow, odpowiedz proza-
palna u ryb charakteryzuje sie pierwsza falg
ekspresji TNF-a i IL-1p, a nastepnie ekspre-
sjg chemokin i maksymalnym wzrostem eks-
presji IL-12 (Chadzinska i wspotaut. 2008).
TNF-a wykazuje ekspresje konstytutywnag w
nerce glowowej i skrzelach oraz moze byc¢
indukowany przez stymulacje makrofagéw
nerki gtowowej lipopolisacharydem (LPS),
pochodzgcym z bakterii Gram-ujemnych.
TNF-a kontroluje takze wewnagtrzkomorkowa
replikacje patogendéw i indukuje proliferacje
komoérek. Bierze rowniez udzial w stymu-
lacji wytwarzania tlenku azotu (NO). IL-1p
wydzielana przez makrofagi stymuluje proli-
feracje tymocytéw (dojrzewajacych limfocytow
T), inicjuje reakcje ostrej fazy oraz aktywu-
je makrofagi i limfocyty T. Ekspresja IL-12
moze by¢ indukowana w makrofagach nerki
po infekcjach bakteryjnych i wirusowych. Z
kolei IFN-y, wytwarzany gtdéwnie przez NCC
i limfocyty T, aktywuje makrofagi w celu
zwiekszenia ich aktywnosci bakteriobodjczej
w tym wytwarzania NO i chemokin. Chemo-
kiny wystepujg we wszystkich klasycznych
narzgdach odpornosciowych i biorg udziat w
kierowaniu leukocytéw do miejsca zapalenia.
Sygnalizacja komoérek odpornosciowych ma
decydujgce znaczenie dla szybkiego i sku-
tecznego zwalczania patogendéw. Niewielkie
ilosci cytokin moga generowac silne odpo-
wiedzi zapalne i wymagana jest Scista kon-
trola nad ich wytwarzaniem, aby zapobiec
uszkodzeniu komorek gospodarza. Jak juz
wspomniano, cytokiny ryb wykazujg podob-
ne dziatanie do ich odpowiednikbw u ssa-
kéw, jednak stopien ich podobieristwa jest
rozny. Stopien homologii sekwencji miedzy
ortologami cytokin ludzi i ryb wynosi zazwy-
czaj okoto 20 do 30%. Sugeruje to istotne
roznice w wigzaniu lub powinowactwie do
przeciwciat, receptorow lub biatek wigzgcych
(VverBUrg-van KeMenade i wspotaut. 2009).
Warto takze wspomnie¢, ze w zwigzku ze
zjawiskiem duplikacji genomu (ang. who-
le genome duplication, WGD), ktére mia-
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to miejsce w ewolucji ryb, wiele genéw, w
tym genow kodujgcych cytokiny, wystepuje
u nich w formie zduplikowanej. Ewolucja
gendw kodujgcych cytokiny i ich receptory
takze obejmowata wiele duplikacji mniejszej
puli genéw oraz roznicowanie sekwencji i
funkcji ich produktow. Nalezy wspomniec,
ze po WGD wiekszo$¢ zduplikowanych ge-
now powraca do systemu pojedynczych ge-
néw poprzez mutacje utraty funkcji. Jednak
w niektdrych przypadkach zduplikowane
geny sa zachowywane i przechodzg sub-
funkcjonalizacje, w ktérej dwa geny dzielg
funkcje oryginalnego genu, lub neofunkcjo-
nalizacje, w ktorej mutacje nadajg jednemu
z genéw nowa funkcje. Zduplikowane geny
moga by¢ réwniez zachowywane w celu za-
chowania zdolnosci do fenotypowego bufo-
rowania mutacji (ang. genetic robustness)
(alsoP i ViJayan 2009). Danio pregowany
ma okoto 2900 par zduplikowanych genow,
w obrebie okoto 20 000 genow kodujacych
biatka (Blomme i wspoétaut. 2006, alsor i
ViJayan 2009). Stwierdzono, ze cytokiny sag
jednymi z najszybciej ewoluujacych biatek,
co prawdopodobnie wynika z wysokiej presji
ze strony patogenéw. Jednak pomimo tych
zastrzezen kregowce wydajg sie by¢ grupa
dos¢ jednorodng pod wzgledem aktywnosci

biologicznej wywieranej przez cytokiny na
komorki docelowe (scapigliati i wspo6taut.
2007, verBUrg-vVan KeMenade i wspotaut.

2009).
STRES ZWIEKSZA PODATNOSC NA ZAKAZENIA

Badania w zakresie neuroendokrynologii
i immunologii ujawnity imponujgca liczbe
wspolnych ligandéw, receptorow i szlakéw
sygnatowych, poprzez ktére ukitad nerwowy,
hormonalny i odpornosciowy wspotdziatajg w
celu koordynowania allostazy. Wiele recep-
torow sklasyfikowanych jako typowe recep-
tory hormonalne ulega ekspresji na/w leu-
kocytach, a na poziom ich ekspresji moze
wptywaé stymulacja immunologiczna. Wsrdd
nich sg takze receptory adrenergiczne i re-
ceptory GR. Z kolei na typowych komodrkach
neuroendokrynnych wystepujg receptory dla
cytokin (verBUrg-van KeMenade i wspotaut.
2017). Uktad nerwowy, odpornosciowy i hor-
monalny u kregowcéw wspotpracujg ze soba,
w przetwarzaniu informacji i reagowaniu na
bodzce zewnetrzne lub wewnetrzne, szcze-
golnie w sytuacji stresowej, gdy konieczna
jest szybka reakcja (TorT 2011, yada i TorT
2016). Ukiad nerwowy moduluje natychmia-
stowg ogo6lng odpowiedz wrodzong oraz ak-
tywno$¢ hormonalng. Uwalniane hormony
stresu przygotowuja ukiad odpornosciowy
na potencjalne wyzwania (np. infekcje, rege-
neracje ran). Tym samym rozpoznanie stre-
su przez ukitad nerwowy jest wczesnym sy-
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ghatem ostrzegawczym dla ukiadu odporno-
sciowego. Ta interakcja wystepuje u wszyst-
kich kregowcéw i angazuje czasteczki takie
jak: CRH, ACTH, GK, aminy biogenne i cy-
tokiny. Z tego wzgledu, odpowiedZz na stres
charakteryzuje sie zaangazowaniem komodrek
odpornosciowych i neuroendokrynnych na
poziomie ogolnosystemowym (yada i TorT
2016).

Stres moze modulowa¢ zaréwno prze-
bieg wrodzonej jak i nabytej reakcji odpor-
nosciowej. Przyktadowo u ssakow stwierdzo-
no, ze w stymulowanych LPS monocytach i
makrofagach, adrenalina hamuje tworzenie

wolnych rodnikéw tlenowych poprzez re-
ceptor adrenergiczny P2-AR. Ponadto, ad-
renalina, noradrenalina i agonisci recep-

torow p-adrenergicznych hamujg synteze i
uwalnianie prozapalnych cytokin, takich jak
TNF-a i IL-12, jednocze$Snie promujac wy-
dzielanie przeciwzapalnej interleukiny-10 (IL-
10). Zastosowanie agonistow p2-AR hamuje
synteze IFN-y przez komoérki Thl, ale nie
wplywa na synteze IL-4 przez komorki Th2
(prawdopodobnie z powodu braku p2-AR na
komoérkach Th2). Katecholaminy moga po-
Srednio wptywaé¢ na migracje i proliferacje
limfocytow, wytwarzanie przeciwciat i lize
komorek poprzez regulacje poziomu cAMP
(Yang | glaser 2002, Chadzinska i wspot-
aut. 2012).

Glikokortykoidy wydajg sie mie¢ immu-
nosupresyjne wiasciwosci o ztozonym dziata-
niu. Wykazano bowiem, ze moga pobudzaé
apoptoze niektérych populacji leukocytow,
hamowac¢ uwalnianie cytokin, ostabia¢ mi-
gracje i proliferacje leukocytéw oraz aktyw-
nos¢ komorek NK. U ssakdw GK zwiekszajg
w monocytach ekspresje gendéw zwigzanych
z fagocytoza komoérek apoptotycznych oraz
wplywajg na wzrost migracji monocytow do
miejsca infekcji (engelsMma i wspotaut. 2002,
TorT 2011). GK hamujg rowniez szlak jadro-
wego czynnika transkrypcyjnego NF-kB (ang.
nuclear factor kappa-light-chain-enhancer of
activated B cells), co prowadzi do zmniej-
szenia produkcji cytokin prozapalnych, ta-
kich jak IL-1, IL-6 i TNF (TorT 2011). GK
sg powszechnie stosowane jako srodki im-
munosupresyjne w chorobach zapalnych i
autoimmunologicznych (engelsMa i wspot-
aut. 2002, dhaBhar 2009). Jednak klasycz-
ny poglad, ze GK dziataja wylgcznie immu-
nosupresyjnie jest obecnie kwestionowany,
poniewaz wydaje sie, ze w warunkach fizjo-
logicznych GK moga wywiera¢ zréznicowany
wptyw regulujac uktad odpornosciowy. Przy-
ktadowo, w warunkach stresowych, obser-
wuje sie limfopenie, zmniejszong proliferacje
limfocytow i zwiekszong ich apoptoze, a z
drugiej strony podczas stresu nastepuje bar-
dzo szybki wzrost wzglednej liczby krgzacych

granulocytow obojetnochtonnych (engelsma
I wspotaut. 2002, piJanowsKi i wspotaut.
2015). GK wptywaja na migracje leukocytow,
powodujgc redystrybucje krazacych leukocy-
tow do roznych przedziatéw ciata. Apoptoza
odgrywa kluczowg role w prawidtowym roz-
woju i regulacji uktadu odpornosciowego i
jest indukowana przez GK podczas selekcji
i r6znicowania tymocytow i komoérek B. Kor-
tyzol zmniejsza natomiast i opo6znia apop-
toze neutrofili (engelsMma i wspoétaut. 2002,
ronChetti i wspotaut. 2018). Odnotowu-
je sie rowniez zréznicowany wplyw GK na
ekspresje cytokin. Z jednej strony uwalnia-
nie cytokin prozapalnych, w tym typowych
cytokin limfocytow T pomocniczych (Thl):
interleukiny-2 (IL-2) i interferonu-Y (IFN-y),
jest silnie ttumione przez GK. Z drugiej
strony stymulowana jest ekspresja wielu cy-
tokin limfocytbw T pomocniczych (Th2) w
tym interleukiny-4 (IL-4) i IL-10 (engelsMa
i wspotaut. 2002). Sadzi sie zatem, ze GK
indukujg przesuniecie réwnowagi limfocy-
tow pomocniczych T (Th) z komérek Thl i
komorkowej odpowiedzi immunologicznej, w
kierunku komoérek Th2, ktdére biorg udziat
w wytwarzaniu przeciwciat, gtdwnie poprzez
hamowanie syntezy IL-12 (cytokiny stymu-
lujacej komorki Thl) przez komoérki dendry-
tyczne i makrofagi (Chadzinska i wspotaut.
2012). Badania przeprowadzone na myszach
wykazaty, ze podczas infekcji Listeria mono-
cytogenes, stres unieruchomienia moze ha-
mowac¢ migracje leukocytow i produkcje cy-
tokin Thl, indukujac jednoczes$nie ekspresje
cytokin Th2. Na przykiad, wsréd studentow
medycyny zaobserwowano zwiekszong cze-
stos¢ zakazenn gornych drog oddechowych w
czasie sesji egzaminacyjnej. Ponadto wykaza-
no, ze przedtuzone okresy stresu akademic-
kiego sa zwiagzane ze znacznym spadkiem
poziomu IgA w Slinie. Sugeruje to, ze osoby
doswiadczajace stresu akademickiego wyka-
zujg ostabienie pierwszej linii obrony przed
patogenami atakujgcymi btone Sluzowa uka-
du zotadkowo-jelitowego, a zatem sg bardziej
podatne na choroby zakazne (yang i glaser
2002).

Wplyw stresu na ukiad odpornosciowy
jest rowniez szeroko badany u ryb. Badania
dotyczace wptywu katecholamin na funkcje
immunologiczne ryb wykazaty, iz aktywnos¢
fagocytarna makrofagébw pstrgga teczowe-
go zmniejsza sie po zastosowaniu agonistow
receptoréw a- i p-adrenergicznych in vitro.
Ponadto ligandy receptoréw adrenergicz-
nych modulujg produkcje reaktywnych form
tlenu (ang. reactive oxygen species, ROS).
Dziatanie katecholamin u ryb przejawia sie
rowniez w komponentach odpowiedzi naby-
tej. Wykazano, iz agonista receptora p-ADR
ttumi, natomiast dziatanie in vitro agoni-
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stow receptora a2-ADR wzmacnia odpowiedz
humoralng leukocytow $ledziony. Sympa-
tektomia (odnerwienie wspoétczulne) in vivo,
przeprowadzona przed (ale nie po) immuni-
zacji, powoduje zwiekszenie odpowiedzi hu-
moralnej, co wskazuje na hamowane przez
katecholaminy wydzielania przeciwciat we
wczesnych stadiach odpowiedzi adaptacyjnej
(Chadzinska i wspotaut. 2012). W badaniach
dotyczacych wptywu stresu na odpornosé,
ktore zostaly przeprowadzone na czterech,
roznych pod wzgledem podatnosci na infek-
cje, liniach karpi (R3, R3xR8, K i R2) za-
obserwowano, ze ryby o wyzszej podatnosci
na infekcje, wykazujg silniejszg reakcje stre-
sowg (piJanowsKi i wspotaut. 2015). Ryby sa
szczegOlnie ciekawym modelem badan nad
wplywem stresu na odpornosé, ze wzgle-
du na unikatowe wsréd kregowcoéw funk-
cje nerki glowowej. Jak juz wspomniano,
narzad ten zespala komponenty wszystkich
trzech uktadéw regulujacych i w zwigzku z
tym daje mozliwos¢ bezposrednich interak-
cji neuroimmunoendokrynnych (TorT 2011,
NardoccCi I wspotaut. 2014). Nerka gtowowa
tworzy tym samym specyficzne $rodowisko
dojrzewania np. dla monocytéw/makrofagow,
w ktorym podlegajg bezposredniemu, para-
krynnemu dziataniu hormonéw stresu. Ma-
krofagi to niezwykle plastyczne komorki, wy-
kazujace zjawisko polaryzacji, w wyniku kt6-
rej dochodzi do powstawania komorek kla-
sycznie aktywowanych M1 (makrofagi pro-
zapalne) i alternatywnie aktywowanych M2
(makrofagi przeciwzapalne). Wyniki badan
przeprowadzonych na karpiach, w ktérych
wplyw stresu/kortyzolu na polaryzacje ma-
krofagobw badano in vitro (kortyzol) i in vivo
(stres unieruchomienia) sugeruja, ze kortyzol
in vitro i stres in vivo kierujg monocyty/ma-
krofagi nerki gtowowej na Sciezke polaryzacji
alternatywnej. Badania te potwierdzajg, ze
podobnie jak u ssakow, takze u ryb gliko-
kortykoidy sa istotnymi stymulatorami alter-
natywnej polaryzacji makrofagdbw (Maciuszek
i wspotaut. 2019). Funkcje nerki gltowowej,
do ktorych nalezy wytwarzanie, dojrzewanie
i roéznicowanie komorek odpornosciowych
(leukocytéw) oraz uwalnianie kortyzolu i ka-
techolamin sa kluczowe, kiedy zachodzi po-
trzeba uruchomienia systemowej reakcji na
stres (VerBUrg-van KeMenade i wspoOtaut.
2009, 2017; yada i TorT 2016). Podobnie
jak u ssakow, hormony stresu u ryb wyka-
zujg dziatanie immunomodulacyjne. Kortyzol
jako dominujacy steroid w reakcji stresowej
ma szeroki i zréznicowany wptyw na ukiad
odpornosciowy. Stwierdzono na przykiad, ze
u karpia stres zmniejsza liczbe krazacych
limfocytow B i odpowiedZ przeciwciat po im-
munizacji in vivo, a takze hamuje ekspresje
cytokin prozapalnych in vitro. Stres czesto
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dziata immunosupresyjnie, przeciwdziatajgc
potencjalnie szkodliwym skutkom zbyt silnej
odpowiedzi prozapalnej, jednak ostry stres i
zwigzane z nim uwalnianie kortyzolu moze
wywiera¢ dziatanie stymulujgce (STolTe |
wspotaut. 2008, TorT 2011). Stres wywotuje
zmiany w liczbie i szybkosci rekrutacji ko-
morek odpornosciowych, ktére sa kierowane
do tkanek lub narzaddéw w celu zwiekszenia
skutecznej ochrony immunologicznej. Wiagze
sie to z istotnymi réznicami w rozmieszcze-
niu leukocytébw w réznych obszarach ciata.
Pod wplywem stresu zachodzg zmiany w
liczbie leukocytow, zaleznie od ich typow.
Liczba limfocytow jest znacznie zmniejszo-
na, natomiast liczba fagocytéw (neutrofili i
monocytoéw/makrofagéw) wzrasta, np. korty-
zol indukuje apoptoze limfocytéw, natomiast
hamuje apoptoze neutrofili, co wskazuje na
selektywng regulacje wrodzonej i nabytej od-
powiedzi immunologicznej (dhaBhar 2009,
TorT 2011, Chadzinska i wspotaut. 2012,
piJanowsKi i wspotaut. 2015). Poziom leuko-
cytow we krwi jest zalezny od intensywnosci
i czasu trwania stresu. Ostry, kroétkotrwa-
ty stres stymuluje wytwarzanie leukocytéw
w nerce gltowowej, co skutkuje wzrostem
w krazeniu liczby leukocytow, a konkretnie
neutrofili. W wyniku ciggtego stresu rézne
subpopulacje leukocytow, gtéwnie limfocyty,
koncentrujg sie w narzgdach docelowych, w
ktorych dziata bodziec stresowy, dlatego za-
rowno centralne narzady limfatyczne, jak i
krew wykazujg spadek liczby tych komorek.
Uwaza sie, ze wywotana stresem neutrofilia,
czyli zwiekszenie liczby neutrofili w ukladzie
kragzenia, jest odpowiedzig adaptacyjng, po-
niewaz przedtuza zywotnos¢ komorek, ktore
tworza pierwszg linie obrony przeciwko pato-
genom. Biorgc pod uwage kluczowe znacze-
nie neutrofili w pierwszej linii obrony, prze-
dtuzenie ich zycia, a tym samym utrzyma-
nie wiekszej liczby krazacych neutrofili jest
korzystne w sytuacjach ostrego stresu, Kie-
dy reakcja walki i ucieczki zwieksza szan-
se na zranienie, a tym samym zakazenie.
Warto jednak wspomnie¢, ze u ryb kortyzol
nie tylko zwieksza liczbe granulocytow obo-
jetnochtonnych we krwi, ale réwniez hamu-
je migracje tych komoérek do uszkodzonych
miejsc lub zmian zapalnych i spowalnia go-
jenie sie ran (Wendelaar Bonga 1997). Po-
nadto wysokie poziomy kortyzolu u ryb i
skorelowana z tym immunosupresja, wigzg
sie ze zmniejszong odpornoscia na patogeny
oportunistyczne (bakterie, grzyby, pierwot-
niaki lub wirusy) lub na eksperymentalne
zakazenie patogenami, co prowadzi do cho-
rob i zwiekszonej $miertelnosci (Wendelaar
Bonga 1997, Baldissera i wspotaut. 2020).

W kontekscie wplywu stresu na odpor-
nos¢ nalezy takze wspomnie¢ o waznym

21



68 Katarzyna KrakK, Magdalena ChadzinsKa

aspekcie wptywu kortyzolu na mikrobiom.
Badania przeprowadzone na #tososiu atlan-
tyckim wykazaty bowiem, ze wzrost stezenia
kortyzolu po ekspozycji na tagodny stresor
wigze sie ze zmianami w réznorodnosci i
sktadzie mikrobiomu jelitowego. W szcze-
golnosci dotyczy to zmniejszonej liczebnosci
bakterii kwasu mlekowego z rodzaju Carno-
bacterium, oraz zwiekszonej liczebnosci kilku
rodzajow, wywotujgcych zapalenie i oportu-
nistycznych, bakterii patogennych. Biorgc
pod uwage fundamentalny wptyw mikrobioty
i jej metabolitow na wiele aspektow zdrowia
gospodarza, sugeruje to, ze zaburzenie mi-
krobiomu jelitowego prawdopodobnie przy-
czynia sie do niekorzystnego wptywu stresu
na funkcje ukiadu immunologicznego i od-
pornos¢ na choroby (dawood 2020, uren
WeBsTer i wspotaut. 2020).

PODSUMOWANIE

Reakcja stresowa jest mechanizmem
konserwatywnym ewolucyjnie. Tym samym
istnieje wiele podobieristw miedzy reakcjami
na stres kregowcow wodnych i ladowych.
Wskazuje to, ze historia ewolucji tych me-
chanizmow, majgcych fundamentalne zna-
czenie adaptacyjne, trwa co najmniej 400
milionéw lat. Potwierdza to wysokie, sie-
gajace 93%, podobienstwo sekwencji gtow-
nych przekaznikéw neuroendokrynnych i
ich receptorow zaangazowanych w kontrole
reakcji na stres (Wendelaar Bonga 1997,
engelsMa |1 wspotaut. 2002). Stanowi to
wyrazny kontrast wzgledem réznorodno-
Ssci  mediatorow immunologicznych. ROw-
niez funkcje gtéwnych hormondéw stresu
sa podobne. Wzrost poziomu katecholamin
w osoczu (pierwszych neurotransmiterow),
stanowi niespecyficzny sygnat alarmowy lub
reakcje aktywacji, ktora prowadzi do szyb-
kiej mobilizacji substratow energetycznych
oraz zwiekszonego poboru i transferu tlenu.
Wozrost krazacego kortyzolu nastepuje wol-
niej i trwa diuzej, utatwiajgc (glukoneoge-
neza) lub tagodzac (przywrdcenie zaburzonej
rownowagi wodnomineralnej) dziatanie ka-
techolamin. Podobienstwa dotyczg réwniez
hamujgcego wptywu stresu na wzrost, roz-
mnazanie i funkcje immunologiczne (Wen-
delaar Bonga 1997).

Z ewolucyjnego punktu widzenia tego ro-
dzaju efekty to kompromisy ewolucyjne (w
ramach zjawiska trade off) lub koszty dosto-
sowania, ktére wystepuja woéwczas, gdy ko-
rzystna zmiana jednej cechy jest powigzana
ze szkodliwg zmiang innej. Jest to roéwniez
podstawowa zasada teorii ewolucji historii
zyciowych organizméw (optymalna alokacja
zasobow). W przypadku funkcji immunolo-
gicznych warto pamieta¢, ze o ile krotkoter-

minowe immunosupresyjne dziatanie hormo-
now stresu moze mie¢ funkcje adaptacyjng
(poniewaz zapobiega nadmiernej aktywa-
cji ukladu odpornosciowego i wigze sie z
oszczednosciami energetycznymi), w perspek-
tywie diugoterminowej moze straci¢ wymiar
adaptacyjny i promowac¢ rozwoéj choréb. Ho-
meostaza organizmu obejmuje ztozong siec
sygnalizacji hormonalnej i cytokinowej, w
ktorej przekazniki uktadu neuroendokrynne-
go i uktadu odpornosciowego blisko wspot-
pracujg. Zaroéwno stres, jak i odpowiedz im-
munologiczna muszg by¢ pod Scistg kontro-
lag, aby =zapobiec potencjalnym szkodliwym
dziataniom w obrebie sygnalizacji komorko-
wych w organizmie.

Warto w tym miejscu raz jeszcze pod-
kresli¢, ze ryby stanowig interesujacy mo-
del do badan ewolucji odpornosci, a w
szczegolnosci interakcji neuro-endokrynno-
-immunologicznych. W przeciwienstwie do
ssakOw, u ryb produkcja kortyzolu (ko-
morki Srddnerkowe), katecholamin (komor-
ki chromafinowe) oraz hematopoeza i pro-
dukcja przeciwcial sg zespolone w obrebie
jednego narzadu - nerki glowowej. Zatem
jest to krytyczne miejsce bezposrednich in-
terakcji parakrynnych miedzy uktadem od-
pornosciowym a neuroendokrynnym. Ko-
nieczne sg jednak dalsze badania nad ry-
bami doskonatokostnymi w celu poznania
i lepszego zrozumienia ewolucyjnego zna-
czenia dwukierunkowej interakcji immuno-
-neuroendokrynnej u roéznych gatunkow.
Zrozumienie komoérkowych mechanizmoéw
neuroendokrynnej regulacji odpowiedzi im-
munologicznej u ryb pozwoli na opraco-
wanie nowych strategii farmaceutycznych i
terapeutycznych w celu zapobiegania choro-
bom wywotywanym lub pogtebianym przez
stres. Intensywna akwakultura charaktery-
zuje sie szeregiem procedur, ktére nalezy
bada¢ pod katem ogolnego dobrostanu ryb
(m.in. gesto$¢ obsady w zbiornikach, meto-
dy potowOw, transportu i usmiercania). Nie
ulega watpliwosci, ze ryby ulegajg stresowi,
ktory wptywa na funkcjonowanie wielu na-
rzadow i tkanek. Nalezy o tym pamiegta¢ w
kontekscie powracajacych kazdego roku w
okolicach $wigt Bozego Narodzenia, dysku-
sji na temat humanitarnych potowoéw tych
zwierzat, ich transportu i sprzedazy. Przed-
stawione w tym artykule wyniki badan do-
tyczacych stresu u ryb podkreslaja koniecz-
nos¢ ulepszania i opracowywania nowych
narzedzi i metod, ktdre mozna wykorzystac
do oceny wplywu stosowanych w akwakul-
turze procedur na dobrostan i zapewnic
obiektywne informacje, ktore pomoga okre-
sli¢ i zdefiniowa¢ granice dopuszczalnych
warunkéw w niewoli, a takze niwelowac to-
warzyszgce im czynniki stresogenne.
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Streszczenie

Mechanizm reakcji na stres jest konserwatywny
ewolucyjnie, w zwigzku z tym mimo odmiennego S$ro-
dowiska zycia, odpowiedz stresowa ryb doskonatokost-
nych charakteryzuje wiele podobienstw do kregowcow
ladowych. Obejmujg one gtéwne przekazniki osi uktad
wspoétczulny-komérki  chromafinowe (odpowiednik osi
uktad wspotczulny-rdzen nadnerczy) oraz osi podwzgoé-
rze-przysadka-komorki  srédnerkowe nerki  glowowej
(funkcjonalny analog osi podwzgodrze-przysadka-nadner-
cza), a takze ich gtowne funkcje. Wspotdziatanie uktadu
neuroendokrynnego i uktadu odpornosciowego stanowi
integralng czes¢ fizjologii, nieodzowng dla utrzymania
homeostazy. Zaktécenie ztozonych interakcji neuro-endo-
krynno-immunologicznych ma negatywny wplyw na stan
zdrowia i ogoélny dobrostan zwierzat i ludzi. Ryby do-
skonatokostne stanowig szczegoélnie intrygujacy model w
zakresie badan wptywu stresu na odpornos$é, poniewaz
funkcje immunologiczne i hormonalne sga u nich zinte-
growane w obrebie jednego narzadu - nerki gtowowej. W
konsekwencji procesy immunologiczne podlegaja bezpo-
Sredniej modulacji parakrynnej. Celem niniejszej pracy
jest przedstawienie przegladu aktualnej wiedzy na temat
przebiegu reakcji stresowej u ryb i jej roli w regulacji
odpornosci ryb.
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CAN FISH GET STRESSED?

Summary

Mechanism of the stress response is evolutionary well-conserved, therefore, despite the different living environ-
ment, teleost fish share many similarities with terrestrial vertebrates. These involve the main transmitters of the hy-
pothalamic-sympathetic-chromaffin cells axis (the sympathetic-adrenal medullary axis equivalent) and the hypotha-
lamic-pituitary-interrenal axis (functional analog of the hypothalamus-pituitary-adrenal axis), as well as their princi-
pal functions. The cooperation between neuroendocrine and immune systems form an integrated part of physiology
in maintaining homeostasis. The disturbance of these complex neuroendocrine-immune interactions has a negative
impact on the health status and welfare of animals as well as human beings. Teleost fish form an especially in-
triguing model in the field of study stress-immune interactions, as they integrate immune and endocrine functions
in one organ - the head kidney. Consequently, immune processes may straightforward undergo paracrine modula-
tion. The aim of this work is to provide an overview of the current knowledge about the stress response in fish and
its role in the regulation of fish immunity.

Key words: fish, stress response, stress axis, allostasis, animal welfare, neuroendocrine-immune interaction
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Z uwagi na fakt, ze obecna rozprawa w gltownej mierze dotyczy wplywu stresu na

neutrofile, kolejny rozdzial wstepu dotyczyt bedzie opisu tej populacji leukocytdw.

2. Neutrofile ssakow

Neutrofile to wysoce wyspecjalizowane leukocyty pochodzace z linii mieloidalne;
1 uczestniczace we wrodzone] odpowiedzi immunologicznej. U ludzi sa najliczniejszymi
krazacymi we krwi leukocytami (50-70%), jednakze ich liczba w krazeniu jest gatunkowo
specyficzna i np. u myszy wynosi 10-25% [1]. Neutrofile sa wyposazone w jedng
z najefektywniejszych zdolnosci migracyjnych wsréd komérek somatycznych 1 stanowia
pierwsza lini¢ obrony w patologiach septycznych, wynikajacych z przerwania fizycznych barier
organizmu (skory lub nabtonka bton §luzowych), jak i sterylnych, w sytuacji, gdy nie doszto do
przerwania ciagtosci barier fizycznych [2]. Potwierdzeniem kluczowej roli neutrofili w
odpornosci  wrodzonej sa pacjenci z niedoborami odpornosci zwigzanymi z ich
funkcjonowaniem, jak np. neutropenia, przewlekta choroba ziarniniakowa lub niedobér adhezji
leukocytow, z ktorych wynika wysoka 1 zagrazajgca zyciu podatnos¢ na infekcje [3, 4].

Jednak ze wzgledu na szeroki arsenal mechanizméw bojczych wykorzystywanych przez
neutrofile oraz gwaltowny charakter ich dzialania, neutrofile porownuje si¢ do miecza
obusiecznego, poniewaz poza neutralizacjg patogenow, stanowia zagrozenie dla zdrowych
tkanek. Zdarza si¢ to w przypadku wielu chorob zapalnych, takich jak reumatoidalne zapalenie
stawOw czy choroby zapalne jelit [3]. W kolejnych podrozdziatach wstepu opisano najnowsze
odkrycia dotyczace neutrofili, ich powstawania, funkcji, podziatu, a takze czynnikow

wplywajacych na aktywacje oraz dtugos¢ zycia tych komorek.

2.1. Powstawanie i roznicowanie neutrofili

W przypadku ssakow, neutrofile sg gtownie produkowane w szpiku kostnym w procesie
granulocytopoezy. W warunkach homeostatycznych powstaje 1-2 x 10'! neutrofili/dzien u
ludzi i 1 x 107 neutrofili/dzien u myszy. Jednakze w przypadku ostrego zapalenia ich liczba
moze wzrosna¢ dziesigciokrotnie [5]. Proces dojrzewania neutrofili jest kontrolowany przez
czynniki transkrypcyjne (gtownie PU.1 i C/EBPo—() [6-9]. Sciezka powstawania neutrofili
rozpoczyna si¢ od hematopoetycznych komorek macierzystych (ang. hematopoietic stem cells,
HSCs), ktore ulegaja réznicowaniu, przeksztatcajac sie najpierw w multipotencjalne komorki
progenitorowe (ang. common myeloid progenitors, CMP) [10]. Komorki CMP réznicuja si¢ w
komérki  progenitorowe linii  granulocytarno-mieloidalnej (ang. gramulocyte-monocyte

progenitor, GMP), z ktérej powstaja rowniez monocyty/makrofagi, eozynofile, bazofile i
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komorki dendrytyczne (ang. dendritic cells, DC) [10]. Pod wplywem czynnika stymulujacego
tworzenie kolonii granulocytow (ang. granulocyte-colony stimulating factor, GCSF) GMP
przeksztatcaja sie w mieloblasty. Komorki te przechodza nastepnie szereg etapow
roznicowania/dojrzewania, obejmujacych kolejno stadia: promielocytu, mielocytu,
metamielocytu, komorki pateczkowatej 1 ostatecznie osiagajg forme dojrzatego,
polimorfonuklearnego neutrofila (ang. polymorphonuclear leukocyte, PMN) [11] (Ryc. 1).
Stosunkowo niedawno zidentyfikowano populacje zdolnych do proliferacji, roznicujacych sie
z GMP, bezposrednich prekursorow niedojrzatych neutrofili, ktorag nazwano preneutrofilami
(ang. pre-neutrophils, preNeus) [12]. W trakcie réznicowania dojrzewajacy neutrofil zmienia
ksztatt jadra, ktére poczatkowo ma forme okragla, nastepnie paleczkowata a w koncu
wieloptatowa. Jednoczes$nie, zachodza zmiany w ekspresji receptorébw zwiazanych z
retencjag/uwolnieniem neutrofili. Wraz z dojrzewaniem dochodzi na przyktad do spadku
poziomu ekspresji integryny o4Pl (ang. very late antigen-4, VLA4) oraz receptora
chemokinowego CXC typu 4 (CXCR4), podczas gdy ekspresja receptora chemokinowego
CXCR?2 oraz receptora Toll-podobnego 4 (ang. Toll-like receptor 4, TLR4) ulega podwyzszeniu
[3, 12-15].

Warto w tym miejscu przypomnie¢, ze komorki zrebowe szpiku kostnego
charakteryzuja si¢ ekspresja czasteczki adhezyjnej VCAMI (ang. vascular cell adhesion
molecule 1), bedace] ligandem dla VL A4, oraz chemokiny SDF-1 (ang. stromal-derived factor-
1) znanej rowniez pod nazwa CXCL12, dziatajacej jako ligand dla CXCR4 [12, 13]. Dzieki
tym interakcjom niedojrzate neutrofile sa utrzymywane w szpiku kostnym do osiagniecia
dojrzatosci.

Neutrofile to granulocyty obojetnochlonne, w zwigzku z czym charakteryzuje je
obecno$¢ ziarnistosci oraz pecherzykow wydzielniczych, magazynujacych specyficzne biatka,
kluczowe dla ich funkcji. Ziarnistosci te powstajg sekwencyjnie na konkretnych etapach
roznicowania: pierwotne (azurofilne) na etapach od mieloblastu do promielocytu, wtorne
(specyficzne) w stadiach mielocytu i metamielocytu, natomiast trzeciorzedowe (zelatynowe) w
komorkach pateczkowatych [12, 16]. Gltéwne biatka ziarnistosci pierwotnych obejmuja
mieloperoksydaze (MPO), a-defensyny, biatko bakteriobojcze/zwigkszajgce przepuszczalnosé
(ang. bactericidal permeability-increasing protein, BPI), lizozym 1 réznego typu proteinazy
serynowe takie jak elastaza neutrofilowa (NE) 1 katepsyna G. Gtéwnymi biatkami ziarnistosci
drugorzedowych sa laktoferyna (LTF) i kolagenaza neutrofilowa (MMPS8). Ziarnistosci
trzeciorzedowe, czyli zelatynowe, sa bogate w zelatynazy, w tym zelatynaze B, zwang tez

metaloproteinaza macierzy zewnatrzkomorkowe; 9 (MMP9). Pecherzyki wydzielnicze
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zawierajg biatka zwigzane z aktywacja, ktore utatwiaja adhezje 1 migracje neutrofili, takie jak
receptory chemoatraktantow (np. receptor formylopeptydu 1, FPR1) i CXCR2, Mac-1, CD16 i
receptor dla dopelniacza 1 (CR1) [16, 17].

Homeostaza neutrofili utrzymywana jest dzieki delikatnej rownowadze pomiedzy
granulocytopoeza, dojrzewaniem, rezerwa neutrofilowa 1 uwalnianiem ze szpiku kostnego,
marginalizacja wewnatrznaczyniowa, a nastepnie apoptoza i oczyszczaniem szczatkow
komorkowych.

Dojrzate neutrofile wystepuja w naczyniach krwiono$nych w dwoéch pulach: puli
swobodnie ptyngcej] we krwi oraz puli przygotowanej do diapedezy, przylegajace; do
postkapilarnych naczyn zylnych, zatrzymanej w zatokach naczyniowych i rozgatezieniach
naczyn wilosowatych w narzadach. Ta ostatnia pula jest okreslana jako ,pula marginalna” i
stanowi rezerwe dyspozycyjna. Dotychczasowe badania pokazujg, ze poza narzadami
uprzywilejowanymi immunologicznie (np. mézg 1 jadra), homeostatyczna migracja neutrofili
obejmuje praktycznie kazdg tkanke, jednak najwiecej neutrofili marginalnych znajduje sie¢ w
plucach, sledzionie a takze w szpiku kostnym [18]. Neutrofile marginalne odgrywaja kluczowa
role w patrolowaniu narzadow, a ich lokalizacja np. w ptucach, jest idealnie dostosowana do
funkcji tego narzadu, biorac pod uwage, droge przedostawania si¢ patogenéow do krwiobiegu
(fozyska naczyn wilosowatych) [18]. Z kolei niewydolnos¢ lokalnych mechanizmow
obronnych, w miejscach, takich jak np. btony $luzowe czy skora, gdzie narazenie na
kolonizujace mikroorganizmy i ryzyko inwazji sa state, umozliwia drobnoustrojom dostgp do
krazenia i zwieksza ryzyko sepsy [19].

Dodatkowo neutrofile pelniag funkcje wspomagajace w zdrowych tkankach.
W $ledzionie wspomagaja dojrzewanie limfocytéw B 1 produkcje przeciwcial [20]. W szpiku
kostnym naplywajace starzejace si¢ neutrofile promujg uwalnianie komorek progenitorowych
do krwiobiegu 1 tym samym promujg redukcje zasobow niszy hematopoetycznej [21]. Ponadto
eliminacja apoptotycznych neutrofili na drodze fagocytozy przez komorki dendrytyczne i
makrofagi w tkankach, hamuje sekrecje interleukiny 23 (IL-23), kontrolujacej produkcje IL-

17, ktora z kolei zmniejszajac poziom GCSF reguluje granulocytopoeze [22].
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Rycina 1. Rozwoj neutrofili w szpiku kostnym. Morfologicznie neutrofile dzielg sie na komorki progenitorowe
granulocytow i monocytéw (GMP), promielocyty, mielocyty, metamielocyty, neutrofile pateczkowate i dojrzate
neutrofile polimorfonuklearne. Na podstawie ich zdolnosci proliferacyjnej i réznicowania komdrki dzielg sie na
pule komorek macierzystych, pule mitotyczng i pule postmitotyczng. Dojrzewanie neutrofili wiaze sie ze
zmianami poziomu/aktywnosci czynnikéw transkrypcyjnych oraz z pojawianiem sie kolejnych typdw ziarnistosci.
W neutrofilach tworza sie co najmniej cztery rodzaje ziarnistosci, z ktérych kazda uzyskuje unikalny zestaw
czasteczek efektorowych. Ziarnistosci sa uwalniane hierarchicznie, w kolejnosci odwrotnej do ich powstawania.
Sekwencjonowanie transkryptomu pojedynczych komdrek (ang. single-cel RNA sequencing, scRNA-seq)
uszczegdtowito podziat neutrofili, ustanawiajgc ich nowag nomenklature (wg. Malengier-Devlies i in. [5],

zmodyfikowana).
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2.2.  Funkcje neutrofili

Dojrzate neutrofile opuszczajagc szpik kostny sg wyposazone w arsenal biatek
efektorowych, dzigki czemu wymagaja niewielkiego wsparcia transkrypcyjnego lub
translacyjnego podczas aktywacji mechanizmdéw przeciwdrobnoustrojowych [23, 24].
W literaturze, neutrofile porownywane sa do zolnierzy na polu walki, poniewaz podobnie jak
zolnierze na froncie, neutrofile wchodza w kazda sytuacje uzbrojone i gotowe do walki, nawet
przy pozornej nieobecnosci wroga. Neutrofile sa wyposazone w szeroki wachlarz receptorow
rozpoznajacych patogeny (ang. pathogen recognition receptors, PRR), poczawszy od rodziny
receptorow TLR po wyspecjalizowane receptory zmiatacze (np. dektyna-1) 1 receptory dla
opsonin [25].

Do eliminacji patogenow neutrofile wykorzystuja co najmniej trzy gtéwne mechanizmy
efektorowe: fagocytoze, degranulacje 1 tworzenie zewnatrzkomodrkowych sieci neutrofilowych
(ang. neutrophil extracellular traps, NET). Fagocytoza, czyli wychwytywanie 1 pochtanianie
poprzez wpuklenie blony komérkowej, rozpoznanego przez neutrofile patogenu, zostata
wykazana zar6wno w badaniach in vifro jak 1 in vivo [26]. Dzigki temu mechanizmowi patogen
zostaje zamkniety w fagosomie [27], ktory nastepnie ulega fuzji z lizosomami tworzac
fagolizosom. Zamknigte w fagolizosomach patogeny sa nastepnie zabijane lub neutralizowane
na drodze zaleznej lub niezaleznej od tlenu [28, 29]. Biora w tym udzial kolejno mechanizmy
zalezne od oksydazy NADPH 1 zwigzane z powstawaniem, toksycznych dla patogenéw, ROS
lub biatka przeciwbakteryjne (np. katepsyny, defensyny, LTF, biatko BPL, i lizozym). Zdolnos¢
neutrofili do zabijania fagocytowanych drobnoustrojéw jest co najmniej o 1-2 rzedy wielkosci
wyzsza niz innych fagocytow [28, 30, 31].

W  przypadku kolejnego ze wspomnianych mechanizméw  efektorowych
wykorzystywanych przez neutrofile do eliminacji patogendw, czyli degranulacji, badania in
vitro wyraznie wykazaty nastepujace po fuzji ziarnistosci z blong plazmatyczna, uwalnianie ich
zawartos$ci 1 produkcje ROS [25]. Neutrofile wykazuja rowniez zdolnos¢ do wytwarzania sieci
NET, mechanizmu polegajacego na dekondensacji chromatyny, ktora udekorowana jadrowymi,
cytoplazmatycznymi lub pochodzacymi z ziarnistosci biatkami efektorowymi, jest wyrzucana
na zewnatrz komorki [32]. Poczatkowo wyrzut sieci NET opisywano wylacznie jako strategie
przeciwdrobnoustrojowa, dzieki ktérej bakterie sa wychwytywane 1 zabijane, jednak coraz
wiece] dowoddéw wskazuje na szerszy zakres funkcji sieci NET, np. w autoimmunizacji i
nowotworach [33].

Wymienione toksyczne mechanizmy efektorowe do niedawna byly uwazane za jedyne

funkcje neutrofili. Neutrofile z kolei, uwazano za stosunkowo prymitywne narzedzie wsrod
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komorek uktadu odpornosciowego, ktorych gléwnym celem byta rekrutacja en masse do
miejsca urazu lub infekcji, gdzie wkrotce potem mialy ulec apoptozie. Jednakze znaczny postep
1 zaawansowane narzedzia w badaniach nad funkcjami tych komérek wykazaty, ze neutrofile
wykazuja roznorodny repertuar mechanizméw dziatania, ktory znaczaco wykracza poza
proste zabijanie patogenéw a ich rekrutacja jest $cisle regulowana [34] Stwierdzono
przyktadowo, ze neutrofile moga wytwarzaé zaré6wno cytokiny prozapalne jak i
przeciwzapalne, a takze chemokiny i czynniki immunomodulacyjne, ktore wpltywaja na
rekrutacj¢ 1 fenotyp neutrofili, makrofagow, komorek dendrytycznych (DC), limfocytéw T 1 B
[25]. Chociaz neutrofile sa znacznie mniej wydajne niz makrofagi lub DC w produkcji
cytokin 1 chemokin, ich duza liczba w miejscach zapalenia, kilkakrotnie wigksza niz
makrofagéw 1 DC, sugeruje, ze przyczyniajg si¢ one znaczaco do ksztaltowania
mikrosrodowiska zapalnego. Wspomniane funkcje, jak 1 ciggla produkcja neutrofili, ich
obfito§¢ w miejscach zapalenia 1 dane pokazujace obecnie, ze zywotno$¢ neutrofili moze by¢
znacznie wydtuzona przez niektdre cytokiny w miejscach zapalenia lub mikrosrodowisku
guza (ang. ftumor microenvironment, TME), sugeruja, ze neutrofile, obok makrofagéw i DC,
sq kluczowymi koordynatorami reakcji odpornosciowej [35]. Neutrofile uczestnicza réwniez
w regeneracji tkanek po urazie, reguluja wyciszenie reakcji zapalnej 1 powr6t tkanki do
stanu homeostazy [36]. Stad istnieje duze zainteresowanie scharakteryzowaniem
mechanizmow regulujacych redystrybucje 1 dlugo$¢ zycia neutrofili, nie tylko w stanach

chorobowych, ale takze w warunkach homeostazy.

2.3. Heterogennos¢ i plastycznos¢ neutrofili

Neutrofile, stosunkowo do niedawna, uwazano za jednorodng populacje komorek, z
typowo przeciwdrobnoustrojowymi funkcjami efektorowymi. Poglad ten zostat poparty
domniemanym krotkim okresem zycia neutrofili i brakiem zdolnosci do proliferacji.
Doniesienie Pillay i wspdtautorow podwazyto te koncepcje, sugerujac, ze w normalnych
warunkach $redni czas zycia neutrofili w krwiobiegu jest znacznie dtuzszy niz wczesnie]
uwazano 1 wynosi do 12,5 godzin u myszy i 5,4 dnia w przypadku neutrofili cztowieka [37].
Jednak, poza krazacymi neutrofilami czlowieka, analizie prawdopodobnie podlegly rowniez
neutrofile szpiku kostnego, co spowodowalo znaczne przeszacowanie otrzymanej wartosci.
Czas zycia neutrofili jest nadal kwestig dyskusyjna ze wzgledu na brak odpowiednie] metody
sledzenia losow tych komorek in vivo [38]. Wynika to z faktu, ze dtugos$¢ zycia neutrofili
ulega znacznemu wydluzeniu w przypadku neutrofili znajdujacych si¢ w puli marginalne;j,
czy po ekstrawazacji, w  tkankach. Ponadto zjawisko  wstecznej  migracji
(nazywanej tez retromigracja), w ktorej neutrofile migruja z tkanek ponownie do krazenia

stanowi dodatkowe .



utrudnienie w prawidlowym zobrazowaniu tego okresu oraz ich loséw [39, 40]. Wydtuzony
czas zycia neutrofili moze stanowi¢ podstawe do przechodzenia przez nie zmian fenotypowych
i funkcjonalnych, tym samym wplywajac na ich heterogennos¢. Ponadto,
w momencie zapalenia, dlugos$¢ zycia neutrofili jest znacznie zwiekszona poprzez hamowanie
apoptozy komorek, efekt wywolywany przez cytokiny, wzorce molekularne zwigzane
z patogenami (ang. pathogen-associated molecular patterns, PAMPs), czasteczki wzorcow
molekularnych zwiazanych z uszkodzeniami/zagrozeniem (ang. danger/damage-associated
molecular patterns, DAMP) lub inne czynniki $rodowiskowe [41, 42]. W efekcie,
w przewleklym zapaleniu dlugo$¢ zycia neutrofili jest niefizjologicznie wydtuzona, co
pogarsza rokowanie choroby. Kontrowersje wokdt dlugosci zycia neutrofili mozna wigc
rozstrzygna¢, uznajac ja za adaptacyjna ceche, ktore] wartos¢ zalezy od (pato)fizjologicznego
kontekstu (np. obecnosci patogendw, sygnalizacji cytokinowej itp.). Tym samym obecnie
neutrofile uwazane sa za heterogenna populacj¢ o roznych, unikalnych fenotypach 1
odpowiadajacych im funkcjach efektorowych, charakterystycznych zaréwno dla stanow
patologicznych jak i1 homeostazy [43]. Istnienie zroznicowanych fenotypowo podgrup
neutrofili to temat wcigz mato poznany. By¢ moze najlepiej znanym przykladem jest tutaj
mikrosrodowisko guza, w ktérym neutrofile charakteryzuje polaryzacja podobna do tej opisanej
dla makrofagow M1/M2 infiltrujacych mikrosrodowisko nowotworu (ang. fumor-associated
macrophages, TAM). Takze, wsrod neutrofili zwigzanych z guzem (ang. fumor-associated
neutrophils, TAN) wyrézniono dwie subpopulacje o analogicznych nazwach N1
(przeciwnowotworowe 1 prozapalne) i N2 (pronowotworowe 1 immunosupresyjne). Polaryzacja
TAN w kierunku N1 jest indukowana zablokowaniem szklaku sygnalizacyjnego
transformujacego czynnika wzrostu-B (ang. transforming growth factor f, TGF-) lub
stymulacja interferonem typu I (IFN I) i charakteryzuje je wysoka ekspresja cytokin
prozapalnych np. TNF-g, i chemokin np. CCL3, CXCL10 [44-46]. Z kolei polaryzacja TAN2
jest indukowana wysokim poziom TGF- lub GCSF 1 takie komorki charakteryzuje np. wysoka
ekspresja czynnika wzrostu $rodbtonka naczyniowego (ang. vascular endothelial growth
factor, VEGF), IL-8/CXCL8, CXCR2 i MMP9 [2, 44, 47-49]. Wystepowanie subpopulacji
neutrofili nie ogranicza si¢ do nowotwordw. Populacje pro- i przeciwzapalnych neutrofili
obserwuje sie np. w sepsie [50], zawale migsnia sercowego [51] lub toczniu rumieniowatym
uktadowym (ang. systemic lupus erythematosus, SLE) [52, 53]. W trakcie izolacji neutrofili z
krwi pacjentéw w gradiencie gestosci obserwowane sg wyraznie rozdzielone frakcje komorek.
Na tej podstawie wyrdzniono neutrofile o normalnej lub wysokiej gestosci (ang. normal- or

high-density neutrophils, NDN lub HDN) oraz subpopulacje neutrofili o niskiej gestosci (ang.
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low-density neutrophils, LDN) [54, 55]. LDN sg najczesciej opisywane w kontekscie chorob
autoimmunologicznych [56], nowotworow [44], sepsy [57] 1 zakazen ludzkim wirusem
nabytego niedoboru odpornosci (ang. human immunodeficiency virus, HIV) [58, 59]. Podobnie
jak w przypadku TAN2, LDN wykazuja funkcje pronowotworowe i immunosupresyjne [60].
Istnieje kilka teorii na temat pochodzenia LDN. Pierwsza z nich wyjasnia, ze LDN sa mieszanka
dojrzalych 1 niedojrzatych neutrofili, ktére mogag mie¢ dziatlanie immunomodulujace [61].
Druga natomiast postuluje, ze LDN wykazujg nizsza gestos¢ ze wzgledu na przebyta
degranulacje [34]. Co ciekawe, LDN mozna pozyska¢ poprzez stymulacje dojrzatych neutrofili
TGF-f [44]. TAN i1 LDN wykazuja niemal identyczne profile ekspresji markerow
powierzchniowych oraz wtasciwosci pronowotworowe, jednak dotychczasowe doniesienia nie
daja jednoznacznych dowodow potwierdzajacych, ze TAN 1 LDN sa odrgbnymi populacjami
komorek [40].

W obecnej pracy skupiono si¢ w gtownej mierze na cechach neutrofili, w tym na ich
dojrzatosci/wieku, specyficznych markerach ich aktywnosci i redystrybucji. Podejscie to
wydaje sie stuszne, poniewaz oprécz roznorodnosci fenotypowe) neutrofili, komorki te
wykazuja plastyczno$¢ w zaleznosci od srodowiska bytowania (obecno$ci mediatorow pro- lub
przeciwzapalnych, a takze mikrosrodowiska tkanki lub narzadu), ktore wydaje si¢ mie¢ wpltyw
na roznicowanie 1 specjalizacj¢ funkcjonalng tych komoérek. Pokazano, na przyktad, ze w
okreslonych warunkach zapalnych neutrofile mogg réznicowac si¢ w inne typy komorek
mieloidalnych, w tym komorki dendrytyczne (DC). Zaobserwowano ponadto, ze neutrofile
wyizolowane ze szpiku kostnego, po stymulacji GM-CSF, TNF-a i IL-4, moga réznicowac si¢
w populacje komoérek hybrydowych charakteryzujacych si¢ obecnosciag zarowno markeréw
charakterystycznych dla DC jak 1 markeréw neutrofili, co zostato zweryfikowane zaréwno w

warunkach in vitro, jak i in vivo [62].

2.4.  Starzenie si¢ neutrofili

Jak juz wspomniano, liczba neutrofili jest scisle kontrolowana i podlega dynamicznej
regulacji na wszystkich kluczowych etapach, od opisanego wczesnie] réznicowania i retencji
w szpiku kostnym do uwalniania, marginalizacji naczyniowej 1 ostatecznej eliminacji poprzez
fagocytoze¢ w wyspecjalizowanych narzadach [63, 64]. Z ewolucyjnego punktu widzenia ta
regulacja ma krytyczne znaczenie, poniewaz wraz z zapewnieniem optymalne] liczby neutrofili
do skutecznej eliminacji patogenow, jednoczes$nie zapobiega ich destrukcyjnemu dziataniu w
obrebie naczyn krwionosnych lub tkanek [65]. Wraz z uwolnieniem neutrofili

z tkanki hematopoetycznej, w przypadku braku infekcji/toczacego si¢ zapalenia, neutrofile
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podlegaja procesowi starzenia, ktdry obejmuje szereg stopniowych, zaleznych od czasu zmian
fenotypowych, ktore kumulujg si¢ z czasem. Miedzy innymi, dochodzi do zwigkszania
ekspresji CXCR4, powierzchniowego receptora dla CXCL12. W badaniach ex vivo wykazano,
ze wzrost ekspresji CXCR4 rozpoczyna si¢ w ciagu 4 godzin od rozpoczgcia hodowli. Proces
ten umozliwia W organizmie kierowanie starzejacych si¢ neutrofili
z powrotem do szpiku kostnego w celu ich eliminacji [13, 66, 67]. Ponadto badania ex vivo
pokazaly, ze w starzejacych si¢ neutrofilach dochodzi do obnizenia ekspresji CXCR2, bedacego
receptorem chemokin CXCL1 1 CXCLS8, co sugeruje, ze starzejace sie neutrofile moga
wykazywa¢ zmniejszong odpowiedz na sygnaly zapalne [68]. Tym bardziej intrygujace sa
doniesienia, ktére wskazuja, ze w warunkach in vivo, starzejace si¢ neutrofile sg pierwszymi
komorkami rekrutowanymi do miejsca zapalenia 1 moga by¢ rownie lub nawet bardziej
skuteczne podczas odpowiedzi zapalnej [14]. Co wazne, zmiany fenotypowe zwigzane ze
starzeniem si¢ neutrofili poprzedzaja ich apoptoze. Chociaz znaczna czg$¢ neutrofili podlega
apoptozie po okoto jednym dniu w hodowli, zachowuja one integralnos¢ komorkowa dtuzej niz
inne typy komorek [64, 69]. To opdznienie $Smierci komorek prawdopodobnie zapewnia
starzejacym sie neutrofilom wystarczajaco duzo czasu na migracje do regionéw, w ktérych
moga zosta¢ bezpiecznie usunigte, minimalizujgc w ten sposob ryzyko uwolnienia ich
cytotoksycznej zawartosci do krwiobiegu [69]. Z kolei w badaniach in vivo wykazano, ze
starzejace si¢ neutrofile, ktore utrzymywaly sie¢ dluzej we krwi, poza wzrostem poziomu
CXCR4, wykazaly rowniez zmniejszenie ekspresji L-selektyny (CD62L). Co ciekawe zmiany
te wykazywaly oscylacje dobowe [21]. Jednoczesnie, starzejace si¢ neutrofile mialy
podwyzszony poziom biatek adhezyjnych, takich jak CD11b 1 CD49d (podjednostek integryn,
kolejno MAC1 1 VLA4), podczas gdy sygnalizacja CD47 (biatka powierzchniowego, ktore
dziata jako sygnat "nie jedz mnie" dla makrofagow) byla nieznacznie zmniejszona, co
potencjalnie ulatwialo rozpoznanie 1 fagocytoze neutrofili przez makrofagi [70].
Morfologicznie, starzejace si¢ neutrofile staja si¢ mniejsze, mniej ziarniste a ich jadro jest coraz
bardziej segmentowane (tak zwana hipersegmentacja) [15, 21].

Analizy transkryptomu starzejacych si¢ neutrofili ujawnily zmiany w szlakach
zaangazowanych w aktywacje komorek (w tym sygnalizacj¢ NF-kB oraz kinaz MAPK, ang.
mitogen-activated protein kinases, w tym p38), wykrywanie wzorcow molekularnych
zwigzanych z patogenami/zagrozeniami (poprzez TLR 1 receptory NOD podobne, ang. NOD-
like receptors, NLR), adhezje¢, migracje (integryny i RAC1, ang. Ras-related C3 botulinum toxin

substrate 1), a nawet degradacje¢ biatek i $mier¢ komoérek w starzejacych si¢ neutrofilach [15].
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Przetom w zrozumieniu procesu starzenia si¢ neutrofili nastgpit dzieki postepom w
badaniach nad mikrobiomem Wykazano bowiem, ze metabolity mikrobioty jelitowej
przedostaja si¢ do krwiobiegu i moga modulowa¢ odpowiedz immunologiczng gospodarza.
Eksperymenty na myszach pozbawionych mikrobioty (ang. germ-free, GF) lub traktowanych
antybiotykami wykazaty wyrazng redukcje liczby starzejgcych sie (CD62L'°Y) neutrofili jak i
komorek progenitorowych. Efekt ten byl czesciowo odwracalny za pomocag stymulacji
lipopolisachrydem (LPS) lub w wyniku transplantacji mikrobioty katowej [15]. Ta odbudowa
wymagata nienaruszonego sygnalizowania przez receptory rozpoznajace wzorce, takie jak
TLR4 i TLR2, oraz biatko adaptorowe MYDB88 (ang. myeloid differentiation primary response
88) [15].

Konsekwencje starzenia si¢ neutrofili sa wieloaspektowe. Nowsze badania
wykorzystujace metode obrazowania in vivo wykazaty, ze starzejace si¢ neutrofile przylegajace
do $ciany naczyniowe] wykazuja zwiekszong aktywacje beta2-integryny (CD18), wyzsza
produkcje ROS 1 wiekszg sktonnos¢ do NETozy (programowanej smierci komorki zaleznej od
tworzenia NET), co w sytuacjach patologicznych moze przyczynia¢ si¢ do niedroznosci naczyn
[15, 71]. Podkresla to stusznos¢ pordwnania dziatania neutrofili do miecza obusiecznego, w
ktorym te same procesy, ktore przygotowuja neutrofile do ich bezpiecznego usuwania, moga
réwniez przyczynia si¢ do reakcji zapalnych i perfuzji tkanek [15, 17, 21, 71]. Dobowe
oscylacje neutrofili 1 wynikajagce z nich zanikanie starzejacych si¢ neutrofili podkreslaja
ztozono$¢ tej regulacji 1 wydaja sie dodatkowym mechanizmem regulujacym czas krazenia

neutrofili we krwi [21].

3. Neutrofile ryb doskonalokostnych

Neutrofile ryb doskonatokostnych podobnie jak ssakow, odgrywajg centralng role we
wczesne] odpowiedzi immunologiczne] na urazy i1 zakazenia, a takze sa kluczowe dla
utrzymania homeostazy [72]. W tej czesci wstepu przedstawiono aktualng wiedze na temat
neutrofili ryb doskonatokostnych i1 usytuowano ja w kontekscie ewolucyjnym w zakresie
mechanizmow obrony gospodarza i1 skutecznego regulowania powrotu do homeostazy. Warto
w tym miejscu podkresli¢, ze przedstawiciel ryb doskonatokostnych z rodziny karpiowatych,
danio pregowany, jest znanym organizmem modelowym, ktory dzieki szerokiemu wachlarzowi
narzedzi molekularnych i mozliwosciom obrazowania przyzyciowego, zrewolucjonizowat

badania neutrofili. Na przekér konwencjom, ,,dopuszczenie do glosu” ryb w tej dziedzinie

2

badan udzielito odpowiedzi na wiele nurtujacych pytan. Podkredla to przede wszystkim
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znaczenie badan nad mechanizmami konserwatywnymi ewolucyjnie, co jest rowniez jednym z

gléwnych celéw obecnej pracy.

3.1. Powstawanie neutrofili/granulocytopoeza u ryb doskonalokostnych

Rozwoj neutrofili u ryb doskonatokostnych przebiega zgodnie z dwufazowym
procesem hematopoezy. W pierwszej fazie, okoto 24 godziny po zaptodnieniu (ang. hours post
fertilization, hpi), podczas hematopoezy pierwotnej, powstaja komorki mieloidalne (neutrofile,
komorki tuczne 1 makrofagi) i erytrocyty. W drugiej fazie, 48-72 hpf, podczas hematopoezy
definitywnej, powstaja wszystkie podtypy komorek krwi, w tym komorki limfoidalne [73, 74].
Niektore doniesienia wskazuja, ze hematopoeza pierwotna, gléwnie mielopoeza, rozpoczyna
si¢ juz 10 godzin po zaplodnieniu, w przedniej boczne] mezodermie (ang. anterior lateral
mesoderm, ALM) zarodka danio pregowanego [73—76]. Brak barwienia ziarnistosci czernig
sudanowg wskazuje, ze powstate w tym okresie neutrofile sg jeszcze niedojrzate [77]. Nastepnie
dochodzi do czesciowego zaniku hematopoezy pierwotnej. Ma to miejsce w tylnych wyspach
krwi (ang. posterior blood island, PBI). Hematopoeza ostateczna/definitywna zachodzi
poczatkowo w brzusznej $cianie aorty grzbietowej (ang. aorta-gonad-mesonephros, AGM). Z
AGM z kolei wyodrebniaja si¢ trzy narzady krwiotworcze/limfatyczne: ogonowa tkanka
hemopoetyczna (ang. caudal hematopoietic tissue, CHT), grasica oraz nerka glowowa, ktéra
od szbstego dnia po zaptodnieniu (ang. days post fertilization, dpf) dziata jako samodzielny
narzad hematopoetyczny, ktory stanowi odpowiednik szpiku kostnego ssakoéw [74, 78].
Komorki HSC migruja do CHT, a podwojnie pozytywne barwienia markerow i ziarnisto$ci
neutrofili, mieloperoksydazy i barwienie czernig sudanowa, wskazuja, ze te komorki daja
poczatek dojrzatym neutrofilom [77, 79]. Proces granulocytopoezy u ryb, podobnie jak u
ssakow, obejmuje sekwencyjne réznicowanie mieloblastow do promielocytéw, a nastepnie do
dojrzalych neutrofili. Wczesne promielocyty danio pregowanego, mimo ze wykazuja
zaokraglone jadro, nie posiadajg jeszcze pierwotnych ziarnistosci azurofilnych
charakterystycznych dla ich ssaczych odpowiednikoéw [80]. W miarg postepu dojrzewania
neutrofila chromatyna ulega kondensacji, a jadro segmentacji. Jednakze, wigkszos$¢ neutrofili
ryb charakteryzuje jadro w ksztatcie nerki lub dwuptatowe, a nie typowa wieloptatowos¢, jak
w przypadku neutrofili cztowieka [77, 81-83]. U dorostych ryb neutrofile sa zmagazynowane
w  nerce, ktora pelni  funkcje gléwnego  rezerwuaru  hematopoetycznego
w krazeniu np. ryb karpiowatych [80]. Niedawno wydana praca [84], zdefiniowata, na
podstawie scRNA-seq, wzér dojrzewania neutrofili w nerce danio prggowanego. Autorzy

wyodrebnili cztery fazy dojrzewania neutrofili (P1-P4), przy czym ostatnia faza (P4)
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charakteryzowata sie¢ zwiekszong ekspresja mmp9, ktora byta skorelowana z obecnoscia

bardziej rozwinietych, wydluzonych ziarnistosci oraz wieksza segmentacja jadra [84].

3.2. Funkcje efektorowe neutrofili ryb

Neutrofile ryb doskonatokostnych, po osiggnieciu dojrzatosci, uruchamiaja szereg
mechanizméw efektorowych niezbednych do obrony gospodarza. W odpowiedzi na
uszkodzenie tkanki lub zetkniecie z patogenem komorki te sa szybko mobilizowane z nerki
glowowej do miejsca zapalenia [85, 86]. Obrazowanie in vivo larw danio pregowanego
wykazato, ze neutrofile szybko migruja w kierunku zwiekszonego stezenia czynnikdéw
chemotaktycznych, zwlaszcza w odpowiedzi na zwigkszenie poziomu nadtlenku wodoru
(H202) w miejscach zranienia [87, 88]. Migracja neutrofili do miejsc zapalenia obejmuje
zachowanie znane jako rojenie si¢ neutrofili (ang. neutrophil swarming), ktore po raz pierwszy
zaobserwowano w mysich modelach zapalenia [89-91]. Rojenie jest definiowane jako
wywotane urazem lub zakazeniem skoordynowane i1 stopniowe gromadzenie si¢ 1 tworzenie
skupisk komorek [89, 90]. W modelu amputacji/uszkodzenia ptetwy ogonowej larw danio
wykazano, ze neutrofile tworza ro] wokol ,pionierskiego” neutrofila, ktory jako pierwszy
dociera do rany. Pionierskie neutrofile przechodza rodzaj $mierci komorkowej, ktora
przypomina formowanie si¢ sieci NET. Wyciszenie stanu zapalnego oraz redukcja liczby
neutrofili w miejscu uszkodzenia tkanki nastepuje na skutek kilku réznych procesow: apoptozy
neutrofili lub odwrotnej migracji, w wyniku ktorej, tak jak u ssakdéw, neutrofile ryb opuszczaja
tkanki objete zapaleniem i ponownie wchodza do krazenia [87, 92, 93]. Warto wspomnie€, ze
proces ten po raz pierwszy zostal opisany na modelu danio pregowanego [93, 94], w ktérym
sledzono oddalanie si¢ neutrofili z miejsca zranienia, 1 od tego czasu zidentyfikowano go jako
mechanizm, ktory zachodzi takze w przypadku neutrofili mysich i ludzkich [95-97]. Praca Elks
i in. [94] wykazala, ze proces ten jest regulowany przez mikrosrodowiskowe bodzce
prozapalne, takie jak hipoksja. Wykorzystanie larw danio z podwojnie transgenicznej linii z
ekspresja w neutrofilach (pod kontrolg promotoréw lyz lub mpx), ulegajacych fotokonwersji
biatek, Kaede lub Dendra2, umozliwito $ledzenie i ilosciowe okreslenie liczby migrujacych
wstecznie neutrofili [87, 98]. Jest to rowniez rewolucyjne narzedzie do analizy dtugosci zycia
neutrofili 1 ich loséw po wypetnieniu funkcji efektorowych w miejscu zapalenia [98].

Podobnie jak u ssakéw, réwniez u ryb, podstawowga funkcja efektorowa neutrofili ryb
jest fagocytoza. Proces zostal zobrazowany in vivo za pomoca fluorescencyjnych linii
reporterowych danio [86]. Kirchberger 1 in. [84] wykazali, ze dojrzata subpopulacja neutrofili

MMP9" wykazuje znacznie wiekszg aktywnos$¢ fagocytarng niz komorki mniej dojrzate.
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Chociaz analizy sktadu ziarnisto$ci ryb nie byty tak obszerne jak u ssakéw, badania okreslajace
aktywnos$¢ mieloperoksydazy potwierdzity, ze oprocz fagocytozy, kolejny kluczowy
mechanizm przeciwdrobnoustrojowy, stanowi degranulacja, czyli zewnatrzkomoérkowe
uwalnianie wstepnie uformowanych zawartosci ziarnistosci [99, 100]. W neutrofilach ryb
wykazano takze aktywnos¢ oksydazy NADPH i konsekwentnie produkcje ROS [101, 102], a
takze tlenku azotu [103, 104]. Ponadto wykazano, ze sieci NET wytwarzane przez neutrofile
ryb majg podobne cechy strukturalne i funkcje do tych obserwowanych u ssakow [105-
107].  Co  wigcej, neutrofile ryb reguluja réwniez  nabytg  odpowiedz
immunologiczng. Biorgc pod uwage obecnos¢ czasteczek MHC klasy 11 oraz zwiekszona
ekspresje czasteczek bioragcych udzial w prezentacji antygenu i aktywacji limfocytow T,

neutrofile maja potencjat do petnienia funkcji profesjonalnych komoérek APC [108].

3.3. Heterogennos$¢ neutrofili ryb doskonalokostnych

Jak wspomniano wczesniej, w badaniach na ssakach, heterogennos¢ neutrofili jest
coraz szerze] definiowana, a subpopulacje sa charakteryzowane na podstawie réznic w
gestosci czy obecnosci  specyficznych markerow powierzchniowych [85]. U ryb
doskonatokostnych charakteryzacja fenotypow neutrofili wcigz jest stabo zbadana.
Dostepnos¢ zaawansowanych narzedzi molekularnych w badaniach na modelu danio
pregowanego, a takze ostatnie postepy w analizach scRNA-seq znacznie rozwingly wiedze
na temat heterogennosci neutrofili ryb doskonatokostnych i wykazaty ich podobienstwo do
ssakow [84, 109]. W pracy Bobrovskikh i in. [110], w ktérej probowano na podstawie analiz
scRNA-seq zbada¢ polaryzacje neutrofili, wykazano tylko niewielka liczbe komodrek o
wyraznych cechach pro- lub przeciwzapalnych. Autorzy sugerowali, ze wynika to z
istnienia szerokiego spektrum fenotypoéw neutrofili ryb. Istnienie takich samych
mechanizmow funkcjonalnych neutrofili ryb 1 ssakéw, jak np. zjawisko odwrotne] migracji,
sugeruje jednak, ze podobnie jak u ssakéw, neutrofile ryb nie stanowig jednolite] populacji
komorek, ale wykazujg znaczne zréznicowanie. Wspomniana juz praca badawcza na
modelu danio pregowanego, charakteryzujagca etapy roznicowania neutrofili w nerce
glowowej to obecnie jeden z gtéwnych dowodow na istnienie tego zroznicowania u
nizszych kregowcdéw [84]. Garcia-Lopez 1 in. [111] podjeli probe poréwnania migracji i
profili transkrypcyjnych neutrofili pochodzacych z réznych zrodel (rostralna tkanka
hematopoetyczna, RBI versus CHT) larw danio pregowanego. Badania te wykazatly,
ze neutrofile RBI charakteryzuje wyzsza ekspresja genu csf3b, kodujacego czynnik
stymulujacy wzrost kolonii granulocytow (ang. gramulocyte-colony stimulating factor b,
Csf3b). Ponadto wykazano, ze po uszkodzeniu tkanki, neutrofile pochodzace z RBI i

CHT charakteryzuja si¢ zasadniczo ”



odmiennymi wzorcami migracyjnymi podczas stanu zapalnego. Neutrofile pochodzace z CHT
migrowaly ze znacznie wigksza predkoscia, pokonywaly dtuzsze odlegtosci, wykazaty rowniez
nizsza kierunkowos$¢ 1 wieksze rozproszenie/dyspersje. Wykazano réwniez, ze stanowia one
bardziej heterogenng populacje komoérek, z dwoma odrgbnymi podzbiorami réznigcymi sie
szybkoscig migracji. Natomiast neutrofile pochodzace z RBI charakteryzuje bardziej jednolita
odpowiedz migracyjna [111]. Ponadto obie populacje neutrofili wykazuja wspolne podstawowe
profile transkrypcyjne, ale takze specyficzne dla podzbioru sygnatury transkrypcyjne.
Stwierdzono takze, ze, tylko neutrofile pochodzace z CHT byly rekrutowane do miejsca
zranienia w sposob zalezny od obecno$ci nadtlenku wodoru. Wyniki te sugeruja, ze
wspolistniejace populacje neutrofili o odrebnym pochodzeniu wykazujg roznice funkcjonalne
[111]. Z kolet Hammond i in. [112], przy uzyciu linii transgenicznej 7gBAC(arg2:eGFP)sh571
danio pregowanego, wykazujacej ekspresje biatka zielonej fluorescencji (eGFP) pod kontrola
promotora dla genu arg2, kodujacego przeciwzapalng arginaze 2, wykazali, ze wkrotce po
rekrutacji neutrofili do miejsca zranienia 1 infekcji, cze$¢ z nich zwigksza ekspresje arg?.
Autorzy postulowali, ze ekspresja w neutrofilach arg2:GI'P na etapach gojenia si¢ rany,
wskazuje ich przeciwzapalng alternatywnie spolaryzowang subpopulacje [112]. Obecnie jednak
nie jest jasne, czy istnieja odrebne subpopulacje neutrofili, czy obserwowane zmiany wynikaja
z lokalnej sygnalizacji tkankowej [113].

Chociaz wiadomo, ze mikrobiota wptywa na dojrzewanie uktadu odpornosciowego i
aktywacje neutrofili u ssakow, nie mamy bezposrednich dowoddéw na jej wplyw na neutrofile

ryb doskonatokostnych.

4. Chemokiny
Z uwagi na fakt, ze kluczowa role w retencji 1 redystrybucji neutrofili odgrywaja

chemokiny CXC i ich receptory, to wtasnie ich opisowi zostanie poswiecony kolejny rozdziat.

4.1.  Ogolny podzial chemokin

Chemokiny, nazywane roéwniez chemotaktycznymi cytokinami (CHEMOtaktyczne
cytoKINY), to wielofunkcyjne biatka kierujace migracja/redystrybucja komoérek. Sadzi sig, ze
powstaly z pojedynczego genu-przodka, okolo 650 milionéw lat temu [114]. Chemokiny
wywierajg efekt chemotaktyczny na komorki, ktére posiadaja specyficzne receptory chemokin,
nalezace do rodziny receptoréw sprzezonych z biatkiem G (ang. G protein-coupled receptors,
GPCR). Receptory te, w zaleznosci, ktéra grupe chemokin wigza, dzieli sie na: CXCR, CCR,

CXC3R1 CR[115]. Aktywacja receptoréw chemokin uruchamia wewngtrzkomorkowe $ciezki
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sygnalowe, ktore prowadza do mobilizacji wapnia w komoérce, a ostatecznie do
przegrupowania cytoszkieletu i chemotaksji [116].

Funkcjonalnie chemokiny dzielg si¢ na trzy gtéwne kategorie: (I) homeostatyczne,
wytwarzane 1 wydzielane konstytutywnie w obszarach nieobjetych zapaleniem, (II) zapalne,
wytwarzane przez komorki w momencie infekcji lub zapalenia, oraz (III) chemokiny
o mieszane] funkcji, wykazujace cechy dwoch pierwszych grup [117]. Chemokiny z pierwszej
z wymienionych kategorii sg na ogdt zaangazowane w homeostatyczng redystrybucje
leukocytow 1 miedzy innymi kontrolujg ich powr6t do tkanki hematopoetycznej [118]. Z kolei
chemokiny biorgce udzial w zapaleniu reguluja migracje leukocytéw do miejsca urazu i/lub
zakazenia. Ponadto moga roéwniez aktywowaé komorki w celu wywotania efektywnej
odpowiedzi immunologicznej i odpowiadac za rozpoczecie procesu gojenia si¢ ran [119, 120].
Do tej pory u ludzi zidentyfikowano okoto 50 chemokin, ktore zostaty pogrupowane na cztery
rodziny: CXC (a-chemokiny), CC (B-chemokiny), XC (y-chemokiny) i CX3C (6-chemokiny)
[114, 121]. W przypadku chemokin CXC 1 CX3C, odpowiednio jedna lub trzy reszty
aminokwasowe s3 wstawiane pomiedzy pierwsze dwie z czterech reszt cysteiny. Pierwsza i
trzecia reszta cysteiny sa nieobecne w rodzinie chemokin XC, ktora posiada tylko jedno
wigzanie disiarczkowe. Natomiast w rodzinie chemokin CC pierwsze dwie cysteiny sa
usytuowane obok siebie [114, 122, 123].

Chemokiny CXC sa drugg, co do wielkosci wsréd wymienionych rodzin. Po
zidentyfikowaniu motywu ELR (Glu-Leu-Arg) bezposrednio poprzedzajacego motyw CXC,
zostaty one dodatkowo podzielone na dwie gtowne grupy w zaleznosci od obecnosci motywu
(ELR+) lub jego braku (ELR-). Do grupy zawierajacej motyw ELR (ELR+ CXC) nalezy osiem
chemokin (CXCL1-3, 5-8, 15), ktére wykazujg silne whasciwosci chemotaktyczne wzgledem
neutrofili, dziatajac poprzez receptory powierzchniowe CXCR1-2 [123]. Ponadto chemokiny
ELR+ promuja angiogeneze [124]. Do grupy pozbawionej motywu ELR (ELR- CXC) nalezy
osiem chemokin (CXCLA4, CXCLOS-14 i CXCL16), oddziatywujacych
z receptorami CXCR3-6 [125-127]. Chemokiny z rodziny CXC pozbawione motywu ELR
(ELR-) kieruja migracja limfocytow 1 monocytow 1 wykazujac stabsze wlhasciwosci
chemotaktyczne wobec neutrofili, a takze hamuja angiogeneze [119, 124, 128]. Chemokiny
ELR+ CXC sa syntetyzowane przez rozne komorki w odpowiedzi na liczne bodzce, szczeg6lnie
w odpowiedzi na cytokiny prozapalne, takie jak IL-1 1 TNF [128]. Ich gtowng funkcjg jest
wspomaganie adhezji neutrofili do komorek srédbtonka oraz migracji tych komorek zgodnie z

gradientem chemotaktycznym, np. w kierunku miejsca zapalenia.
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4.1.1. CXCLS8 i CXCR1/CXCR2

Chemokina CXCL8 (znana tez jako IL-8) wykazuje najsilniejsze wiasciwosci
chemotaktyczne wzgledem neutrofili, dziatajac przez receptory CXCR1 i CXCR2 [17].
Wykazano rowniez, ze MMP9 poprzez przyciecie czasteczki CXCL8 kilkukrotnie zwigksza
aktywnosci tej chemokiny, a tym samym migracj¢ oraz aktywacj¢ neutrofili. Tworzy to rodzaj
dodatniego sprzezenia zwrotnego, poniewaz aktywowane neutrofile wydzielaja wigksza 1los¢
MMP9 [129]. Poza silnymi wlasciwosciami chemotaktycznymi wobec neutrofili, CXCL8
wykazuje roéwniez wlasciwosci chemotaktyczne wobec bazofili, stymulowanych cytokinami
eozynofilii oraz limfocytow T krwi obwodowej [130-132]. Obecnosci CXCL8 nie odnotowano
u szczurdOw i myszy, co sugeruje, ze gen kodujacy CXCLS8 zostal usuniety z genoméw tych
gryzoni a funkcje CXCL8 sg prawdopodobnie kompensowane przez inng chemoking z rodziny
CXC, prawdopodobnie CXCL1. Co ciekawe, szczury posiadaja dwa receptory (CXCRI i
CXCR2), natomiast myszy jeden receptor (CXCR2), ktére umozliwiajg chemotaksje neutrofili
przez interakcje z chemokinami CXCL1-3 [133].

4.1.2. CXCL9-11i CXCR3

Indukowane przez interferon typu II (IFN-y) chemokiny CXCL9-11 uczestnicza w
zapoczatkowaniu nabyte] odpowiedzi immunologicznej. Sygnalizacja chemokin CXCL9-11
zachodzi przez receptor CXCR3, wywotujac chemotaksj¢ limfocytéw T pomocniczych typu 1
(Th1), limfocytéw cytotoksycznych (Tc), monocytéw, DC i komorek NK. Aktywacja
makrofagéw 1 DC prowadzi do produkcji IL-12, ktora stymuluje komérki NK do produkcji
IFN-y [134]. Razem z IL-1B i/lub TNF-0, IFN-y indukuje produkcje CXCL9-11 w réznych
typach komorek, w tym granulocytach, makrofagach i fibroblastach [135]. Nastepnie dochodzi
do rekrutacji aktywnych limfocytow T [136]. Podczas gdy aktywowane limfocyty T produkuja
IFN-y, infiltrujgce limfocyty T dziataja w dodatniej petli aktywacyjnej, napedzajac rekrutacje
limfocytéw T [137]. Za regulacje tego procesu odpowiadaja przeciwzapalne cytokiny, takie jak
IL-10, ktére hamuja synteze IFN-y, a tym samym zmniejszajg rekrutacj¢ limfocytow T [138,
139]. Ponadto, zaréwno CXCL9, jak i CXCL10 majg silne dziatanie angiostatyczne [ 140, 141].
4.1.3. CXCL12i CXCR4

Tak jak juz wspomniano podczas omawiania granulocytopoezy, interakcja
homeostatycznej chemokiny CXCL12, konstytutywnie wydzielanej przez komorki zrebowe
tkanki hematopoetycznej, 1 jej powierzchniowego receptora CXCR4, odpowiada za utrzymanie
niedojrzatych neutrofili w szpiku kostnym [142]. Jednym z mechanizmow regulujacych to

odzialywanie jest internalizacja receptora CXCR4 [143]. Sygnalizacja CXCL12-CXCR4
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odpowiada rowniez za powrot starzejacych si¢ neutrofili do szpiku, gdzie nastepnie sg usuwane

na drodze apoptozy [13, 142, 144].

4.2.  Charakterystyka chemokin CXC ryb karpiowatych

U ryb doskonatkostnych do tej pory opisano 4 podrodziny chemokin (CXC, CC, XC 1
C), z ktorych podobnie jak u ssakow, kluczowe chemokiny odpowiedzialne za aktywacje i
pobudzanie migracji neutrofili, naleza do podrodziny CXC [122, 145]. Wykazano ponadto, ze
zaréwno in vitro, jak 1 in vivo, rekombinowane chemokiny CXC indukuja migracje fagocytow
[146]. Dane te w duzej mierze odpowiadaja badaniom na ssakach, co sugeruje, ze wiele funkcji
immunologicznych chemokin CXC u ryb doskonatokostnych jest dobrze zachowanych. Ze
wzgledu na wybrane organizmy modelowe, na ktorych przeprowadzono czes¢ eksperymentalng
obecnej rozprawy, w tej czesci wstepu skupiono sie gtownie na scharakteryzowaniu chemokin

z rodziny CXC u karpia i danio pregowanego (Tabela 1).

4.2.1. Cxcl8 11, Cxcl8 12-Cxerl i Cxcr2

U karpia 1 danio pregowanego wystepuja dwa geny kodujace dwa homologi CXCLS,
ktore zostaly oznaczone jako Cxcl8 11 (opisanej rowniez jako Cxcl8a, CXCL8 L1 lub CXCa)
1 Cxcl8 12 (opisanej réwniez jako Cxcl8b lub CXCL8 L2) [147-150]. Transkrypcja obu
paralogdw gendéw kodujacych Cxcl8 karpiowatych jest indukowana w odpowiedzi na stan
zapalny zwigzany ze zranieniem [150] i zakazeniem bakteryjnym [148, 151]. Wykazano
rowniez, ze receptory chemokinowe Cxcrl 1 Cxcr2 to funkcjonalne homologi ich
odpowiednikow u ssakdéw. Neutrofile wykazuja wysoka ekspresje gendéw kodujacych te
receptory, a zdolno$¢ pobudzania chemotaksji neutrofili przez obie chemokiny Cxcl8 zostata
wykazana zarowno u danio pregowanego [150, 152], jak i u karpia [147]. Zarowno Cxcrl, jak
1 Cxcr2 sg wymagane do efektywnego rekrutowania neutrofili do uszkodzonych obszaréw na
poczatkowym etapie reakcji zapalnej [2], a transkrypcja Cxcr2 i Cxcl8 11 oraz Cxcl8 12
zwigksza si¢ po amputacji ogona larw danio pregowanego [149]. Co ciekawe, w niektorych
sytuacjach te geny kodujace paralogi Cxcl8 sg roznie regulowane, co sugeruje odmienne role
(subfunkcjonalizacje) w rekrutacji neutrofili podczas reakcji zapalnych. Sugeruje sie, ze
Cxcl8 11 glownie koordynuje rekrutacj¢ neutrofili do miejsc urazu, podczas gdy Cxcl8 12
gléwnie kieruje migracja neutrofili do krwiobiegu [149]. W badaniach na larwach danio
pregowanego wykazano, ze, sygnalizacja Cxcl8 zalezy od rodzaju zapalenia, poniewaz w

przypadku rekrutacji neutrofili do sterylnego zranienia, w sygnalizacje zaangazowany jest
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receptor Cxcrl [150], natomiast jezeli zapalenie zwigzane jest z toczaca si¢ infekcjg w
sygnalizacje zaangazowany jest receptor Cxcr2 [153]. Badania na danio pregowanym wykazaty
réwniez, ze dwukierunkowa redystrybucja neutrofili migdzy miejscem zapalenia a naczyniami
krwiono$nymi podczas ostrego stanu zapalnego jest koordynowany przez Cxcrl 1 Cxcr2 w
sposdb zroznicowany [150, 154]. Badania wykazaly, ze interakcja Cxcr1-Cxcl8 11 odpowiada
za rekrutacje neutrofili do ogniska zapalnego, podczas gdy interakcja Cxcr2-Cxcl8 11
koordynuje migracje wsteczng, zwigzang z wyciszeniem stanu zapalnego [155]. Wykazano
rowniez, ze po silnej poczatkowe] odpowiedzi Cxcrl na Cxcl8 11, ulega on stopniowej
desensytyzacji, po ktorej nastepuje internalizacja receptora, podczas gdy Cxcr2 pozostaje na
btonie komorkowej z utrzymujaca sie wrazliwoscia na Cxcl8 12 1 koordynuje redystrybucje
neutrofili podczas fazy wyciszenia reakcji zapalnej [156]. Zréznicowana ekspresja paralogéw
CXCLS8 zostata réwniez opisana u karpia [147]. Inne badania przeprowadzone na karpiu
ujawnily ponadto bezposredni wplyw Cxcl8 na zwigkszenie produkcji ROS, przez komorki

zrekrutowane do ogniska zapalnego [146].

4.2.2. Cxcbl, Cxcb2i Cxcr3

W genomie karpia opisano takze dwie chemokiny CXC wykazujace funkcjonalng
homologie z chemokinam CXCL9-11 ssakow: Cxcbl i Cxcb2 [157]. W genomie danio
pregowanego zidentyfikowano siedem genow homologicznych do ssaczych genow kodujacych
chemokiny CXCL9-11; jednak jak dotad nie przeprowadzono badan transkrypcyjnych dla tych
chemokin, okreslanych jako chemokiny Cxcb [157]. Badania ekspresji przeprowadzono jednak
u karpia, gdzie wykazano, ze obydwa geny kodujace Cxcb, podobnie jak u ssakow zwiekszaja
ekspresje w odpowiedzi na rekombinowany IFN-y [146, 157]. Ponadto zaobserwowano
roznice w ich wrazliwosci na LPS 1 kinetyce ekspresji genéw kodujacych Cxcbl i Cxcb2
podczas zapalenia otrzewne] wywotanego zymosanem, co ponownie sugeruje funkcjonalng
dywersyfikacje lub subfunkcjonalizacj¢ chemokin Cxcb ryb karpiowatych [157]. W badaniach
na karpiu wykazano réwniez silng aktywnos¢ chemotaktyczng Cxcb1l wzgledem monocytow,
granulocytéw 1 limfocytow [146]. Z kolei u danio pregowanego wykazano, ze obydwa
homologi chemokin CXCL9-11 indukujg sygnalizacje poprzez homolog receptora Cxcr3
[158]. Podobnie fakt, ze transkrypcja cxcr3 1 cxch pokrywa sie¢ w czasie podczas stanu
zapalnego u karpia, oraz, ze zarowno ekspresja genow kodujacych chemokiny Cxcb, jak i
receptor Cxcr3 byly zwigkszone po stymulacji IFN-y sugeruje, ze chemokiny Cxcb sa

ligandami dla Cxcr3 karpia [159].
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4.2.3. Cxcll2a, Cxcl12bi Cxcrd

Zarowno u karpia jak i u danio pregowanego opisano dwa ortologi ssaczej chemokiny
CXCL12 (Cxcl12aiCxcl12b) [160, 161]. Badania funkcjonalne na modelu danio pregowanego
wykazaty, ze ortologi Cxcll2 sygnalizujg poprzez Cxcr4 [161, 162]. Ta wysoka
konserwatywno$¢ ewolucyjna istnieje, mimo, ze zaréwno geny kodujgce chemokine jak i jej
receptor u danio pregowanego sg zduplikowane i opisane odpowiednio jako Cxcrda/b i
Cxcl12a/b [163]. Obydwa warianty Cxcr4 moga wigza¢ obydwa warianty Cxcl12, jednakze
Cxcrda wiaze preferencyjnie Cxcl12b, a Cxcrdb wigze z wiekszym powinowactwem Cxcl12a
[164]. Pokazano ponadto, ze Cxcrda jest przede wszystkim zwigzany z regulacjg proliferacji
komorek i wptywa na rozszerzanie naczyn, podczas gdy Cxcr4b jest powigzany z retencjg
neutrofili w tkankach hematopoetycznych, modulacjg stanu zapalnego, reguluje takze migracje
neutrofili i makrofagéw oraz ich interakcje z innymi typami komorek. Bierze rowniez udziat w

nowotworzeniu oraz regeneracji tkanek [164-167].

Tabela 1. Chemokiny CXC (a-chemokiny) i ich receptory scharakteryzowane u karpiai danio pregowanego.

Podobienstwo do
chemokin ssakéw

Karp
(Cyprinus carpio L.

Danio pregowany
(Danio rerio)

Przypuszczalny Przypuszczalny  Rola
receptor- karp  receptor- danio

pregowany

CXCL8-podobne: Cxcl8a (Cxcl8_l1), Funkcjonalny Cxcrl, Cxcr2 Cxerl (118ra), Cxcl8_I1 i Cxcl8_I2: rekrutacja

Cxca/Cxcl8_11, Cxcl8h.1,0.2.3 homolog CXCL8 Cxcr2(118rb) neutrofili, funkcje prozapalne
Cxcl8_I2 (Cxcl8_12.1-0.3),  (IL-8) [149,150].
Cxcl18b Cxcl8_I1 and Cxcr2- Migracja

wsteczna neutrofili, rola w
wyciszeniu zapalenia [155].

Cxch: Cxcl1l-podobne  Funkcjonalny Cxcr3 Cxcr3.1,2,3 Rekrutacja makrofagowi

Cxcb1,Cxch2 aa,ac, ad,ae, af,ag homolog CXCL9- neutrofili do miejsca

11 zranienia/infekcji [169].
Cxcl12: Cxcl12b,Cxcll2a  Ortolog CXCL12 Cxcr4 Cxcrda, Cxcrdb  Retencja niedojrzatych neutrofili
Cxcl12a,Cxcl12b (SDF-1) w tkance hematopoetycznej

[165,168]. Powroét starzejacych
sie neutrofili do tkanki
hematopoetycznej [144].
Rekrutacjai retencja neutrofili w
miejscu zranienia [170].
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I1.

Cele i hipotezy badawcze

Celem obecnej pracy bylo poznanie mechanizméw zaangazowanych w regulacje

indukowanej stresem redystrybucji neutrofili u ryb.

W niniejszej rozprawie doktorskiej weryfikowano 3 gtowne hipotezy badawcze:

1)

2)

3)

4)

Podczas ostrego stresu, dochodzi do zaleznej od hormonow stresu (katecholamin,
ACTH 1 kortyzolu) redystrybucji granulocytow obojetnochtonnych z narzadow
hematopoetycznych (gtownie z nerki gtowowej) do krwi obwodowe]

Chemokiny z rodziny CXC oraz ich receptory sa zaangazowane w indukowana stresem
redystrybucje granulocytéw obojetnochtonnych.

Indukowana stresem redystrybucja neutrofili zalezna jest od sktadu mikrobioty jelit i
receptoréw Toll-podobnych (TLR).

Zwigkszona w wyniku dziatania stresu liczba neutrofili krwi obwodowe] wptywa na

migracj¢ tych komérek do ogniska zapalnego.

Na tej podstawie sformutowano szczegdtowe zadania badawcze:

Zbadanie wpltywu czasu trwania stresu na: (i) poziom kortyzolu 1 glukozy w surowicy
oraz (i1) redystrybucje neutrofili, w tym na ekspresje gendw zaangazowanych w retencje
(cxell2-cxer4) 1 uwolnienie/migracje (cxcl8-cxcrl/2, gesfr, mmp9) tych komorek z
tkanki hematopoetycznej do krwioobiegu.

Zbadanie wpltywu zablokowania receptorow adrenergicznych (Bl1Adr 1 P2Adr),
receptora melanokortyny 2 (Mc2r), receptoréw  glikokortykoidowych i
mineralokortykoidowych (Gr 1 Mr) na: (1) poziom kortyzolu i glukozy w surowicy, oraz
na (i1) redystrybucje neutrofili, w tym na ekspresje genow zaangazowanych w retencje
i uwolnienie/migracje tych komoérek z tkanki hematopoetycznej do krwioobiegu.
Zbadanie wplywu zablokowania receptoréw chemokinowych Cxcrl, 2 1 4 na: (i)
aktywnos$¢ osi stresu (podwzgdrze-przysadka-nerka gtowowa, HPI), w tym na: poziom
kortyzolu i glukozy w surowicy, ekspresj¢ gendw zwigzanych z sygnalizacjq osi stresu
oraz genéw kodujacych chemokiny z rodziny CXC 1 ich receptory, oraz (ii)
redystrybucje neutrofili, w tym na ekspresje genéw zaangazowanych w retencje i

uwolnienie/migracje tych komorek z tkanki hematopoetycznej do krwioobiegu.
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Zbadanie wptywu stresu i antybiotykoterapii na: (i) sktad i roznorodno$¢ mikrobioty
jelitowej oraz (ii) rozwdj reakcji zapalnej jelit, w tym na morfologie jelit i na ekspresje
genoOw zwigzanych z zapaleniem i redystrybucja neutrofili w jelitach.

Zbadanie wptywu wywolane] antybiotykoterapia dysbiozy mikrobioty jelitowe] na: (i)
aktywnos¢ ost HPI, w tym: poziom kortyzolu 1 glukozy w surowicy oraz ekspresje
genow zwigzanych z sygnalizacjg osi stresu, (ii) indukowang stresem redystrybucje
neutrofili oraz ekspresje gendéw zaangazowanych w retencje¢ i uwolnienie/migracje
neutrofili z tkanki hematopoetycznej do krwioobiegu oraz (iii) aktywnos¢ neutrofili
pozyskanych z nerki glowowej, w tym na ich profil transkryptomiczny, aktywnos¢
fagocytarng 1 produkcje reaktywnych form tlenu.

Zbadanie, wptywu kortyzolu in vivo na rekrutacje neutrofili do ogniska zapalenia oraz

roli sygnalizacji TLR/Myd88 w tym procesie.
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Chadzinska M. The importance of CXC-receptors CXCR1-2 and CXCR4 for

adaptive regulation of the stress axis in teleost fish. Fish & Shellfish Immunology.

2022, 127: 647-658.

Badania na ssakach sugeruja, ze chemokiny zaangazowane sg w regulacje odpowiedzi
na stres. Celem pracy bylo sprawdzenie potencjalnej roli chemokin CXC: prozapalnych Cxcl8
(Cxcl8 11 112) i homeostatycznych Cxcl12 (Cxcl12a 1 b) w regulacji osi stresu (podwzgorze-
przysadka-nerka glowowa) u karpia. W tym celu karpie potraktowano inhibitorami receptoréw
tych chemokin, odpowiednio: reparyksyng (inhibitor receptorow Cxcrl 1 Cxcr2), SB225002
(inhibitor receptora Cxcr2) oraz AMD3100 (inhibitor receptora Cxcr4) a nastgpnie poddano
procedurze 11-godzinnego stresu unieruchomienia. Po zakonczeniu procedur in vivo
sprawdzono poziom kortyzolu i glukozy w surowicy, a w narzadach osi stresu HPI zbadano
ekspresje gendw kodujacych jej kluczowe mediatory, w tym genow kodujacych biatka
uczestniczace w syntezie i konwersji kortyzolu.

Zaobserwowano, ze 11-godzinny stres unieruchomienia zwieksza poziom kortyzolu 1
glukozy w surowicy, a takze podnosi ekspresje gendéw kluczowych mediatoréw osi HPI
aktywujacych steroidogeneze i konwersje kortyzolu. Ponadto, we wszystkich narzadach osi
HPI, stres zwigksza ekspresje genow kodujacych chemokiny Cxcl8 1 Cxcl12 1 ich receptory
Cxcrl, Cxcr2 1 Cxcrd, a takze Il-1B w podwzgérzu i nerce glowowej. Zablokowanie
sygnalizacji chemokinowej powoduje zmiany w ekspresji genow kodujacych badane
chemokiny, ich receptory, a takze genow zaangazowanych w regulacje¢ osi stresu, w tym synteze
1 konwersj¢ kortyzolu.

Odkrycia te ujawniaja, ze u ryb, poza znang hormonalng regulacjg osi stresu na drodze
ujemnego sprzezenia zwrotnego, rowniez chemokiny CXC dziatajace poprzez receptory Cxcerl,
Cxcr2 1 Cxcrd, sa waznymi regulatorami odpowiedzi na stres, a w szczegolnosci zachodzace;j

w nerce glowowe] steroidogenezy i konwersji kortyzolu.
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1. Introduction

ABSTRACT

In an ever-changing environment, an adaptive stress response is the pivotal regulatory mechanism to maintain
allostasis. Physiologic responses to stressors enable to overcome potential threat. Glucocorticoid effects can be
considered compensatory and adaptive, however prolonged or excessive glucocorticoid secretion can be also
maladaptive and detrimental. Therefore, it must be tightly regulated. Apart from the essential hormonal feedback
regulation, evidence accrues that cytokines, e.g., proinflammatory interleukin 1o (IL-10), also play an important
regulatory role in the stress axis.

Here we focused on the potential role of CXC chemokines (CXCL8 and CXCL12) and their receptors (CXCR1, 2
and 4) in the regulation of the stress response in common carp. We studied changes in gene expression of CXC
chemokines and CXCRs in the stress axis organs (hypothalamus-pituitary gland-head kidney) upon 11 h of re-
straint stress and we established how CXCR blocking affects the activation of the stress axis and the synthesis/
conversion of cortisol.

During restraint stress, gene expression of the majority of the proinflammatory CXCL8 and homeostatic
CXCL12 chemokines and their receptors was upregulated in the stress axis organs. Inhibition of CXCR1-2 and
CXCR4 differentially affected the expression of genes encoding stress-related molecules: hormones, binding
proteins, receptors as well as expression of genes encoding IL-10 and its receptor. Moreover, we observed that
CXC chemokines, via interaction with their respective CXCRs, regulate gene expression of molecules involved in
cortisol synthesis and conversion and consistently affect the level of cortisol released into the circulation during
the stress response.

We revealed that in fish, CXC chemokines and their receptors are important regulators of the stress response at
multiple levels of the stress axis, with particularly pronounced effects on steroidogenesis and cortisol conversion
in the head kidney.

CRH activity is additionally regulated by the presence of CRH binding
protein (CRH-BP) that has a high capacity to antagonize/block

In an ever-changing environment, an adaptive stress response is the
pivotal regulatory mechanism to maintain allostasis [1]. Upon stress, the
Hypothalamus-Pituitary gland-Interrenal (HPI) axis is activated [2,3].
This HPI axis cascade of actions begins in the nucleus preopticus (NPO)
of the hypothalamus, which releases corticotropin-releasing hormone
(CRH). In fish, the CRH-cell axons project directly from the NPO to the
pituitary gland where CRH, through CRH-receptor (CRHR) activation,
stimulates the release of adrenocorticotropic hormone (ACTH) [4,5].

* Corresponding author.
E-mail address: magdalena.chadzinska@uj.edu.pl (M. Chadzinska).
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CRH-induced ACTH release [6,7]. ACTH is post-translationally cleaved
from the precursor protein - proopiomelanocortin (POMC). ACTH binds
to melanocortin receptor 2 (MC2R), uniquely located on the surface of
interrenal cells of the head kidney. Activation of the MC2R by ACTH
additionally requires binding of the MC2R accessory protein (MRAP).
This arrangement initiates the signalling pathway for biosynthesis and
secretion of corticosteroids [3]. Like most mammals (except rodents), in
fish cortisol is the principal glucocorticoid [8]. Cortisol release is
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controlled by negative feedback at all levels of the HPI axis [9-11].

Cortisol biosynthesis requires the steroidogenic acute regulatory
protein (StAR) which is responsible for the compulsory outer and inner
mitochondrial membrane transport of cholesterol. Moreover, the cyto-
chrome P450 side-chain cleavage enzyme (P450scc encoded by the
cyplla gene) catalyzes the conversion of cholesterol to pregnenolone, a
precursor for all steroid hormones [12,13]. Pregnenolone is subse-
quently converted to 17-hydroxyprogesterone (17-OHP), and this reac-
tion is catalyzed by 3p-hydroxysteroid dehydrogenase (3p-HSD). In turn,
21-hydroxylase catalyzes the conversion of 17-OHP to 11-deoxycortisol
[14], while 11p-hydroxylase (CYP11B1l) catalyzes the synthesis of
cortisol [15]. The activity of steroid hormones is regulated extracellu-
larly by corticosteroid-binding globulin (CBG) and intracellularly by
11p-HSD dehydrogenases. In mammals, type 1 11p-hydroxysteroid de-
hydrogenase (11p-HSD1), also known as cortisone reductase, converts
the inactive form of cortisone into active cortisol, while 11p-hydrox-
ysteroid dehydrogenase type 2 (11p-HSD2) converts cortisol into inac-
tive cortisone [16,17]. In fish 11p-HSD2 was found, which exerts
complex biological functions, but 11p-HSD1 was not detected. Phylo-
genetic analyses assigned the 11p-HSD1 function to 11p-HSD3, which is
considered the ancestor of 11p-HSD1 [18].

Fish possess two types of cortisol receptors: mineralocorticoid- (MR)
and glucocorticoid receptors (GR) [2]. Nuclear GRs bind cortisol and
this complex translocates into the cell nucleus and binds to the
responsive glucocorticoid element (GRE) thereby regulating gene
expression (trans-activation or trans-repression) [19,20]. Fish have
duplicated GR genes (grl and gr2), encoding functional proteins (except
zebrafish, which have only one GR) [21]. Moreover, the GR1 gene has
two constitutively expressed alternative splice variants: grla and grilb.
GR1a has an extra nine-amino-acid insert in its DNA binding region [22,
23]. Interestingly, in rainbow trout and in common carp GR2 is sensitive
to low cortisol concentrations (which correspond to the basal cortisol
level), whereas high cortisol levels, typical during a stress response, are
required for GR1 activation [24-26]. Analyses of cortisol transactivation
properties in common carp by Stolte et al. [26] revealed that during
homeostasis cortisol binds with high affinity to both MR and GR2,
whereas GR1s are preferentially activated under stress. Interestingly,
genes encoding glucocorticoid receptors are constitutively expressed in
all immune tissues and in tissues rich in immune cells [26].

Physiologic responses to stressors form an evolutionary tradeoff be-
tween the protective glucocorticoid effects, considered as compensatory
and/or adaptive (which enable to overcome potential threat), versus the
maladaptive and detrimental consequences connected with prolonged,
excessive glucocorticoid secretion [27,28]. Therefore, the stress reaction
must be tightly regulated. Next to the above-mentioned endocrine
mechanisms involved, in recent years it became evident that also im-
mune mediators e.g., cytokines, are important regulators of the stress
reaction. A prominent example, both in mammals and in fish, forms the
proinflammatory interleukin 1 (IL-1p) and its receptor - IL-1RIL. In
common carp, Metz et al. [29] found a stress-induced upregulation of
gene expression of IL-1p and its receptor IL-1RI in the HPI axis organs.

It is important to mention that fish are a particularly interesting
model to study bilateral neuroendocrine-immune interaction, as the
head kidney combines hematopoietic, immune and endocrine functions
(production of blood cells and antibodies as well as cortisol and cate-
cholamines). This combination may facilitate paracrine endocrine-
immune interaction [30]. Moreover, fish are the first vertebrates with
a fully effective immune system that consists of innate and adaptive
responses and a broad cytokine panel. This panel also includes a group of
small chemotactic cytokines called chemokines, which are involved in
leukocyte activation and direct their migration. As in mammals, fish
chemokines can be divided, based on their function and localization
(homeostatic and proinflammatory chemokines) or structure. The latter
helped to distinguish 4 chemokine families in fish: CXC, CC, XC and C
[31]. These types of chemokines signal through seven transmembrane
domain G-protein coupled receptors (GPCRs), divided respectively into
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CXCR, CCR, CXC3R and CR families [32]. To date, a large chemokine
repertoire was characterized among teleosts where zebrafish genome
analysis revealed the presence of 111 chemokines [33,34]. One of the
best-known classes of fish chemokines constitute CXC chemokines, in
which two cysteine (C) residues are separated by one amino acid (X). In

common carp several genes for CXC ligands and receptors have been
described: proinflammatory (CXCL8 L1, CXCL8 L2 and CXCbl and

CXCh2) as well as homeostatic (CXCL12a, CXCL12b and CXCL14) che-
mokines and 4 CXC receptors (CXCR1-4) [32,33]. While CXCL12 and

CXCL14 show clear orthology to their mammalian counterparts, CXCL8
and CXCb chemokines are rather functional homologs than orthologs to
mammalian CXCL8 and CXCL9-11 respectively [35-39].

Currently, a number of studies emphasize the non-immune functions
of CXC chemokines, important for the maintenance of physiological
equilibrium. For example, in mammals, Rostene et al. [32] showed the
expression of CXC chemokines and their receptors in the CNS (pre-
dominantly the HPI axis) and their involvement in thermoregulation as
well as regulation of drinking and feeding behavior. In turn, a study in
zebrafish revealed CXCL12-CXCR4 involvement in the migration of
gonadotropin-releasing hormone (GnRH) neurons that control pituitary
gonadotropin secretion and gametogenesis [33]. Furthermore, we
recently found that a stress response modifies gene expression of CXC
chemokines in stress axis organs of common carp [40].

The current research focused on the role of CXC chemokines and
their receptors in the regulation of the stress response in common carp.
We studied changes in gene expression of CXC chemokines and CXCRs in
the stress axis organs and established how CXCR blocking affects the
activation of the stress axis and the synthesis/conversion of cortisol.

2. Materials and methods
2.1. Animals

Young individuals of common carp (Cyprinus carpio L.; body weight
(b.w.) 70-120 g, 8-10 months; line R3xR8) were obtained from the
Institute of Ichthiobiology and Aquaculture, Polish Academy of Science,
Golysz, Poland. Prior to the experiments, fish were adapted for 4 weeks
at 21 -C and 12L:12D light/dark cycle in recirculating tap water at the
Institute of Zoology and Biomedical Research in Krakow, Poland. Fish
were kept in tanks (volume 375 |, flow rate 4 I/min, density 45 fish/tank
and 9 kg/m3) daily fed with pelleted dry commercial food (Aller Master,
Aller Aqua, Czarna D"browka, Poland) and with the bloodworm (the
midge larvae from a Chironomidae family) at a total ratio of 1% of their
estimated body weight. To avoid additional stress and/or differences in
handling, all samplings were performed by the same person and at the
same time of day. All animals were handled in strict accordance with
good animal practice as defined by the relevant national and local ani-
mal welfare bodies, and procedures were approved by the local ethical

committee (2nd Local Institutional Animal Care and Use Committee
(IACUC) in Krakow, Poland, license number LKE 246/2021.

2.2. Restraint stress

Restraint was given by netting fish as described previously [41,42].
Briefly, fish were stressed by the confinement of one fish in a net in their
own aquarium while maintaining full contact with water. During the
stress challenge fish were not fed. Experiments were performed 2 times
independently with 4 fish per group/time point every time.

2.3. CXCR inhibitor injection and restraint stress

The non-competitive allosteric inhibitor of chemokine CXCR1 and
CXCR2 receptors: reparixin (Sigma-Aldrich, Saint-Louis, Missouri, USA,

30 mg/kg b.w.) and the nonpeptide CXCR2 receptor inhibitor:
SB225002 (Sigma-Aldrich, Saint-Louis, Missouri, USA, 2 mg/kg b.w.)

were resuspended in sterile dimethyl sulfoxide (DMSO, Thermo Fisher
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Scientific, Massachusetts, USA). The CXCR4 inhibitor: AMD3100 (pler-
ixafor, Sigma-Aldrich, Saint-Louis, Missouri, USA, 1 mg/kg b.w.) was
resuspended in sterile PBS (270 mOsM). For all inhibitors, effectiveness
was previously proven in vivo for zebrafish [43,44] and in vitro for carp
leukocytes in migratory assay with recombinant CXC chemokines (data
not shown). Experimental fish were assigned randomly to the vehicle
(DMSO/PBS, N = 8) and inhibitor treatment groups (N = 8). Prior to
injection, all fish were individually weighed to adjust the dose of a
particular drug. To minimalize stress and pain, the weighing and the
injection procedure was preceded by short-term anaesthesia with a
buffered solution of tricaine methanesulfonate (TMS, Sigma-Aldrich,
Saint-Louis, Missouri, USA, 0.2 g/l with the addition of 0.8 g/l
NaHCO3, (POCh, Gliwice, Poland). Inhibitor or vehicle (DMSO/PBS)
intraperitoneal (i.p.) injection was administered 1-h prior to the stress
procedure, at 8 a.m. The final volume for i.p. injections was 100 |jl per
individual fish. After injection, fish from each group were transferred
into tanks. One hour post injection half of the fish from each group was
kept undisturbed while half was stressed for 11 h as described above.

Every experiment was performed independently 2 times per applied
inhibitor, each at the same time (8 a.m. injections, 9 a.m. confinement
(11 h), 8 p.m. sampling) resulting in 16 control (DMSO/PBS, N =8 or
inhibitor, N = 8 injected group) and 16 stressed individuals (DMSO/
PBS, N = 8 or inhibitor, N = 8 injected group).

2.4. Blood collection

After restraint stress fish were terminally anaesthetized by rapid
netting and transfer (<30 s, all at once to avoid handling stress) into
tanks containing a lethal dose of TMS (0.2 g/l TMS buffered with 0.8 g/I
NaHCO3, rapid euthanasia: < 1 min). Unstressed fish groups were
rapidly euthanized just before the stressed fish groups to avoid dis-
turbing stress stimuli.

Fish were bled by the puncture of a caudal vein and the blood was
spun at 800 rcffor 10 min at4 -C. The collected serum was aliquoted and
stored at —20 -C for further tests.

2.5. Cortisol assay and glucose determination

The free cortisol levels were determined using a commercially
available Neogen, Lexington Cortisol ELISA Kit (KY, USA) with an assay
range of 0.04-10 ng/ml and cross reactivity with cortisone - 15.7%,
according to the manufacturer's protocol. All standards and samples
were set up in duplicate and analyzed in the same batch. The level of
glucose in blood serum was measured with an iXell® glucometer
(Ganexo, Warsaw, Poland) in twofold measurements.

2.6. Studies of gene expression

2.6.1. RNA isolation

The nucleus preopticus (NPO) of the hypothalamus, dissected pre-
cisely as described by Metz et al. [27], pituitary gland (PIT) and head
kidney (HK) were excised and immersed in Fix RNA buffer (EURX,
Gdansk, Poland). All tissues were stored at 4 <C until the further
determination of gene expression. Due to the small amounts of starting
tissue material RNA from NPO and pituitary was purified using the
ReliaPrep™ RNA Tissue Miniprep System (Promega, Madison, USA),
whereas RNA from the head kidney was isolated with GeneMATRIX
Universal RNA Purification Kit (EURx, Gdansk, Poland) according to the
manufacturer's protocols. Final elution was carried out respectively in
18 ~l (Promega, Madison, USA) or 30 ~l (EURx, Gdansk, Poland) of
nuclease-free water, to maximize the concentration of RNA. RNA
quantification and purity were measured by spectrophotometry using
Spark® Multimode Microplate and NanoQuant Plate™ Reader (Tecan,
Grodig, Austria). RNA samples were stored at —80 -C.
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2.6.2. First strand cDNA synthesis

The cDNA synthesis reaction, including non-RT (-RT, non-reverse
transcriptase) control, was performed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Carlsbad, California,
USA) following the manufacturer's protocol. Briefly, 10 Al ofa 1 ~g total
RNA sample was added to a 10 ~l RT master mix consisting of 2 ~l 10x
RT Buffer, 0.8 ~l 25x dNTP Mix (100 mM), 2 ~l 10x RT Random Primers,
1 ~l MultiSribeTMReverse Transcriptase and 4.2 ~l of nuclease-free
water. Samples were then placed into the thermal cycler (Bio-Rad,
Hercules, California, USA) in the following reaction conditions: 25 =C for
10 min; 37 -C for 120 min; 85 -C for 5 min and rapid cooling to 4 -C
infinity mode. Samples were set at 100 ~ with nuclease-free water
constituting 5x diluted stocks. Additionally, the 50x and 100x cDNA
dilutions were prepared and stored at —20 -C until further RT-qPCR
analysis.

2.6.3. Real-time quantitative PCR

All forward and reverse primers sequences and accession humbers
are listed in Table S1.

The 40S ribosomal protein s11 gene served as an internal standard.
For RT-gPCR analysis 4 ~l of cDNA (concentrations listed in Table S1.)
was used as a template in a 15 ~l amplification mixture, containing 2 ~l

each primer and 7 ~l of SYBR®Select Master Mix (Applied Biosystems,
Carlsbad, California, USA). RT-gPCR, initialized with 2 min at 50 -C,

followed by 2 min at 95 -C, 40 cycles of 15 s at 95 -C and 60 s at 60 -C,

has been performed in Rotor-Gene Q, 5-Plex HRM (Qiagen, Hilden,
Germany). After each run, an analysis of melt curves was performed by
fluorescence detection from 60 to 90 -C at 1 -C intervals, in order to
check specificity. The results were checked and analyzed using Rotor-
GeneQ Series Software 2.3.1 and Microsoft® Excel®. Constitutive
expression was rendered as a ratio of target gene vs. reference gene (40S
ribosomal protein s11 gene) and was calculated according to the
following equation:

io= Ct target
Ratlo_(Ereference)Ct reference (Elarge[) argel

Changes in gene expression upon inhibitor treatment and/or stress
challenge were determined as a ratio of target gene vs. reference gene
(40S ribosomal protein s11 gene) relative to the expression in control
samples based on the ensuing equation:

. (Etarget)iCtTargetcontrol-sample)
Ratio— ac
(Ereference)  Referenceconmi-sample)

where E is amplification efficiency, and Ct is the number of PCR cycles
required for the signal to exceed a predetermined threshold value [45].

In NTC samples (non-template control samples), where nuclease-free
water was used instead of cDNA and -RT control samples, no amplifi-
cation was observed.

2.7. Statistical analysis

Statistical analysis was performed with GraphPad 9 Software (San
Diego, CA, USA). Results were shown as mean =+ standard deviation
(SD). Significant differences in the serum level of cortisol and glucose in
control and stressed animals, at different time points, were determined
using a one-way analysis of variance (ANOVA) and Kruskall-Walliss post
hoc test. Significant differences in all results from experiments verifying
inhibitor effects on cortisol, glucose and changes in mRNA levels were
determined using two-way ANOVA with post hoc Tukey's test. Signifi-
cant differences in the constitutive gene expression were determined
using one-way ANOVA with post hoc Tukey's test. For all tests statisti-
cally significant differences were considered at the level of p < 0.05.
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3. Results

3.1. Constitutive expression ofgenes encodingfor CXC chemokines, IL-1/}
and their receptors in stress axis organs

In all HPI organs constitutive expression of genes encoding IL-1D, IL-
1RI, CXCL8 and CXCL12 chemokines, as well as their receptors CXCR1,

CXCR2 and CXCR4 was observed (Fig. S1). The highest expression of il-
1p was measured in the head kidney while its expression in the NPO and
the pituitary was lower. The highest expression of il-1rl was observed in
the pituitary and the lowest in the NPO (Fig. S1A). The highest
expression of cxcl8_I1, cxcl8_I2, cxcrl and cxcr2 was found in the head
kidney, while their expression in the NPO and the pituitary was much
lower (Fig. S1B). In the NPO and the head kidney expression of cxcl12a
was at an equal level, while its expression in the pituitary was signifi-
cantly lower. Expression of cxcl12b and cxcr4 was highest in the head
kidney, lower in the NPO and lowest in the pituitary (Fig. S1C).

3.2. Effects of CXCR1, CXCR2 and CXCR4 blocking on the level of
cortisol after stress

Restraint stress lasting 2, 5, or 11 h induced significant upregulation
of cortisol (Fig. 1A) and glucose (Fig. 1B) levels in the blood serum. Also,
in vehicle-treated and CXCR4 inhibitor-treated animals similar stress-
induced increase in cortisol levels was observed, while stress-induced
changes in cortisol levels were not found in fish treated with in-
hibitors of CXCR1-2 (reparixin) or CXCR2 (SB) (Fig. 2C). Glucose levels

in the blood serum did not change in response to CXCR inhibitors
(Fig. 2D).
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3.3. Effectof CXCR1, CXCR2 and CXCR4 inhibition on the expression of
stress-related genes in stress axis organs

In the NPO, stress slightly but significantly upregulated crh and crh-
bp expression (Fig. 2A and B) while stress-induced upregulation of crh
was not found in the NPO of reparixin-, SB- or AMD-treated fish
(Fig. 2A). These treatments did not affect the expression of crh-bp.
Neither stress nor CXCR inhibition affected gene expression of the CRHR
(Fig. 2C) and GRs (Fig. 2E and F). The expression of mr in NPO of
stressed reparixin-treated fish was higher than this expression in NPO of
stressed AMD-treated ones (Fig. 2D).

In the pituitary gland, stress downregulated expression of crhr
(Fig. 3C)and grl (Fig. 3E) while it slightly upregulated expression ofgr2
(Fig. 3F). Stress-induced downregulation of crhr was not changed upon
CXCR inhibition (Fig. 3C), while stress-induced grl downregulation was
not observed in reparixin-treated stressed fish (Fig. 3E). Moreover, both
in unstressed and stressed fish treated with reparixin, upregulation of
pomc was observed (Fig. 3A). In the pituitary, reparixin upregulated also
the expression of crh-bp in unstressed fish (Fig. 3B) and expression of mr
(Fig. 3D) and gr2 (Fig. 3F) in stressed fish. The expression of crh-bp in the
pituitary of stressed AMD-treated fish was higher than its expression in
'EEQ pistgi)tary of stressed fish treated with vehicle or CXCR1-2 inhibitors

ig. .

In the head kidney, stress upregulated the expression of mc2r (3-
fold), grl (2-fold), star (3-fold) and cypllb (3-fold) (Fig. 4). Stress-
induced upregulation of expression of these genes was not observed in
AMD-treated stressed fish. Moreover, the expression of grl (Fig. 4C) in
the head kidney of stressed SB-treated fish was also lower than that in
vehicle-treated stressed ones. In the head kidney of both unstressed and
stressed fish treated with SB, gr2 expression was lower than in the head
kidney of vehicle-, reparixin- or AMD-treated animals (Fig. 4D). In

contrast, in stressed fish, SB-injection upregulated the expression of
mc2r (Fig. 4A) and 11p-hsd2 (Fig. 4H). Expression of 11p-hsd3 (Fig. 4G)

Fig. 1. Changes in cortisol and glucose levels in
blood serum of common carp. Levels of cortisol (A)
and glucose (B) were measured in control unstressed
(0 h, white bars) and stressed (black bars) fish and in
fish treated with CXCR1-2, CXCR2 or CXCR4 in-
hibitors (C and D). 1 h before stress (11 h of restraint)
fish were pretreated with reparixin (Rep, 30 mg/kg b.
w., i.p.), SB225002 (SB, 2 mg/kg b.w., i.p.),
AMD3100 (AMD, 1 mg/kg b.w., i.p.) or with vehicle.
Fish were sampled at 11 h of stress (black bars). In-
hibitor- or vehicle-treated but unstressed control fish
(white bars) were sampled 12 h post injection. Data
are presented as mean = standard deviation (SD) (n
= 6-8). Different letters (e.g., A vs B) indicate sta-
gsgg;ally significant differences between groups (p <
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Fig. 2. Changes in expression of stress-related genes in the nucleus preopticus (NPO) of the hypothalamus in common carp. 1 h before stress (11 h of restraint) fish
were pretreated with reparixin (Rep, 30 mg/kg b.w., i.p.), SB225002 (SB, 2 mg/kg b.w., i.p.), AMD3100 (AMD, 1 mg/kg b.w., i.p.) or vehicle. Fish were sampled at
11 h of stress (black bars). Inhibitor- or vehicle-treated but unstressed control fish (white bars) were sampled 12 h post injection. Gene expression was measured by
RT-gPCR and presented as an x-fold change compared to control fish (vehicle-injected and unstressed: CTR) and normalized to the housekeeping gene 40S ribosomal
protein s11 mRNA levels. Data are presented as mean + standard deviation (SD) (n = 6-8). Different letters (e.g., A vs B) indicate statistically significant differences

between groups (p < 0.05).

was higher in the head kidney of AMD-treated stressed fish than in
vehicle- or SB-treated ones.

3.4. Effect of CXCR1, CXCR2 and CXCR4 inhibition on the expression of
CXCL8 chemokines and their putative receptors in stress axis organs

In the NPO, stress upregulated the expression of cxcl8_I2 (2-fold) as
well as cxcrl (2-fold) (Fig. 5B and C). Expression of cxcl8_I1 was higher
in the NPO of stressed fish that were treated with CXCR inhibitors, than
in stressed fish treated with vehicle (Fig. 5A). Expression of cxcl8_I2 was
significantly higher in NPO of stressed fish treated with SB than in
stressed fish treated with vehicle, reparixin or AMD (Fig. 5B). In AMD-
treated fish stress-induced upregulation of cxcl8_I2 (Fig. 5B) and cxcrl
(Fig. 5C), was not observed. In turn, in stressed fish treated with rep-
arixin cxcrl expression was even higher than in NPO of stressed fish
treated with vehicle or AMD (Fig. 5C). A similar phenomenon of
reparixin-induced upregulation of gene expression was also found for
cxcr2 in the NPO of stressed animals (Fig. 5D).

In the pituitary, stress upregulated the expression of cxcl8_I2 (3-fold)
(Fig. 5F) and cxcrl (2-fold) (Fig. 5G), while it downregulated the
expression of cxcl8_I1 (Fig. 5E). The expression of cxcl8_I1 was higher in
the pituitary of both unstressed and stressed fish that were treated with
reparixin than in the pituitary of vehicle-, SB- or AMD-treated animals. A
similar phenomenon of reparixin-induced upregulation of gene expres-
sion was found in the pituitary of stressed fish for cxcrl (Fig. 5G) and
cxcr2 (Fig. 5H). The expression of cxcl8_I2 was higher in the pituitary of
SB-treated stressed fish than in the pituitary of stressed fish treated with
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vehicle, reparixin or AMD (Fig. 5F).

In the head kidney, stress upregulated the expression of cxcl8_I1 (2-
fold) (Fig. 51) and cxcl8_I2 (3-fold) (Fig. 5J) while it did not change the
gene expression of their receptors (Fig. 5K and L). Stress-induced
upregulation of CXCL8 genes was not found in the head kidney of
stressed animals treated with SB or AMD (Fig. 51 and J). In the head
kidney of SB-treated and stressed fish, expression of cxcrl (Fig. 5K) and
cxcr2 (Fig. 5L) was lower than in stressed fish treated with vehicle.
Additionally in SB-treated stressed fish, cxcrl expression was lower than
in stressed fish treated with reparixin (Fig. 5K).

3.5. Effect of CXCR1, CXCR2 and CXCR4 inhibition on the expression of
CXCL12 chemokines and their receptor in stress axis organs

In the NPO, stress slightly but significantly upregulated the expres-
sion of cxcll2a (Fig. 6A) and cxcr4d (Fig. 6C). Stress-induced cxcl12a
(Fig. 6A) upregulation was not observed in stressed fish treated with
AMD. The stress-induced upregulation of cxcr4 (Fig. 6C) was not
modified by CXCR inhibitors. Expression of cxcl12b (Fig. 6B) did not
change upon stress, but it was upregulated in stressed fish treated with
reparixin and SB.

In the pituitary, stress induced upregulation of cxcrd (2.5-fold)
(Fig. 6F) and this upregulation was not modified by CXCR inhibitors.
Stress did not change the expression of cxcl12 genes in the pituitary of
the vehicle- and SB-treated fish (Fig. 6D and E), while their expression

was upregulated in the pituitary of stressed fish treated with reparixin or
AMD (Fig. 6D and E).
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Fig. 3. Changes in expression of stress-related genes in the pituitary gland of common carp. 1 h before stress (11 h of restraint) fish were pretreated with reparixin
(Rep, 30 mg/kg b.w., i.p.), SB225002 (SB, 2 mg/kg b.w., i.p.), AMD3100 (AMD, 1 mg/kg b.w., i.p.) or with vehicle. Fish were sampled at 11 h of stress (black bars).
Inhibitor- or vehicle-treated but unstressed control fish (white bars) were sampled 12 h post injection. Gene expression was measured by RT-gPCR and presented as
an x-fold change compared to control fish (vehicle-injected and unstressed: CTR) and normalized to the housekeeping gene 40S ribosomal protein s11 mRNA levels.
Data are presented as mean =+ standard deviation (SD) (n = 6-8). Different letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

In the head kidney, stress induced upregulation of both cxcl12 genes
(Fig. 6G and H) and expression of cxcr4 (Fig. 61). Stress-induced upre-
gulation of cxcl12b (Fig. 6H) and cxcr4 (Fig. 61) was not observed in the
head kidney of fish treated with CXCR inhibitors. The stress-induced
upregulation of cxcl12a (Fig. 6G) was not found in the head kidney of
stressed fish treated with SB or AMD. Moreover, reparixin upregulated

cxcll2a gene expression in the head kidney of unstressed animals
(Fig. 6G).

3.6. Effect of CXCR1, CXCR2 and CXCR4 inhibition on IL-1f and its
receptor IL-1RI gene expression in stress axis organs

In the NPO, stress slightly but significantly upregulated the expres-
sion of il-10 and il-1rl (Fig. 7A and B). Stress-induced H-1F (Fig. 7A) and
il-1rl (Fig. 7B) upregulation was not observed in stressed fish treated
with SB or AMD, while in reparixin-treated stressed fish il-1/3 expression
was significantly higher than that observed in NPO of vehicle-treated
stressed animals (Fig. 7A).

In the pituitary, stress did not induce changes in the expression of il-
1f and il-1rl, while in fish treated with reparixin il-1f and il-1rl were
higher than in stressed fish treated with vehicle, SB, or AMD (Fig. 7C and
D). In reparixin-treated unstressed fish il-1rl expression (Fig. 7D) was
higher than expression observed in unstressed fish treated with SB.

In the head kidney stress induced upregulation ofboth il-1/3 and il-1rl
(Fig. 7E and F). Stress-induced upregulation of H-1f (Fig. 7E) and il-1rl
(Fig. 7F) expression was not observed in the head kidney of fish treated
with SB or AMD (Fig. 7E and F).
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4. Discussion

This study presents novel data supporting the concept of phyloge-
netically conserved bidirectional communication between the immune
and neuroendocrine systems during the stress response. We found that
during restraint stress, gene expression of the majority of proin-
flammatory CXCL8 and homeostatic CXCL12 chemokines and their re-
ceptors is upregulated in the stress axis organs while blocking of CXCR1-
2 and CXCR4 differentially affects the expression of genes encoding
stress-related molecules: hormones, binding proteins, and receptors as
well as the expression of genes encoding IL-1p and its receptor. More-
over, CXC chemokines and CXCRs regulate gene expression of molecules
involved in cortisol synthesis and conversion and consistently affect the
level of cortisol released into the circulation during the stress response.

The involvement of CXC chemokines and receptors in the regulation
of the stress response in fish has been already suggested in our previous
studies in which we found a relatively high level of the constitutive
expression of genes encoding CXC chemokines and their receptors in
stress axis organs: the hypothalamus, the pituitary gland, and the head
kidney of common carp [40]. A similar pattern of expression of genes
encoding CXCLs and CXCRs in the stress axis organs was also observed in
mammals. For example, in the rat brain, gene expression of CXCL12 and
CXCR4 has been found in several regions, including the hypothalamus
and pituitary gland [46,47]. Moreover, the expression of CXCL12,
CXCR4 and CXCR?7 (additional CXCL12 receptor) mRNA and/or protein
was reported in the human pituitary gland (reviewed by Rostene et al.
[32]). It is worth mentioning that CXCL12-CXCR4 interaction has been
identified to have a critical role in neurogenesis [47]. Furthermore,
Licinio et al. [48] found that the gene encoding CXCL8 is expressed in
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Fig. 4. Changes in expression of stress-related genes in the head kidney of common carp. 1 h before stress (11 h of restraint) fish were pretreated with reparixin (Rep,
30 mg/kg b.w., i.p.), SB225002 (SB, 2 mg/kg b.w., i.p.), AMD3100 (AMD, 1 mg/kg b.w., i.p.) or vehicle. Fish were sampled at 11 h of stress (black bars). Inhibitor- or
vehicle-treated but unstressed control fish (white bars) were sampled 12 h post injection. Gene expression was measured by RT-qgPCR and presented as an x-fold
change compared to control fish (vehicle-injected and unstressed: CTR) and normalized to the housekeeping gene 40S ribosomal protein s11 mRNA levels. Data are
presented as mean =+ standard deviation (SD) (n = 6-8). Different letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

the rat paraventricular nucleus (PVN) of the hypothalamus, where CRH
is produced, and in the hippocampus, where the mechanism of regula-
tory negative feedback on the HPA axis is exerted. Besides the PVN, also
the rat posterior pituitary produces CXC chemokines, such as
cytokine-induced neutrophil chemoattractant (CINC), a chemokine
similar to human GROs and mouse MIP-2 [49,50].

As previously observed by Pijanowski et al. [40] at 24 h of stress, we
now find stress-induced changes in the expression of CXC chemokines
and their receptors in the carp HPI axis at 11 h of stress, which supports
the hypothesis that CXCLs and CXCRs are involved in the regulation of
the stress response. We found that gene expression of the majority of
CXC chemokines and CXC receptors was upregulated in the HPI axis.
This was not affected by CXCR1-2 inhibition in the NPO and pituitary
gland. In the NPO however, stress-induced upregulation of cxcl8_I2,
cxcrl and cxcll2a was downregulated in fish treated with the CXCR4
inhibitor. In contrast, in the head kidney, blocking of the CXCR2 or
CXCR4 receptors also blocked the stress-induced upregulation of CXCL8
and CXCL12 chemokine and CXCR4 chemokine receptor genes while
blocking of CXCR2 receptor caused downregulation of CXCR1 and
CXCR2 genes. Collectively these data indicate that during the stress
reaction, the expression of genes that encode CXC chemokines and their
receptors is stimulated in the NPO by the interactions between the
CXCL12 chemokine and its cognate CXCR4 receptor, while in the head
kidney this regulation depends both on the interaction between CXCL12
and CXCR4 and between CXCL8 and CXCR2. However, the high
constitutive expression of chemokines and their receptors and the
stress-induced changes in their expression that we observed in the head
kidney, may be not only connected with the chemokine-regulated stress
axis activation but can also highlight the important hematopoietic
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function of this organ. At this point, it must be mentioned that both in
mammals and in fish, CXCL12-CXCR4 interaction is a key retention
signal for leukocytes in the hematopoietic tissues and that its disruption
induces leukocyte migration into the blood circulation [51-53]. In turn,
the high constitutive expression of genes encoding CXCR1 and CXCR2
that is found in neutrophils enables their immediate migration to the
circulation and/or inflammatory focus in response to CXCL8 and
CXCLS8-related chemokines [37,52,54,55]. Most probably, a similar
mechanism also regulates the neutrophil redistribution that is observed
during a stress reaction. Because the head kidney comprises functions of
endocrine, hematopoietic and lymphoid organs, the interpretation of the
stress-induced changes that we observed is very complex. Extensive
proliferation of the head kidney progenitor cells as well as active
leukocyte redistribution from and towards the head kidney complicate
this even more. Moreover, it cannot be overlooked that
endocrine-immune interactions are bilateral and also cortisol modulates
leukocyte proliferation, differentiation, apoptosis and activity,
including expression of cytokines. These immunomodulating effects of
the stress hormones have been described for several fish species e.g. [56,
57]. For example, in common carp we found that upon an immune
response (LPS stimulation in vitro and peritonitis in vivo) leukocytes in-
crease expression of GRs and consequently the sensitivity for cortisol
increases, which correlates with the inhibition of the expression of
pro-inflammatory cytokines [58]. Furthermore, cortisol administered at
stress levels to phagocytes in vitro significantly inhibits LPS-induced
expression of the pro-inflammatory cytokines: TNF-a, IL-12p35 and of
iINOS expression [26]. Recently, Maciuszek and coworkers [59] found
thatin vitro cortisol also downregulates the expression of CXCL8 genes in
LPS-stimulated macrophages, while an in vivo restraint stress
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Fig. 5. Changes in expression of genes encoding CXCL8 chemokines and their putative receptors: CXCR1 and CXCR?2 in the stress HPI axis organs: nucleus preopticus
(NPO, from the hypothalamus), pituitary gland (PIT) and head kidney (HK) of common carp. 1 h before stress (11 h of restraint) fish were pretreated with reparixin
(Rep, 30 mg/kg b.w., i.p.), SB225002 (SB, 2 mg/kg b.w., i.p.), AMD3100 (AMD, 1 mg/kg b.w., i.p.) or vehicle. Fish were sampled at 11 h of stress (black bars).
Inhibitor- or vehicle-treated but unstressed control fish (white bars) were sampled 12 h post injection. Gene expression was measured by RT-gPCR and presented as
an x-fold change compared to control fish (vehicle-injected and unstressed: CTR) and normalized to the housekeeping gene 40S ribosomal protein s11 mRNA levels.
Data are presented as mean =+ standard deviation (SD) (n =6-8). Different letters (e.g., A vs B) indicate statistically significant differences between groups (p <0.05).

up-regulates the gene expression of anti-inflammatory IL-10, arginase 1
and MMP-9 in head kidney macrophages.

Previous studies of the stress response in mammals show that
immobilization stress can be responsible for changes in chemokine
expression. For example, upregulation of CINC gene expression was
observed in the parvocellular and magnocellular subdivisions of the
PVN of rats that were stressed by immobilization. Moreover, in the same
stress model, increased CINC immunostaining intensity was found in the
posterior pituitary, along with the increase of chemokine levels in the
blood serum. The authors, therefore, concluded that CINC (after its
synthesis in the PVN) could undergo axonal transport through the me-
dian eminence to be released into the peripheral blood from the hypo-
thalamic-neurohypophysial system [50]. In turn, enhanced protein
levels of the CXCL12 and CCL2 chemokines were observed in the hip-
pocampus and frontal cortex of prenatally stressed rats [60]. Further-
more, upregulation of proinflammatory chemokines such as CXCL1 (the
rodent homologue of human IL-8) was reported in the CNS and in the
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periphery in response to intermittent cold stress, and during the already
mentioned immobilization stress [61]. Also, painful stress increased the
immunoreactivity of CXCL1 in the posterior pituitary, in the external
layers of the median eminence, and it induced its secretion into the
blood circulation [62]. An enhanced level of CXCL1 after chronic
intermittent cold stress was suggested to be an adaptive response in the
brain which fulfils a protective role when confronted with cumulative
damage due to repeated or prolonged stress exposure [61]. The stimu-
latory role of CXCL1 in the release of ACTH from cultured pituitary
neurons, as described by Sawada et al. [49] prompts speculation, that
the proinflammatory chemokines may participate in the glucocorticoid
receptor-mediated negative feedback.

Clear evidence for the role of CXC chemokines in the regulation of
the stress response is how provided by the results of our experiments
with CXCR inhibitors. We found that in the NPO of animals with blocked
CXCR1-2 or CXCR4 receptors, the stress-induced crh upregulation was
absent. These data suggest that CXC chemokines activate the stress axis
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Fig. 6. Changes in expression of genes encoding CXCL12 chemokines and their receptor CXCR4 in the stress HPI axis organs: nucleus preopticus (NPO, from the
hypothalamus), pituitary gland (PIT) and head kidney (HK) of common carp. 1 h before stress (11 h of restraint) fish were pretreated with reparixin (Rep, 30 mg/kg
b.w., i.p.), SB225002 (SB, 2 mg/kg b.w., i.p.), AMD3100 (AMD, 1 mg/kg b.w., i.p.) or vehicle. Fish were sampled at 11 h of stress (black bars). Inhibitor- or vehicle-
treated but unstressed control fish (white bars) were sampled 12 h post injection. Gene expression was measured by RT-gPCR and presented as an x-fold change
compared to control fish (vehicle-injected and unstressed: CTR) and normalized to the housekeeping gene 40S ribosomal protein s11 mRNA levels. Data are presented
as mean =+ standard deviation (SD) (n — 6-8). Different letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

via stimulation of the production of hypothalamic CRH. Similar results
were found earlier in mammals for IL-1p which stimulated CRH syn-
thesis via the IL-1RI expressed in the paraventricular nucleus of the
hypothalamus [63]. Moreover, in mammals, also other cytokines regu-
late the activity of the neuroendocrine system and particularly the stress
response. For example, the peripheral administration of IL-1, IL-6, and
tumor necrosis factor a (TNF-a), through the stimulation of hypotha-
lamic secretion of CRH, raises the plasma concentrations of ACTH and
glucocorticoids [64-67]. Moreover, both IL-1 and IL-2 stimulated ACTH
release from the pituitary gland [68,69].

Also in fish, Metz and co-workers [29] found that during a 24 h re-
straint stress, and il-Irl expression was upregulated in the stress axis
organs of common carp. A similar phenomenon was observed in our
present experiments, where 11 h of exposure to stress upregulated the
il-1p and il-1rl expression in the NPO and HK. Interestingly this
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phenomenon was not observed in fish with blocked CXCR2 or CXCR4,
which suggests that, upon stress, CXCL8 and CXCL12 may regulate the
expression of genes encoding IL-1] and its receptor. In addition to the
stress-induced CXCR-dependent change in crh expression in the NPO, we
also observed several changes in the head kidney. Blocking of CXCR4
counteracted the stress-induced increase of mc2r expression. We also
obtained a similar effect for grl expression in fish treated with a CXCR2
or CXCR4 inhibitor. Most probably, such changes were caused by
negative feedback regulating HPI activity.

Based on changes in cortisol levels observed in fish with blocked
chemokine receptors, we hypothesized that chemokines may also be
directly involved in the regulation of steroidogenesis in the kidney. We
found that blocking of CXCR4 prevents the stress-induced upregulation
of the expression of genes encoding STAR and CYP11lb. These data
suggest that CXCL12s via CXCR4 are involved in the stimulation of
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steroidogenesis in the head kidney. After inhibition of CXCRs, a very
interesting effect was found on the expression of genes that encode for
the enzymes involved in cortisol conversion. In stressed animals, CXCR2
inhibition upregulated gene expression of 11p-HSD2, involved in the
conversion of cortisol into its inactive form, cortisone. Inhibition of
CXCR4 upregulated expression of the gene encoding 11p-HSD3, most
probably responsible for the conversion of inactive cortisone into active
cortisol. Upregulation of the 11p-HSD2 explains the decrease of the
serum cortisol level in fish that were treated with CXCR2. This is the first
evidence of a link between 11p-HSD activation and CXCR2 or CXCR4
inhibition and to our knowledge, the first proof of CXCL12/CXCR4 and
CXCLB8/CXCR2 involvement in the regulation of cortisol conversion. To
date, it was established that cytokines within the HPA axis, are capable
of direct and/or indirect modulation of the production and secretion of
cortisol and ACTH and that adrenal steroidogenesis is affected by cy-
tokines produced locally in adrenal tissue [70].

In conclusion, we demonstrated that in fish, CXC chemokines and
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Fig. 7. Changes in expression of genes encoding IL-
ip and its receptor IL-1RI in the stress axis organs:
nucleus preopticus (NPO, from the hypothalamus),
pituitary gland (PIT) and the head kidney (HK) of
common carp. 1 h before stress (11 h of restraint) fish
were pretreated with reparixin (Rep, 30 mg/kg b.w.,
i.p.), SB225002 (SB, 2 mg/kg b.w., i.p.), AMD3100
(AMD, 1 mg/kg b.w., i.p.) or vehicle. Fish were
sampled at 11 h of stress (black bars). Inhibitor- or
vehicle-treated but unstressed control fish (white
bars) were sampled 12 h post injection. Gene
expression was measured by RT-gPCR and presented
as an x-fold change compared to control fish (vehicle-
injected and unstressed: CTR) and normalized to the
housekeeping gene 40S ribosomal protein s11 mRNA
levels. Data are presented as mean + standard devi-
ation (SD) (n = 6-8). Different letters (e.g., A vs B)
indicate statistically significant differences between
groups (p < 0.05).

their receptors can be essential regulators of the stress response at
multiple levels within the HPI axis, with particularly pronounced effects
on steroidogenesis and cortisol conversion in the head kidney.
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Gene
40s11
pomc
crh
crh-bp
crhr

grl

gr2

mr

mc2r
star
cypllbl
ilii-hsd;
iid-hsd2
cxcl8 11 (PIT/NPO)
cxcl8 11 (HK)
il-1b
il-1rl
cxcl8 12
cxebl
cxch2
cxcll2a
cxcl12b
cxerl
cxcr2
cxcrd

Sense (5'-3")
CCGTGGGTGACATCGTTACA
TTGGCTCTGGCTGTTCTGTGT
CATCCGGCTCGGTAACAGAA
ACAATGATCTCAAGCGGTCCAT
CCCTGCTGATCGCCTTCAT
GACTTACCTGACTCCCTATCTGAC
GGAGAACAACGGTGGGACTAAAT
TTCCCTGCAGAACTCAAAGGA
AGCATATTCCACGCGCTAGG
GTGGAACCCCAATGTCAAAC
CCCTGGAAGGTCAGTGTTGT
GCACTCAATGGTTTCTTTGGA
TACGCAAAAACAGCCAATGA
TCACTTCACTGGTGTTGCTC
CTGGGATTCCTGACCATTGGT
AAGGAGGCCAGTGGCTCTGT
ACGCCACCAAGAGCCTTTTA
TCACTTCACTGGTGTTGCTC
GGGCAGGTGTTTTTGTGTTGA
AGGCAGGTGCTTCTGTGCTGACA
CACCGTCACAGATATGTACCATATAGTC
GAGGAGGACCACCATGCATCT
GCAAATTGGTTAGCCTGGTGA
TATGTGCAAACTGATTTCAGGCTTAC
CGGTGTCTGCGTTCATCTATT

Antisense (5'-3")
TCAGGACATTGAACCTCACTGTCT
TCATCTGTCAGATCAGACCTGCATA
CCAACAGACGCTGCGTTAACT
CCACCCAGAAGCTCGACAAA
GCAGGATAAATGCTGTAATCAGGTT
GCTTCCACCATCTGCTGC
GGCTGGTCCCGATTAGGAA
ACGGACGGTGACAGAAACG
ACTGTAGCGGCCTCGAAGAA
ACAGGTGGGTCCATTCTCAG
GGTGGGGTTTGGAGATAAGG
GCTCCAGCTTCGATAATGTG
GTAGTATCGCACCTGGGGTTG
GGAATTGCTGGCTCTGAATG
GTTGGCTCTCTGTTTCAATGCA
CCTGAAGAAGAGGAGGCTGTCA
GCAGCCCATATTTGGTCAGA
GGAATTGCTGGCTCTGAATG
AAGAGCGACTTGCGGGTATG
TTCATGCATTTCCGCTCTGCGCT
GGTGGTCTTTTGCAGAGTCATTT
TTGTGCAAGCAGTCCAGAAGA
AGGCGACTCCACTGCACAA
GCACACACTATACCAACCAGATGG
TTCTTTTGGAAGCCCATCAC

>
<
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3

Acc. No.
AB012087

Y14618.1
AJ576243
AJ490881
AJ576244
AJ879149
AM183668
AJ783704
AJ605725.1
FJ490418
XM_019123804.1
XM_019107831
XM_019069125
AB470924.1
AJ421443
KC008576.1
AJB43873.2
AB470924
AB08298
JN104598
AJ627274
AJ536027.3
AB010468
AB010713
AB012310.1
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Figure S1. Constitutive expression of the genes encoding for IL-ip, IL-ipR, CXC
chemokines and their receptors in the stress axis organs: nucleus preopticus (NPO, from

the hypothalamus), pituitary gland (PIT) and the head kidney (HK) of common carp. Gene
expression was measured by RT-gPCR and presented relative to the housekeeping gene
40S ribosomal protein s11 mRNA levels. Data are presented as mean % standard
deviation (SD) (n = 6-8). Asterisks indicate statistically significant differences between
organs (*p < 0.05, ** p < 0.01, *** p < 0.001).
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U wszystkich kregowcdw ostry stres powoduje szybka mobilizacje granulocytow do
krwi. W celu weryfikacji mechanizmdéw regulujacych te reakcje zbadano jak zablokowanie
receptorow glikokortykoidowych (Gr), mineralokortykoidowych (Mr), receptora hormonu
adrenokortykotropowego (Mc2r), receptorow beta-adrenergicznych (3-Adr) oraz receptorow
chemokinowych Cxcr4, Cxcrl 1 Cxcr2, wptywa na redystrybucje neutrofili z nerki gtowowe;j
do krwi oraz ekspresje genéw zaangazowanych w retencje tych komorek w nerce gtowowe;j
(cxcll2, cxer4) 1 ich redystrybucje do krwi (exclS, cxcrl/2, gesfi, mmp9).

Karpie potraktowano antagonistami receptorow: (i) Gr (RU-486), (i1) Gr i Mr (RU-486
1 spironolakton), (iii) Mc2r (GPS1573), (iv) B1-Adr (atenolol), lub (v) f2-Adr (ICI-118,551).
Ponadto, aby zweryfikowa¢ udziat receptorow CXC w wywotane] stresem redystrybucji
neutrofili zastosowano selektywne inhibitory receptoréw chemokinowych: reparyksyne
(inhibitor Cxcrl1i2), SB225002 (inhibitor Cxcr2) oraz AMD3 100 (inhibitor Cxcr4). Po podaniu
inhibitorow/antagonistow karpie poddano 11-godzinnemu stresowi unieruchomienia.

Wykazano, ze u karpia stres unieruchomienia wywotuje, zalezng od czasu trwania
stresu, neutrofili¢ a zjawisko to wigze si¢ ze spadkiem liczby neutrofili w nerce glowowe;,
czemu towarzyszy podwyzszony poziom kortyzolu i glukozy w surowicy. Ponadto
zaobserwowano, ze zarObwno w nerce gtowowej jak 1 w leukocytach krwi obwodowe;j, stres
zwigksza ekspresje genow kodujacych chemokiny CXC 1 ich receptory (cxcli2, cxcl8, cxcr4,
cxcrl), a takze gesfr 1 mmp9. Wykazano rowniez, ze zablokowanie zarowno Gr, jak 1 Gr 1 Mr
hamuje indukowang stresem redystrybucje neutrofili z nerki glowowej do krwi. Podobne
zjawisko obserwowano takze po zablokowaniu receptoréw Cxcr.

Wyniki wskazuja, ze indukowana ostrym przedluzonym stresem redystrybucja
neutrofili z nerki glowowej do krazenia jest zalezna od interakcji kortyzolu z receptorami
Gr/Mr, oraz ze chemokiny z rodziny CXC 1 ich receptory sg zaangazowane w regulacje tego

procesu.
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Introduction: Stress may pose a serious challenge to immune homeostasis.
Stress however also may prepare the immune system for challenges such as
wounding or infection, which are likely to happen during a fight or flight
stress response.

Methods: In common carp (Cyprinus carpio L.) we studied the stress-induced
redistribution of neutrophils into circulation, and the expression of genes
encoding CXC chemokines known to be involved in the regulation of
neutrophil retention (CXCL12) and redistribution (CXCL8), and their receptors
(CXCR4 and CXCR1-2, respectively) in blood leukocytes and in the fish
hematopoietic organ - the head kidney. The potential involvement of CXC
receptors and stress hormone receptors in stress-induced neutrophil
redistribution was determined by an in vivo study with selective CXCR
inhibitors and antagonists of the receptors involved in stress regulation:
glucocorticoid/mineralocorticoid receptors (GRs/MRs), adrenergic receptors
(ADRs) and the melanocortin 2 receptor (MC2R).

Results: Thestress-induced increaseofblood neutrophilswasaccompaniedbya
neutrophil decrease in the hematopoietic organs. This increase was cortisol-
induced and GR-dependent. Moreover, stress upregulated the expression of
genes encoding CXCL12 and CXCL8 chemokines, their receptors, and the
receptor for granulocytes colony-stimulation factor (GCSFR) and matrix
metalloproteinase 9 (MMP9). Blocking of the CXCR4 and CXCR1 and 2
receptors with selective inhibitors inhibited the stress-induced neutrophil
redistribution and affected the expression of genes encoding CXC chemokines
and CXCRs as well as GCSFR and MMP9.

Discussion: Our data demonstrate that acute stress leads to the mobilization of
the immune system, characterized by neutrophilia. CXC chemokines and CXC
receptors are involved in this stress-induced redistribution of neutrophils from
the hematopoietic tissue into the peripheral blood. This phenomenon is directly
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regulated by interactions between cortisol and the GR/MR. Considering the
pivotal importance of neutrophilic granulocytes in the first line of defense, this
knowledge is important for aquaculture, but will also contribute to the
mechanisms involved in the stress-induced perturbation in neutrophil
redistribution as often observed in clinical practice.

KEYWORDS

stress, neutrophil redistribution, cortisol, CXC chemokines, CXC receptors, GCSFR, MMP9

1 Introduction

The mechanism of the stress response is evolutionarily well-
conserved. In fish, stress activates the brain-sympathetic-chromaffin
cell axis (the equivalent of the mammalian brain-sympathetic-adrenal
medulla axis, SAM) and the brain-pituitary-interrenal cells of the
head kidney axis (HPI, the equivalent of the mammalian
hypothalamus-pituitary-adrenal axis, HPA) (1). The key mediators
are adrenocorticotropic hormone (ACTH), glucocorticoids (GC),
and catecholamines. Upon binding of corticotropin-releasing
hormone (CRH) to the pituitary gland CRH receptors, ACTH is
released. ACTH binds to the melanocortin type 2 receptor (MC2R) in
the head kidney to stimulate cortisol synthesis by the interrenal cells
(2). While the significance of ACTH in the fish immune system has
received little attention, it has been demonstrated in mammals that
ACTH is one of the first hormones to bind to receptors on immune
cells. It regulates the immune response and triggers an increase in the
cytotoxicity of T-lymphocytes (3). Also, adrenaline regulates the
immune response by delivering “danger” signals. Adrenaline is
released after sympathetic innervation of the head kidney
chromaffin cells has activated the SAM axis (4). The effect of
adrenaline on immune cells is mainly mediated by b-
adrenoreceptors (b-ADR) and is immune suppressive both in vitro
and in vivo (5, 6).

Under natural conditions fish relatively often experience short
periods of acute stress, leading to a temporary disturbance of
homeostasis. These acute stress events may last for a few minutes
to several hours. In contrast, under conditions of intensive
aquaculture, disturbances last for many hours a day for weeks to
several months and therefore are classified as chronic stress. The
most common stress factors that fish experience in aquaculture are
crowding, transport and transshipment, and procedures of grading
or vaccination. Chronic stress causes loss of homeostasis, to which
adaptation is not possible, or needs long time to adapt. In a situation
of chronic stress, the response shifts from adaptive to maladaptive,
eventually resulting in impaired reproduction, reduced growth, and
decreased disease resistance due to immunosuppression (1, 7, 8).

In contrast to the well-known immunosuppressive and anti-
inflammatory effects of glucocorticoids (e.g., 9), in all vertebrate
groups, a stress-induced glucocorticoid elevation enhances the
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release of neutrophils (PMNSs, polymorphonuclear leukocytes)
into circulation (e.g., 10-14). Moreover, cortisol treatment
inhibits neutrophil apoptosis (e.g., 15). As neutrophils are
important in the first line of the innate immune defense, a
prolonged lifespan will maintain higher numbers in circulation to
serve as an adaptive mechanism to fight the extra chance of injury
or infection during stress.

In all vertebrates, neutrophil function is strictly dependent on
their recruitment. In humans, neutrophils represent 50-70% of the
total pool of peripheral blood leukocytes (PBL), whereas in mice
they comprise only 10-25% of the PBLs (16). The percentage of
PMNs in teleost fish greatly varies during periods of homeostasis:
from 4% of circulating leukocytes incommon carp (Cyprinus carpio
L) (17), 5% in the goldfish (Carassius auratus L.) and cichlid
(Cichlasoma dimerus) (18), up to about 15-20% in Atlantic salmon
(Salmosalar L.) and rainbow trout (Oncorhynchus mykiss) 19), and
even as much as 80% in Atlantic cod (Gadus morhua L.) (20).

Neutrophils are typically the frontline cells recruited to the focus of
the infection or the damage site and they predominate in the rapid
initial influx of leukocytes (21). At the inflammatory site, activated
neutrophils become powerful Kkillers acting via phagocytosis,
degranulation, or formation of neutrophil extracellular traps (NETS)
(e.9., 22). Moreover, neutrophils produce potent, factors that are toxic
for pathogens, like reactive oxygen species (ROS), enzymes e.g.,
lysozyme and antimicrobial peptides like bactericidal/permeability-
increasing protein (BPI), cathelicidins, and defensins (23). The
balance between neutrophil production/release and their clearance
safeguards homeostasis (24). In mammals, under normal conditions,
continuous neutrophil production during granulopoiesis develops
solely in the bone marrow (25). These self-renewing, slowly dividing
progenitor cells, express chemokine receptors CXCR2 and CXCR4 and
are kept in these niches by interacting with stromal cells like osteoblasts
that express CXCL12 (also known as stromal cell-derived factor 1,
SDF1). The process of granulopoiesis and neutrophil emigration from
the hematopoietic tissues is controlled by granulocyte colony-
stimulating factor (G-CSF), that under both homeostatic and
inflammatory conditions signals through the G-CSF receptor (G-
CSFR) (26). During infection, the level of the G-CSF in the bone
marrow increases, and activates the synthesis of proteases, including
matrix metalloproteinase 9 (MMP-9). Proteases break down the
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adhesion molecules that connect hematopoietic stem cells (HSCs) to
the stromal cell microenvironment. Moreover, G-CSF causes CXCL12
downregulation on bone marrow stromal cells. This action, along with
the disruption of the CXCL12-CXCR4 interaction, results in neutrophil
release (27). Live imaging in zebrafish (Danio rerio) confirmed that
constitutive CXCL12-CXCR4 signaling impairs persistent, directed
neutrophil motility, thereby retaining neutrophils in regions of high
CXCL12 expression and inducing neutrophil aggregates. Depletion of
CXCL12 with morpholino oligonucleotides restores neutrophil
mobilization (28).

Neutrophils emerge in the bloodstream as terminally differentiated
cells. Their chemotaxis to inflammatory areas is stimulated in response
to pathogen- and host-derived chemotactic stimuli including CXC
chemokines (29). Both in mammals and in fish, interaction of CXCL8
(also known as interleukin 8, IL-8) with CXCR1 and CXCR2, is critical
for the recruitment of neutrophils to the site of inflammation. We and
others confirmed that teleost CXCL8 chemokines exhibit a functional
homology to mammalian CXCL8, and that all teleost fish possess at
least one form of CXCL8 (CXCL8_L1), while two distinct forms of this
chemokine can be found in carp and zebrafish (CXCL8_L1 and
CXCL8_L2) (30-32). In carp, recombinant CXCL8 molecules from
both forms (CXCL8_L1 and L2) induced chemotaxis of neutrophils
(30). Moreover, recently we also revealed that in fish, CXC chemokines
and their receptors are important regulators of the stress response at
multiple levels ofthe stress axis, with particularly pronounced effects on
steroidogenesis and cortisol conversion in the head kidney (33).

Mechanisms regulating stress-induced neutrophil redistribution
are less understood. Teleost fish are an especially intriguing model for
stress-immune interaction studies because their major hematopoietic
organ, the head kidney, combines immune and endocrine functions
(e.g., cortisol and catecholamine production), and thus these immune
processes may be under direct, paracrine control. More than half of
all extant vertebrate species belong to this group (35,000 species).
Teleost fish are found in essentially every aquatic habitat and have
been successful in adapting to different environments and we
postulate that the ability to control and co-ordinate endocrine and
immune responses during environmental challenges must have
contributed to this success.

We now aimed to reveal evolutionarily conserved mechanisms
involved in the regulation ofneutrophil redistribution during stress in
common carp. We studied the stress-induced redistribution of
neutrophils from the head kidney, into the circulation and the gene
expression of CXC chemokines (CXCL12 and CXCL8) and their
receptors (CXCR4 and CXCR1-2). We also investigated the
involvement of CXC receptors and GR/MR, ADR and MC2R, in
stress-induced PMN redistribution by an in vivo study ofthe effects of
selective inhibitors of CXCR1, 2 and 4 chemokine receptors and GR/
MR, ADR and MC2R antagonists during stress in common carp.

2 Materials and methods
2.1 Animals

Juvenile common carp (Cyprinus carpio L. body weight (b.w.))
70-120 g, 8-10 months; line R3xR8) were obtained from the
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Institute of Ichthyobiology and Aquaculture, Polish Academy of
Science, Golysz, Poland. Prior to the experiments, fish were adapted
for 4 weeks at 21°C and 12L.:12D light/dark cycle in recirculating tap
water at the Institute of Zoology and Biomedical Research in
Krakow, Poland. Fish were kept in tanks (volume 375 I, 45 fish/
tank) and daily fed with pelleted dry commercial feed (Aller Master,
Aller Aqua, Czarna Dabrowka, Poland) at a total ratio of 1% of their
estimated b.w. and with the bloodworm (the midge larvae from a
Chironomidae family). To avoid additional stress and/or differences
in handling, all samplings were performed by the same person and
at the same time of day.

In the blood serum of each animal the free cortisol levels were
determined using a commercially available Neogen, Lexington
Cortisol ELISA Kit (I@Y, USA) and levels of glucose were
measured with an iXell glucometer (Ganexo, Warsaw, Poland)
as described previously by Klak et al. (33).

All animals were handled in strict accordance with good animal
practice as defined by the relevant national and local animal welfare
bodies, and procedures were approved by the local ethical
committee (2nd Local Institutional Animal Care and Use
Committee (IACUC) in Krakow, Poland, license number 292/
2017 and 246/2021.

2.2 Stress model

Restraint stress was given by netting the fish and suspending the
nets with the fish in the water of separate tanks as described
previously (14, 34). Fish were stressed for 2, 5, 11 (acute stress)
and 24 hours (prolonged acute stress) and sampled at 11.00, 13.00,
20.00 and 9.00, respectively. Immediately after the stress, the fish
were deeply anesthetized in 0.4 g/L tricaine methane sulfonate
(TMS, Sigma-Aldrich, St. Louis, MO, USA) buffered with 0.8 g/L
NaHCO3 (POCH, Gliwice, Poland). The control group was
sacrificed on the same experimental day at 9.00 a.m. We also
verified if control/unstressed fish, sampled at different time points
of the day (9.00, 11.00, 13.00 and 20.00), differ in the percentage of
PMNs present in the head kidney and peripheral blood and found
no statistically significant differences (Supplementary Figure 1). The
fish were not fed during the stress procedure. The experiments were
repeated twice independently with 4 fish per group for each
time point.

2.3 Pretreatment with antagonists
and inhibitors

The following antagonists/inhibitors were used: for the
glucocorticoid receptors (GR): mifepristone (RU-486) (Sigma-
Aldrich, Saint-Louis, MO, USA, 2 mg/kg b.w.), for mineralocorticoid
receptors (MR): spironolactone (Sigma-Aldrich, Saint-Louis, MO,
USA, 2 mg/kg b.w.), a selective antagonist for b1-ADR: atenolol
(Sigma-Aldrich, Saint-Louis, MO, USA, 0.213 mg/kg b.w.), a b2-
ADR antagonist: ICI-118,551 (Sigma-Aldrich, Saint-Louis, MO, USA,
0.25 mg/kg b.w.), the MC2R antagonist: GPS1573 (Cambridge
Research Biochemicals, Billingham, UK, 1 mg/kg b.w.), the non-
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competitive allosteric inhibitor of chemokine CXCR1 and CXCR2
receptors: reparixin (Sigma-Aldrich, Saint-Louis, Missouri, USA, 30
mg/kg b.w.) and the nonpeptide CXCR2 receptor inhibitor: SB225002
(Sigma-Aldrich, Saint-Louis, Missouri, USA, 2 mg/kg b.w.). They were
resuspended in sterile dimethyl sulfoxide (DMSO, Thermo Fisher
Scientific, Massachusetts, USA). The CXCR4 inhibitor: AMD3100
(plerixafor) (Sigma-Aldrich, Saint-Louis, MO, USA, 1 mg/kg b.w.)
was resuspended in sterile phosphate-buffered saline (PBS) (270
mOsM). For all antagonists/inhibitors, effectiveness was previously
proven (35-40). Experimental fish were assigned randomly to the
vehicle (DMSO/PBS, N = 8) and antagonist or inhibitor treatment
groups (N = 8) as described previously (33). Prior to injection, all fish
were individually weighed to adjust the dose of a particular drug. To
minimalize stress and pain, the weighing and the injection procedure
was preceded by a short-term anesthesia with a buffered solution of
tricaine methanesulfonate (TMS, Sigma-Aldrich, Saint-Louis, MO,
USA, 0.2 g/L with the addition of 0.8 g/L NaHCO3, (POCH, Gliwice,
Poland)). Antagonist/inhibitor or vehicle (DMSO/PBS) intraperitoneal
(i.p.) injection was administered 1 h prior to the stress procedure, at 8
a.m. The final volume for i.p. injections was 100 mL per individual fish.
After injection, fish from each group were transferred into tanks. One
hour post injection half of the fish from each group was kept
undisturbed while half was stressed for 11 h as described above.
Every experiment was performed independently 2 times per applied
antagonist/inhibitor, each at the same time (8 a.m. injections, 9 a.m.
confinement (11 h), 8 p.m. sampling) resulting in 16 control (DMSO/
PBS, N = 8 or antagonist/inhibitor, N = 8 injected group) and 16
stressed individuals (DMSO/PBS, N = 8 or antagonist/inhibitor, N = 8
injected group).

2.4 Head kidney and peripheral blood
leukocytes isolation

For PBLs isolation, blood was removed from the caudal vein into a
syringe containing 2 mL of RPMI 1640 (Lonza, Basel, Switzerland),
adjusted to carp osmolarity of 270 mOsm/kg with distilled water
(cRPMI) containing 0.066 mg/mL of heparin (Sigma-Aldrich, St. Louis,
MO, USA) and centrifuged for 10 min at 800 rcf at 4°C to obtain the
buffy coat. The buffy coat suspended in cRPMI (containing heparin
0.033 mg/mL) was layered on 3 mL Histopaque-1077 (Sigma-Aldrich,
St. Louis, MO, USA) and centrifuged at 2000 rcf for 25 min in 4°C
without the brake. PBLs were collected, washed two times in cRPMI
(10 min at 800 rcf, 4°C) and resuspended in 1 mL of cRPMI. 100 mLof
cell suspension was added to 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO, USA) for subsequent cytometric analysis while the cell
pellet was resuspended in 350 mL RL buffer (EURX, Gdansk, Poland)
with 1% (v/v) 2-Mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA)
and kept at -80°C for further RNA analyses.

The head kidney is a paired organ. One part of the head kidney
was excised and immersed in Fix RNA buffer (EURx, Gdansk,
Poland). All tissues were stored at 4°C until subsequent
determination of gene expression. In turn, the second part of the
head kidney was used to obtain a suspension ofcells from this organ
by passing the tissue through a 200 mm nylon mesh with cRPMI and
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washed once and resuspended in 1 mL of cRPMI. 100 mL of cell
suspension was added to 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO, USA) for subsequent cytometric analysis.

PBLs and cells from HK were measured using a CytoFLEX flow
cytometer (Beckman Coulter Inc.). The forward (FSC) and side
light scatter (SSC) profiles were adjusted to ensure that all leukocyte
populations were clearly displayed. The neutrophil population
identified by its typical location was selected by gating (see
Figure 1C). Counting was terminated when 30,000 leukocytes
were counted. Data was analyzed in Microsoft Excel, the sum of
P1-P3 gates was taken as 100% leukocytes.

2.5 Immunocytochemistry

Cytospins containing 1x106 peripheral blood leukocytes from
control and stressed fish after centrifugation on Histopaque-1077
(Sigma-Aldrich, St. Louis, MO, USA) were prepared on glass slides
by centrifugation (5 min, 447 x g, at RT; Hettich Universal
Tuttlingen, Germany), and then fixed with 4% paraformaldehyde
(Sigma Aldrich, St. Louis, MO, USA) and stored at -20°C. Staining
was performed as previously described (41). After thawing, cytospin
preparations were rehydrated, washed in 0.1 M PBS (pH 7.3), next
incubated for 15 min with PBS containing 3% hydrogen peroxide to
quench endogenous peroxidase activity, followed by blocking 2%
carp inactive serum in a solution containing 1% bovine serum
albumin (BSA) (Sigma Aldrich, St. Louis, MO, USA) in PBS at RT
for 45 min. Cells were incubated overnight at 4 °C with the primary
mouse antibodies TCL-BE8 (1:50) reacting with carp granulocytes
(42, 43). For negative control, 1% BSA in PBS was added instead of
primary antibodies. After overnight incubation, the slides were
rinsed several times in PBS, and then secondary goat anti-mouse
1gG antibodies (Bethyl Laboratories.inc, 1:400) were added for 1 h
at RT. Then cells were incubated for 1 h with an ExtrAvidyn-
peroxidase complex (Sigma-Aldrich, St. Louis, MO) and visualized
with 3,3'-diaminobenzidiane (DAB, Sigma-Aldrich, St. Louis, MO,
USA). The preparations were analyzed under a light microscope
(400 x magnification, Meiji Techno, USA). Pictures were taken with
a Moticam10 10.0 MP camera (China). Images were prepared and
analyzed in Gimp 2.10. The percentage of TCL-BES8 positive cells in
PBLs, obtained from control fish and fish after 24 h of
immobilization stress, was calculated. Up to 100 cells were
counted on each slide (N = 4).

2.6 Gene expression studies

2.6.1 RNA isolation

RNA was isolated with GeneMATRIX Universal RNA Purification
Kit (EURx, Gdansk, Poland) according to the manufacturer's protocols.
Final elution was carried out in 30 ML of nuclease-free water, to
maximize the concentration of RNA. RNA quantificati@n and purity
were measured by spectrophotometry using a Spark Multimode
Microplate and NanoQuant PlateTM Reader (Tecan, Grodig,
Austria). RNA samples were stored at -80°C for further analysis.
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2.6.2 cDNA synthesis

The cDNA synthesis reaction was performed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Carlshad, California, USA) following the manufacturer's protocol.
A non-RT (-RT, non-reverse transcriptase) control was included.
Samples were diluted 5x and stored at —20°C until further use.

2.6.3 Real-time quantitative PCR

All forward and reverse primer sequences and accession
numbers are included in Supplementary Table 1 (30, 33, 44-47).
For RT-gPCR, 4 mL of 50 x diluted cDNA and {é)rward and reverse
primers (2 mL each) were added to 7 ML SYBR Select Master Mix
(Applied Biosystems, USA). RT-qPCR was initialized for 2 min at
50°C, followed by 2 min at 95°C, and 40 cycles of 15 s at 95°C and 60
s at 60°C, it was performed in a Rotor-Gene Q, 5-Plex HRM
(Qiagen, Hilden, Germany). A melting curve analyses were
performed at the end of each run. The 40S ribosomal protein s11
(40s11) was used as reference gene. In NTC (non-template control)
and -RT control samples, no amplification was observed.

Changes in gene expression upon treatment were determined as
a ratio of target gene vs. reference gene (40s11) relative to the
expression in control samples according to the following equation:

(Etarget)DCtT arget(control-sample)
Ratio =
(Ereference)DCtReference(control-sample)
Where E is amplification efficiency and Ct is the number ofPCR
cycles needed for the signal to exceed a predetermined threshold
value (48).

2.7 Statistical analysis

Statistical analysis was performed with GraphPad 9 Software
(San Diego, CA, USA). Data were expressed as mean and standard
error (SE). Significant differences in all results from experiments
verifying stress-induced changes in redistribution of neutrophilic
granulocytes as well as changes in the gene expression in control
and stressed animals, at different time points, were determined
using a one-way analysis of variance (ANOVA) and post hoc tests:
Tukey's or Dunn (in case of kinetics of neutrophil redistribution
upon stress). The differences were considered statistically significant
at p<0.05.

3 Results

3.1 Stress-induced redistribution
of neutrophils

Acute restraint stress induced redistribution of neutrophils
from the head kidney to the blood. At 2 and 5 h of stress, the
percentage of blood neutrophils slightly and gradually increased,
but was not significantly different from the percentages observed in
unstressed fish. Starting from 11 h of stress, the percentage of
neutrophils in PBLs was significantly higher than in control
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unstressed animals. At 11 h and 24 h of stress, the percentage of
neutrophils in PBLs was at a similar level (Figures 1A, C). At 11 h
and 24 h of stress, the percentage of neutrophils in the head kidney
was lower than in the control unstressed fish (Figures 1B, C).
Immunocytochemical staining (Figure 1D) showed that 24 h of
restraint stress increased the number of positive TCL-BES8 cells in
PBLs (CTR:2.82+2.36vs. STRESS 33.82+14.24; p = 0.0286).

Moreover, stress induced increase in the level of cortisol
(Figure 1E) and glucose (Figure 1F) in serum.

Furthermore, to verify how fast fish will recover post 24 h
restraint stress, an additional experiment was performed where
upon stress, fish were released from the net for 6 and 12 h
(Supplementary Figure 2). Already after 6 h of release, the
percentage of PMNSs in circulation returned to control level. This
confirmed that 24 h restraint is a prolonged acute stress and fish are
able to recover very fast.

3.2 Stress-induced changes in the
expression of genes encoding CXC
chemokines and receptors, GCSFR
and MMP9

In PBLs, upregulation of the expression of cxcl12a (Figure 2A)
and cxcl12b (Figure 2B) was observed at 11 h and 24 h of stress,
respectively, as compared to unstressed animals. Moreover, in PBLs,
restraint stress upregulated expression ofcxcl8 |1 (at 5, 11 and24h
of stress) (Figure 2C) and cxcl8_I12 (at 11 and 24 h of stress)
(Figure 2D). Stress upregulated also the expression of cxcr4 (at 2,
5 and 11 h) (Figure 21) and cxcrl (at 5, 11 and 24 h) (Figure 2J).
Furthermore, in PBLs, restraint stress upregulated the expression of
gesfr (Figure 20) and mmp9 (Figure 2P) at 5, 11 and 24 h. The
highest expression of gcsfr was found at 5 h of stress (Figure 20).

In the head kidney, upregulations of cxcll2a and cxcl12b
(Figures 2E, F) were demonstrated at 11 h of stress. In this organ,
restraint stress also upregulated the expression ofcxcl8_I1 (at 11 hof
stress) (Figure 2G), cxcl8_I12 (at 5 and11 h) (Figure 2H), cxcr4 (at 5
and 11 h) (Figure 2L) and cxcrl (at 5 h) (Figure 2M). In addition, in
the head kidney, stress-induced upregulation of gcsfr (at 11 h) and
mmp9 (at 5 and 11 h) was also observed (Figures 2Q, R).

Both in PBLs and in the head kidney, stress did not affect the
expression of cxcr2 (Figures 2K, N).

3.3 Effects of hormone receptor blocking
on the stress-induced redistribution
of neutrophils

To evaluate the involvement of ADR, MC2R, GR and MR
receptors in the stress-induced PMN redistribution, antagonists of
these receptors were used. 11 h of stress increased the percentage of
PMNs in the circulation of vehicle-injected fish, while this reaction
was not observed infish treated with antagonists ofGR (RU-486) or
GR+MR (RU-486+SP) (Figures 3A, B). In contrast, stress-induced
increase of the PMN percentage in the blood was not altered in fish
treated with the b1-ADR antagonist - atenolol (Figures 3A, B). In
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FIGURE 1

10.3389/fimmu.2024.1330995

Restraint stress-induced changes in the redistribution of neutrophils (PMN), cortisol and glucose level in common carp. Unstressed control fish and
stressed fish were sampled at 2, 5, 11 or 24 h of the experiments. Stress-induced changes in the percentage of PMNs in peripheral blood (PBL, A)or
in the head kidney (HK, B) leukocytes. The percentage of PMNs was measured by flow cytometry in control unstressed fish (CTR, white bars) and in
stressed fish (STRESS, black bars) based on cell size (FSC) and granularity (SSC). (C) Representative dot plots of PBL and HK from control and stressed
fish. (D) Representative images of immunocytochemical staining of TCL-BES8 positive cells (granulocytes) in the peripheral blood leukocytes.
Negative controls of primary antibody omission are included as figure inserts. (E) Cortisol level in serum. (F) Glucose level in serum. Data are
presented as mean + standard error (SE) (n > 5). Mean values not sharing letters (e.g., A vs B) indicate statistically significant differences between

groups (p < 0.05).

turn, in stressed fish treated either with b2-ADR (ICI) or MC2R
(GPS) antagonist, the PMN percentage in blood was significantly
higher than that observed in vehicle-treated stressed animals
(Figures 3A, B). In the head Kidney, the percentage of PMNs
decreased after stress challenge and this reaction was not altered
upon any of the assessed antagonists, however, the PMN percentage
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in RU-486-injected unstressed fish was significantly lower than in
vehicle-treated unstressed fish (Supplementary Figure 3).

In stressed animals that were treated with the GR antagonist,
increased levels of serum cortisol were observed compared to
stressed fish that were vehicle-treated. Similar high levels of
cortisol were also observed in unstressed and stressed fish treated
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with a combination of GR and MR antagonists (Figure 3C). Stressed
fish treated with ICI or GPS had higher levels of serum glucose than
stressed animals treated with vehicle (Figure 3D).

3.4 Effects of GR and MR blocking on the
expression of genes encoding CXC
chemokines and receptors, GCSFR

and MMP9

In PBLs stress induced upregulation of cxcl8_I1, cxcl8_I2 and
cxcr4, and these effects were not observed in fish treated with RU-
486 and spironolactone (RU-486+SP) (Figures 4C, D, 1). Such
upregulation of cxcrl was not observed in RU-486- and RU-486
+SP-treated groups of stressed fish (Figure 4J). In turn, expression
of cxcl12b was higher in RU-486-treated stressed fish than in RU-
486 and spironolactone-treated stressed fish (Figure 4B). Neither
stress nor antagonist treatment affected the expression of cxcl12a
and cxcr2 (Figures 4A, K).

In the head kidney, stress induced upregulation of cxcl12a,
cxcl12b, cxcl8_I1 and cxcr4 in vehicle-injected fish and this
upregulation was not observed in stressed fish treated with RU-
486+SP (Figures 4E-G, L). Stress-induced upregulation of cxcl8_12
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expression was not observed in stressed fish treated with RU-486 or
RU-486+SP (Figure 4H). In the head kidney of stressed fish treated
with RU-486, expression of cxcr2 was higher than in stressed
animals treated with vehicle or RU-486+SP (Figure 4N). Neither
stress nor GR and MR antagonist treatment affected expression of
cxerl (Figure 4M).

In both PBLs and head kidney, stress-induced upregulations of
gesfr (Figures 40, Q) and mmp9 (Figures 4P, R) were not observed
in stressed fish treated with RU-486 or RU-486+SP.

3.5 Effects of CXCR4 blocking on the
stress-induced redistribution of neutrophils

The stress-induced increase of PMN percentage in the
peripheral blood was not observed in stressed fish treated with
CXCR4 inhibitor - AMD3100 (Figures 5A, C). However, AMD3100
injection did not prevent the stress-induced decrease of the
percentage of PMNs in the head kidney (Figures 5B, C).

Stressed fish treated with AMD3100 had higher levels of serum
cortisol than stressed animals treated with vehicle only (Figure 5D),
while serum glucose levels were similar in stressed fish that were
treated with vehicle or CXCR4 inhibitor (Figure 5E).
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FIGURE 3

The in vivo effects of ADR, MC2R, GR and MR antagonists on changes in neutrophil (PMN) percentage in peripheral blood leukocytes (PBL) and on
serum cortisol and glucose level in common carp. 1 hour before stress, fish were i.p. pretreated with: b1-ADR antagonist (atenolol, 0.213 mg/kg b.w.),
b2-ADR antagonist (ICI-118,551, ICI, 0.25 mg/kg b.w.), MC2R antagonist (GPS1573, GPS, 1 mg/kg b.w.) or with antagonist of GRs (RU-486, 2 mg/kg b.w.)
or with antagonists of GRs and MRs (RU-486 and Spironolactone, RU-486+SP, each 2 mg/kg b.w.). Control animals were treated with vehicle (DMSO).
Subsequently, fish were stressed (11 h of restraint, STRESS). Antagonist- or vehicle-treated but unstressed control fish (CTR) were sampled 12 h post-
injection. (A) The percentage of PMNs was measured by flow cytometry based on cell size (FSC) and granularity (SSC). (B) Representative dot plots of
PBL from unstressed or stressed (11 h) fish treated with vehicle (VEHICLE) or antagonist (ATENOLOL, ICI, GPS, RU-486, RU-486+SP). # - dot plots from
control unstressed fish, * - dot plots from fish stressed 11 h. (C) Cortisol level in serum. (D) Glucose level in serum. Data are presented as mean +
standard error (SE) (n > 5). Mean values not sharing letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).
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FIGURE 4

10.3389/fimmu.2024.1330995

Changes in expression of genes encoding CXC chemokines and receptors, GCSFR and MMP9 in peripheral blood leukocytes (PBL, A-D, 1-K, O, P)
and in the head kidney (HK, E—H, L—N, Q, R) of common carp. 1 hour before stress, fish were i.p. pretreated with selective antagonists of GR (RU-
486, 2 mg/kg b.w.) or GR and MR (RU-486 and spironolactone, RU-486+SP, 2 mg/kg b.w.). Control animals were injected with vehicle (DMSO).
Subsequently, fish were stressed (11 h of restraint, STRESS, black bars). Antagonist- or vehicle-treated but unstressed control fish (CTR, white bars)
were sampled 12 h post-injection. Gene expression was determined by RT-qPCR and presented as an x-fold increase compared to unstressed fish
(CTR) and standardized for the housekeeping gene 40S ribosomal protein s11. Data are presented as mean + standard error (SE) (n > 5). Mean values
not sharing letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

3.6 Effects of CXCR4 blocking on the
expression of genes encoding CXC
chemokines and receptors, GCSFR
and MMP9

In PBLs of stressed fish, AMD3100 treatment decreased the
expression of cxcl12a (Figure 6A). Stress-induced changes in the
expression of cxcl8_I1, cxcrl and gesfr were not prevented by
AMD3100 injection (Figures 6C, J, O). Moreover, stress-induced
upregulation of cxcl8_I2, cxcr4 and mmp9 in PBLs was enhanced by
AMD3100-treatment (Figures 6D, I, P). Neither stress nor
AMD3100 treatment affected the expression of cxcl12b and cxcr2
in PBLs (Figures 6B, K).

In the head kidney, stress-induced upregulations of cxcl12a,
cxcl12b, cxcl8_I1, cxcl8_I2, cxcrd, gesfr and mmp9 were not observed
in AMD3100-treated animals (Figures 6E-H, L, Q, R). In the case of
cxcll2a, in AMD3100-treated unstressed fish, the expression level
was higher than in vehicle-treated unstressed fish or in AMD3100-
treated stressed fish (Figure 6E). In turn, the cxcrl expression level
in the head kidney of AMD3100-injected stressed fish was lower

Frontiers in Immunology

than in that in vehicle-injected stressed fish (Figure 6M). Neither
stress nor AMD3100 treatment affected the expression of cxcr2 in
the head kidney (Figure 6N).

3.7 Effects of CXCR1 and CXCR2 blocking
on the stress-induced redistribution
of neutrophils

The stress-induced increase of the PMN percentage in the
peripheral blood was not observed in stressed fish treated with
the CXCR1 and CXCR2 inhibitor - reparixin as well as in fish
pretreated with the CXCR2 inhibitor - SB225002 (Figures 7A, C).
However, pretreatment of stressed fish with reparixin or SB225002
had no effect on stress-induced decrease of the PMN percentage in
the head kidney (Figures 7B, C).

Stress-induced increases of cortisol levels were not observed in
animals treated with reparixin or SB225002 (Figure 7D), while
CXCR1-2 inhibitors did not change the level of serum
glucose (Figure 7E).
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FIGURE 5

The in vivo effect of CXCR4 blocking on the percentage of neutrophils (PMN) in peripheral blood leukocytes (PBL, A), in the head kidney (HK, B) and
on serum cortisol and glucose level in common carp. 1 hour before stress, fish were i.p. pretreated with a selective inhibitor of CXCR4 (AMD3100,
AMD, 1 mg/kg b.w.) or with vehicle (PBS). Subsequently, fish were stressed (11 h of restraint, STRESS, black bars). Inhibitor- or vehicle-treated but
unstressed control fish (CTR, white bars) were sampled 12 h post-injection. The percentage of PMNs was measured by flow cytometry based on cell
size (FSC) and granularity (SSC). (C) Representative dot plots of PBL and HK from unstressed and stressed fish treated with vehicle (VEHICLE) or
inhibitor (AMD). # - dot plots from control unstressed fish, * - dot plots from fish stressed 11 h. (D) Cortisol level in serum. (E) Glucose level in
serum. Data are presented as mean + standard error (SE) (n > 4). Mean values not sharing letters (e.g., A vs B) indicate statistically significant
differences between groups (p < 0.05).

3.8 Effects of CXCR1 and CXCR2 blocking also observed for cxcl12b, gesfr and mmp9 expression in the head
on the expression of genes encoding CXC kidney (Figures 8F, Q, R). Both in PBLs and the head kidney, the

chemokines and receptors, GCSFR expression of genes encoding CXCL12 chemokines and CXCR4
and MMP9 were similar in fish treated with vehicle or with the CXCR2

inhibitor - SB225002 (Figures 8A, B, E, F, I, L). Neither stress nor

In both PBLs and in the head kidney, expression of cxcllzaand ~ CXCR1/2 inhibitor treatment affected the expression of cxcl12b and

cxcr4 was lower in reparixin-treated stressed fish than in stressed  cxcr2 in PBLs (Figures 8B, K) as well as the expression of cxcl8_I1,
fish treated with vehicle (Figures 8A, E, I, L). Similar results were  cxcrl and cxcr2 in the head kidney (Figures 8G, M, N).
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FIGURE 6

10.3389/fimmu.2024.1330995

Changes in expression of genes encoding CXC chemokines and receptors, GCSFR and MMP9 in peripheral blood leukocytes (PBL, A-D, I-K, O, P) and
in the head kidney (HK, E—H, L-N, Q, R) of common carp. 1 hour before stress, fish were i.p. pretreated with a selective inhibitor of CXCR4 (AMD3100,
AMD, 1 mg/kg b.w.) or vehicle (PBS). Subsequently, fish were stressed (11 h of restraint, STRESS, black bars). Inhibitor- or vehicle-treated but unstressed
control fish (CTR, white bars) were sampled 12 h post injection. Gene expression was determined by RT-qPCR and presented as an x-fold increase
compared to unstressed fish (CTR) and standardized for the housekeeping gene 40S ribosomal protein s11. Data are presented as mean =+ standard error
(SE) (n = 4-8). Mean values not sharing letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

Moreover, in both PBLs and in the head kidney, stress-induced
changes in the expression of cxcl8_I2 were prevented by reparixin
and SB225002 injection (Figures 8D, H). In PBLs, stress-induced
increases of cxcl8_11, cxcrl, gesfr and mmp9 were modified neither
by reparixin nor by SB225002 treatment (Figures 8C, J, O, P).

4 Discussion

Stress may pose a serious challenge to immune homeostasis, but
under certain circumstances, stress may prepare the immune
system for challenges such as wounding or infection, which are
likely to happen during a fight or flight response (49). Our study
focused on the role of stress and GR/MR receptors in the process of
neutrophil redistribution in common carp. We hypothesize that the
regulation of this phenomenon depends on: (i) neutrophil
retention/redistribution signals and/or (ii) cell survival.

Stress induced a time-dependent increase in the level of cortisol
and glucose in blood serum (33) and massive elevation of the
number of neutrophils circulating in the blood of carp. Our findings
are consistent with results in other mammalian and fish models,
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e.g., in rodents stress hormones induced significant changes in the
absolute numbers and relative proportions of white blood cells (12,
50). This precise neuroendocrine tailoring of leukocyte proportions
was characterized by the initial mobilization of all leukocytes into
the blood (within minutes after the beginning of a stress challenge),
followed by a decrease in the number of most white blood cells,
while neutrophil numbers, that are key for the innate response,
continued to increase (12, 51). Also, Poller etal. (52) showed a rapid
neutrophilia triggered by acute stress in mice. The regulation of
stress-induced redistribution of neutrophils therefore is an
evolutionary conserved phenomenon (10, 53, 54).

Although stress-induced neutrophilia in rats has been linked to
noradrenergic signaling (12), Poller et al. (52) have shown that,
despite the role of the sympathetic nervous system (SNS) in
accelerating hematopoiesis during chronic variable stress, the SNS
and specifically adrenergic signaling, does not mediate neutrophilia
during acute restraint stress. Also, in our hands blocking of b1-ADR
with atenolol or b2-ADR with ICI-118,551 did not reduce the
stress-evoked elevation of the number of blood neutrophils. On the
contrary, in mice, atenolol, but not ICI-118,551, suppressed
neutrophilia induced by acute cold restraint stress (4°C for 1 h)
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FIGURE 7

10.3389/fimmu.2024.1330995

The in vivo effects of CXCR1/2 blocking on the percentage of neutrophils (PMN) in peripheral blood leukocytes (PBL, A), in the head kidney (HK, B)
and on serum cortisol and glucose level in common carp. 1 hour before stress, fish were i.p. pretreated with a selective inhibitor of CXCR1 and
CXCR2 receptors (Reparixin, REP, 30 mg/kg b.w.), selective CXCR2 receptor inhibitor (SB225002, SB, 2 mg/kg b.w.) or with vehicle (DMSO).
Subsequently, fish were stressed (11 h of restraint, STRESS, black bars). Inhibitor- or vehicle-treated but unstressed control fish (CTR, white bars)
were sampled 12 h post-injection. The percentage of PMNs was measured by flow cytometry based on cell size (FSC) and granularity (SSC). (C)
Representative dot plots of PBL and HK from unstressed and stressed fish treated with vehicle (VEHICLE) or inhibitors (REP, SB). # - dot plots from
control unstressed fish, * - dot plots from fish stressed 11 h. (D) Cortisol level in serum. (E) Glucose level in serum. Data are presented as mean +
standard error (SE) (n > 6). Mean values not sharing letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

(55). Conflicting reports on the effect of catecholamines on
leukocyte redistribution may be caused by the use of different
stressors (12). Immobilization, cold stress, or inflammatory pain
induced different relative increases in concentrations of
catecholamines and glucocorticoids in circulation and this may
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cause different changes in leukocyte distribution (56, 57). Our study
for the first time considers changes in neutrophil redistribution
under a prolonged, 11 h restraint stress in fish. Interestingly, we
show that, in fish pretreated with the b2-ADR antagonist the
number of neutrophilic granulocytes in circulation was even
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FIGURE 8

10.3389/fimmu.2024.1330995

Changes in expression of genes encoding CXC chemokines and receptors, GCSFR and MMP9 in peripheral blood leukocytes (PBL, A-D, 1-K, O, P)
and in the head kidney (HK, E—H, L—N, Q, R) of common carp. 1 hour before stress, fish were i.p. pretreated with inhibitor of CXCR1 and CXCR2
receptors (Reparixin, REP, 30 mg/kg b.w.), selective CXCR2 receptor inhibitor (SB225002, SB, 2 mg/kg b.w.) or with vehicle (DMSO). Subsequently,
fish were stressed (11 h of restraint, STRESS, black bars). Inhibitor- or vehicle-treated but unstressed control fish (CTR, white bars) were sampled 12 h
post injection. Gene expression was determined by RT-gPCR and presented as an x-fold increase compared to unstressed fish (CTR) and
standardized for the housekeeping gene 40S ribosomal protein s11. Data are presented as mean +* standard error (SE) (n = 5-8). Mean values not
sharing letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

higher than in vehicle-treated stressed fish. This suggests that
activation of this receptor inhibits neutrophils release/migration.
Previously, an anti-inflammatory action of b2-ADR agonists was
observed in rodents and birds. For example, in hens, salmeterol (b2-
ADR agonist) reduced the percentage of circulating heterophils
(neutrophils of the avian species) compared to control and
propranolol (b2-ADR antagonist)-treated birds (58) while in mice
isoproterenol (selective b-adrenergic agonist), decreased neutrophil
migration during peritonitis (59).

Similarly to b2-ADR-blocking, also the MC2R antagonist
increased the number of neutrophilic granulocytes in the
circulation of stressed fish above the level observed in vehicle-
treated stressed animals. In this case, it cannot be overlooked that
GPS1573 retains some antagonist effect on the MSH receptors:
MC3R, MC4R and MC5R, but not on MC1R (60). This may, at least
partially, explain the GPS-induced upregulation of PMN numbers,
as it was previously observed that a-MSH, upon binding to MC4R
and MC5R, inhibited the IL-8-induced neutrophil migration in
vitro, and reduced the neutrophil migration to the site of
inflammation in vivo (61-63). Moreover, the GPS-induced
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reduction in cortisol synthesis in stressed fish could be associated
with high levels of catecholamines as it is known that the
phenylethanolamine-N-methyl transferase (PNMT), which
catalyzes the transformation of noradrenaline to adrenaline, is
formed only in the presence of high local concentrations of
cortisol (64). Therefore, during stress, a low cortisol level
potentially elevates the level of noradrenaline. Although, in our
hands blocking of bl- and b2-ADRs did not down-regulate the
stress-induced neutrophil release into circulation. Dhabhar et al.
(12) observed that in adrenalectomized mice, noradrenaline
increased the percentage of neutrophils in circulation (2 hpi).
Therefore, we can speculate that in stressed fish, in the absence of
cortisol, the level of noradrenaline is so high that it stimulates the
release of neutrophils.

Usually in mammals, a stress- or infection-induced increase in
the number of blood neutrophils reflects a mobilization of cells
from different compartments e.g., bone marrow, marginated pool,
spleen, lung, or lymph nodes (12). In our studies, a stress-induced
increase in blood neutrophils was accompanied by a neutrophil
decrease in the hematopoietic organ of fish, the head kidney.
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Previously, this correlation was also observed in carp after an acute
temperature shock (10). This indicates that the head Kkidney is a
source of neutrophils, which emigrate into the circulation during a
stress response. However, we cannot exclude that other
immunocompetent organ, such as e.g., the trunk kidney or
spleen, also serve as a neutrophil reservoir. The latter possibility
can be partially supported by our data indicating that, although GR/
MR blockade significantly reduced the stress-induced increase of
circulating neutrophils, it did not change neutrophil numbers in the
head kidney of stressed fish. As cell proliferation and regulated
redistribution both take place in the head kidney this is difficult to
establish. Our preliminary results indeed show that also in the trunk
kidney, stress (11 h and 24 h of restraint) resulted in decreased
numbers of neutrophils (Supplementary Figure 4). Furthermore,
stress-induced changes in the numbers of neutrophils in the blood
and in the hematopoietic organs are also influenced by the cortisol-
induced and GR-dependent increase in the survival of neutrophils.
In vitro studies in carp revealed that cortisol rescues neutrophils
from apoptosis while RU-486 completely inhibits its anti-apoptotic
effect (15). Also in vivo, such interaction in the head kidney is
feasible as leukocytes, including neutrophils, arise and mature in
this organ and they express cortisol receptors (65). At the same
time, cortisol is produced in the interrenal cells of the head
kidney (9).

Although the mechanisms that regulate neutrophil retention
and redistribution during infection/inflammation are well
described, little is known about the mechanisms that induce
neutrophil motility under stress. Recent elegant work of Tang
et al. (50) showed that in mice, acute restraint stress (6 h) induces
up-regulation of the inflammatory response in blood leukocytes,
suggesting that acute stress leads to an inflammatory state of the
body. Therefore, we hypothesize that infection/inflammation- and
stress-related mechanisms behind neutrophil mobilization are
linked. CXC chemokines and their receptors play a crucial role in
neutrophil redistribution upon infection (32,66-69). During 11 h of
stress, both in PBLs and head kidney, we observed upregulation of
expression of genes encoding CXCL12s and their receptor CXCR4,
as well as the inflammatory CXCL8 chemokines and its putative
receptor CXCR1 but not CXCR2. Interestingly, when cortisol
receptors were blocked, no such upregulation could be observed,
indicating a direct regulation by cortisol-GR/MR interactions.

Both in mammals and zebrafish CXCL12 and CXCR4
interaction plays an important role in neutrophil retention in the
hematopoietic tissues (68, 70). However, Walters et al. (28) found
that depletion of endogenous CXCL12 mRNA did not affect the
neutrophil redistribution in zebrafish larvae, suggesting redundancy
with other factors that also mediate neutrophil retention in
hematopoietic tissues in vivo.

Several studies described the role of CXCL12-CXCR4 interaction
during neutrophil migration towards the skin during inflammation
and wounding (69-72). For example, in zebrafish larvae, cxcr4b and
cxcll2a were expressed at the wound site, and cxcrdb and cxcll2a
CRISPR knockdown showed that CXCL12/CXCR4 signaling may play
an important role in neutrophil retention at inflammatory sites. Both in
knockdown larvae and in fish treated with AMD3100, inhibition ofthe
CXL12/CXCR4 signaling accelerated the resolution of the neutrophils
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from the site of inflammation due to their increased reverse migration
(69). Also, Paredes-Zufiiga et al. (70) found in zebrafish larvae that
CXCL12a/CXCR4b signaling antagonizes inflammatory signals in
response to tissue injury. Compared to wild-type siblings, cxcr4b null
mutant larvae exhibited increased neutrophil recruitment to wounds.
Interestingly, no difference between cxcr4b null mutant larvae and their
wild type siblings was found in the recruitment of neutrophils to the
focus of S. Typhimurium infection-induced inflammation.

Upon infection, increased levels of GCSF decrease the level of
CXCL12 protein and therefore disrupt CXCL12-CXCR4 interaction
and stimulate the release of neutrophils from the bone marrow into
the blood (73). In addition, Levesque et al. (74) found that upon
GCSF-induced mobilization of bone marrow progenitor cells,
CXCR4 is cleaved and truncated, resulting in the loss of
chemotaxis in response to CXCL12. They also found a decrease in
the CXCL12 concentration, due to the accumulation of serine
proteases (neutrophil elastase and cathepsin G, but not proteinase-
3) which directly cleaved and inactivated this chemokine. In our
study, GR/MR-dependent up-regulation of expression of genes
encoding GCSFR and MMP9 suggests that a similar phenomenon
may be initiated during stress in fish. In fish, upregulation of cxcl12
and cxcr4 expression was found at 11 h of stress in PBLs and in the
head kidney. Petit et al. (75) showed similar results of GCSF-induced
transient upregulation of the expression of the CXCL12 gene in bone
marrow in vivo and in vitro, in human and murine osteoblast cell
lines. They proved that the gradual decrease of the bone marrow
CXCL12 protein is mostly connected with its degradation by
neutrophil elastase. As anti-CXCL12 antibodies are unavailable for
carp, we cannot check whether, despite the increase in expression at
the gene level, a similar or opposite phenomenon also occurs at the
protein level. To definitively confirm the importance of the CXCL12-
CXCR4 interaction for neutrophil mobilization during stress, we used
a selective inhibitor of CXCR4 - AMD3100. In clinical trials,
AMD3100 selectively and reversibly antagonized CXCL12 binding
to CXCR4, with subsequent egress of hematopoietic stem cells to the
peripheral blood (76). In mice, AMD3100 caused a 3-fold increase in
the number ofcirculating neutrophils and this increase corresponded
with a decrease of neutrophil numbers in the bone marrow (24).
Similar studies in healthy human volunteers revealed that AMD3100
infusion generated a dose-related increase in the number of
circulating neutrophils (77). Also, in non-mammalian studies in the
little skate (Leucoraja erinacea), a significant mobilization of
leukocytes upon intraperitoneal administration of AMD3100 was
found (78). Surprisingly, at 11 h ofstress in AMD3100-treated carp,
an increase in the PMN percentage in the circulation was not
observed. In unstressed fish treated with AMD3100 the number of
neutrophils slightly but not significantly increased in the blood and
decreased in the head kidney. During stress, AMD3100 evoked a
statistically significant reduction of the neutrophil numbers in the
circulation compared to stressed vehicle-treated fish. Moreover, in the
head kidney, CXCR4 blockage down-regulated the expression of
genes encoding CXCL12s, CXCL8s, MMP-9 as well as CXCR4,
CXCR1 and GCSFR, while in PBLs it upregulated expression of
cxcrd, cxcl8_12 and mmp9. In this context, it is important to
acknowledge that the acute stress response is a critical physiological
mechanism, which ensures that leukocytes are present in the right
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place, at the right time, and in the right state of activation to be
prepared for immune challenges that are likely following upon stress
under natural conditions (12). Examples of such stress-induced
leukocyte trafficking from circulation include skin and other tissues
that can be wounded by a predator or stressor (79). Restraint stress by
netting, which we used in our study, almost perfectly mimics
confinement in nature and involves direct contact of skin with the
net. From an evolutionary point of view, such a situation in nature
might promote immuno-enhancement of skin tissue, which is now
easily exposed to wounding during desperate escape movements.
Therefore, we could not exclude that CXCR4 blockage stimulates
PMN release at earlier time points of stress, accelerating their
migration to injury-exposed organs like the skin. Liu et al. (39)
showed that in mice AMD3100 induced the redistribution of
lymphocytes, monocytes, and neutrophils from primary immune
organs to the secondary immune organs, peripheral tissues and
blood, without compromising neutrophil trafficking to inflamed
sites. Therefore, we performed an additional experiment and
stressed AMD3100-treated fish for 2 h and 5 h. However, in both
time points, we did not observe increased neutrophil numbers in the
blood circulation (Supplementary Figure 5).

Evrard et al. (80) suggested that CXCL12-CXCR4 interaction is
crucial mainly for the retention in the hematopoietic tissue of
proliferative neutrophil precursors (preNeu), while in non-
proliferating neutrophils the expression of CXCR4 is very low.
We can therefore hypothesize that these cells are not sensitive to
AMD3100. However, in a microbiota-driven process, ageing
neutrophils that are present in circulation, upregulate the
expression of CXCR4 on their cell surface, which allows them to
home back to the bone marrow in response to CXCL12. This
ultimately results in the clearance of these leukocytes by resident
macrophages (81). Uhl et al. (82) noticed that in mice with
endotoxemia, inhibition of the chemokine receptor CXCR4 by
AMD3100 or antibody-mediated blockade of CXCL12 did not
change the number of aged neutrophils in the circulation and
bone marrow. In turn, Devi et al. (83) demonstrated that CXCR4
inhibition via AMD3100 does not result in neutrophil mobilization
from the bone marrow. Instead, CXCR4 blockage augmented the
frequency of circulating neutrophils through their release from
alternative reservoirs/marginated pools present in the lung, while
simultaneously preventing neutrophil return to the bone marrow.
We therefore postulate that, like during inflammation, also upon
stress, “age-wise” cells are the first and dominant subtype of
neutrophil to be recruited from hematopoietic tissue. This is in
line with the observation that cells, recruited to the circulation
during stress, have higher cxcr4 expression, which is characteristic
for aged neutrophils (81). Importantly, although the number of
blood neutrophils in AMD3100-treated stressed fish was lower than
in stressed animals treated with vehicle, cxcr4 expression in PBLs
from fish with CXCR4 blockage was significantly higher than in fish
with “intact” CXCR4.

In mammals, GCSF induces not only loosening of CXCL12-
CXCR4 interactions but also increases the CXCL8 concentration in
blood circulation. CXCLS8, acting via CXCR1 and CXCR?2, is one of
the most potent neutrophil chemoattractant (84, 85). Through
different mechanisms of activation, CXCL8 binding activates
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these receptors and induces specific intracellular signaling
cascades that result in rapid neutrophil recruitment (86-88).
Furthermore, Martin et al. (89) found in mice, that maximal
mobilization of neutrophils, stimulated by CXCR2-acting
chemokines, is dependent on the blockade of the CXCR4-
dependent pathway. They also suggested a specific crosstalk
between CXCR2 and CXCR4 in which activation of one
chemokine receptor evokes desensitization of a second chemokine
receptor. Interestingly, during infection/inflammation GCSF also
induces granule proteins including MMP-9 (90-92) which further
potentiated CXCL8 activity by its N-terminal truncation (90-93).

In carp, stress upregulated the expression of genes encoding
CXCL8 chemokines and CXCRL1 in both PBLs and head kidney,
while expression of the gene encoding CXCR2 remains at the same
level in unstressed and stressed fish. In addition, upon stress, a time-
dependent upregulation of mmp9 and gesfr was observed in both
PBLs and head kidney. This indicates that CXCL8 chemokines are
involved in the regulation of stress-induced neutrophil
redistribution from hematopoietic tissues/organs into circulation
and likely MMP-9 is involved in their truncation/activation.
However, we cannot ignore that MMP-9 is also known for its role
in the regulation of neutrophil migration across the basement
membrane and the degradation of the extracellular matrix (94).

The role of the interaction between CXCL8 chemokines and their
putative receptors CXCR1 and CXCR2 in stress-induced redistribution
of neutrophils towards the bloodstream was confirmed in experiments
with CXCR1/CXCR2 inhibitors. Both reparixin (inhibitor of CXCR1
and CXCR2) and SB225002 (inhibitor of CXCR2) lowered the number
of neutrophilic granulocytes observed in circulation upon stress.
Interestingly, only reparixin significantly reduced the stress-induced
upregulation of the expression of cxcl12, cxcr4, mmp9 and gesfr, while
both reparixin and SB225002 prevented such upregulation of cxcl8_I2.
This suggests that expression of cxcl12 and its receptor is mainly
mediated by CXCR1 while expression of cxcl8_I1 is regulated by
CXCR2 or both CXCR1 and CXCR2.

Interestingly, inhibitors of CXCR4 and CXCR1-2 differentially
affected the cortisol levels in stressed fish. We previously published a
detailed explanation of the interaction between CXC chemokines
and the activation of the stress axis and cortisol synthesis and
conversion (33).

Altogether, our data strongly suggest that acute stress led to the
mobilization of the immune system, characterized by neutrophilia,
and this phenomenon is evolutionary well-conserved. We also
revealed that in fish, CXC chemokines and their receptors are
involved in the stress-induced redistribution of PMNs from the
hematopoietic tissue into the peripheral blood and that this
phenomenon is directly regulated by interactions between cortisol
and the GR/MR.

Considering the pivotal importance of neutrophilic granulocytes
to the first line of defense, our results will not only be important for
aquaculture, but they will also contribute to revealing the
mechanisms involved in the stress-induced perturbation in
neutrophil redistribution as often observed in clinical practice.
Prominent examples are Cushing disease, characterized by
increased secretion of ACTH, or glucocorticoid resistance/
insensitivity of several common inflammatory diseases.
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Supplementary Material

1 Supplementary Tables

Supplementary Table 1. Primers sequences, corresponding accession numbers, concentrations and

references.

Gene
(Acc.no)
40s11
(AB012087)
cxcll2a
(AJ627274)
cxcll2b
(AJ536027.3)
cxcrd
(AB012310.1)
cxcl8 11
(AJ421443)
cxcl8 12
(AB470924)

cxcerl
(AB010468)

cXcr2
(AB010713)
mmp9
(AB057407)
gesfr-1
(MH262557)

Primer nucleotide sequences (5'-3")

F

am

Tn

M

Tn

T

: CCGTGGGTGACATCGTTACA
R:

TCAGGACATTGAACCTCACTGTCT

F: CACCGTCACAGATATGTACCATATAGTC
R

GGTGGTCTTTTGCAGAGTCATTT

GAGGAGGACCACCATGCATCT
TTGTGCAAGCAGTCCAGAAGA

: CGGTGTCTGCGTTCATCTATT
R

TTCTTTTGGAAGCCCATCAC

CTGGGATTCCTGACCATTGGT
GTTGGCTCTCTGTTTCAATGCA

: TCACTTCACTGGTGTTGCTC

GGAATTGCTGGCTCTGAATG

: GCAAATTGGTTAGCCTGGTGA

AGGCGACTCCACTGCACAA

: TATGTGCAAACTGATTTCAGGCTTAC

GCACACACTATACCAACCAGATGG

: ATGGGAAAGATGGACTGCTG

TCAAACAGGAAGGGGAAGTG

: GGGCAGCAACTACACAGGA
R:

AGCACCATAGAGGCAGGAG

gM References

1

Huising et al., 2003, 2004; Chadzinskaetal., 2008
van der Aa et al., 2010, 2012; Klak et al., 2022

Huising et al., 2004; Klak et al., 2022

Huising et al., 2004; Klak et al., 2022

Klak et al., 2022

Chadzinska et al., 2008, van der Aa et al., 2010

2012, Klak et al., 2022
van der Aa etal., 2010, 2012; Klak et al., 2022

Huising et al., 2003; Chadzinska et al., 2008, van

der Aaetal., 2010, 2012, Klak et al., 2022

Huising et al., 2003, van der Aa et al., 2010, 2012
Klak et al., 2022

2,25 Chadzinska et al., 2008

1
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2 Supplementary Figures
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Supplementary Figure 1. Percentage of neutrophils (PMNSs) in the head kidney (HK) and in
peripheral blood (PBL) leukocytes of unstressed fish (CTR) sampled at different time points of the
day. Fish were kept at 12L.:12D light regime. Data are presented as mean + standard error (SE) (n =
3-4). Mean values sharing letters indicate no statistically significant differences between groups.
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Supplementary Figure 2. The effect of restraint stress and subsequent recovery the percentage of
neutrophils (PMN) in peripheral blood leukocytes (PBL) of common carp. Fish were left undisturbed
(CTR) or stressed by restraint for 24 h (24 h STRESS). To study the stress recovery process, after 24
h of restraint, one group of fish was released back into the water for 6 h (24 h STRESS + 6h
RELEASE) while another group was released for 12 h (24 h STRESS + 12h RELEASE). The
percentage of PMNs was measured by flow cytometry based on cell size (FSC) and granularity
(SSC). Data are presented as mean + standard error (SE) (n = 4-12). Mean values not sharing letters
(e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).
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Supplementary Material

Supplementary Figure 3. The in vivo effects of ADR, MC2R, GR and MR antagonists on changes in
neutrophilic granulocytes (PMN) percentage in the head kidney (HK) of common carp. 1 hour before
stress, fish were i.p. pretreated with: pi-ADR antagonist (atenolol, 0.213 mg/kg b.w.), P2-ADR
antagonist (ICI1-118,551, ICI, 0.25 mg/kg b.w.), MC2R antagonist (GPS1573, GPS, 1 mg/kg b.w.) or
with antagonist of GRs (RU-486, 2 mg/kg b.w.) or with antagonists of GRs and MRs (RU-486 and
Spironolactone, RU-486+SP, each 2 mg/kg b.w.). Control animals were treated with vehicle (DMSO).
Subsequently, fish were stressed (11 h of restraint, STRESS). Antagonist- or vehicle-treated but
unstressed control fish (CTR) were sampled 12 h post-injection. The percentage of PMNs was
measured by flow cytometry based on cell size (FSC) and granularity (SSC). Data are presented as
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mean + standard error (SE) (n = 6-8). Mean values not sharing letters (e.g. A vs B) indicate statistically
significant differences between groups (p < 0.05). (B) Representative dot plots of HK from unstressed
or stressed (11 h) fish treated with vehicle (VEHICLE) or antagonist (ATENOLOL, ICI, GPS, RU-
486, RU-486+SP). # - dot plots from control unstressed fish, * - dot plots from fish stressed 11 h.

TK

25= A

204

PMN (%)

CTR 2h 5h 11h 24h,
STRESS

Supplementary Figure 4. Restraint stress-induced changes in the redistribution of neutrophils (PMN)
in the trunk kidney (TK) of common carp. Unstressed control fish and stressed fish were sampled at 2,
5, 11 or 24 h of the experiments. The percentage of PMNs was measured by flow cytometry in control
unstressed fish (CTR, white bar) and stressed fish (STRESS, black bars) based on cell size (FSC) and
granularity (SSC). Data are presented as mean + standard error (SE) (n > 5). Mean values not sharing
letters (e.g. A vs B) indicate statistically significant differences between groups (p < 0.05).
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Supplementary Figure 5. The in vivo effect of CXCR4 blocking on the percentage of neutrophils
(PMN) in peripheral blood leukocytes (PBL) and the head kidney (HK) of common carp. 1 hour before
stress, fish were i.p. pretreated with a selective inhibitor of CXCR4 (AMD3100, AMD, 1 mg/kg b.w.)
or with vehicle (PBS). Subsequently, fish were stressed for 2 h (A, B) or 5 h (C, D) by restraint
procedure (STRESS, black bars). Inhibitor- or vehicle-treated but unstressed control fish (CTR, white
bars) were sampled at the same time points post-injection (3 h or 6 h). The percentage of PMNs was
measured by flow cytometry based on cell size (FSC) and granularity (SSC). Data are presented as
mean + standard error (SE) (n = 3-4). Mean values not sharing letters (e.g., A vs B) indicate statistically
significant differences between groups (p < 0.05).
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3. Klak K., Maciuszek M., Michalik A., Mazur M., Zawisza M., Pecio A., Nowak B.,
Chadzinska M. Fire in the belly: stress and antibiotics induce dysbiosis and
inflammation in the gut of common carp. Fish & Shellfish Immunology. 2025,
161:11030.

Badania na ssakach wykazaly, ze stres zmienia sktad mikrobioty jelitowej, zwiekszajac
liczbe bakterii wywotujacych stan zapalny jelit.

Celem pracy byto sprawdzenie wptywu antybiotykow 1 stresu na sktad i roznorodnosé
mikrobioty jelitowe], aktywacje osi stresu mierzong jako wzrost poziomu kortyzolu w surowicy
oraz rozw¢j reakcji zapalnej w jelitach. W celu wywotania dysbiozy karpie traktowano przez
48 godzin mieszanka antybiotykow o szerokim spektrum (neomycyna, metronidazol,
wankomycyna, ampicylina). W 24 godzinie procedury czes¢ ryb zostala poddana 24-
godzinnemu stresowi unieruchomienia.

Wykazano, ze zaréwno antybiotyki jak 1 stres zwiekszaja poziom kortyzolu w surowicy
oraz w roznym stopniu zmieniajg sktad i réznorodnos¢ mikrobioty jelitowe). Antybiotyki
wywotaty dysbioze charakteryzujaca sie obnizeniem liczebnos$ci bakterii z rodzaju Aeromonas,
Bacteroides, Barnesiellaceae, Cetobacterium i Shewanella przy jednoczesnym zwigkszeniu
liczebnosci bakterii z rodzaju Flavobacterium. Stres w mniejszym stopniu wptynal na zmiany
w mikrobiomie, powodujac obnizenie liczebnosci bakterii Cetobacterium 1 zwigkszenie liczby
bakterii z rodzaju Vibrio. Z kolei polaczenie antybiotykoterapii i stresu wywotato dysbioze
charakteryzujaca si¢ przewaga niekorzystnych rodzajéw bakterii (Brevinema, Flavobacterium
i Desulfovibrionaceae). Jednoczes$nie w jelitach zaobserwowano zwiekszong ekspresje genow
kodujacych mediatory prozapalne 1 cytokiny zaangazowane w odpowiedz zalezng od
limfocytow Thl17. W jelitach ryb potraktowanych antybiotykami i stresowanych
zaobserwowano takze zmiany morfologiczne wskazujace na rozwdj reakcji zapalnej, w tym
wzrost liczebnosci komorek kubkowych 1 precikowych oraz zwiekszony naciek neutrofili.

Wyniki te wskazuja, ze antybiotyki 1 stres wywotuja zmiany w mikrobiocie jelitowe]
karpia, ktore prowadza do dysbiozy. Z kolei dysbioza 1 stres wywotuja zalezne od limfocytéw

Th17 zapalenie jelit, ktore manifestuje si¢ zwigkszong migracja/naplywem neutrofili.
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1. Introduction

ABSTRACT

Fish are exposed to numerous stressors which negatively affect their immune response and increase infection
susceptibility. The risk of bacterial infections results in the excessive and preventive use of antibiotics. Therefore,
we aimed to study how antibiotic treatment and restraint stress will affect the stress response, microbiota
composition, gut morphology, and inflammatory reaction in common carp.

Both restraint stress and antibiotic treatment increased cortisol level. Moreover, antibiotics induced dysbiosis
in fish gut, manifested by a decrease in the total abundance of bacteria, and a shift in bacteria diversity, including
a reduced number of Aeromonas, Bacteroides, Barnesiellaceae, Cetobacterium and Shewanella and an increased
abundance of Flavobacterium. To a lesser extent, stress modified gut microbiota, as it decreased bacteria number
and slightly changed the microbiota composition by decreasing Cetobacterium abundance and increasing Vibrio
abundance. Microbiota of the antibiotic-treated and stressed fish shifted from the beneficial bacterial genera -
Cetobacterium and Bacteroides, to the increased presence of unfavorable bacteria such as Brevinema, Fla-
vobacterium and Desulfovibrionaceae.

Stress and antibiotic-induced changes in the gut microbiota were related to the changes in the gut morphology
when the higher abundance of goblet and rodlet cells and increased secretion activity of goblet cells were
observed. Moreover, up-regulation of the expression of genes encoding pro-inflammatory mediators and cyto-
kines involved in the Th17 immune response was present in the gut of the antibiotic-treated and stressed fish.

We conclude that in carp antibiotics and stress alter the abundance and composition of the microbiota and
induce Th17-dependent inflammatory reaction in the gut. Moreover, our results strongly suggest the interplay of
the stress axis and the brain-gut-microbiota axis.

exchange for a niche in a nutrition-sufficient environment, the micro-
biota covers a wide range of functions, including indigestible nutrient

The recognition of the gut microbiota as a fundamental player in host
physiology and pathology has revolutionized research in many fields,
especially in immunology. Microbiota consists of a range of microor-
ganisms, and in healthy individuals, there is a dynamic balance between
symbiotic and pathogenic microorganism communities, which reside on
the mucosal surfaces, including the gut in all vertebrate groups [1-3]. In

* Corresponding author.

metabolism (e.g., carbohydrates into short-chain fatty acids, SCFAs) [4,
5], regulation of development [6,7], and immune response [7-9]. It
must be emphasized that microbiota modulates immune response not
only locally, in the mucosa, but also at the systemic level, by its influence
on innate immune cell production and activity [3,7,10]. The impact of
the microbiota on systemic immunity has been extensively studied but
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has not yet been fully understood. However, it is well-known that the
maintenance of an immune system interdependent on the microbiota is
very complex. In humans, the breakdown of the normal microbial
community increases the risk of pathogen overgrowth and inflammatory
diseases [3]. The failure to control immunity misdirects response against
self, microbiota-derived or environmental antigens [3]. For example, it
is now commonly understood that the gut resident microbiota controls
the growth of lymphocyte subsets, including T helper cells. A particular
lineage of CD4+ Th cells known as T helper 17 (Th17) cells is essential
for host defense and plays a role in the onset of autoimmune illness by
generating the proinflammatory cytokines such as interleukin-17A
(IL-17A), IL-17F, and IL-22, which are involved in neutrophilia, pro-
duction of antimicrobial proteins, as well as tissue remodeling and
repair [11]. In contrast to Thl and Th2 cells, Th17 cells preferentially
aggregate in the colon, suggesting that gut-intrinsic processes may
regulate their formation/maturation. In line with this theory, germ-free
mice or those treated with antibiotics have significantly fewer intestinal
Th17 cells [12-15]. In addition to their protective function, Th17 cells
are also known to exert pathological effects during intestinal inflam-
mation e.g., in Crohn's disease [16].

Many studies demonstrated that exposure to stressors also signifi-
cantly affects the gut microbiota [17-19]. In mammals, elevated plasma
cortisol has been associated with changes in the diversity of the intes-
tinal microbiota [20]. In this case, commonly observed trends include
decreased alpha-diversity and shifts in the relative abundance of the
dominant phyla Bacteroidetes and Firmicutes, with increases in poten-
tially pathogenic and facultative anaerobic Proteobacteria [17,19,
21-23]. Stress exposure has also been shown to cause significant re-
ductions in the highly abundant intestinal bacteria, including the
beneficial Lactobacillus genus [24]. Moreover, interactions between
stress and microbiota were found to be bidirectional as shown in the
study on mice, where stressed germ-free animals exerted substantially
increased hypothalamic-pituitary-adrenal axis (HPA) responsiveness
compared to mice raised with a normal functional microbiota [25,26].

Moreover, glucocorticoids have been shown to exhibit both benefi-
cial and deleterious effects on intestinal barrier function [27]. For
example, in patients with active Crohn's disease, glucocorticoids
induced inflammation remission, which has been associated with
beneficial effects on intestinal barrier permeability [28]. In contrast, in
acute stress studies, increased intestinal permeability was connected
with high endogenous cortisol levels [29,30]. Therefore, the outcomes
of the treatment with glucocorticoids are not entirely understood in the
studies on intestinal barrier function. Some authors showed barrier
function reinforcement after glucocorticoid treatment [31,32], while
others reported glucocorticoid-induced augmentation of intestinal
permeability and bacteria translocation into the inner milieu [33-38].
The potential of the microbiota-gut-brain axis as a therapeutic target
gained therefore much interest in the context of ameliorating
stress-related disorders [39]. Considering the long coevolutionary his-
tory of symbiotic microbes and vertebrates [40,41], the existence of a
bidirectional relationship between intestinal microbial communities and
the highly conserved vertebrate neuroendocrine stress axis should not be
surprising. However, this complex interplay is still not well understood
while modern and highly contextual coevolutionary pressures (e.g.,
stressful environment, microbial resistance or shifts due to extensive use
of antibiotics and/or glucocorticoids) do not simplify this research field
[20,27].

In aquatic environments, fish are exposed to numerous external
factors that challenge their allostasis. These factors include various
stressors, poor diet, antibiotic therapy or pollution, unsuitable envi-
ronmental conditions, as well as exposure to pathogens [42]. Among
responses to a perceived stressor, in fish, the hypothalamus-pituitary--
head kidney axis is activated, resulting in the release of cortisol from the
head kidney interrenal cells [43,44]. The microbiota of fish, especially
their intestinal tract, has been intensively studied, however, data con-
cerning stress-microbiota interactions in fish are still very limited.
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Recently, Uren Webster and colleagues [18] found that in Atlantic
salmon (Salmo salar) fry, a stress-induced increase in cortisol concen-
tration was associated with changes in the diversity and composition of
the gut microbiota. Notably, these changes included a reduced abun-
dance of probiotic lactic acid bacteria and an increased number of
several bacteria genera with pro-inflammatory and opportunistic prop-
erties [18]. Moreover, Zha et al. [45] have found that predation stress
increased the number of Fusobacteria in perch (Perca fluviatilis) gut
microbiota; this change has been suggested to be associated with in-
flammatory disease etiology/progression.

Previous research has shown that, unlike mammals, fish have the
lowest co-phylogeny pattern with microbial species, which most likely is
an outcome of a greater number of transitory environmental bacteria
[40]. In Cyprinids, with particular emphasis on common carp (Cyprinus
carpio L.), the dominant bacterial phyla of the intestinal microbiota are
Firmicutes, Bacterioidetes, Proteobacteria, and Fusobacteria [46-49].
Interestingly, studies describing the composition of common carp
healthy gut microbiota showed a relatively high abundance of Aero-
monas species, including A. hydrophila [50,51]. Their presence and
function during homeostasis may be explained by the high cellulolytic
activity of the intestinal microbiota in the common carp, while the genus
Aeromonas was described as the most important bacteria producing
cellulase [42].

In this study, we determined the effects of acute prolonged restraint
stress on common carp intestinal microbiota, as well as the conse-
quences of stress- and antibiotic-induced dysbiosis for host welfare and
health. We investigated the intestinal microbiota composition and
analyzed histological changes in the gut, gene expression profiles and
immune status of fish.

2. Materials and methods
2.1. Animals

Sexually immature individuals of common carp (Cyprinus carpio L.;
body weight (b.w.) 70-120 g, 8-10 months old, mixed sex; line R3xR8)
were obtained from the Institute of Ichthiobiology and Aquaculture,
Polish Academy of Science, Golysz, Poland. Fish were acclimated for 4
weeks in tanks with recirculating tap water (dissolved oxygen level of
approximately 5 mg/l) at the Institute of Zoology and Biomedical
Research in Krakow, Poland. Continuous aeration at 21 -C and 12L.:12D
light/dark cycle were used. The tap water was previously dechlorinated
and disinfected using UV by the water supplier. Fish were kept in tanks
(volume 3751, flow rate 4 I/min, density 45 fish/tank and 9 kg/m3) and
fed pelleted dry commercial feed (Aller Master, Aller Aqua, Czarna
Dabrowka, Poland) daily at 1 % of their estimated body weight. None of
the fish had been treated with any antibiotics before inclusion in this
study. All fish in the animal facility were subjected to regular veterinary
and microbiological inspections to confirm their health. To avoid
additional stress and/or differences in handling, all sampling was per-
formed by the same person and at the same time of day. All fish were
handled in strict accordance with good animal practice as defined by the
relevant national and local animal welfare bodies. All procedures were
approved by the local ethical committee (2nd Local Institutional Animal

Care and Use Committee (IACUC) in Krakow, Poland, license number
227/2023).

2.2. Antibiotic treatment and restraint stress challenge

After acclimation, 24 experimental healthy common carp individuals
were assigned haphazardly into 4 groups and placed in the new indi-
vidual tanks with aerated tap water that was taken for the experiment
from the pool in which the fish were previously kept and tanks were
maintained under identical environmental conditions (e.g., 21 -C,
photoperiod, and water quality) to prevent environmental factors from
acting as confounding variables. Each group comprised 3 fish in
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duplicated tanks. After 24-h acclimation in experimental tanks, a broad-
spectrum antibiotic cocktail, containing vancomycin (0.01 g/L, Sigma
Aldrich/Merck, MO, USA), neomycin (0.5 g/L, Sigma Aldrich/Merck,
MO, USA), ampicillin (0.5 g/L, Thermo Fisher Scientific, MA, USA) and
metronidazole (0.5 g/L, Sigma Aldrich/Merck, MO, USA) (VNAM), was
dissolved in water of two groups to disrupt the intestinal microbiota as
previously described [52-56]. Vancomycin and metronidazole are
typically used for microbiota depletion, mainly anaerobiotic bacteria,
whereas ampicillin has a widespread antibacterial spectrum, and
neomycin is used against both gram-negative and some gram-positive
bacteria.

Fish from the other two groups were not exposed to any antibiotics.
After 24 h, restraint stress was applied to all individuals from one of the
groups in the tanks containing water and one of the groups in the tanks
with a VNAM antibiotic cocktail. Fish were stressed by netting as
described previously [57,58]. Briefly, each fish was placed in an indi-
vidual net for 24 h, while remaining fully submerged in the water in
their original tank. Fish in the remaining tanks were left undisturbed.
The experiment included procedures lasting 3 days as presented on the
timeline (Fig. 1) and was repeated 3 times independently, while
microbiome analysis was performed on samples collected in 2 inde-
pendent experiments.

Fish were not fed during in vivo procedures. Upon completion of in

vivo treatment fish were sacrificed with a lethal dose of tricaine meth-
anesulfonate (TMS, Sigma-Aldrich, MO, USA, 0.2 g/l with the addition

of 0.8 g/l NaHCO3, POCh, Gliwice, Poland). Unstressed fish were rapidly
euthanized using the same method (<30 s, all at once).

Blood was collected by the puncture of a caudal vein and centrifuged
(800 rcf, 10 min, 4 -C) to collect serum, which was aliquoted and stored
at —20 -C for further determination of cortisol and glucose levels. The
free cortisol level in blood serum was determined using a commercial
immunoassay kit (Lexington Cortisol ELISA Kit, Neogen, KY, USA). The
glucose level was measured with an iXell® glucometer (Ganexo, War-
saw, Poland) as described previously by Klak et al. [57] (Table 1).

2.3. Organ isolation

The entire intestinal tract was removed aseptically. The luminal
contents were flushed out of the intestinal lumen using ice-cooled sterile
phosphate-buffered saline (PBS, 270 mOsM). Subsequently, the gut
devoid of contents was divided into 3 parts: foregut, midgut, and
hindgut.
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Table 1

Changes in cortisol and glucose levels in common carp serum upon antibiotic
and stress challenge. Unstressed control fish and stressed fish were sampled at
24 h of restraint. Data are presented as mean + standard error (SE) (n > 11).
capital letters indicate statistically significant differences means in cortisol
levels, while different lowercase letters indicate statistically significant differ-
ences in glucose levels between groups (p < 0.05).

Cortisol [ng/ml] Glucose [mg/dl] n
Mean (+SE Mean (+SE)
CTR 3,65 (+1,40)A 300,03 (+23,59)a 16-18
ANT 271,37 (+48,60) BC 467,92 (+23,38)b 16-18
STR 110,00 (+16,35)8 448,19 (+43,92)b 16-18
ANT + STR 358,43 (+75,42)C 577,82 (+50,25)b 16-18

For microbiota studies, approximately 2.0 cm of the middle part of
the foregut, midgut, and hindgut was collected using sterile instruments
and dissected alongside. The mucosa microbial content destined for
molecular analyses was isolated by scratching using a sterile scalpel
blade and immediately preserved in ice-cooled 100 % ethanol (HPLC)
for storage at —20 <C until use.

For histological analysis, approximately 1.0 cm long intestinal
samples were collected from the middle part of the foregut, midgut, and
hindgut regions. All samples were then fixed by immersion in Bouin's
fluid (Sigma-Aldrich; MO, USA) for 48 h until further processing.

For analysis of gene expression, intestinal tissues (<<30 mg) from the
middle part of the foregut, midgut, and hindgut were carefully dissected

and immediately transferred to Fix RNA buffer (EURX, Gdansk, Poland)
and kept at 4 -C.

2.4. Amplicon-based microbiome screen

2.4.1. Library preparation and sequencing

The composition of the carp gut microbiome was determined based
on the amplicons of V4 hypervariable region of the bacterial 16S rRNA
gene. DNA was isolated using Bio-Trace DNA Purification Kit (EURX,
Poland, Gdansk) following the manufacturer's protocol. DNA was
extracted from three distinct parts of the gut (foregut, midgut, and
hindgut) from control and experimental fish. Additionally, DNA
extraction was performed from control samples, including water from an
aquarium where experiments were conducted and pelleted dry com-
mercial feed. Samples (experimental and control) and negative controls
(DNA extraction control and molecular-grade water as a PCR control)

Fig. 1. Timeline illustrating the experimental setup. The dotted lines designate time points of: (i) the beginning of fish acclimation in experimental tanks
(ACCLIMATION), (ii) antibiotic treatment period (VNAM TREATMENT), (iii) the beginning of the restraint stress period (CONFINEMENT) and (iv) sampling

(SAMPLING). CTR - control group immersed in water; ANT - group immersed in VNAM cocktail; STR - group immersed in water and stressed by confinement; ANT

+ STR - group immersed in VNAM cocktail and stressed by confinement.
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were used for amplicon library preparation following the two-step
preparation protocol.

In the first round of PCR (27 cycles), V4 region of 16S rDNA was
amplified using specific primers 515F/806R [59,60] with Illumina
adapter stubs. The bead-purified PCR products were used as the tem-
plate for the second indexing PCR reaction (7 cycles). Pooled libraries

were sequenced on an Illumina MiSeq v3 lane (2x300bp reads) (1st
batch) and NextSeq 2000 (2x300bp reads) (2nd batch).

2.4.2. Analyses of amplicon sequencing data

Amplicon data were analyzed using a custom pipeline based on
USEARCH/VSEARCH (available and described at https://github.
com/Symbiosis-JU/Bioinformatic-pipelines). Reads assembled into
contigs were quality-filtered, then dereplicated and denoised, aligned
against the SILVA 138 [61] databases, screened for chimeras using
UCHIME [62], classified taxonomically, and clustered at 97 % identity
level using the nearest-neighbor algorithm and divided into OTUs. Data
on the relative abundance of microorganisms were calculated in
Microsoft® Excel® and visualized using RStudio (Software 2022.02.0 +
443) and Flourish (https://flourish.studio/). Sequence data have been
deposited in GenBank under BioProject number PRINA1136671.

2.4.3. Histological analysis

The foregut, midgut, and hindgut intestine samples (approximately
1.0 cm) from 3 fish in each group were collected individually and
immersed in Bouin's fixative (Sigma-Aldrich; MO, USA) for histology.
After 48 h the fixed samples were moved into 70 % ethanol. Next, the
samples were dehydrated in graded ethanol solutions, followed by a
hydrophobic clearing agent (Xylene, Sigma-Aldrich; MO, USA). Dehy-
drated and cleared samples were then embedded in Paraplast Plus
(Leica; Weltzar, Germany) using an embedding machine and later cut
into 7 i"m-thin sections with microtome (Hyrax M55, Zeiss; Oberkochen,
Germany). The sections were stained with hematoxylin (Chempur;
Piekary Slaskie, Poland) and eosin (H&E stain). All sections were visu-
alized using Nikon Eclipse E600 microscope, digitized using the NIS-
Elements F software and post-processed by Canva. The images were
examined on a computer, using X10 - X40 magnifications. The severity
of enteritis was analyzed in distal intestine sections using a semi-
quantitative scoring system as previously described [63,64].

2.5. Quantitative real-time PCR (RT-qPCR) analysis

2.5.1. Isolation of total RNA and cDNA synthesis

Total RNA was isolated from all samples using GeneMATRIX Uni-
versal RNA Purification Kit (EURX, Gdansk, Poland), including on-
column DNase treatment with the RNase-free DNase, following the
manufacturer’s instructions. To maximize the concentration of RNA,
final elution was carried out in 30 |jl of nuclease-free water (EURX,
Gdansk, Poland). RNA from individual samples were stored at —80 -C
until further analysis.

Prior to cDNA synthesis, total RNA quantification and purity were
measured by spectrophotometry using a Spark® Multimode Microplate
and NanoQuant PlateTM Reader (Tecan, Grodig, Austria). For the cDNA
synthesis reaction, The High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Carlsbad, California, USA) was used, according to
the manufacturer’s protocol. Non-reverse transcriptase (-RT) control
was included. Samples were diluted 5x and stored at —20 -C until further
use.

2.5.2. Real-time quantitative polymerase chain reaction (RT-qPCR)
RT-gPCR was performed using the Rotor-Gene Q, 5-Plex HRM
(Qiagen, Hilden, Germany). Master mix for each RT-qgPCR run was
prepared as follows: 2 ~l of each primer, 7 ~l of SYBR®Select Master Mix
(Applied Biosystems, Carlsbad, California, USA) and 4 ~l of 50 x diluted
cDNA. Supplementary Table 1 contains all used sequences for forward
and reverse primers, including their accession numbers. The 40S

Fish and Shellfish Immunology 161 (2025) 110301

ribosomal protein s11 (40s11) gene served as an internal reference. All
RT-gPCR runs were carried out under the following conditions: 2 min at
50 =C, followed by 2 min at 95 =C, 40 cycles of 15 s at 95 =C and 60 s at
60 -C. To confirm amplification specificity, an analysis of melt curves
was performed by fluorescence detection from 60 to 90 <C at 1 <C in-
tervals, after the end of each run. No amplification was observed in -RT
and non-template control (NTC) samples. The results were analyzed
using Rotor-GeneQ Series Software 2.3.1 and Microsoft® Excel®.

Changes in gene expression upon antibiotic treatment or/and stress
challenge were determined as a ratio of target gene vs. reference gene
(40s11) relative to the expression in control samples according to the
following equation:

) ACttarget (control-sample)
Etarget

) KCtreferencetconirol-sampe)

Ratio= E

Ereference

Where E stands for amplification efficiency and Ct is the number of
PCR cycles needed for the signal to exceed a predetermined threshold
value. Both values were obtained upon comparative quantitation anal-
ysis in Rotor-GeneQ Series Software for each primer set and sample [65].
Based on the mean values of the obtained results, heatmaps were
generated using the Heatmapper web server [66]. The provided gene
expression values were normalized using a z-score transformation,
calculated as z = (x-~)/a, where X is the mean gene expression value for
the given group, p. is the mean of the dataset (the average of all the
scores), and a is the standard deviation. This transformation allows for a
relative comparison of gene expression profiles within each gene. The
colors within the heatmap are defined as follows: (l) blue represents
z-scores below the gene's mean, indicating relatively lower expression
relative to other groups, (Il) white represents z-scores near zero, indi-
cating values close to the gene's average expression, (I1l) red represents
z-scores above the gene's mean, indicating relatively higher expression
compared to other groups.

2.5.3. Statistical analysis

Statistical analysis was performed with GraphPad 9 Software (San
Diego, CA, USA). Results were shown as mean = standard error (SE).
Data were tested for parametric testing criteria with the Shapiro-Wilk
(normality) and Sperman (homogeneity of variances) tests. Data that did
not meet the criteria for normal distribution according to the Shapir-
o-Wilk test were normalized by logarithmic transformation. Antibiotic
and stress effects on changes in cortisol, glucose and mRNA levels were
determined using two-way ANOVA with post hoc Tukey's test. Effects of
antibiotic and stress on severity of enteritis was assessed using Kruskal-
Wallis followed by Dunn's post-hoc test. For all tests, statistically sig-
nificant differences were considered at the level of p < 0.05.

Alpha and beta diversity were analyzed using the software Micrio-
biomeAnalyst (https://www.microbiomeanalyst.ca/). Alpha and Beta
diversity of the microbiomes in the foregut, midgut and hindgut were
analyzed using Chao and Shannon indexes. The total number ofbacterial
reads, i.e., the number of bacteria in a fish gut as discrete variables, was
compared between the groups. All bacterial genera were compared ac-
cording to the number within the groups. Moreover, in lower taxonomic
ranks comparison of the most prevalent bacteria (in case of the preva-
lence being >1 % of the total amount of bacteria) was performed. Re-
sults were considered statistically significant at p < 0.05.

3. Results
3.1. Stress response after antibiotic-induced dysbiosis

To evaluate the influence of antibiotic-induced dysbiosis on stress
response in common carp, control fish, and fish with antibiotic-induced
dysbiosis were subjected to prolonged restraint stress. Subsequently, the

cortisol and glucose levels in blood plasma were determined. As ex-
pected, restraint stress induced a significant increase in the cortisol and
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glucose levels in blood plasma (Table 1). Cortisol and glucose levels in
blood plasma were also significantly higher in the fish treated with
antibiotics than in the control fish and did not significantly differ from
those in the stressed fish. Cortisol levels in the fish treated with antibi-
otics and subjected to restraint stress were significantly higher than in
the stressed fish, while there was no significant difference in the glucose
level between those groups (Table 1).

3.2. Gut microbiota

First, we characterized the microbiota of the foregut, midgut, and
hindgut of healthy control fish. The gut microbiota was identified based
on sequences of the V4 region of their 16S rDNA gene obtained through
high-throughput amplicon sequencing. The total number of 16S rDNA
reads after all analysis steps, including initial decontamination, was
11690615 (3604 reads per sample on average). Within this data, we
identified 3244 OTUs. The obtained data were subsequently critically
checked, and OTUs representing bacteria present in the control tap
water were removed from the dataset (Supplementary Fig. 1). Among
the final 3244 OTUs Aeromonas, Bacteroidetes, Barnesiellaceae Brevinema,
Cetobacterium, Flavobacterium, Shewanella, ZOR0006 and Vibrio genera
were found to be the most dominant in all segments of the gut of control
fish (Fig. 2). We did not observe statistically significant differences in the
microbial richness (Chao Index, Fig. 3A), bacteria diversity (Shannon
Index, Fig. 3B; Simpson Index, Fig. 3C) and Beta diversity (Fig. 3D)
between these 3 parts of intestines.

In the next step, microbiota changes upon antibiotic- and stress-
treatment in the whole intestine (pooled data from the foregut,
midgut, and hindgut) were analyzed. Statistically significant differences
between antibiotic-treated fish and both control and stressed fish were
found in microbial diversity (Shannon Index, Fig. 4B). Also, the Simpson
Index (Fig. 4C) was significantly different between the control group -
CTR (unstressed, untreated fish) and antibiotic-treated - ANT (p =

Foregut
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0.021053), stressed - STR (p = 0.015196) and antibiotic-treated and
stressed fish ANT + STR (p = 0.0036579). We did not observe differ-
ences in the microbial richness between differentially treated fish groups
(Chao Index, Fig. 4A). We found strong beta diversity (the Bray-Curtis
Index) in bacterial communities between control and experimental
groups (p = 0.001) (Fig. 4D). Furthermore, such differences were
observed between each treatment group albeit ANT and ANT + STR
groups (p = 0.327) (Fig. 4E).

Both antibiotic treatment and stress changed the diversity and
abundance of gut microbiota in the carp gut (Fig. 5). A significant
reduction of bacteria abundance was observed in ANT group compared
to the CTR (42 % reduction, p = 0.003) and in the fish from ANT + STR
group (24 % reduction, p = 0.01) (Fig. 5A). Moreover, a slight but sig-
nificant reduction in the abundance of bacteria genera was observed
after stress (6 % reduction compared to CTR, p = 0.04) (Fig. 5A). In the
gut of ANT fish reduced abundance of Aeromonas, Bacteroides, Barne-
siellaceae, Cetobacterium, Shewanella, Vibrio and ZOR0006 was observed,
while the abundance of Desulfovibrionaceae and Flavobacterium was
elevated in the gut of these fish compared to CTR group. At the same
time, in the gut of ANT + STR fish, an increased abundance of Myco-
plasma was observed compared to ANT fish. Additionally, in the gut of
the STR group the abundance of Cetobacterium was reduced, when
compared to CTR (Fig. 5B). Furthermore, in tanks where stressed or
antibiotic-treated fish were kept, the diversity and relative abundance of
bacteria genera in the water differed significantly compared to water
from tanks with control unstressed fish (Supplementary Fig. 2).

As both antibiotics and stress induced changes in the bacterial genera
diversity in the whole gut we decided to analyze the effects of stress and
antibiotic treatment in the specific gut segments: foregut, midgut, and
hindgut (Fig. 6). In the foregut of ANT and ANT + STR fish, a decrease in
the number of Aeromonas, Bacteroides, Barnesiellaceae, Cetobacterium and
Shewanella bacteria and increase of Acinetobacter, Delftia, and Fla-
vobacterium abundance were observed, compared to CTR fish. Moreover,

Relative abudanee

Fig. 2. Diversity and relative abundance of bacterial genera in the foregut, midgut and hindgut of control untreated and non-stressed carp. The table shows the
average number of readings (relative abundance) in the control, untreated, and non-stressed fish (n = 12).
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Fig. 3. Alpha and beta diversity of microbial genus in foregut, midgut, and hindgut in the control untreated and non-stressed carp. Box-and-whisker plots for
comparison of alpha diversity as diversity indices (Chaol (A) and Shannon (B)). Statistical analysis was performed using ANOVA and post-hoc pairwise comparison
(multiple-group only). (C) Two-dimensional principal coordinate analysis (PCoA) with Bray-Curtis Index of bacterial communities between different segments.
Statistical analysis was performed using PERMANOVA and pairwise PERMANOVA analysis. The multi-testing adjustment is based on Benjamini-Hochberg procedure

(FDR). Every point in the plot represents a sample from one fish (n = 12).

the reduction of Crenobacter, Rahnella and Vibrio and the increase of
Aurantimicrobium, Polynucleobacter, and Pseudomonas abundance were
observed only in the foregut in ANT + STR group. An increased abun-
dance of Vibrio and ZOR0006 was found in the foregut of STR compared
to CTR fish (Fig. 6). In the midgut of ANT and ANT + STR group,
decreased abundance of Aeromonas, Bacteroides, Barnesiellaceae, Ceto-
bacterium, Crenobacter (ANT + STR group), Shewanella and ZOR0006
was observed, while antibiotics increased in this part of the gut abun-
dance of Acinetobacter, Delftia (ANT and ANT + STR), Brevinema (ANT +
STR), Flavobacterium (ANT) and Mycoplasma (ANT + STR) (Fig. 6). In the
midgut of the fish from STR group, reduction of Aeromonas, Bacteroides
and Cetobacterium, while an increase of Brevinema and Vibrio was
observed. In the hindgut, a decrease of Aeromonas, Bacteroides, Barne-
siellaceae, Cetobacterium, Crenobacter, Shewanella, Vibrio and ZOR0006
abundance and increase number of Desulfovibrionaceae and Fla-
vobacterium (ANT) was observed in ANT and ANT + STR groups.
Moreover, in ANT + STR group, we observed a higher number of My-
coplasma and Pseudomonas. In the hindgut of STR group, we observed a
decrease in the number of Cetobacterium and an increase in Desulfovi-
brionaceae and Flavobacterium (Fig. 6).

3.2.1. Expression of inflammation-related genes in the gut

To verify if stress- and/or antibiotic-induced dysbiosis of microbiota
induced gut inflammation the expression of inflammation-related genes
in the foregut, midgut and hindgut was measured (Fig. 7). The strongest
effects of the treatments were observed in the foregut where significant
upregulation of the expression of genes encoding proinflammatory cy-
tokines and chemokines (il-1p, il-23p19, il-12p35, il-17a/f2, il-17c, il-
17d2, cxcl8_I2, cxcb2), tir4 and anti-inflammatory il-10 was observed in
ANT + STR fish. Interestingly, il-1p expression was significantly upre-
gulated in the foregut of ANT group. The cxcl8_I1 expression was
downregulated in the foregut of all treatment groups (ANT, STR and
ANT + STR). No significant differences were observed between groups

for cxcbl, cxcl1l2a, and cxcl12b expression levels.

In the midgut, a significant increase in the expression of il-1p, il-17a/
f2, and il-17c genes was observed in ANT group. The expression of
cxcl8_I1 was significantly lower in ANT group than in the CTR or STR
fish. The expression of cxcbl and cxch2 genes was significantly upre-
gulated in ANT + STR group, when compared to the other groups. No
significant differences were observed in tlr-4, il-23p19, il-12p35, cxcl8_I2,
cxcl12a, cxcl12b and il-10 mRNA levels between the groups.

The gene expression analysis in hindgut revealed a significant
upregulation of the expression of cxchl in ANT + STR fish when
compared with CTR or STR groups, while it was not significantly
different from ANT group. Moreover, the il-10 expression was signifi-
cantly upregulated in the ANT group, compared to the control. No sig-
nificant differences were observed in the expression of the remaining
genes (tlr-4, il-1p, il-23p19, il-12p35, il-17a/f2, il-17c, il-17d2, cxcl8_l1,
cxcl8_l2, cxcb2, cxcll2a and cxcl12b) between control and treated fish
groups (Fig. 7).

3.2.2. Histopathological changes in the gut

All samples of fore-, mid- and hindgut showed similar organization of
intestinal histology showing mucosa, submucosa and muscularis sur-
rounded by serosa. Mucosa was composed of a monolayer of columnar
epithelium and lamina propria and was surrounded by submucosa.
Except for columnar enterocytes and apically situated goblet cells,
typical for gut epithelium (Fig. 8A-C"), rodlet cells, intraepithelial
lymphocytes (Supplementary Fig. 3C) and eosinophilic granular cells
(Supplementary Fig. 3C) as well as McKnight cells (Supplementary
Fig. 3D) were observed. While the organization of intestinal histology
and types of cells were the same in fish from all treatments, there were
some overall differences between fish from different treatments. In
particular, inflammatory infiltrate composed of lymphocytes, neutro-
phils and macrophages was present in mucosa and submucosa of all the
fish treated with antibiotics and subjected to restrain stress (Fig. 8D-L")
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Beta diversity

the pairwise PERMANOVA

Pairs p-value
CTRvs ANT 0.001
CTRvs STR 0.002
CTRvs ANT+STR 0.001

ANTvs STR 0.002
ANT vs ANT+STR 0.327
STRvs ANT+STR 0.001

Fig. 4. Effects of stress and antibiotic treatment on the alpha and beta diversity of bacteria genera in the in the whole intestine of common carp. CTR - control
unstressed fish, ANT - unstressed fish treated with an antibiotic cocktail containing vancomycin (0.01 g/L), neomycin (0.5 g/L), ampicillin (0.5 g/L) and metro-
nidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint stress), and ANT + STR - stressed fish treated with antibiotic VNAM cocktail. Box-and-whisker plots for
comparison of alpha diversity as diversity indices (Chaol (A) and Shannon (B)). Values not sharing capital letters (e.g., A vs B) indicate statistically significant
differences between groups in all 3 intestine segments (A) (p < 0.05). Statistical analysis was performed using ANOVA and post-hoc pairwise comparison (multiple-
group only). (B) Two-dimensional principal coordinate analysis (PCoA) with Bray-Curtis Index of bacterial communities between different segments. Statistical
analysis was performed using PERMANOVA and pairwise PERMANOVA analysis (D). The multi-testing adjustment is based on Benjamini-Hochberg procedure. Every

point in the plot represents a sample from one fish (n = 12).

irrespective of the part of the gut sampled. As a result, the abundance of
lymphocytes, eosinophilic granular cells and neutrophils differed be-
tween fish from different treatment groups (Fig. 8D-L"). Inflammatory
infiltrate was less common in fish treated with antibiotics (2 out of 3)
and in stressed fish (1 out of3) and was mostly observed in the foregut in
submucosa. Lymphocytes and rare eosinophilic granular cells, a few
macrophages and neutrophils were present in lamina propria
(Supplementary Figs. 3A-C). In the fore and mid part of the gut goblet
and rodlet cells were rare (Fig. 8A', B'), whereas they became more
common towards the posterior part (Fig. 8C"). In all treatment groups,
intestinal epithelium contained more goblet and rodlet cells than the
controls (Fig. 8F', I'). Their abundance was noticeably greater in ANT +
STR group, where they became dominant in the epithelium, especially in
the hindgut (Fig. 8L"). Moreover, the secretion activity of goblet cells
increased in the mid and hindgut, which was documented not only by
their increased abundance but also by the presence of mucus in the
lumen as observed during sampling. Mucus was abundant in the group
treated with antibiotics and stress and observed both grossly and in
histology (Fig. 81', H'). Other observed alterations in the histological
observation in the treatment group included the pronounced widening
of lamina propria and more visible capillaries (Fig. 8D', E', K"). Based on
histological examination, cellular response to treatment was variable
between individuals. However, there were clear differences for some
variables as shown by the scores for enteritis (Supplementary Table 2).
In particular, the score for the size of supranuclear vacuoles for ANT,
STR and ANT +STR was significantly greater than control. Furthermore,
scores for an increase in goblet cells, granular eosinophilic cells and size
of lamina propria were significantly increased in ANT + STR in com-
parison to controls and the two other treatment groups. This suggests
that enteritis was most severe in the distal intestine of carp from ANT +

STR group.
4. Discussion

Intensive aquaculture is a generator of many stressors what nega-
tively affect fish immune response and increase fish susceptibility to
infections, including bacterial diseases. This results in the excessive and
often preventive use of antibiotics [67]. Therefore, in the current
research, we studied how antibiotic treatment and restraint stress would
affect the activation of the stress axis, measured by the level of cortisol
and glucose in the blood plasma, and the condition of the gut of the
common carp.

As expected, antibiotics induced dysbiosis in fish gut, manifested by
a decrease in the total abundance of bacteria, and a shift in bacteria
diversity. The detailed analysis of the abundance and diversity of bac-
teria in all examined parts of gut showed that antibiotic treatment
reduced the number of bacteria from the genera: Aeromonas, Bacteroides,
Barnesiellaceae, Cetobacterium and Shewanella, while it increased the
relative abundance of Flavobacterium. When characterizing the bacteria
whose number decreased after antibiotic therapy, it is worth noting that
Cetobacterium, which belongs to the Fusobacteriota phylum, are the most
abundant bacteria in the Cyprinid gut [50,68]. Itis an obligate anaerobe
responsible for vitamin B12 production [69], which can activate the
parasympathetic nervous system and increase insulin expression as well
as sugar uptake [70]. Bacteroides (also known as Bacteroidota), an obli-
gate anaerobe of the gastrointestinal tract both in mammals and fish, is
involved in steroid metabolism and synthesis of proteins, glucose and
lipid and food fermentation [50,71,72]. Moreover, included in Bacter-
oidota phylum, Barnesiellaceae regulates fat and energy metabolism [73]
and in fish, its high abundance was associated with a good health status

94



K. Klak et al.

Barnesiellaceae (uncultured) O Brevinema QCetobacterium  Crenobacter
Delftia  Desulfovibrionaceae (uncultured)  Flavobacterium  Mycoplasma
Polynudeobacter ~ Pseudomonas ~ Rahnella  Shewanella  Vibrio
ZOR0006

CTR ANT STR ANT+STR
ZOR0006 g b g b
a b a
Vibrio - . - ?
a b ab b
Shewanella . . .
a a a a
Rahnella * .
a
Pseudomonas aé) %b 9
a
Polynudeobacter ab ab P
a ? a b
Mycoplasma . . -
) a b a b
Flavobacterium - . -
. a b
Desulfovibrionaceae - qb t.)
Delfia a 3 a a
Crenobacter a ab a b
a b c b
Cetobacterium - - - -
. a a a a
Brevinema - - -
! a b b b
Barnesiellaceae - .

(J8)
o

<
(=2

Bacteroides

Aurantimicrobium a @ a é.l

Aeromonas i P i t.)

Acinetobacter & a a ?
Relative abundance < 20000 = 40000 60000 £ 80000

Fig. 5. Effects of stress and antibiotic treatment on the diversity and relative
abundance of bacteria genera in the gut of common carp. CTR - control un-
stressed fish, ANT - unstressed fish treated with an antibiotic cocktail con-
taining vancomycin (0.01 g/L), neomycin (0.5 g/L), ampicillin (0.5 g/L) and
metronidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint stress), and
ANT + STR - stressed fish treated with antibiotic VNAM cocktail. (A) - changes
in the number and average relative abundance of bacteria genera (n =12), (B) -
statistically significant differences between bacteria genera in fish from
different experimental groups (n = 12). The blob sizes correspond to the rela-
tive abundance of the bacterial genera. Values not sharing capital letters (e.g., A
vs B) indicate statistically significant differences between groups in the gut (p
< 0.05). Statistical analysis was performed using two-way ANOVA with sub-
sequent Tukey"s pairwise multiple comparisons test.
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of the fish [74]. Shewanella is a facultative anaerobe Gram-negative
bacterium, mainly present on fish skin and in the gut [75] and is
involved in fermentation, the breakdown of sugars and the production of
hydrogen sulfide. Aeromonas species are known as facultative anaerobes
involved in the fermentation of organic compounds and reduction of
nitrates in the fish gut [67,76]. However, some Aeromonas species are
pathogenic to fish [76,77]. Similarly to Aeromonas and Pseudomonas,
Shewanella can induce infection [75]. As mentioned above, antibiotic
treatment increased abundance of Flavobacterium in carp gut. It belongs
to the phylum Bacteroidota and is a Gram-negative bacterium widely
distributed in aquatic environments, including freshwater and marine
ecosystems. It plays a crucial role in the degradation of organic matter,
especially complex polysaccharides, however, it was found to be very
pathogenic to both Cyprinids and Salmonids [78,79]. It can cause fla-
vobacteriosis such as columnaris disease, cold water disease or bacterial
gill disease [80].

Similar results indicating antibiotic-induced changes in fish gut
microbiota were previously obtained for grass carp (Ctenopharyngodon
idella) gut, where after 28 days of antibiotic treatment a decreased
abundance of Cetobacterium and Bacteroides was found [56] as well as in
zebrafish (Danio rerio) where erythromycin declined numbers of Fuso-
bacteria, Proteobacteria and Bacteroidetes but increased the abundance of
Spirochaetes (Brevinema) [81]. Antibiotic treatments decreased abun-
dance of Cetobacterium in other studies on zebrafish [82], channel catfish
(Ictalurus punctatus) [83], and Devils Hole pupfish (Cyprinodon diabolis)
[84]. In gilthead seabream (Sparus aurata), a decrease in the abundance
of Vibrio and an increase in the gut abundance of Brevinema were also
observed after 24 h of antibiotic therapy (VNAM) [85].

To a lesser extent, stress caused a decrease in the number of bacteria
and slightly changed the microbiota composition. In this case, the most
visible changes concerned a decrease in Cetobacterium abundance and an
increase in Vibrio abundance. Vibrio is a facultative anaerobe and obli-
gate endosymbiont, which takes part in fermentation [50] and some
Vibrio species are used as probiotics [86], however, other Vibrio species
e.g. V. anguillarum, V. vulnificus, and V. alginolyticus, are well-known fish
pathogens causing vibriosis [87].

Stress has been connected with microbial shifts in the population
profile of intestinal microbiota of humans and rodents [88,89] as well as
fish (e.g. Atlantic salmon fry, grass carp) [18,56]. In mammals, stress
decreased the abundance of bacteria from the Lactobacillus genus
(reviewed by Bailey [90]). Moreover, in stressed mice, Gao et al. [89]
observed an increased abundance of inflammation-promoting species of
Helicobacter, Peptostreptococcaceae, Streptococcus, and Enterococcus fae-
calis and a decreased number of Rikenella, Roseburia, and Lachnospir-
aceae genera. Many studies suggest that stress-induced alterations in the
intestinal microbiota promote enteric infection and the overproduction
of inflammatory mediators [90]. Elevated cortisol levels were associated
with a marked decline in the lactic acid bacteria (Carnobacterium sp.)
and an increase in the abundance of bacteria from classes Clostridia and
Gammaproteobacteria [18].

High cortisol levels can affect the growth and proliferation of bac-
teria, directly or indirectly, via modification of the immune response
[18]. For example, an in vitro study showed that cortisol caused a direct
shift in the dental microbiome and increased the abundance of bacteria
from Fusobacteria phylum, particularly Leptotrichia goodfellowii and
Fusobacterium nucleatum [91]. On the other hand, the administration of
cortisol reduced, in a dose-dependent manner, the growth of Fla-
vobacterium columnare, a well-known pathogen of freshwater fish [92].
Interestingly, a positive correlation between the presence of high fecal
cortisol and the abundant occurrence of Yersinia, Pseudomonas, Acine-
tobacter and Aeromonas was shown in Atlantic salmon fry [18]. In
salmonid fish, stress-induced cortisol elevation correlated with altered
community richness and composition of the skin and fecal microbiome,
what promoted the proliferation of opportunistic pathogens [93]. In
Chinook salmon (Oncorhynchus tshawytscha), long-term treatment with
slow-release implants of the corticosteroids, cortisol or dexamethasone
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Fig. 6. Effects of stress and antibiotic treatment on the relative abundance of bacteria genera in the foregut, midgut, and hindgut of common carp. CTR - control
unstressed fish, ANT - unstressed fish treated with an antibiotic cocktail containing vancomycin (0.01 g/L), neomycin (0.5 g/L), ampicillin (0.5 g/L) and metro-
nidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint stress), and ANT + STR - stressed fish treated with antibiotic VNAM cocktail. The blob sizes correspond
to the average relative abundance of the bacterial genera from each group (n = 12). Values not sharing capital letters (e.g., A vs B) indicate statistically significant
differences between groups in particular intestinal segments (foregut, midgut, or hindgut) (p < 0.05). Statistical analysis was performed using two-way ANOVA with

subsequent Tukey*s pairwise multiple comparisons test.

resulted in changes in the gut microbiota [94]. Furthermore, Maltz and
colleagues [95] found that during bacterial infection social stress in-
duces widespread changes in the mice gut microbiota and in its
morphology. An increased concentration of pro-inflammatory cytokines
in the colon (inos, tnf-a, il-1p) and a decreased level of protective SCFAs
were observed during the same experiment [95]. Similarly to our results,
under the influence of social stress, there was a decrease in the total
abundance of beneficial bacteria from phyla: Verrucomicrobiota, Bacillot,
and Bacteroida and an increase in Campylobacterota (Helicobacter) and
Bacteroidetes abundance. Increased abundance of these bacteria was also
correlated with the development of intestinal inflammation [96]. This
study also showed that stress exposure increased susceptibility to the
pathogen and colonic inflammation during infection with Citrobacter
rodentium [95]. Increased levels of pro-inflammatory cytokines and
changes in the gut microbiota were also observed in mice under
temperature-induced stress [97] and after cortisol administration,
where reduction of probiotic lactic acid-producing bacteria and increase
of proinflammatory bacteria was found [98-100].

We found that antibiotic-treated and stressed fish showed increased
abundance of Mycoplasma, Polynucleobacter and Pseudomonas. Myco-
plasma belongs to Firmicutes, and this phylum is considered the second
most important bacteria group found in the carp/fish gut microbiota
[101]. In fish, Mycoplasma species can be part of the normal microbiota

e.g. rainbow trout (Oncorhynchus mykiss) [102,103] and longjaw mud-
sucker (Gillichthys mirabilis) [104] however they are also often associ-
ated with various infections, particularly in stressed or
immunocompromised fish [105]. Polynucleobacter is mainly present in
the microbiota of fish skin and gills [106]. Pseudomonas is a facultative
anaerobe, participating in the breakdown of hydrocarbons and denitri-
fication. Some species of Pseudomonas can be opportunistic pathogens
for fish, particularly under stressful conditions or when the fish immune
system is compromised. For example, Pseudomonas aeruginosa and
Pseudomonas fluorescens can cause diseases such as fin rot, tail rot, and
pseudomoniasis [107].

Our study shows that both antibiotics and stress can induce the
microbiota shift from the beneficial bacterial strains - Cetobacterium and
Bacteroides, to the increased presence of unfavorable bacteria such as
Brevinema, Flavobacterium and Desulfovibrionaceae. Litvak and col-
leagues [108] suggested that antibiotic treatment induced epithelial
oxidation, which led to a shift in the microbiota from obligate anaerobes
to facultative bacterial overgrowth. This was also observed in grass carp,
where antibiotic-induced dysbiosis reduced the abundance of Ceto-
bacterium and increased the amount of facultative photosynthetic bac-
teria Rhodobacter [56].

We found that the changes in the abundance and diversity of gut
bacteria in carp induced by stress and antibiotic-treatment changes in
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Fig. 7. Heatmaps showing stress-induced changes in the expression of immune-related genes in the foregut, midgut, and hindgut of common carp with VNAM-
disrupted intestinal microbiota. CTR - control group immersed in water; ANT - group immersed in VNAM cocktail; STR - group immersed in water and stressed
by confinement; ANT + STR - group immersed in VNAM cocktail and stressed by confinement. Mean gene expression values were normalized using a z-score
transformation by the Heatmapper web server [66]. Created heatmaps show a relative comparison of gene expression profiles within each gene. The colors within the
heatmap are defined as the blue-white-red scheme gradient as follows: (1) blue represents z-scores below the gene*s mean, indicating relatively lower expression to
other groups (z < 0), (I1) white represents z-scores near zero, indicating values close to the gene*s average expression (z = 0), (I11) red represents z-scores above the
gene's mean, indicating relatively higher expression compared to other groups (z > 0). One rectangle presents mean data from n = 9-12 fish. Mean values not sharing
capital letters (e.g., A vs B) indicate statistically significant differences between groups in particular intestinal segments (foregut, midgut, or hindgut) (p < 0.05).
Statistical analysis was performed using two-way ANOVA with subsequent Tukey*s pairwise multiple comparisons test. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

the abundance and diversity of gut bacteria in carp were related to the
changes in the morphology as well as in the expression of immune-
related genes in the gut. In fish from the ANT + STR group abundance
of goblet and rodlet cells were higher than in control fish. Moreover, the
increased secretion activity of goblet cells was observed in the mid and
hindgut of fish from ANT + STR group. This observation suggested that
fish from this group developed intestinal inflammation. Previously,
Yang and colleagues [81] found a higher occurrence of goblet cells in the
gut of zebrafish exposed to antibiotic treatment. Such increase in goblet
cell number was also regarded as the host immunomodulatory response
to the dysbiosis of the intestinal microbiota, which was causing dis-
ruptions to intestinal homeostasis and the immune system [109].
Furthermore, the fish from ANT + STR group had the highest score of
enteritis in their distal intestine.

The observation that antibiotic treatment and stress induced
inflammation in carp gut was further tested by the gene expression
analysis, where up-regulation of the expression of genes encoding pro-
inflammatory mediators and cytokines involved in the inflammatory
and Th17 response (il-1P, il-23p19, il-12p35, il-17c, il-17a/f2, il-17d2,
cxcl8_l2, cxch2 and tir4) were measured in the foregut of fish treated with
antibiotics and subjected to stress. Previously, upregulation of TLR4 was
associated in mammals with inflammatory pathologies, particularly
those of gastrointestinal origin [110,111]. Similarly, in fish, Su et al.
[112] reported upregulation oftlr4 expression after bacterial infection in
rare minnow (Gobiocypris rarus) gut and implied TLR4 signaling
pathway activation, which is known to lead to changes in the tran-
scription of various effector proteins and pro-inflammatory cytokines
[113]. We found that fish with antibiotic-induced dysbiosis had
up-regulated expression of proinflammatory il-1P in the foregut and
midgut. That result corresponds with previous studies on grass carp [56]
with antibiotic-induced dysbiosis, where up-regulation of this
pro-inflammatory cytokine was also detected. Interestingly, in our study
il-1P expression was significantly higher in the foregut of fish with
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antibiotic-induced dysbiosis that subsequently was stressed. Shaw et al.
[15]study revealed that the microbiota induced the production of IL-1P
in lamina priopria phagocytes and that stimulation of IL-1P -IL-1R
signaling drove the generation of intestinal steady state Thl7 cells
(sTh17). Moreover, IL-1P induces the generation of pathogenic Th17
cells (induction of IL-17 production in naive precursors) [114]. Our
study suggests that antibiotic treatment created an il-1P-rich microen-
vironment in the foregut, what could potentially promote the generation
of pathogenic Th17 cells. It is very likely that subsequent stress aggra-
vated these pathological conditions. Moreover, in fish from ANT + STR
group, we observed a significant increase in the expression of il-23p19,
encoding IL-23 subunit alpha. It should be mentioned here, that in mice,
Th17 cells formed in the presence of rcIL-23 had proinflammatory po-
tential, while in IL-23 deficient mice inflammatory disease is prevented
[115,116].

Previous studies of mice indicated that metabolites of fine-tuned
microbiota can suppress il-1P secretion, which leads to reduced
neutrophil recruitment and activation [117]. In our study, increased
mRNA level of il-1P in the gut of antibiotic-treated and subsequently
stressed fish suggested that antibiotic-induced dysbiosis discontinued
the anti-inflammatory properties of healthy microbiota metabolites and
may have augmented gut inflammatory reaction. As such, dysbiosis of
the gut microbiota may shape the Treg/Th17 commitment to mucosal
immunity. Constantly elevated inflammatory mediator levels can
initiate pathological processes that may lead to several chronic disorders
and influence susceptibility to autoimmune inflammatory diseases.
Furthermore, defects in the Th17 cell differentiation may predispose the
host to infections at mucosal surfaces [118]. Considering the dynamic
balance in intestinal immunity and the important role in promoting
inflammation and host innate immune responses against pathogens, we
examined the gene expression ofthe IL-17 cytokine family. These studies
revealed that il-17a/f2, il17c and il-17d2 levels were elevated in the
foregut of fish from ANT + STR group and in the midgut of fish treated
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Fig. 8. Histology of cross-sections of foregut, midgut, and hindgut stained with
hematoxylin and eosin (H&E) of common carp from four experimental groups:
CTR - control carp immersed in water, ANT - carp immersed in VNAM cocktail,
STR - carp immersed in water and stressed by confinement, and ANT + STR -
carp immersed in VNAM cocktail and stressed by confinement. Photos marked
with an apostrophe (‘) show an enlargement of the selected area (yellow frame).
The scale bar is 100 |rm (black line) or 50 |[rm (light line). An enterocyte is
shown with a blue arrow, a rodlet cell is shown with a white arrow, a goblet cell
is shown with an orange arrow, a lamina propria is shown with a yellow in-
dicator and mucus in the lumen is shown with a black arrow. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

with antibiotics. Based on higher IL-17A expression levels observed in
patients with active ulcerative colitis and Crohn's disease, Nielsen et al.
[119] linked the role of IL-17A to sustaining intestinal inflammation in
IBD. Also, in grass carp, short-term exposure to antibiotics induced
significant up-regulation of the expression of gene encoding fish-specific
IL-17N cytokine [56]. The proinflammatory potential of the upregulated
profile of genes encoding the IL-17 family is further supported by gene
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upregulation of proinflammatory CXCL8_L2, and CXCbl chemotactic
cytokines, that guide leukocyte migration.

Results indicating that microbiota disruption may provoke in-
flammations in the gut were previously described both for mammals and
fish (e.g., Sun et al. [56,120]). Two scenarios are considered in the
literature as the causative factors of this kind of diseases: (i) more
frequent presence of pro-inflammatory bacteria [121-123] or (ii)
reduced frequency of other bacteria species that attenuate inflammation
[124]. Uncontrolled intestinal inflammation results in epithelial damage
that promotes bacteria entry into the intestinal lamina propria (known
as the leaky gut). Moreover, inflammation can potentially reduce the
number of peace-keeping bacteria species and favor more resistant
?ng%r]essive pathobionts, thus sustaining an inflammatory loop [125,

Antibiotic treatment increased serum cortisol and glucose levels
resembling values observed in fish after exposure to restraint stress. The
fish treated with an antibiotic cocktail and subsequently stressed had
serum cortisol level significantly higher than the stressed fish without
antibiotic treatment. These results imply bidirectional brain-gut inter-
action where not only stress can change the abundance and composition
of gut microbiota but also microbiota changes can affect stress response
[127,128]. Similarly, in the study of Sudo and colleagues [25], an
exaggerated HPA response was reported in germ-free mice compared to
animals housed under specific pathogen-free conditions, which was
reversed by reconstruction with Bifidobacterium infantis. Microbiota
seems to regulate HPA response to prevent exaggerated immune
response and/or autoimmunity. There are numerous pathways through
which gut microbiota communicates with the brain. These include
activation of the vagus nerve, production of microbial metabolites (i.e.,
SCFAs), and enteroendocrine cell signaling [129]. Therefore
microbiota-gut-brain axis regulates central physiological processes, such
as neurotransmission and neuroendocrine-immune signaling that are all
adopted in stress-related responses [129,130].

5. Conclusions

Taken together, our findings show that in common carp combined
antibiotic treatment and restraint stress altered the abundance and
composition of the gut microbiota and polarized the immune system
toward a Thl7-dependent pro-inflammatory configuration. Further
research is required to determine whether in this case, intestinal
inflammation is a direct result of the microbiota dysbiosis and subse-
quent changes in the level of microbial metabolites e.g. SCFAs, or the
mechanisms regulating this phenomenon are even more complex and
involved for example modification of gut-brain axis. The latter is prob-
able, as antibiotic treatment and subsequent stressing significantly in-
crease the activation of stress axis.

It could be therefore concluded that microbiota influences health and
welfare of lower vertebrates including fish. Moreover, we believe that
our findings are relevant to broader research on stress-related diseases,
which are linked to microbiota dysbiosis.
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Supplementary materials

Supplementary Table 1. Primer sequences, concentrations, and corresponding accession numbers.

Gene

(NBCl acc.no)
40s11
(AB012087)
cxclli2a
(AJ627274)
cxcll2b
(AJ536027)
il-16
(KC008576)
cxcl8_l11
(AJ421443)
cxcl8_12
(AB470924)
cxcbl
(AB082985)
cxcb2
(IJN104598)
tira

(XM 042736549)
il-10
(AB110780)
il-23p19
(HM231139)
il-12p35
(AJ580354)
il-17a/f2
(LC151601)
il-17c
(XM_019125070)
il-17d2
(LC151614)

Primer nucleotide sequences (5'-3")

o B x> v e B> v R L B> v [ B> v S N o R L B> v B 1 B o B L B o B L B> v Bt B o A L B v B L N> v B > v A R R v

: CCGTGGGTGACATCGTTACA

: TCAGGACATTGAACCTCACTGTCT
: CACCGTCACAGATATGTACCATATAGTC
: GGTGGTCTTTTGCAGAGTCATTT

: GAGGAGGACCACCATGCATCT

: TTGTGCAAGCAGTCCAGAAGA

: AAGGAGGCCAGTGGCTCTGT

: CCTGAAGAAGAGGAGGCTGTCA

: CTGGGATTCCTGACCATTGGT

: GTTGGCTCTCTGTTTCAATGCA

: TCACTTCACTGGTGTTGCTC

: GGAATTGCTGGCTCTGAATG

: GGGCAGGTGTTTTTGTGTTGA

: AAGAGCGACTTGCGGGTATG

: AGGCAGGTGCTTCTGTGCTGACA
: TTCATGCATTTCCGCTCTGCGCT

TCAAAACGGATCACACTGCA

: TGAAAGCTCCTGGTTCAATGT

: CGCCAGCATAAAGAACTCGT

: TGCCAAATACTGCTCGATGT

: CTCGCTCTGAAAAACTACACCAGG
: GGCACGCTCTCTCCACTTACT

: TGCTTCTCTGTCTCTGTGATGGA

: CACAGCTGCAGTCGTTCTTGA

- ATGTCCTGATAAATGGGCAGTGAG
: TGTCCTGATAAATGGGCAGTGAGT
: GTGCCTGTGAAGCAAACTCG

: TGCACAGGTACAGGCTACAG

: GGAGCAGATGTTCGGGAGAC

: CGAGACGCTGATTGACAGGT

p-M
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Supplementary table 2. Distal intestine enteritis in common carp as a result of dysbiosis and stress. The degree
of enteritis was assessed using a semi-quantitative scoring system for the different variables as described
previously [63, 64]. MF - mucosal folds (1 — basal length; 2 — some shrinkage and bloating; 3 — diffused shrinkage
and onset of tissue disruption; 4 — diffused tissue disruption; 5 — total tissue disruption); SNV — supranuclear
vacuoles (1 — basal size; 2 — some size reduction; 3 — diffused size reduction; 4 — onset of extinction; 5 —no SNV);
LP — lamina propria (1 — normal size, 2 — increased size; 3 — medium size; 4 — large size; 5 — largest size; SM -
subepithelial mucosa (normal size; 2 —increased size; 3 — medium size; 4 — large size; 5 — largest size. GC — goblet
cells (1 — scattered cells; 2 — increased number and sparsely distributed; 3 — diffused number widely spread; 4 —
densely grouped cells; 5 — highly abundant and tightly-packed cells; EG — eosinophilic granulocytes (1 — few in
SM; 2 —increased number in SM and some migration into LP; 3 —increased migration into LP; 4 —diffused number
in LP and SM; 5 —dense EG in LP and SM; Data are presented as mean score * standard error (SE) (n = 3). Different
letter (e.g. A vs B) indicates statistically significant differences in mean scores between groups (p < 0.05).

CTR ANT STR ANT+STR

MF | 1.00(+0.00)A | 1.00(£0.00)A | 1.00 (+0.00) A | 1.00 (+ 0.00) A
SNV | 1.00 (£+0.00) A | 2.00(+0.00)B | 2.00(£0.00)B | 2.00 (+0.00) B
LP | 1.33(+0.00) A | 2.00 (+ 0.00) AB | 2.00 (+ 0.00) AB | 3.33 (+ 0.33) B
SM | 1.00(£0.00)A | 2.00(£0.00)A | 1.67(£0.33)A | 1.67 (+0.33) A
GC | 1.00(£0.00) A | 2.00 (+ 0.00) AB | 1.67 (+ 0.33) AB | 3.33 (+ 0.33) B
EG | 1.00(+0.00) A | 2.00 (+ 0.00) AB | 1.00 (£ 0.00) A | 4.00 (+ 0.00) B
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Relative abundance

Supplementary Figure 1.
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Supplementary Figure 2.
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Supplementary Figure 3.
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Supplementary Figure 4.
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Supplementary Figure 5.
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Figure titles:

Supplementary Figure 1. The diversity and relative abundance of bacteria genera in the
water from tanks, where fish were kept.

Supplementary Figure 2. Effects of stress and antibiotic treatment on the diversity and
relative abundance of bacteria genera in the water from tanks, where fish from different
treatments were kept. CTR - tank from control unstressed fish, ANT - tank from
unstressed fish treated with antibiotic cocktail (a broad-spectrum antibiotic cocktail,
containing vancomycin (0.01 g/L), neomycin (0.5 g/L), ampicillin (0.5 g/L) and
metronidazole (0.5 g/L) (VNAM)), STR - tank from stressed fish (24 h restraint stress), and
ANT+STR - tank from stressed fish treated with antibiotic VNAM cocktail.

Supplementary Figure 3. Histology of cross-sections of foregut (A-B, D) and midgut (C)
stained with hematoxylin and eosin (H&E) of common carp from three experimental
groups: ANT - carp immersed in VNAM cocktail (A); STR — group immersed in water and
stressed by confinement (D) and ANT+STR - carp immersed in VNAM cocktail and
stressed by confinement (B-C). The scale bar is 50 pm. An example of a macrophage is
shown with a blue arrow (A-C), a neutrophil is shown with a green arrow (A), a lymphocyte
is shown with a red arrow (A-B), an eosinophilic granular cell is shown with an orange
arrow (C), the intraepithelial lymphocyte is shown with a grey arrow (C) and McKnight cells
are shown with white arrows (D).

Supplementary Figures 4-5. Stress-induced changes in the expression of immune-
related genes in the foregut, midgut, and hindgut of common carp with VNAM-disrupted
intestinal microbiota. UNSTRESSED and STRESSED (24 h of confinement) fish were
sampled at 48 h of the experiment. CTR represents the control group immersed in water,
while ANT represents fish immersed in an antibiotic VNAM cocktail (0.01 g/L Vancomycin,
0.5 g/L Neomycin, 0.5 g/L Ampicillin and 0.5 g/L of Metronidazole). Within both, CTR and
ANT groups, results are depicted with dots for the not-stressed fish and triangles for the
stressed fish. Data are presented as mean data from n=9-12 fish * standard error (SE).
Statistical analysis was performed using two-way ANOVA with subsequent Tukey’s
pairwise multiple comparisons test. Mean values not sharing letters (e.g., Avs B) indicate
statistically significant differences in particular intestinal segments (foregut, midgut, or
hindgut) (p < 0.05). Gene expression was determined by RT-gPCR and presented as an x-
fold increase change compared to unstressed fish (CTR) and standardized for the
housekeeping gene 40S ribosomal protein s11.
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4. Klak K., Maciuszek M., Kralka J., Pecio A., Nowak B., Konstantinidis I.,
Galindo-Villegas J., Chadzinska M., Microbiome dysbiosis affects stress response
in common carp. Manuskrypt w przygotowaniu.

W poprzedniej pracy (Klak 1 in., 2025) wykazano, ze antybiotyki 1 stres wywotuja u
karpia dysbioze mikrobioty jelitowej oraz reakcje zapalng w jelitach, manifestujaca si¢ m.in.
naciekiem neutrofili. Ponadto, u niestresowanych zwierzat z wywotang antybiotykami dysbioza
zaobserwowano zwigkszony poziom kortyzolu.

Celem pracy bylo zbadanie wplywu wywotane] antybiotykami dysbiozy na aktywnos¢
osi stresu (HPI) 1 na wywotang stresem redystrybucje neutrofili. Sprawdzono rowniez wpltyw
dysbiozy i/lub stresu na profil transkryptomiczny oraz aktywno$¢ fagocytarng neutrofili nerki
glowowe;.

Wykazano, ze 24-godzinny stres powoduje wzrost poziomu kortyzolu w surowicy.
Réwniez wywotana antybiotykami dysbioza zwigzana jest ze wzrostem poziomu kortyzolu,
a ryby z dysbioza, ktore poddano stresowi miaty w surowicy istotnie wyzszy poziom kortyzolu
w porownaniu do ryb stresowanych z nienaruszong mikrobiota. Ponadto, w nerce glowowej ryb
stresowanych zaobserwowano zwigkszenie ekspresji gendw kodujacych biatka regulujace
steroidogeneze (star, cypl1b1) i konwersje kortyzolu (//b-hsd2 i 3). Jednak u stresowanych ryb
z wywotang antybiotykami dysbioza nie dochodzito do wzrostu ekspresji star 1 cypllb. U
zwierzat tych zarowno w podwzgorzu jak 1 w nerce glowowe] zwigkszala sie natomiast
ekspresja genu kodujacego prozapalng Il-1f. Dysbioza 1 stres zwigkszaly takze w nerce
glowowej 1 w leukocytach krwi obwodowej ekspresje gendw zaangazowanych w pobudzanie
granulocytopoezy (gcsfr) 1 migracji neutrofili (cxcl8 12 1 cxcrl). Odnotowano réwniez, ze
zarbwno w wyniku stresu jak i dysbiozy dochodzi do redystrybucji neutrofili do krwi
obwodowej, jednak wzrost procentu neutrofili we krwi byl nizszy u stresowanych ryb
z dysbioza niz u osobnikow stresowanych z nienaruszong mikrobiota. Aby sprawdzi¢, czy
wynika to z redystrybucji neutrofili z krwi do tkanek peryferycznych (skoéra, skrzela), czy tez
jest to wynik zaburzonej granulocytopoezy/dojrzewania neutrofili w nerce glowowej zbadano
morfologie skory 1 skrzeli, wykonano analize transkryptomu neutrofili nerki glowowej oraz
zbadano aktywno$¢ tych komorek. Stwierdzono, ze neutrofile pozyskane od zwierzat
stresowanych wykazaty wyzsza ekspresje gendw zwigzanych z aktywnoscia antyapoptotycza
(podwyzszenie ekspresji hifla, cd8 1 obnizenie frim36), oraz obnizona ekspresje genow
zwigzanych z odpowiedzig przeciwwirusowa (dhx38, irf3, irf7, statl) 1 zwigzang
z rozpoznawaniem sygnatow pochodzacych z mikrobioty (gpr43), a takze obnizong ekspresje

cxcr4 zwigzanego z retencja 1 dojrzewaniem neutrofili w nerce gtowowej. Wykazano ponadto,
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ze podobnie jak podczas stresu, ryby z dysbioza wykazuja zwigkszong ekspresje hifla, a takze
obnizong ekspresje dhx58, irf3, irf7 i statl 1 cxcr4. U tych ryb zaobserwowano takze
zwigkszong ekspresj¢ Icp2a, cybl 1 zmniejszong ekspresje icam?2, camp, trpv3, il10 1 1gfp, co
sugeruje wptyw dysbiozy na wtasciwosci adhezyjne i migracyjne oraz proliferacje i aktywnos¢
przeciwdrobnoustrojowa/prozapalng. W neutrofilach pochodzacych z nerki glowowej ryb
stresowanych z wywotlang dysbioza zaobserwowano podniesienie ekspresji mmp9 1 obnizenie
ekspresji mpx 1 cxcr4) a takze wzrost ekspresji gendw zwigzanych z rozpoznaniem i prezentacja
antygenow; mhcl, trb, nlrp12, dhx58 oraz odpowiedzig prozapalng i przeciwwirusowa (irf3,
irf7, statl 1 illf). Stwierdzono réwniez, ze zarOwno stres jak 1 wywotana antybiotykami
dysbioza obnizaja aktywnos$¢ fagocytarng neutrofili.

Uzyskane wyniki wskazuja, ze mikrobiota zaangazowana jest w regulacje odpowiedzi
na stres, w tym wptywa na wywotang stresem granulocytopoeze, proces dojrzewania neutrofili,

ich redystrybucje oraz aktywnos¢.
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Abstract

In both fish and mammals, the immune and stress responses are interconnected, with glucocorticoids
affecting the number (increasing neutrophil-to-lymphocyte ratio) and activity of leukocytes and
cytokines/chemokines regulating the activation of the stress response. There is growing evidence for
the involvement of the gastrointestinal microbiota in that crosstalk.

Here, we investigated the effects of antibiotic-induced microbiota depletion/dysbiosis on the
activity of the stress axis, including stress-induced neutrophil redistribution in common carp. We
studied changes in the expression of key genes involved in stress regulation, as well as genes involved
in neutrophil retention, release and migration. To evaluate neutrophil maturation and activity in a
hematopoietic niche, we performed gene expression analysis, bulk RNA sequencing and checked the
phagocytic activity of the head kidney-derived neutrophils.

Fish experiencing stress during dysbiosis had higher cortisol level than stressed fish with an
undisturbed microbiota. Non-stressed fish with dysbiosis also had significantly elevated cortisol level.
Moreover, in organs forming stress axis of antibiotic-treated stressed fish we observed upregulation
of il-1B expression. In this fish, we also noted increased expression of genes associated with
granulocytopoiesis (g-csfr) and neutrophil migration (cxc/8 2 and cxcr1) in the head kidney and in
blood leukocytes. Neutrophilia occurred in all treatment groups, however, in dysbiotic fish, both
stressed and unstressed, neutrophilia was significantly less severe than in stressed fish with intact
microbiota. In stressed fish with dysbiosis, transcriptome analysis of head kidney-derived neutrophils
revealed decreased expression of mpx and cxcr4, and upregulation of mmp9 expression, indicating an
enhanced migratory behavior in line with altered maturation. Moreover, increased expression of
mhcl, trb, nlrp12, dhx58, irf3, irf7, statl and il183 expression suggests enhanced antigen presentation,
inflammasome activation, and alterations in neutrophil function, potentially indicating neutrophil-
cytotoxic T cell interplay. In turn, the transcriptomic profile of neutrophils derived from head kidney
of stressed fish was directed towards antiapoptotic activity (upregulation of hifla, cd8 and
downregulation of trim36), and showed decreased expression of gene encoding SCFA receptor
(gpr43) and genes related to antiviral activity (dhx58, irf3, irf7, statl). Similarly to stressed fish,
unstressed dysbiotic fish exhibited upregulation of the expression of hifla, alongside downregulation
of the expression of dhx58, irf3, irf7, statl. Moreover, they showed increased expression of mmp9,
Icp2a, cybl and decreased expression of icam2, camp, trpv5, il10 and tgf8, what suggests altered
adhesion and migratory properties, as well as changed proliferatory and antimicrobial/ inflammatory
activity. Furthermore, significantly reduced phagocytic activity was observed in the head kidney
neutrophils from unstressed antibiotic-treated fish, as well as in stressed animals (both with intact
and disbiotic microbiota) compared to control fish.

The obtained results indicate that the microbiota is involved in the regulation of the stress
response, including its influence on stress-induced granulocytopoiesis, neutrophil maturation, as well
as their redistribution and activity.

Key words: restraint stress, antibiotic-induced dysbiosis, neutrophil activity, CXC chemokines and
receptors, HPI axis
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1. Introduction

As ectothermic vertebrates that inhabit aquatic environments, fish often experience environmental
changes, and some of them, such as exposure to pollutants, crowding, and changes in water
parameters (e.g., temperature, salinity, pH, oxygen level), induce a stress response. The well-
described three-level stress response in fish mirrors that of other vertebrates. The primary response
involves two neuroendocrine axes: the hypothalamus-sympathetic-chromaffin cell (adrenal medulla
homologue) axis, which triggers the release of catecholamines (adrenaline, noradrenaline), and the
hypothalamic-pituitary-interrenal (HPI) axis, which produces cortisol in the interrenal tissue of the
head kidney (analogous to the adrenal cortex) (Wendelaar Bonga, 1997). The HPI axis is initiated by
the release of corticotrophin-releasing hormone (CRH) from the hypothalamic nucleus preopticus
(NPO). The next level involves the anterior pituitary, where adrenocorticotropic hormone (ACTH) is
cleaved from the larger proopiomelanocortin (POMC) protein (Metz et al., 2006b; Wendelaar Bonga,
1997). ACTH secretion is stimulated upon CRH binding to the CRH receptor (CRHR). This process is
regulated by CRH-binding protein (CRH-BP), which modulates CRH activity due to its affinity equal to
or even greater than the CRHR (Westphal, Nicole, J., 2006). The interrenal tissue produces cortisol
upon ACTH binding to melanocortin receptor 2 (MC2R) (Bouyoucos et al., 2021). Cortisol maintains
organismal allostasis via mineralocorticoid (MR) and glucocorticoid (GR) receptors. Teleosts show
remarkable conservation in the core part of cortisol biosynthesis compared to humans. This pathway
involves steroidogenic acute regulatory protein (StAR), which facilitates the mitochondrial transfer of
cholesterol that is further enzymatically converted to pregnenolone. In the next steps, pregnenolone
is enzymatically converted into 11-deoxycortisol, and 11B-hydroxylase (CYP11B1) completes this
process by converting 11-deoxycortisol into cortisol. The activity of steroid hormones is also
regulated by 11B-HSD dehydrogenases (Tokarz et al., 2015). In fish, 11B-hydroxysteroid
dehydrogenase type 3 (11B-HSD3) functionally resembles mammalian cortisone reductase (11B-
hydroxysteroid dehydrogenase type 1, 113-HSD1), which converts the inactive cortisone into active
cortisol. Conversely, 11B-hydroxysteroid dehydrogenase type 2 (11B-HSD2) converts cortisol into its
inactive form, cortisone (Baker, 2004; Chapman et al., 2013; Payne and Hales, 2004). As a result of the
release of stress hormones, the secondary response stimulates physiological and behavioral
adjustments, modulates some metabolic pathways that alter immune response, and affects
hematological parameters. The tertiary response arises with prolonged stress and affects the whole
organism physiology, including disease resistance (Barton, 2002). Prolonged stress can cause so-called
allostatic overload, increasing disease susceptibility and mortality rates (Sneddon et al., 2016).
Therefore, the stress axis must be tightly regulated to avoid allostatic overloads while providing
emergency coordination of affected systems. In both fish and mammals, the immune response is
interconnected with the stress response, with glucocorticoids affecting the number and activity of
leukocytes (Chakraborty et al., 2021; Jones, 2012; Reiske et al., 2020; Verburg-van Kemenade et al.,
2017) and cytokines/chemokines regulating the activation of the stress response. For example, our
previous studies clearly indicated that CXC chemokines and their receptors are involved in the
regulation of HPI activation and cortisol production/conversion in fish (Klak et al., 2022; Pijanowski et
al., 2019).

Furthermore, in mammals, the activation of the stress axis depends on the composition of the
gastrointestinal microbiota. For example, research involving germ-free mice revealed exaggerated
responsiveness of the hypothalamic-pituitary-adrenal (HPA) axis to acute stress (Luo et al., 2018;
Sudo et al., 2004; Crumeyrolle-Arias et al., 2014), while social stressors changed the gut microbiota
composition (Bailey et al., 2011). Many other studies revealed microbial engagement via the vagus
nerve in the modulation of the responsiveness of the cortisol-HPA axis (Chen et al., 2021; Marca et
al., 2011). Additionally, studies on rodents and humans showed that fecal microbiota transplantation
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from depressed donors induced depressive-like phenotypes in the non-depressed microbe-depleted
recipients (Kelly et al., 2016; Wang et al., 2020; Zheng et al., 2016).

In vertebrates, including teleost fish, the stress response is manifested by increased levels of cortisol
and glucose, as well as a higher percentage of neutrophils in the blood circulation (Dhabhar et al.,
2012; Klak et al., 2024). The immediate mobilization of neutrophils into the circulation induced by
stress is believed to be highly adaptive, as it protects the host against potential injuries and infections
that may occur during the fight or flight stress response. This hypothesis is in agreement with the
results of Dhabhar and colleagues (Dhabhar et al., 1996), who claimed that in rodents, neural and
endocrine factors released during stress signal specific leukocytes to exit the peripheral blood and
enter other immune compartments (lymph nodes, Peyer’s patches, bone marrow, lung, skin, mucosa,
spleen, and other tissues) while sustaining blood neutrophilia. Recently, we found that restraint stress
in common carp mobilizes neutrophil redistribution from the hematopoietic tissues, especially from
the head kidney. We also showed that this phenomenon in common carp is regulated by the
interaction of CXC chemokines and CXCR receptors and is cortisol-dependent (Klak et al., 2024). The
mechanisms maintaining immature neutrophils in hematopoietic organs and stimulating their
redistribution during inflammation and stress are highly conserved across different species (Dhabhar
et al., 2012; Klak et al., 2024). In teleost fish, as in mammals, CXC ligands drive neutrophil activation
and migration (Laing, 2004). In mammals, neutrophils are produced and mature in the bone marrow,
which serves as the main neutrophil reservoir. However, inside the blood vessels of other organs such
as the lungs, liver, and spleen, a pool of non-circulating cells forms a reservoir of mature neutrophils
(Hidalgo et al., 2019). In teleost fish, the head kidney serves as the primary hematopoietic tissue
where neutrophils are produced and mature. Their maturation follows several stages and is
accompanied by the sequential formation of characteristic primary (azurophilic), secondary (specific),
and tertiary (gelatinase) effector granules (Lawrence et al., 2018). The role of the master regulator of
granulopoiesis relies on the granulocyte-colony stimulating factor (G-CSF), known to regulate steady-
state hematopoiesis (proliferation and differentiation of neutrophil progenitors) (Gregory et al.,
2007). Additionally, it modulates neutrophil functional maturation and mobilization into the
bloodstream (Gregory et al., 2007). Administration of G-CSF results in a significant increase in
circulating neutrophils, associated with decreased CXCL12 protein level in the bone marrow and
decreased CXCR4 expression on the neutrophil surface (Hyun et al., 2006; Petit et al., 2002).
Interestingly, the long-latency effects of G-CSF (hours to days) are distinct from those mediated by
chemokine receptor signaling, such as the CXCR2 axis, which can induce a rapid neutrophil release
within minutes to hours (Hidalgo and Casanova-Acebes, 2021). The maturation process of
neutrophils, before being released into circulation or later in a marginal pool on blood vessel walls,
involves distinct morphological changes along with stage-specific expression patterns of neutrophil
surface receptors (Khoyratty et al., 2021; Kirchberger et al., 2024). Studies have shown that in mice,
the interaction of CXCL12 chemokine with the CXCR4 receptor on neutrophils retains these cells
within the bone marrow (De Filippo and Rankin, 2018; Eash et al., 2009). Once in the bloodstream, in
the absence of inflammation, neutrophils undergo a process of aging, also defined as senescence,
where their function gradually declines until they are eventually cleared by tissues such as the liver,
spleen, or bone marrow by stromal macrophages or in the periphery by tissue-resident macrophages
(Malengier-Devlies et al., 2021). The clearance of aged, senescent neutrophils at bone marrow sites is
CXCR4-dependent, and its surface expression increases as neutrophil age (Martin et al., 2003; Suratt
et al., 2004).

In case of infection or stress, the number of peripheral blood neutrophils can increase rapidly
(Dhabhar et al., 2012). Moreover, in mice, it has been shown that during inflammation, the first cells
recruited into the blood circulation are aged neutrophils, characterized by higher expression of CXCR4
and TLR and lower expression of L-selectin (CD62L) (Uhl et al., 2016; Zhang et al., 2015). It is

116



190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

important to mention that aged and non-aged neutrophils exhibit differences in the expression of
neutrophil elastase (NE), myeloperoxidase (MPQO), and bactericidal/permeability-increasing protein
(BPI), which are higher in aged cells. Moreover, aged neutrophils exhibit increased phagocytic
capacity, higher ROS production, and expanded production of neutrophil extracellular traps (NETs),
while non-aged cells can proliferate (Martinelli et al., 2004; Taneja et al., 2008). When leaving the
blood capillaries, both neutrophil populations differ in the dynamics of the initial endothelial cell
interactions. Uhl et al. (2016) have shown that upon LPS treatment, aged neutrophils rolled and
firmly adhered in postcapillary venules, as well as transmigrated into the perivascular tissue faster
than non-aged cells (Uhl et al., 2016). Rising evidence suggests a critical role for the gut microbiota in
neutrophil aging, as well as in the tonic regulation of neutrophil production and phagocytic capacity
in the bone marrow (Balmer et al., 2014; Clarke et al., 2010; Khosravi et al., 2014; Zhang et al., 2015).
The microbiota drives neutrophil aging via Toll-like receptors (TLRs) and myeloid differentiation factor
88 (Myd88)-dependent signhaling pathways (Uhl et al., 2016; Zhang et al., 2015) and Zhang and co-
workers (Zhang et al., 2015) found that microbiota depletion significantly reduced the number of
aged circulating neutrophils.

Previous studies on fish have highlighted the crucial role of CXC chemokines in the regulation of
neutrophil redistribution during inflammation and stress (de Oliveira et al., 2013; Kepka et al., 2013;
Klak et al., 2024; van der Aa et al., 2012, 2010). However, it remains unclear whether in fish, stress
preferentially induces the redistribution of aged neutrophils and whether this process is dependent
on microbiota. Therefore, we investigated how microbiota depletion affects the stress response, as
well as the redistribution, maturation, and activity of neutrophils in common carp.

2. Materials and methods

2.1. Animals

Juvenile common carp (Cyprinus carpio L.; body weight (b.w.) 70-120 g, 8-10 months; line R3xR8)
were obtained from the Institute of Ichthiobiology and Aquaculture, Polish Academy of Science,
Golysz, Poland. Before experiments, fish were acclimated for 4 weeks at 21°C in tanks (volume 375 |,
flow rate 4 I/min, density 45 fish/tank and 9 kg/m?3) with recirculating tap water and continuous
aeration in 12L:12D light/dark cycle) at the Institute of Zoology and Biomedical Research in Krakow,
Poland. Fish were fed daily with pelleted dry commercial feed (Aller Master, Aller Aqua, Czarna
Dabréwka, Poland) at 1% of their estimated body weight. None of the fish had been treated with
antibiotics before this study. All animals were handled in strict accordance with good animal practice
as defined by the relevant national and local animal welfare bodies.

2.2. Antibiotic treatment and restraint stress challenge

Antibiotic treatment and restraint stress challenge were performed as described by Klak, Maciuszek
et al. (2024). Briefly, after acclimation, 24 individuals of healthy common carp were randomly
assigned to experimental groups. Each group comprised 6 fish placed in separate tanks with aerated
tap water (21°C). Fish from two tanks were pretreated with a broad-spectrum antibiotic cocktail,
containing Vancomycin (0,01 g/L, Sigma Aldrich/Merck, MO, USA), Neomycin (0,5 g/L, Sigma
Aldrich/Merck, MO, USA), Ampicillin (0,5 g/L, Thermo Fisher Scientific, MA, USA) and Metronidazole
(0,5 g/L, Sigma Aldrich/Merck, MO, USA) (VNAM), to induce dysbiosis of the microbiota (ANT groups).
Fish from the other two tanks were not exposed to antibiotics (INT groups). After 24 hours, half of
the fish from the INT and VNAM groups were stressed by the confinement as described previously
(Klak and Maciuszek, 2024). Fish in the remaining tanks were left undisturbed. The experiment was
performed twice. To avoid additional stress and/or differences in handling, all samplings were
performed by the same person and at the same time of day (9 a.m. VNAM treatment (24h),
confinement (24 h), sampling), resulting in N=6 control (CTR - not exposed to any antibiotics and
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unstressed), N=6 stressed (STR - not exposed to any antibiotics but stressed for 24 h), N=6 antibiotic-
treated (ANT — 48 h in VNAM cocktail and unstressed), and N=6 antibiotic-treated and stressed (ANT
— 48 h in VNAM cocktail and restrained for 24 h) fish. The fish were not fed during the in vivo
procedures. Upon completion of the antibiotic trial, and restraint stress period, the fish were rapidly
euthanized (<30 s, all at once) using a lethal dose of tricaine methanesulfonate (TMS, Sigma-Aldrich,
MO, USA, 0.2 g/l with the addition of 0.8 g/| NaHCO3, POCh, Gliwice, Poland). Unstressed fish groups
were euthanized before the stressed fish groups to avoid disrupting handling stress stimuli. All
procedures were approved by the local ethical committee (2nd Local Institutional Animal Care and
Use Committee (IACUC) in Krakow, Poland, license number 227/2023.

2.3. Cortisol and glucose

Blood was collected by caudal vein puncturing, allowed to clot at 4°C and centrifuged (3000 x g, 10
min, 4 °C) to collect serum. Free cortisol level was determined using a commercially available
Neogen, Lexington Cortisol ELISA Kit (KY, USA). Serum glucose levels were measured with an iXell®
glucometer (Ganexo, Warsaw, Poland) as described previously by Klak et al. (Klak et al., 2022).

2.4. Histology

The first gills arches (about 0.3 cm in length) and skin samples (approximately 1.0 x 1.0 cm from the
abdominal body part beneath the pectoral girdle) from 3 fish in each group were collected
individually and immersed in Bouin’s fixative (Sigma-Aldrich; HT10132) for 48 h. Fixed samples were
moved into 70% ethanol. Next, the samples were dehydrated in graded ethanol solutions, followed
by a hydrophobic clearing agent (Xylene, Sigma-Aldrich 534056). Dehydrated and cleared samples
were then embedded in Paraplast Plus (Leica; Ref 39602004) using an embedding machine and later
cut into 7 um sections with a microtome (Hyrax M55, Zeiss). Hematoxylin and eosin (H&E stain,
Chempur, 124687404) were used to stain the sections. All sections were visualized with a Nikon
Eclipse E600 microscope, digitized by the NIS-Elements F software and post-processed by Canva. The
X10 — X40 magpnifications were used for the histological analysis.

2.5. Tissue and cell isolation

Fish blood was collected by the puncture of the caudal vein into a syringe containing 0.066 mg/ml of
heparin (Sigma-Aldrich, St. Louis, MO, USA) in 2 ml of RPMI 1640 (Lonza, Basel, Switzerland) adjusted
to carp osmolarity of 270 mOsm/kg with sterile water (cRPMI) and centrifuged (10 min, 800 rcf, 4 °C)
to obtain the buffy coat. The buffy coat resuspension in cRPMI with heparin (0.033 mg/ml) was
subsequently layered on 3 ml Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA) and centrifuged
(2000 rcf, 25 min, 4 °C, with acceleration/deceleration shutoff). Collected PBL were washed twice in
cRPMI (800 rcf, 10 min, 4 °C) and resuspended in 1 ml of cRPMI. 100 pl of cell suspension was
collected for flow cytometry analyses. After centrifugation (800 rcf, 10 min, 4 °C) remaining cell pellet
was resuspended in 400 uL RL buffer (EURx, Gdansk, Poland) with the addition of 1 % (v/v) B-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and kept at -80 °C until further analysis of gene
expression.

Nucleus preopticus (NPO) of the hypothalamus was dissected precisely according to the method
described by Metz et al. (Metz et al., 2006a), pituitary gland (PIT), as well as the head kidney (HK, one
partitioned tissue sample) were carefully dissected (< 30 mg), and immediately transferred to Fix RNA
buffer (Eurex, Gdansk, Poland) and kept at 4°C for further analysis of gene expression. The remaining
head kidney tissue was passed through a 100 um nylon mesh, washed once and resuspended in 1 mL
of cRPMI. 100 pl of the obtained head kidney leukocyte suspension was collected for flow cytometry
analyses.
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To obtain a neutrophil-enriched leukocyte suspension, the remaining leukocyte suspension was
layered on a discontinuous Percoll gradient (1.020, 1.060, 1.070, and 1.083 g/cm?) and centrifuged for
30 min at 800xg with the brake disengaged (Verburg-van Kemenade et al. 1994). The neutrophil-
enriched cell fraction was collected, washed, and resuspended in cRPMI with heparin (0.033 mg/ml).
This procedure was performed twice for each sample to improve neutrophil population purity. Finally,
pelleted cells were resuspended in 1 ml of cRPMI. In a hemocytometer under a light microscope,
purity and number of isolated neutrophils were verified by Tiirk’s staining 0.01% (w/v) crystal violet
(Sigma-Aldrich, MO, USA) in 3% (v/v) acetic acid (POCH, Gliwice, Poland) which allows distinction
between leukocytes based on nucleus size and shape and cytoplasm granularity (Chadzinska et al.,
2008). A neutrophil-enriched suspensions was divided to measure cell activity (as described below in
section 2.7.), and gene expression (cells resuspended in 350 mL RL buffer (EURx, Gdansk, Poland)
with 1% (v/v) B-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and kept at -80°C for further
RNA analyses).

2.6. Cell morphology and activity

2.6.1. Flow cytometry analysis of cell size and granularity

Flow cytometric analysis of PBL and HKL size (forward scatter, FSC) and complexity/granularity
(sideward scatter, SSC) was performed, with 30,000 threshold events per sample, using CytoFLEX flow
cytometer (Beckman Coulter Inc.). The neutrophil population was identified based on FSC/SSC
characteristics and their typical location, selected by gating (Supplementary Fig. 1).

2.6.2. Respiratory burst

The neutrophil-enriched suspensions were resuspended in cRPMI at the concentration of 1710°
cells/well and seeded in 96-well cell culture plates {Nest Biotech Co, Wuxi, ChinaCells were incubated
at 27 °C, 5% CO; for 30 min, to allow adhesion. After incubation, granulocytes were stimulated with
phorbol ester - PMA (0,1 pug/ml, Sigma-Aldrich, St. Louis, MO, USA) for 2 hours at 27 °C in 5% CO,. The
intracellular oxidative burst was assayed by the oxidation of the nonfluorescent dihydrorhodamine
123 (DHR-123, Sigma Aldrich/Merck, MO, USA) to the fluorescent rhodamine 123. For this purpose,
DHR-123 was added to samples with a final concentration of 2,5 pg/ml and incubated (10 min at 27
°C in 5% CO;) in the dark. After incubation, cells were acquired in a CytoFLEX flow cytometer
(Beckman Coulter Inc.) equipped with a 488 nm blue laser. Neutrophils were distinguished by their
FSC and SSC profiles, with 30,000 threshold events per sample. The oxidized product, rhodamine 123,
was detected using the FITC channel with 525/40 nm bandpass filter. Data acquisition and analysis
were performed using CytExpert software (Beckman Coulter Inc.). Fluorescence compensation was
assessed using unstained controls. As a quantitative measure of intracellular ROS levels, the mean
fluorescence intensity (MFI) of rhodamine 123 was used.

2.6.3. Phagocytosis

The neutrophil-enriched suspensions were resuspended in cRPMI at the concentration of 1710°
cells/well and seeded in an 18-well ibiTreat p-slide (Ibidi GmbH, Grifelfing, Germany) suitable for
inverted confocal microscopy observation at a concentration 1210° cells/well. Cells were incubated at
27 °C, 5% CO; for 60 min, to allow adhesion.

After incubation in cRPMI medium cells were exposed to opsonized in fresh carp serum Zymosan A S.
cerevisiae BioParticles™, Texas Red™ conjugate (2 x 107 particles/mL) with a ratio of 20:1. Cells were
incubated with Zymosan for 120 min at 27 °C. Samples were then stained with DHR-123, incubated
for 10 minutes at 27 °C and subsequently fixed with 4 % paraformaldehyde (PFA, Sigma-Aldrich, St.
Louis, MO, USA) in PBS. Cells were imaged in a confocal microscope (Zeiss LSM 900), using a 20 x lens.
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FITC and mCherry signals were measured using the 488-nm, and 561-nm, respectively, with suited
dichroic and emission filter settings.

2.7. Gene expression profiling by RT-qPCR and bulk RNA sequencing

2.7.1. Isolation of total RNA

RNA from obtained tissues (NPO, PIT, HK, PBL) and head kidney-derived neutrophils was isolated
using GeneMATRIX Universal RNA Purification Kit (EURx, Gdansk, Poland), including on-column DNase
treatment, following the manufacturer's instructions. Final elution was carried out in 30 "l of
nuclease-free water (EURX, Gdansk, Poland) to densify the concentration of RNA. Total RNA from
individual samples were stored at -80 °C until further analysis. Total RNA quantification and purity
were measured by spectrophotometry using a Spark® Multimode Microplate and NanoQuant
PlateTM Reader (Tecan, Grodig, Austria).

2.7.2. Library construction and sequencing

Total RNA from HK neutrophil samples, obtained as described in the previous section, was used as the
template for RNA-seq library construction. RNA concentration, purity, and integrity were assessed
using NanoDrop™ 1000 (Thermo Fisher Scientific) and Tape Station 4150 (Agilent Technologies). RNA-
seq libraries were prepared using the NEBNext Ultra™ RNA Library Prep Kit (New England Biolabs)
with the poly(A) mRNA magnetic isolation module (NEB #E7490). Briefly, 0.8 ng of total RNA was
subjected to poly(A) enrichment, followed by fragmentation of mRNA to ~100-200 nucleotides. First-
and second- strand complementary DNA (cDNA) synthesis was performed, and the resulting cDNA
was purified, end-repaired, and ligated to sequencing adaptors. Barcoding was carried out using
NEBNext Multiplex Oligos (New England Biolabs). PCR enrichment was performed with nine cycles,
and the amplified libraries were purified using AMPure XP beads (Beckman Coulter, Inc.). A total of 15
libraries were generated, representing four experimental groups: (CTR, n=5; ANT, n=4; STR, n=3; and
ANT + STR, n=3). Library quality and quantification were assessed using Tape Station 4150 (Agilent
Technologies). Libraries were pooled in equimolar ratios and sequenced on the HiSeq X platform
(IMlumina) at Novogene, generating over 2.5 billion 150bp paired end reads. he raw sequencing data
generated in this study will be deposited in the Sequence Read Archive (SRA)
(http://www.ncbi.nlm.nih.gov/sra) at the submission stage.

2.7.3. Bioinformatic analysis

Quality control and preprocessing of raw sequencing reads were conducted using fastp v0.20.1 (Chen
et al., 2018) with the parameters (--detect_adapter_for_pe -g -q 20) to remove adapter sequences
and low-quality reads. Trimmed reads were aligned to the common carp genome (NCBI assembly
GCA__018340385.1) using hisat2 v2.2.1 (Kim et al., 2019) with default paired-end mode parameters.
To quantify gene expression levels, aligned reads were processed using featureCounts v2.0.3 (Liao et
al., 2014) with the parameters (-p --countReadPairs -D 1000 -t mRNA -g gene), ensuring accurate
transcript quantification. Differential expression analysis was conducted in R v4.4.2 using the limma
package (Ritchie et al., 2015). A pre-filtering step was applied to retain rows with at least 10 counts
across all samples. Scaling normalization was performed using the Trimmed Mean of M-values (TMM)
method. Statistical modeling was implemented using ImFit, followed by differential expression
analysis with eBayes. P-values were adjusted using the Benjamin-Hochberg correction, and genes
were considered differentially expressed at p.adjusted.value<0.01 and |log(FC)|>1. Functional
enrichment analysis, including Gene Ontology (GO) annotation and KEGG pathway enrichment, was
performed using g:Profiler (Raudvere et al., 2019), with a significant threshold of 0.05 based on the
g:SCS multiple test correction method. Enriched GO terms were categorized into biological processes
(BP), molecular functions (MF), and cellular components (CC); however, only BP terms are presented
in the figures. Ortholog assignment and pathway mapping were conducted using the ggplot2 and
GOplot packages in R, utilizing the common carp genome as the reference.
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2.7.4. cDNA synthesis and Real-time quantitative polymerase chain reaction (RT-qPCR)

For the cDNA synthesis reaction, The High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Carlsbad, California, USA) was used. Non-reverse transcriptase (-RT) control was
included. Samples were diluted 5x and stored at -20 °C until further use. RT-qPCR was performed
using the Rotor-Gene Q, 5-Plex HRM (Qiagen, Hilden, Germany). For each RT-gPCR run master mix
was prepared as follows: 7 7l of SYBR@Select Master Mix (Applied Biosystems, Carlsbad, California,
USA), 2 M of each primer and 4 "l of cDNA (50x diluted). All used sequences for forward and reverse
primers, including their accession numbers, are listed in Supplementary Table 1. For the internal
reference 40S ribosomal protein s11 (40s11) gene was used. All RT-gPCR runs were performed under
the following conditions: 2 min at 50 T, 2 min at 95 T, 40 cycles of 15 sat 95 T and 60 sec at 60 °C.
An analysis of melt curves was performed by fluorescence detection from 60 to 90 T at 1 T
intervals, after the end of each run, to confirm amplification specificity. No amplification was
observed in -RT and non-template controls (NTC). Obtained results were analyzed using Rotor-GeneQ
Series Software 2.3.1 and Microsoft® Excel®. Constitutive expression was determined as a ratio of

target gene vs. reference gene (40s11 gene) according to the following equation:

[’(R \Ct reference
referencel

&8 }Ct target

Ratio =

Changes in gene expression upon antibiotic treatment or/and stress challenge were determined as a
ratio of target gene vs. reference gene (40s11) relative to the expression in control samples according
to the following equation:
(EtargetYctTarget(control-sam-™
(.Ereference)&CtRefeience”control-sainPI™
Where E stands for amplification efficiency and Ct is the number of PCR cycles needed for the signal
to exceed a predetermined threshold value (Pfaffl, 2001).

Ratio =

2.8. Statistical analysis

Statistical analysis was performed with GraphPad 9 Software (San Diego, CA, USA). Outliers were
removed following Grubb's outlier test. Data were tested for parametric testing criteria with the
Shapiro-Wilk (normality) and Spearman (homogeneity of variances) tests. Based on the Shapiro-Wilk
test, data that did not meet the criteria for normal distribution were normalized by logarithmic
transformation. Antibiotic and stress effects on changes in cortisol, glucose and mRNA levels were
determined using two-way ANOVA with post hoc Tukey's test. Statistically significant differences were
considered at the level of p < 0.05.

3. Results

3.1. Effects of stress and antibiotic treatment on the stress response

To evaluate the involvement of microbiota in the regulation of stress response, we determined the
expression of stress-related genes in the HPI axis organs: nucleus preopticus of the hypothalamus
(NPO), pituitary gland (PIT) and head kidney (HK) (Fig. 1) and the level of glucose and cortisol in blood
plasma (Fig. 2)

In the NPO of antibiotic-treated but unstressed fish (ANT group), expression of crh-bp was
significantly higher than in ANT+STR animals. In ANT fish, an upregulation of il-1b expression was
observed compared to unstressed (CTR) and stressed (STR) fish, both with intact microbiota.
Moreover, il-1b expression was significantly higher in NPO of ANT+STR fish than in CTR fish (Fig. 1A).
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Additionally, in the PIT, stress and dysbiosis induced notable changes in the expression of stress-
related genes. The expression of crhr was consistently downregulated across all treated groups (ANT,
STR, ANT+STR) compared to control unstressed fish (CTR). In turn, expression of grl was significantly
downregulated in ANT fish compared to the control animals. Moreover, higher expression of il-1b was
observed in ANT+STR fish than in CTR and STR groups (Fig. 1B).

In the head kidney, gene expression analysis revealed upregulation of il-1b in the ANT+STR group
compared to CTR, STR and ANT groups. Analysis of the expression of genes involved in cortisol
synthesis showed upregulation of star expression in stressed animals with intact microbiota (STR)
compared to CTR and ANT+STR fish and cyp11bl expression compared to CTR and ANT fish.
Furthermore, in the head kidney, we analyzed the expression of genes encoding enzymes involved in
the cortisol conversion and we found that expression of 11b-hsd3 was higher in STR and ANT+STR fish
compared to animals from CTR and ANT groups, while 11b-hsd2 expression was upregulated in the
head kidney from STR and ANT+STR fish compared to animals from CTR group.

Not surprisingly, restraint stress induced an increase in serum cortisol and glucose levels.
Furthermore, cortisol and glucose levels were significantly higher in unstressed fish with antibiotic-
induced dysbiosis, than in unstressed fish with intact microbiota and did not differ from the levels
observed in stressed fish. Moreover, in stressed fish, antibiotic-induced dysbiosis has a synergistic
effect on cortisol level, which was higher than in stressed fish, but not on the glucose levels, as they
were similar in all treated groups (Fig. 2).

3.2. Effects of stress and antibiotic treatment on the number of neutrophils

To investigate how microbiota-derived signals regulate stress-induced neutrophil redistribution, we
assessed neutrophil percentage among head kidney (HKL) and peripheral blood leukocytes (PBL) of
stressed fish with antibiotic-induced dysbiosis. We observed significant reductions in the percentages
of neutrophils in the HKL of stressed fish (STR) compared to unstressed control fish. A similar pattern
was observed between antibiotic-treated unstressed and stressed fish (Fig. 3A). The stressed fish had
a higher percentage of circulating neutrophils. In ANT and ANT+STR fish, the percentage of blood
neutrophils was higher than in control ones, while lower than in stressed fish with intact microbiota
(Fig. 3B). Moreover, we verified the number of neutrophil granulocytes in two peripheral tissues —
skin and gills. However, we did observe neutrophil infiltration neither in the skin nor in the gills of fish
from all experimental groups (Data not shown).

3.3. Effects of stress and antibiotic treatment on the expression of key genes involved in neutrophil
redistribution in the head kidney and peripheral blood leukocytes

Based on previous observations, we evaluated the expression of key genes involved in neutrophil
redistribution from the head kidney into the peripheral blood leukocyte pool.

In the head kidney, gene expression analysis revealed upregulation of g-csfr expression in the
ANT+STR group compared to fish from CTR and ANT groups. Moreover, in the head kidney of
ANT+STR animals, we found higher expression of cxc/8 [2 than that observed in fish from other
groups and upregulation of cxcrl expression compared to values measured in stressed fish with intact
microbiota. In turn expression of cxc/l12a was downregulated in antibiotic-treated unstressed animals
compared to control fish. Downregulation of gene expression was observed in the head kidney of STR
fish compared to other groups in the case of cxcb2 (Fig. 4A).

Gene expression analysis in PBLs revealed upregulation of g-csfr in STR and ANT+STR groups
compared to CTR fish. Moreover, in unstressed fish with antibiotic-induced dysbiosis (ANT) an
upregulation of cxcl8 11, cxcl8 [2 and cxcl12a genes compared to unstressed animals with intact
microbiota (CTR). Moreover, in ANT fish expression of cxcr3 was higher than in CTR and STR animals,
while in this group expression of mmp9 was downregulated compared to STR fish. In PBLs of all
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treatment groups (ANT, STR and ANT+STR) upregulation of the expression of mmp9, cxcl8 11, cxcl8 12
and cxcrl was observed compared to CTR fish. Additionally, the chemokine genes cxcbl and cxcb2
were significantly upregulated in the ANT+STR group compared to the control fish (Fig. 4B).
Furthermore, we found that in PBLs, expression of grl was upregulated in both STR and ANT+STR
groups compared to the control fish, while il-1b expression was upregulated across all treatment
groups compared to the control animals (Supplementary Fig. 2).

3.4. Effects of stress and antibiotic-treatment on neutrophil activity

We also compared the phagocytic capacity of head kidney-derived neutrophils in control, stressed
fish with intact microbiota, as well as in stressed and antibiotic-treated animals. Our results show that
the percentage of phagocytosis and the phagocytic index were significantly reduced in HK neutrophils
retrieved from STR, ANT and ANT+STR fish compared to control unstressed fish with undisturbed
microbiota (Fig. 6). In these cells we measured ROS production. We found that ex vivo stimulation of
HK neutrophils increased ROS production. However, we did not observe differences in ROS
production between experimental groups (Supplementary Fig. 4).

3.5. Effects of stress and antibiotic-treatment on the expression of genes involved in neutrophil
aging

To further understand how stress and microbiota influence neutrophil function, we analyzed the
expression of maturation/ageing marker genes in neutrophils isolated from the head kidney. Our
results revealed that mpx expression was significantly lower in neutrophils from stressed fish with
dysbiosis compared to other groups (CTR, STR, ANT+STR). Further analysis showed that cxcr4
expression was significantly reduced in both groups of fish with dysbiosis (ANT and ANT+STR)
compared to control fish, while stressed fish with undisturbed microbiota exhibited significantly
higher cxcr4 expression compared to both the CTR group and ANT+STR fish (Fig. 5).

3.6. Transcriptome responses of common carp neutrophils to antibiotic treatment, stress, and their
combination

3.6.1. Statistics of the raw read filtering, annotation and mapping steps.

The sequencing results from 15 samples were analyzed to evaluate read quality and composition
(Supplementary Tab. 2). Briefly, the mean raw read count across all samples was 171,142,555 reads,
with values ranging from 131,105,626 (STR_1) to 196,802,540 (CTR_4). The average percentage of
clean reads was 97.22%, demonstrating high sequencing quality and effective filtering of low-quality
sequences. The GC content ranged from 47.2% to 54.16%, with an average of 48.91%, indicating
stable nucleotide composition across samples. The mean Q20 and Q30 scores were 97.41% and
95.08%, respectively, confirming high sequencing accuracy. Error rates remained consistently low,
averaging 0.026% across all samples. Additionally, the percentage of pass filter reads (%PF) remained
high (96.94% on average), ensuring high-quality sequencing output. Overall, these sequencing
statistics indicate high-quality data, with minimal errors and a well-balanced GC composition,
ensuring reliable downstream analysis of differential gene expression.

3.6.2. Multivariate Analysis of Gene Expression

To evaluate the impact of antibiotic treatment (ANT), stress (STR), and their combination (ANT + STR)
on the transcriptome of common carp neutrophils, we conducted a differential expression analysis
across the three experimental conditions compared to the control (CTR). Principal component
analysis (PCA) (Fig. 7A) revealed distinct clustering patterns among experimental groups, indicating
significant gene expression changes in response to each treatment. Log2 fold change (logFC)
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dimensions 1 and 2 accounted for 32% and 17% of the variance, respectively, highlighting unique
transcriptomic profiles associated with each condition. CTR samples clustered closely together, while
STR and ANT displayed intermediate clustering, suggesting some shared but distinct transcriptional
changes. Notably, the (ANT + STR) group formed a separate, well-defined cluster, indicating a more
pronounced transcriptomic shift when both treatments were applied simultaneously.

The observed overlap between STR and ANT suggests the presence of shared regulatory pathways,
while the distinct clustering of (ANT+STR) implies an additive or synergistic effect. These findings
highlight a complex interaction between stress- and antibiotic-induced transcriptional responses,
potentially influencing immune function and cellular homeostasis in common carp neutrophils.

3.6.3. Differential Gene Expression Patterns

The bar chart (Fig. 7B) summarizes the number of differentially expressed genes (DEGs) identified
across treatments compared to the control group. ANT treatment resulted in the largest number of
DEGs, with 3,056 downregulated and 2,569 upregulated genes. The combined ANT+STR treatment
exhibited a more balanced pattern, with 1,884 downregulated and 2,043 upregulated genes. STR
treatment induced the lowest number of DEGs, with 234 downregulated and 494 upregulated genes,
suggesting a less pronounced effect compared to the other conditions. A detailed breakdown of the
DEGs for each comparison is provided in Supplementary Tab. 2.

3.6.4. Overlap of Differentially Expressed Genes

The Venn diagram (Fig. 7C) illustrates the overlap of DEGs across the three treatments. Among the
7,434 DEGs identified, a core set of 468 was commonly shared across all treatments, suggesting key
genes consistently affected by stress, antibiotic supplementation, or their combination. Distinct
transcriptional responses were observed in the ANT (3,330 unique DEGs) and ANT+STR (1,607 unique
DEGs) groups, indicating that these treatments triggered more specific gene expression changes
compared to STR alone. This suggests that antibiotic exposure, either alone or in combination with
stress, has a stronger regulatory impact on gene expression than stress alone.

3.6.5. Hierarchical Clustering of DEGs

The heatmap (Fig. 7D) shows hierarchical clustering of DEGs across experimental groups. CTR samples
formed a distinct cluster, whereas the STR, ANT, and ANT+STR groups exhibited varying degrees of
overlap and distinction, reflecting both shared and unique transcriptional changes among treatments.
Notably, the ANT+STR group displayed a mixed expression, supporting the PCA results and
highlighting the complex interaction between antibiotic exposure and stress-induced transcriptional
responses. These findings suggest that while stress alone induces moderate transcriptomic changes,
its combination with antibiotic treatment enhances the regulatory effect on gene expression, leading
to a distinct transcriptional signature.

3.6.6. Differential Gene Expression Analysis

Volcano plots were generated to visualize differentially expressed genes (DEGs) between treatment
groups (STR, ANT, and ANT+STR) and the control (CTR) (Fig. 8A-C). Genes were classified as
significantly upregulated or downregulated based on a log2 fold change (logFC) threshold on the x-
axis, and -logio (p-value) on the y-axis. The dashed lines indicate significant thresholds, and only the
top 100 unregulated and downregulated genes are labelled. In the STR group, a relatively small
number of DEGs were identified compared to CTR, with notable upregulation observed in genes such
as hypoxia inducible factor 1-alpha-like (hifla), cluster-of-differentiation-8-a (cd8a), and 4 (cd4).
Interestingly, downregulated genes included the short-chain fatty acid receptor (gpr43) and the
apoptosis inducer trim36, suggesting that stress alone induces moderate but relevant changes in
immune gene expression (Fig. 8A).
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In contrast, the ANT group exhibited a substantial number of DEGs, with few upregulated genes,
including lymphocyte cytosolic protein 2-a (lcp2a), cyclyn-B1 (cyb1), and hifla. Conversely, several
key immune-related genes, including intercellular adhesion molecule 2 (icam2), cathelicidin
antimicrobial peptides (camp), and transient receptor potential vanilloid 5 (trpv5) were markedly
downregulated, highlighting a strong immunomodulatory effect of antibiotic treatment. (Fig. 8B). The
ANT+STR group displayed a unique immune transcriptional profile, with significant DEGs such as
major histocompatibility complex 1 (mhc1), T-cell receptor beta (trb), and a member of the NLR
“inflammasome” family (nlrp12) showing a strong overexpressed regulatory pattern (Fig. 8C). These
findings suggest complex interactions between antibiotic and stress treatments, resulting in altered
gene expression profiles. All immune-related genes included in the analysis were retrieved from the
NCBI online platform using the C. carpio genome, and their corresponding LOC identifiers were
obtained via BLAST on the same NCBI site, ensuring accuracy and specificity of gene annotations. In
most cases, gene symbols were assigned through homology with mammalian counterparts.

3.6.7. Hierarchical Clustering of Inmune-Related Genes

A heatmap of immune-related DEGs across all treatments (Fig. 8D) reinforces the distinct clustering
patterns previously observed in the volcano plots among the experimental groups. The control (CTR)
samples exhibited minimal transcriptional changes, whereas STR, ANT, and ANT+STR groups displayed
divergent gene expression patterns. Notably, the ANT+STR group exhibited a mixed expression
pattern, incorporating features of both STR and ANT groups, suggesting a potential interaction effect
between stress and antibiotic exposure. Antiviral genes, including RIG-1-like receptor 3 (dhx58),
interferon regulatory factor 3 (irf3), 7 (irf7), and the signal transducers and activators of transcription
1 (statl) were prominently downregulated in both the ANT and STR groups, while the same genes
were significantly overexpressed in the ANT+STR group. Moreover, an extended analysis of genes
associated with neutrophil maturation and redistribution revealed downregulation of tgf in the ANT
group, and upregulation of mmp9 and il-1p in fish from the ANT+STR group (Fig. 8E-G). This highlights
the modulatory effects of stress and antibiotic treatments on immune-related transcriptional
responses, potentially altering the host’s antiviral mechanisms, proliferation and maturation.

3.6.8. Gene Ontology (GO) Enrichment Analysis of DEGs among the Three Conditions Evaluated.
Comparative transcriptomic analysis across the three experimental conditions, ANT vs. CTR; STR vs.
CTR; and ANT+STR vs. CTR identified key BPs significantly enriched among DEGs (Fig. 9). The enriched
GO terms predominantly involved chromosomal segregation, nuclear division, mitotic cell regulation,
and rRNA processing, suggesting that the treatments induce widespread effects on fundamental
cellular functions. In both, ANT vs. CTR and ANT+STR vs. CTR, strong enrichment was observed in
rRNA processing and chromosome organization, indicating a transcriptional response linked to
ribosome biogenesis and genome stability. In contrast, STR vs. CTR exhibited significant enrichment
in cell cycle regulation, mitotic nuclear division, and chromosomal segregation, indicating potential
disruption in cell proliferation and division pathways. Across all conditions, sister chromatid
segregation and chromosome biogenesis appeared prominently affected, suggesting a conserved
regulatory response to external stressor. The dot size in the enrichment plot, representing the
number of DEGs per pathway, underscores the extensive transcriptional shifts in response to
treatments. Additionally, the color gradient, reflecting statistical significance (adjusted p-value),
emphasizes the most significant enriched pathways, particularly those linked to genomic integrity
and cellular homeostasis. These findings indicate that the applied treatments significantly exert a
profound influence on cell cycle dynamics, chromosomal stability, and ribosomal function, potentially
affecting immune regulation and stress adaptation mechanisms in common carp.
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3.6.9. KEGG Pathway Enrichment Analysis

To gain insights into the biological significance of DEGs previously determined for the three
treatments under study, a KEGG pathway enrichment analysis was conducted to identify key
biological pathways significantly affected by these conditions (Fig. 10). The results indicate a profound
transcriptional response in cell cycle regulation, immune activation, metabolic adaptation, and signal
transduction, suggesting that these biological processes are central to the observed responses in carp
neutrophils. The KEGG pathway heatmap (Fig. 10A) summarizes the distribution of enriched
pathways across the three experimental groups. Pathways were categorized into cellular processes,
immune system regulation, signal transduction, and metabolism, with ANT+STR showing the highest
number of significantly altered pathways.

The immune-related pathways were predominantly enriched in the STR and ANT+STR groups, while
cell cycle and metabolic pathways were particularly affected by antibiotic exposure alone. The color
gradient represents the gene expression gap, with red indicating higher differential expression levels
and green representing a lower expression gap across conditions. The bubble plot representation (Fig.
10B) further highlights the functional pathways, most significantly affected by the treatments. The
most enriched pathways included cell cycle progression, oocyte meiosis, and p53 signaling, with ANT
and ANT+STR groups displaying the strongest activation, suggesting disruptions in cellular
proliferation and apoptosis regulation. Additionally, protein processing in the endoplasmic reticulum,
oxidative phosphorylation, and ribosome biogenesis were prominently enriched, indicating metabolic
and translational adjustments in response to antibiotic exposure.

In the immune system category, pathways such as RIG-I-like receptor signaling, C-type lectin receptor
signaling, and NOD-like receptor signaling were significantly overrepresented, particularly in the STR
and ANT+STR groups, suggesting an innate immune activation in response to stress and antibiotic
exposure. The cytosolic DNA-sensing pathway was significantly enriched, indicating a potential role in
pathogen recognition and cellular stress response mechanisms. The size of the bubbles corresponds
to the number of DEGs mapped to each pathway, while the color gradient reflects statistical
significance (adjusted p-value), with darker shades indicating higher pathway enrichment
significance. To further explore the molecular mechanisms underlying the transcriptional immune
changes affecting only the ANT+STR group, KEGG pathway maps were generated for key processes.
The C-type lectin receptor signaling pathway map (Fig. 10C) revealed widespread transcriptional
alterations in immune components, including pattern recognition receptors (PRRs), cytokine signaling
regulators, and stress-responsive elements. In this pathway, genes highlighted in green represent
differentially expressed immune-related genes in common carp, emphasizing their role in modulating
immune responses to external stressors. These findings suggest a key role for C-type lectin receptors
in pathogen recognition, inflammation, and immune stress responses. The immune system pathway
map (Fig. 10D) demonstrated extensive transcriptional remodeling in innate immune signaling,
particularly involving pathogen recognition, cytokine signaling, and inflammatory responses. Genes
within the RIG-I-like receptor signaling, p53-mediated apoptosis, and Nf-kb pathways were strongly
upregulated, particularly in the ANT+STR group, indicating a potential synergistic effect of combined
stress and antibiotic exposure on immune activation. Collectively, these findings suggest that stress
and antibiotic exposure drive widespread transcriptional changes in common carp neutrophils, with
distinct yet overlapping effects on immune function, metabolic adaptation, and cell cycle regulation.
The pronounced enrichment of immune-related pathways in STR and ANT+STR groups suggests
heightened immune activity under combined stress conditions, while the strong metabolic and cell
cycle alterations in the ANT group indicate a potential antibiotic-induced metabolic shift. These
insights contribute to a deeper understanding of the molecular mechanisms underlying stress and
antibiotic-induced responses in fish, with potential implications for aquatic animal health and
immune regulation.
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3.6.10. KEGG Pathway Analysis Reveals Treatment-Specific Inmune Modulation, Stress Adaptation,
and Senescence in Neutrophils

The RIG-I-like receptor signaling pathway was significantly enriched in the ANT and ANT+STR groups,
indicating activation of innate immune recognition mechanisms. Among them, genes included rig-1,
mda5, and Igp2, which detect non-self RNA and activate downstream signaling cascades, were
differentially expressed. The rig-1—-irf7/3 pathway, responsible for type | interferon (ifna, ifnb1)
production, is expected as upregulated, suggesting a heightened antiviral immune response.
Simultaneously, the rig-1-nfkb pathway is activated, further supporting immune modulation through
inflammatory signaling. The strong immune activation in the ANT and ANT+STR groups suggests that
antibiotic exposure influences immune regulation, potentially as a compensatory response to
immunomodulation. Cellular senescence pathways were enriched in all three conditions (ANT, STR,
and ANT+STR), highlighting transcriptional changes associated with cell cycle arrest and stress-
induced immune adaptation. Genes involved in the senescence-associated secretory phenotype
(sasp), inflammatory cytokines, and growth factors are differentially expressed, suggesting increased
immune cell aging and altered inflammatory responses in response to both antibiotic treatment and
environmental stressors. The p53 signaling pathway was significantly enriched across all treatment
groups, indicating a central role in stress-induced cell cycle regulation and apoptosis. Key genes
associated with cell cycle arrest (cdk inhibitors), DNA repair (gadd45), and apoptosis (bax, puma) are
upregulated, suggesting that neutrophils under stress and antibiotic exposure exhibit transcriptional
profiles favoring cellular homeostasis through controlled cell cycle progression and survival
mechanisms. These findings indicate that immune activation via RIG-I-like receptor signaling is
specific to antibiotic exposure, whereas cellular senescence and p53-mediated stress responses are
universally affected across all treatments. The results suggest a complex interplay between immune
function, stress adaptation, and neutrophil longevity, which may have implications for host immune
regulation and resilience in aquaculture environments.

4. Discussion

Our previous study demonstrated that stress and antibiotic exposure disrupted gut microbiota in
common carp (Klak et al., 2025), leading to intestinal inflammation and the upregulation of pro-
inflammatory cytokines associated with Th17-driven immune responses. The current study builds on
our previous findings, further investigating the consequences of stress- and antibiotic-induced
dysbiosis, focusing on hypothalamic-pituitary-interrenal (HPI) axis functionality, that affected might
change stress-induced neutrophil redistribution and neutrophil activity in common carp. Through this
approach, we aim to unravel the complex interplay between the microbiome, brain, and immune
system.

We found that both antibiotic-induced dysbiosis and stress increased the levels of cortisol and
glucose. This aligns with previous research indicating that cortisol is the primary glucocorticoid
released during stress responses in fish, leading to elevated glucose levels to meet increased energy
demands (Klak et al., 2022; Maciuszek et al., 2019; Martinez-Porchas et al., 2009). Additionally,
antibiotic treatment alone (ANT) resulted in elevated cortisol and glucose levels compared to the
control group, suggesting that alterations in microbiota composition can activate HPI axis. Observed
increased levels of cortisol in fish experiencing dysbiosis are supported by results of previous studies
(Crumeyrolle-Arias et al.,, 2014; Sudo, 2016; Sudo et al., 2004; Uren Webster et al., 2020). For
instance, Sudo et al.,, (2004) has shown that germ-free animals exhibit exaggerated HPA axis
responses to stress, manifested by a big increase in corticosterone level. Similarly, in our study, the
combined effects of stress and antibiotic treatment (ANT+STR) appeared synergistic, with cortisol
levels exceeding those observed in stressed fish with undisturbed microbiota (STR).

Moreover, in antibiotic-treated fish, the alteration of stress-related gene expression in the HPI axis
was observed, for example, upregulation of il-1b expression in the hypothalamus. In antibiotic-
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treated and stressed fish, we found upregulation of il-1b expression in NPO, pituitary and head
kidney. It has to be mentioned that IL-1B is one of the most potent activators of the HPA axis (Rivest,
2010) as it stimulates release of hypothalamic CRH (Sapolsky et al., 1987) and ACTH from the
pituitary (Bernton et al., 1987). Previous studies of common carp (Metz et al., 2006a) showed that 24
h restraint stress upregulated il-1b expression in NPO.

Moreover, in the pituitary of antibiotic-treated fish, we found down-regulation of the expression of
crhr. Similarly, in stressed animals, crhr expression was downregulated in the pituitary. Also in rats, it
was shown that chronic treatment with an antibiotic cocktail led to a decrease in the brain Crhr
mRNA levels (Hoban et al., 2016). Furthermore, we observed the downregulation of gr1 expression in
the pituitary gland of antibiotic-treated fish (ANT group), which further suggested that microbiota
disruption may alter the negative feedback regulation of the HPI axis. A similar trend was observed in
germ-free mice cortex (Sudo et al., 2004) and the hippocampus of germ-free rats (Crumeyrolle-Arias
et al., 2014). Although the specific regulatory roles of the cortex and hippocampus, and pituitary
differ, both are involved in stress axis regulation, suggesting a conserved influence of microbiota on
neuroendocrine stress regulation.

To verify the mechanisms responsible for dysbiosis-induced elevation of cortisol and glucose levels,
we measured the expression of genes involved in cholesterol transport (star), cortisol synthesis
(cyp11b1) and conversion (11b-hsd2 and 3) in the head kidney. Previous studies indicated that their
transcription levels were positively correlated with the cortisol level (Geslin and Auperin, 2004;
Hagen et al., 2006; Kusakabe et al., 2002). Consistent with these findings, under stress conditions, we
observed an upregulation of genes involved in cortisol synthesis and conversion in the head kidney,
what suggested an adaptive response aimed at maintaining cortisol homeostasis. This reinforces the
robustness of the 24-hour stress response in fish, highlighting the capacity to dynamically regulate
glucocorticoid levels in response to environmental challenges. Our results indicated that changes of
the gut microbiota affect steroidogenesis during stress. In fish with normal microbiota, stress induced
upregulation of star and cyp11b, alongside 118-hsd, what suggested that the steroidogenic pathway
was already optimized for cortisol production and regulation. The increase in 118-hsd3 likely
facilitated cortisol activation, while the simultaneous upregulation of 118-hsd2 suggested a
regulatory mechanism to prevent excessive cortisol signaling, protecting tissues from prolonged
exposure to elevated glucocorticoids. However, in fish with microbiota dysbiosis, the mechanisms
regulating steroidogenesis appeared to be changed. While upon antibiotic treatment stress still
induced changes in 118-hsd expression, no significant changes of star or cyp11lb expression was
observed, suggesting that the initial steps of steroidogenesis in ANT+STR fish were not as dynamically
regulated as in fish with an intact microbiome. This is probably a result of a higher cortisol
concentration in ANT+STR animals, compared to STR fish, and implies that the cortisol negative
feedback loop might have already affected their transcription. However, despite a hypercortisolemia
state, we observed sustained high 118-hsd3 expression, indicating amplification of active cortisol
availability.

Although glucocorticoids are well known for their immunosuppressive properties, they also
significantly raise neutrophil number in the circulation (Dhabhar et al., 2012, 1995; Klak et al., 2024;
Wilckens, 1995; Wilckens and De Rijk, 1997). In mammals, three mechanisms are believed to be
responsible for the rise in blood neutrophil counts brought on by adrenal steroids: a longer half-life of
circulating neutrophils, a reduction in neutrophil egress from the blood, and an increase in neutrophil
egress from the bone marrow (Ronchetti et al., 2018; Velthove et al., 2010). Given the observed HPI
axis changes and their physiological outcomes, we further investigated dysbiosis- and stress-induced
immune effects, focusing on neutrophil distribution. Stressed fish showed significant reductions in
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head kidney neutrophil percentage compared to CTR ones, which is consistent with typical stress-
induced neutrophil mobilization from hematopoietic tissue, observed both in mammals and fish
(Dhabhar et al., 2012; Klak et al., 2024). A similar reduction was observed in the fish from ANT+STR
group but not in fish from ANT group.

In the blood, neutrophil percentages were higher in stressed fish than in controls, reflecting their
mobilization from reservoirs such as the head kidney. This is similar to the mechanism observed
during inflammation when, due to increased demand for neutrophils, rapid adaptation of the
hematopoietic system is observed (Malengier-Devlies et al., 2021). The steady-state leukocyte
production is switched into emergency granulopoiesis, a status when the de novo production of
neutrophils by the hematopoietic tissues is augmented, while additional mature neutrophils are
rapidly released from the marginated pools. In our study, stress most probably due to the ‘reactive
granulopoiesis’ phenomenon (defined in the literature as a setting when the trigger of emergency
granulopoiesis is not infectious (Malengier-Devlies et al., 2021)) caused a decrease in hematopoietic
tissue reservoirs (neutrophil mobilization from HK into circulation) and an increase in the circulation.
Interestingly, both ANT and ANT+STR fish exhibited elevated blood neutrophil percentage compared
to controls, however, the percentage of blood neutrophils in antibiotic-treated unstressed and
stressed fish was significantly lower than those observed in STR fish with intact microbiota.
Previously, the increased number of circulating granulocytes was observed in germ-free mice after
stress (van de Wouw et al., 2020). The authors indicated that the absence of microbiota resulted in an
oversensitivity of granulocytes in response to acute stress. We can speculate that dysbiosis creates
pro-inflammatory conditions that stimulate the HPI axis to synthesize cortisol, as well as induce
emergency granulopoiesis. It is consistent with our earlier studies demonstrating that stress and
antibiotic exposure disrupt gut microbiota in common carp, what leads to intestinal inflammation and
the upregulation of pro-inflammatory cytokines associated with Th17-driven immune responses (Klak
et al., 2025).

Our findings clearly show changes in the HPI axis, whether due to restraint stress, antibiotic
treatment, or their combination, which may contribute to the observed immune effects, including
neutrophil mobilization into circulation. This is potentially a host neuroendocrine regulatory
mechanism activated under stress or antibiotic-induced dysbiosis. To answer the question why in our
study in the antibiotic-treated stressed fish the number of circulating neutrophils was lower than in
the stressed fish with intact microbiota and based on the previous results of Dhabhar and Mcewen
(Dhabhar and Mcewen, 1999) who showed that upon stress neutrophils migrate to peripheral tissues
e.g. to skin to protect the body from potential deleterious effects of stress, we performed histological
analysis of the neutrophil infiltration in the gills and skin of STR and ANT+STR fish. However, we did
not observe such infiltration. These studies complemented our previous observations, in which we
analyzed neutrophil infiltration in the intestine (Klak et al., 2025). In contrast to skin and gills, we
found an inflammatory infiltrate of neutrophils in the gut of ANT+STR group, while in ANT or STR fish,
the inflammatory infiltrate was less common (Klak et al., 2025). To further explore the mechanisms
involved in the regulation of stress and/or dysbiosis-induced neutrophil redistribution, we measured
expression profile of genes known to be involved in neutrophil retention in the hematopoietic tissue,
such as cxc/l12 and cxcr4, as well as genes encoding proteins involved in the regulation of
granulocytopoiesis and neutrophil release/ migration into the circulation such as GCSFR, MMP9,
CXCL8, CXCR1-3. The crucial role of these mediators in stress-induced neutrophil redistribution in
common carp was described previously by our group (Klak et al., 2024). In the head kidney of
ANT+STR fish, we observed the upregulation of g-csfr, cxc/8 2 and cxcrl expression, what confirmed
that in antibiotic-treated stressed fish, the gene expression pattern was redirected into
granulopoiesis stimulation and neutrophil egress to increase the number of neutrophils in the blood.
In turn, the results from PBLs show an increase of g-csfr, mmp-9, cxcl8 11, cxcl8 12 and cxcrl
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expression in all treatment groups, reflecting activation of proinflammatory pathways promoting
neutrophil migration. Kirchberger et al. (2024) found in zebrafish, that the mmp9 expression in
neutrophils identified their mature stage. Similarly, upregulation of cxcrl is associated with the late
phase of neutrophil maturation (banded/segmented mature cells). Moreover, this study showed that
mature (mmp9+) neutrophils show high phagocytic activity and are rapidly recruited to the wound
area (Kirchberger et al., 2024). Therefore, we hypothesize that observed lower expression of mmp9
and cxcrl in PBLs of antibiotic-treated fish might indicate that circulating neutrophils in this fish are
less mature than those in PBLs from animals which were not treated with antibiotics. However, it is
not clear whether it is a result of preferential recruitment of mature or aged neutrophils into the
inflammation focus (dysbiotic intestines) or a result of dysbiosis-induced perturbation in neutrophil
maturation in the head kidney. Previously, Zhang et al. (2015) showed that both germ-free mice, as
well as mice with antibiotic-induced depletion of the microbiota, exhibit significantly reduced
numbers of aged neutrophils in the blood when compared to specific pathogen-free mice (SPF).
Moreover, in their experiments, neutrophil number in germ-free mice was partially restored after
faecal microbiota transplantation (Zhang et al., 2015). The same study has shown that antibiotic
treatment of germ-free mice did not further reduce aged neutrophil numbers in circulation,
confirming that observed results are not antibiotic-dependent but result from disrupted microbiota
signaling (Zhang et al., 2015).

To reveal whether neutrophil maturation in the head kidney was affected by dysbiosis and/or stress,
we measured expression of genes characteristic for different stages of neutrophil maturation (mpx,
tird, mmp9, cxcrl, 2 and 4). RT-qPCR analysis revealed that head kidney neutrophils from STR, ANT
and ANT+STR fish show lower expression of cxcr4 than neutrophils from control fish. CXCR4 is usually
expressed in immature neutrophils, ensuring their retention in hematopoietic tissue however its
expression is also increased in senescent neutrophils, what stimulates their migration to clearance
tissue (Day and Link, 2012; Eash et al., 2009). The reduced constitutive expression of cxcr4 in head
kidney-derived neutrophils in all treatment groups suggests that neutrophils in these conditions may
have altered trafficking dynamics, potentially being prematurely released from the head kidney, as
there is a decreased retention signal. Conversely, a less profound decrease in cxcr4 expression in head
kidney-derived neutrophils from stressed fish with undisturbed microbiota implies that stress in the
presence of a healthy microbiota may enhance the release of both immature and mature neutrophils.
According to earlier studies in mammals, the microbiome may control the phagocytic ability and
production of bone-marrow-derived neutrophils (Balmer et al., 2014; Clarke et al., 2010; Deshmukh
et al., 2014; Khosravi et al., 2014). A study on germ-free mice implicated that the ability of bone
marrow granulocyte and/or monocyte progenitors (GMPs) to maintain cells with progenitor potential
is defective in the absence of commensal microbes (Khosravi et al., 2014). Moreover, Balmer et al.,
(2014) study has shown that systemic recognition of microbiota-derived compounds by TLRs is
necessary to maintain a sufficient pool of bone marrow myeloid cells. This implies that the microbiota
may normally act as a source of pathogen-associated molecular patterns (PAMPs), priming
neutrophils (e.g., via neutrophil surface TLR4) for effective immune responses (Karmarkar and Rock,
2013). Furthermore, we assessed the phagocytic activity of head kidney-derived neutrophils and
observed its significant reduction in all treatment groups. The observation that fish with dysbiosis,
whether stressed or not, exhibit lowered phagocytic capacity compared to controls underlines the
essential role of a healthy microbiota in maintaining optimal neutrophil maturation. Without
adequate microbial signals, neutrophils may remain unprimed, leading to reduced activation and a
diminished immune response. If microbiota-derived signals typically prime neutrophils for action,
their absence or reduction could lead to less frequent activation of neutrophils.

In addition, we found that HK-derived neutrophils from the ANT+STR group show decreased
expression of mpx. This is consistent with previous findings of microbiota immune modulation
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studies. For example, in Watanabe et al. (2017) study, dysbiotic mice had lower myeloperoxidase
activity. According to a study on gnotobiotic zebrafish larvae, colonization with a commensal
microbiota causes both a steady-state rise in neutrophil numbers and a large increase in neutrophil
mpx expression (Kanther et al., 2014).

To prevent biased analysis of changes in gene expression, we performed bulk RNA sequencing of the
head kidney neutrophils. In neutrophils from ANT and ANT+STR fish, GO analysis indicated the
enrichment in rRNA processing and chromosome organization, what suggests a cellular response
directed towards increased protein synthesis and maintenance of genomic integrity. In turn, in
neutrophils from stressed fish, the enrichment in the expression of genes involved in the cell cycle-
related processes indicates heightened cell proliferation. In contrast to the neutrophil precursor
population (preNeus), immature neutrophils are non-proliferative, however, during inflammatory
conditions, they can enter the bloodstream and migrate toward the site of injury as efficiently as
mature neutrophils (Evrard et al., 2018). Sepsis model demonstrates an expansion in the number of
preNeus in the bone marrow during inflammation due to increased myelopoiesis (Evrard et al., 2018).
Stress-induced neutrophilia in our study strikingly parallels mechanisms characteristic of an
inflammatory state. Proliferative characteristic of head kidney neutrophils indicates increased
myelopoiesis due to redistribution of preNeus and mature neutrophils into circulation (stress-induced
neutrophilia). Moreover, in neutrophils from stressed fish, we observed the upregulation of hifla
(hypoxia-inducible factor-la), what might be connected with delayed neutrophil apoptosis.
Moreover, our results are consistent with previous observations that cortisol treatment reduces
apoptosis and increases the survival of carp neutrophils (Weyts et al.,, 1998). Also, in a zebrafish
inflammation model, activation of Hif-la delays inflammation resolution by reducing neutrophil
apoptosis and reverse migration (Elks et al., 2011). Marchi et al. (2020) described that both GR and
MR play a key role in enhancing Hif-1a activity.

Furthermore, KEGG pathways revealed significantly enriched immune pathways related to pathogen
recognition and cellular stress response mechanisms in the ANT+STR group. It is tempting to conclude
that this profile is a result of stress- and antibiotic-induced dysbiosis.

Other significant observations of immune-related DEGs revealed in the head kidney neutrophils of
antibiotic-treated fish decreased expression of tgf3, what suggests antibiotic/dysbiosis-induced
weakening of anti-inflammatory mechanisms. Interestingly, DEGs analysis of the ANT+STR group
showed an increase in expression of mmp9 and il1B genes, a pattern which in zebrafish was
associated with the last neutrophil maturation phase (Kirchberger et al., 2024). This also suggests a
pro-inflammatory state of neutrophils awaiting release from the head kidney.

Moreover, neutrophils from the ANT+STR group exhibited upregulation of interferon (IFN) and
antiviral response genes compared to CTR. Also, human mature blood neutrophils exposed to severe
myeloablative stress (post-transplant) strongly upregulated IFN-stimulated genes (ISG) and antiviral
defense GOs (Montaldo et al., 2022). Likewise, Xie et al. (2020) identified a mature,
polymorphonuclear neutrophil subset with high ISG expression under homeostatic conditions (Xie et
al., 2020). Authors identified that this cell subset mainly originates from bone marrow mature
neutrophils (Xie et al., 2020). This study underlines that neutrophils may be primed to combat
invading pathogens even before infection occurs. Grieshaber-Bouyer et al. (2021) showed that in
healthy neutrophils, the expression of interferon target genes is a dynamic process that evolves with
maturation (neutrotime) (Grieshaber-Bouyer et al., 2021). Our data parallels these findings, indicating
that stress and antibiotics (dysbiosis) reprogram neutrophils towards an antiviral-like state, with
robust upregulation of IFN-stimulated gene expression. This suggests that the ANT+STR triggered a
demand-adapted granulopoiesis, releasing neutrophils with a primed, IFN-driven phenotype like
mammalian “emergency” neutrophils, to maximize host defense. Interestingly, decoupled treatment
conditions induced the opposite effect, with decreased expression patterns of these genes. Similarly,
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downregulated irf3, irf7, and other DEGs related to the antiviral innate immune response were
observed (Dai et al., 2023).

Interestingly, gpr43 encoding a main SCFA receptor (also known as FFAR2 or free fatty acid receptor
2) was downregulated in neutrophils of stressed fish. This indicates that stress likely disturbs short-
chain fatty acid (SCFA) signhaling, which normally modulates neutrophil maturation and activity.
Studies on Gpr43 /" mice show the immunomodulatory effects of SCFAs and their role in regulating
inflammation. Kamp et al. demonstrated that GPR43 restrains neutrophil recruitment and activation
(Kamp et al.,, 2016). GPR43-deficient or SCFA-depleted mice showed exaggerated neutrophil
migration during inflammation (Kamp et al., 2016). Therefore, in our study, downregulation of gpr43
may have influenced the retention of neutrophils within the head kidney, thereby modulating stress-
induced mobilization. Moreover, a study on ex vivo LPS-stimulated head kidney leukocytes of
common carp showed that the addition of SCFAs reduces the expression of several cytokines, either
pro-inflammatory (il-1b, il-6, tnfa, cxcl8, p40) or anti-inflammatory (il-10) (Petit et al., 2022).

Neutrophil granulopoiesis, release, trafficking, extravasation, and clearance are among the specific
regulatory systems that closely control neutrophil accumulation and activation under homeostatic
settings. Cytokines can stimulate emergency granulopoiesis to fulfil the increased demand for new
neutrophils during systemic inflammation. De novo production of neutrophils may be lifesaving
during infectious inflammation due to their antibacterial qualities, ability to produce soluble
mediators, and direct cell-cell contact. However, excessive neutrophil generation and activation may
be harmful to the host e.g., in sepsis. Glucocorticoids appear to be a key regulator of the repertoire of
immune responses, including their amplitude and direction. Both in aquaculture/veterinary and
human medicine, new approaches to the treatment or prevention of diseases may become possible
with better knowledge of the actual function of endogenous glucocorticoids in host defence, with a
focus on the underappreciated parts of glucocorticoid effects on neutrophil redistribution. While
stressors are often impossible to eliminate, great care of the microbiome might be a solution to a
more balanced glucocorticoid orchestration of immune cell redistribution and activation.
Intentionally modifying the gut microbiota is a potential therapeutic approach. It is tempting to think
that medications that target the gut microbiota may be effective in treating illnesses linked to stress.
Furthermore, this underlines the need for research in probiotic therapies as a possible chaperone to
glucocorticoid treatment, as well as the switch to the preventive use of probiotics rather than
antibiotics in aquaculture. Especially since the purpose of aquaculture is directly connected to human
health, as a source of food.

132



942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993

References:

Babicki, S., Arndt, D., Marcu, A., Liang, Y., Grant, J.R., Maciejewski, A., Wishart, D.S., 2016.
Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res. 44, W147-W153.
https://doi.org/10.1093/NAR/GKW419

Bailey, M.T., Dowd, S.E., Galley, J.D., Hufnagle, A.R., Allen, R.G., Lyte, M., 2011. Exposure to a social
stressor alters the structure of the intestinal microbiota: Implications for stressor-induced
immunomodulation. Brain. Behav. Immun. 25, 397-407.
https://doi.org/10.1016/j.bbi.2010.10.023

Baker, M.E., 2004. Evolutionary analysis of 11B-hydroxysteroid dehydrogenase-type 1, -type 2, -type
3 and 17B-hydroxysteroid dehydrogenase-type 2 in fish. FEBS Lett. 574, 167-170.
https://doi.org/10.1016/j.febslet.2004.08.023

Balmer, M.L., Schiirch, C.M., Saito, Y., Geuking, M.B., Li, H., Cuenca, M., Kovtonyuk, L. V., McCoy,
K.D., Hapfelmeier, S., Ochsenbein, A.F., Manz, M.G., Slack, E., Macpherson, A.J., 2014.

Microbiota-derived compounds drive steady-state granulopoiesis via MyD88/TICAM signaling. J.

Immunol. 193, 5273-5283. https://doi.org/10.4049/jimmunol.1400762

Barton, B.A., 2002. Stress in fishes: A diversity of responses with particular reference to changes in
circulating corticosteroids. Integr. Comp. Biol. 42, 517-525.
https://doi.org/10.1093/I1CB/42.3.517

Bernton, E.W., Beach, J.E., Holaday, J.W., Smallridge, R.C., Fein, H.G., 1987. Release of multiple
hormones by a direct action of Interleukin-1 on pituitary cells. Science. 238, 519-521.
https://doi.org/10.1126/science.2821620

Bouyoucos, I.A., Schoen, A.N., Wahl, R.C., Anderson, W.G., 2021. Ancient fishes and the functional
evolution of the corticosteroid stress response in vertebrates. Comp. Biochem. Physiol. Part A
Mol. Integr. Physiol. 260, 111024. https://doi.org/10.1016/j.cbpa.2021.111024

Chadzinska, M., Leon-Kloosterziel, K.M., Plytycz, B., Lidy Verburg-van Kemenade, B.M., 2008. In vivo
kinetics of cytokine expression during peritonitis in carp: Evidence for innate and alternative
macrophage polarization. Dev. Comp. Immunol. 32, 509-518.
https://doi.org/10.1016/j.dci.2007.08.008

Chakraborty, S., Pramanik, J., Mahata, B., 2021. Revisiting steroidogenesis and its role in immune
regulation with the advanced tools and technologies. Genes Immun. 2021 223 22, 125-140.
https://doi.org/10.1038/s41435-021-00139-3

Chapman, K., Holmes, M., Seckl, J., 2013. 11B-hydroxysteroid dehydrogenases: intracellular gate-
keepers of tissue glucocorticoid action. Physiol. Rev. 93, 1139-1206.
https://doi.org/10.1152/physrev.00020.2012

Chen, S., Zhou, Y., Chen, Y., Gu, J., 2018. fastp: an ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics 34, i884—i890. https://doi.org/10.1093/bioinformatics/bty560

Chen, X, Liang, H., Hu, K., Sun, Q., Sun, B., Bian, L., Sun, Y., 2021. Vagus nerve stimulation suppresses
corticotropin-releasing factor-induced adrenocorticotropic hormone release in rats.
Neuroreport 32, 792—-796. https://doi.org/10.1097 /wnr.0000000000001656

Clarke, T.B., Davis, K.M., Lysenko, E.S., Zhou, A.Y., Yu, Y., Weiser, J.N., 2010. Recognition of
peptidoglycan from the microbiota by Nod1 enhances systemic innate immunity. Nat. Med. 16,
228-231. https://doi.org/10.1038/NM.2087

Crumeyrolle-Arias, M., Jaglin, M., Bruneau, A., Vancassel, S., Cardona, A., Daugé, V., Naudon, L.,
Rabot, S., 2014. Absence of the gut microbiota enhances anxiety-like behavior and
neuroendocrine response to acute stress in rats. Psychoneuroendocrinology 42, 207-217.
https://doi.org/10.1016/j.psyneuen.2014.01.014

Dai, C., Zheng, J., Qj, L., Deng, P., Wu, M., Li, L., Yuan, J., 2023. Chronic stress boosts systemic
inflammation and compromises antiviral innate immunity in Carassius gibel. Front. Immunol.
14, 1-11. https://doi.org/10.3389/fimmu.2023.1105156

Day, R.B,, Link, D.C., 2012. Regulation of neutrophil trafficking from the bone marrow. Cell. Mol. Life
Sci. https://doi.org/10.1007/s00018-011-0870-8

De Filippo, K., Rankin, S.M., 2018. CXCR4, the master regulator of neutrophil trafficking in

133


https://doi.org/10.1093/NAR/GKW419
https://doi.org/10.1016/j.bbi.2010.10.023
https://doi.org/10.1016/j.febslet.2004.08.023
https://doi.org/10.4049/jimmunol.1400762
https://doi.org/10.1093/ICB/42.3.517
https://doi.org/10.1126/science.2821620
https://doi.org/10.1016/j.cbpa.2021.111024
https://doi.org/10.1016/j.dci.2007.08.008
https://doi.org/10.1038/s41435-021-00139-3
https://doi.org/10.1152/physrev.00020.2012
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1097/wnr.0000000000001656
https://doi.org/10.1038/NM.2087
https://doi.org/10.1016/j.psyneuen.2014.01.014
https://doi.org/10.3389/fimmu.2023.1105156
https://doi.org/10.1007/s00018-011-0870-8

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045

homeostasis and disease. Eur. J. Clin. Invest. https://doi.org/10.1111/eci.12949

de Oliveira, S., Reyes-Aldasoro, C.C., Candel, S., Renshaw, S.A., Mulero, V., Calado, A., 2013. Cxcl8 (IL-
8) mediates neutrophil recruitment and behavior in the zebrafish inflammatory response. J.
Immunol. 190, 4349-4359. https://doi.org/10.4049/jimmunol.1203266

Deshmukh, H.S., Liu, Y., Menkiti, O.R., Mei, J., Dai, N., O’Leary, C.E., Oliver, P.M., Kolls, J.K., Weiser,
J.N., Worthen, G.S., 2014. The microbiota regulates neutrophil homeostasis and host resistance
to Escherichia coli K1 sepsis in neonatal mice. Nat. Med. 20, 524-530.
https://doi.org/10.1038/nm.3542

Dhabhar, F.S., Malarkey, W.B., Neri, E., McEwen, B.S., 2012. Stress-induced redistribution of immune
cells—From barracks to boulevards to battlefields: A tale of three hormones — Curt Richter
Award Winner. Psychoneuroendocrinology 37, 1345-1368.
https://doi.org/10.1016/j.psyneuen.2012.05.008

Dhabhar, F.S., Mcewen, B.S., 1999. Enhancing versus suppressive effects of stress hormones on skin
immune function. Proc. Natl. Acad. Sci. U. S. A. 96, 1059
https://doi.org/10.1073/PNAS.96.3.1059

Dhabhar, F.S., Miller, A.H., McEwen, B.S., Spencer, R.L., 1996. Stress-induced changes in blood
leukocyte distribution. Role of adrenal steroid hormones. J. Immunol. 157, 1638-1644.
https://doi.org/10.4049/jimmunol.157.4.1638

Dhabhar, F.S., Miller, A.H., McEwen, B.S., Spencer, R.L., 1995. Effects of stress on immune cell
distribution. Dynamics and hormonal mechanisms. J. Immunol. 154, 5511-5527
https://doi.org/10.4049/jimmunol.154.10.5511

Eash, K.J., Means, J.M., White, D.W., Link, D.C., 2009. CXCR4 is a key regulator of neutrophil release
from the bone marrow under basal and stress granulopoiesis conditions. Blood 113, 4711
4719. https://doi.org/10.1182/BLO0OD-2008-09-177287

Elks, P.M., Van Eeden, F.J., Dixon, G., Wang, X., Reyes-Aldasoro, C.C., Ingham, P.W., Whyte, M.K.B.,
Walmsley, S.R., Renshaw, S.A., 2011. Activation of hypoxia-inducible factor-1a (Hif-1a) delays
inflammation resolution by reducing neutrophil apoptosis and reverse migration in a zebrafish
inflammation model. Blood 118, 712-722. https://doi.org/10.1182/BLO0OD-2010-12-324186

Evrard, M., Kwok, L W.H., Chong, S.Z., Teng, KW.W., Becht, E., Chen, J., Sieow, J.L., Penny, H.L., Ching,
G.C., Devi, S,, et al., 2018. Developmental analysis of bone marrow neutrophils reveals
populations specialized in expansion, trafficking, and effector functions. Immunity 48, 364-
379.e8. https://doi.org/10.1016/j.immuni.2018.02.002

Geslin, M., Auperin, B., 2004. Relationship between changes in mRNAs of the genes encoding
steroidogenic acute regulatory protein and P450 cholesterol side chain cleavage in head kidney
and plasma levels of cortisol in response to different kinds of acute stress in the rainbow trout
(Oncorhynchus mykiss). Gen. Comp. Endocrinol. 135, 70-80. https://doi.org/10.1016/50016-
6480(03)00283-1

Gregory, A.D., Hogue, L.A., Ferkol, T.W., Link, D.C., 2007. Regulation of systemic and local neutrophil
responses by G-CSF during pulmonary Pseudomonas aeruginosa infection. Blood 109, 3235—
3243. https://doi.org/10.1182/BLOOD-2005-01-015081

Grieshaber-Bouyer, R., Radtke, F.A., Cunin, P., Stifano, G., Levescot, A., Vijaykumar, B., Nelson-
Maney, N., Blaustein, R.B., Monach, P.A., et al., 2021. The neutrotime transcriptional signature
defines a single continuum of neutrophils across biological compartments. Nat. Commun. 12, 1-
21. https://doi.org/10.1038/s41467-021-22973-9

Hagen, I.)., Kusakabe, M., Young, G., 2006. Effects of ACTH and cAMP on steroidogenic acute
regulatory protein and P450 11B-hydroxylase messenger RNAs in rainbow trout interrenal cells:
Relationship with in vitro cortisol production. Gen. Comp. Endocrinol. 145, 254-262.
https://doi.org/10.1016/j.ygcen.2005.09.014

Hidalgo, A., Casanova-Acebes, M., 2021. Dimensions of neutrophil life and fate. Semin. Immunol. 57.
https://doi.org/10.1016/j.smim.2021.101506

Hidalgo, A., Chilvers, E.R., Summers, C., Koenderman, L., 2019. The Neutrophil Life Cycle. Trends
Immunol. 40, 584-597. https://doi.org/10.1016/j.it.2019.04.013

134


https://doi.org/10.1111/eci.12949
https://doi.org/10.4049/jimmunol.1203266
https://doi.org/10.1038/nm.3542
https://doi.org/10.1016/j.psyneuen.2012.05.008
https://doi.org/10.1073/PNAS.96.3.1059
https://doi.org/10.4049/jimmunol.157.4.1638
https://doi.org/10.4049/jimmunol.154.10.5511
https://doi.org/10.1182/BLOOD-2008-09-177287
https://doi.org/10.1182/BLOOD-2010-12-324186
https://doi.org/10.1016/j.immuni.2018.02.002
https://doi.org/10.1016/S0016-6480(03)00283-1
https://doi.org/10.1182/BLOOD-2005-01-015081
https://doi.org/10.1038/s41467-021-22973-9
https://doi.org/10.1016/j.ygcen.2005.09.014
https://doi.org/10.1016/j.smim.2021.101506
https://doi.org/10.1016/j.it.2019.04.013

1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097

Hoban, A.E., Moloney, R.D., Golubeva, A. V., McVey Neufeld, K.A., O’Sullivan, O., Patterson, E.,
Stanton, C., Dinan, T.G., Clarke, G., Cryan, J.F., 2016. Behavioural and neurochemical
consequences of chronic gut microbiota depletion during adulthood in the rat. Neuroscience
339, 463—-477. https://doi.org/10.1016/j.neuroscience.2016.10.003

Hyun, K.K., De La Luz Sierra, M., Williams, C.K., Gulino, A.V., Tosato, G., 2006. G-CSF down-regulation
of CXCR4 expression identified as a mechanism for mobilization of myeloid cells. Blood 108,
812. https://doi.org/10.1182/BLOOD-2005-10-4162

Jones, H.P., 2012. Immune cells listen to what stress is saying: Neuroendocrine receptors orchestrate
immune function. Methods Mol. Biol. 934, 77—87. https://doi.org/10.1007/978-1-62703-071-
7_4/COVER

Kamp, M.E., Shim, R., Nicholls, A.J., Oliveira, A.C., Mason, L.J., Binge, L., Mackay, C.R., Wong, C.H.Y.,
2016. G protein-coupled receptor 43 modulates neutrophil recruitment during acute
inflammation. PLoS One 11. https://doi.org/10.1371/JOURNAL.PONE.0163750,

Kanther, M., Tomkovich, S., Xiaolun, S., Grosser, M.R., Koo, J., Flynn, E.J., Jobin, C., Rawls, J.F., 2014.
Commensal microbiota stimulate systemic neutrophil migration through induction of Serum
amyloid A. Cell. Microbiol. 16, 1053-1067. https://doi.org/10.1111/cmi.12257

Karmarkar, D., Rock, K.L., 2013. Microbiota signalling through MyD88 is necessary for a systemic
neutrophilic inflammatory response. Immunology 140, 483492
https://doi.org/10.1111/imm.12159

Kelly, J.R., Borre, Y., O’ Brien, C., Patterson, E., El Aidy, S., Deane, J., Kennedy, P.J., Beers, S., Scott, K.,
Moloney, G., Hoban, A.E., Scott, L., Fitzgerald, P., Ross, P., Stanton, C., Clarke, G., Cryan, J.F.,
Dinan, T.G., 2016. Transferring the blues: Depression-associated gut microbiota induces
neurobehavioural changes in the rat. J. Psychiatr. Res. 82, 109-118
https://doi.org/10.1016/j.jpsychires.2016.07.019

Kepka, M., Verburg-van Kemenade, B.M.L., Chadzinska, M., 2013. Neuroendocrine modulation of the
inflammatory response in common carp: Adrenaline regulates leukocyte profile and activity.
Gen. Comp. Endocrinol. 188, 102-109. https://doi.org/10.1016/j.ygcen.2012.11.014

Khosravi, A., Yaiiez, A., Price, J.G., Chow, A., Merad, M., Goodridge, H.S., Mazmanian, S.K., 2014. Gut
microbiota promote hematopoiesis to control bacterial infection. Cell Host Microbe 15, 374—
381. https://doi.org/10.1016/j.chom.2014.02.006

Khoyratty, T.E., Ai, Z., Ballesteros, |., Eames, H.L., Mathie, S., Martin-Salamanca, S., Wang, L.,
Hemmings, A., Willemsen, N., von Werz, V., Zehrer, A., Walzog, B., van Grinsven, E., Hidalgo, A.,
Udalova, LA, 2021. Distinct transcription factor networks control neutrophil-driven
inflammation. Nat. Immunol. 22, 1093—-1106. https://doi.org/10.1038/s41590-021-00968-4

Kim, D., Paggi, J.M., Park, C., Bennett, C., Salzberg, S.L., 2019. Graph-based genome alighment and
genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 2019 378 37, 907-915.
https://doi.org/10.1038/s41587-019-0201-4

Kirchberger, S., Shoeb, M.R,, Lazic, D., Wenninger-Weinzierl, A., Fischer, K., Shaw, L.E., Nogueira, F.,
Rifatbegovic, F., Bozsaky, E., Ladenstein, R., et al., 2024. Comparative transcriptomics coupled
to developmental grading via transgenic zebrafish reporter strains identifies conserved features
in neutrophil maturation. Nat. Commun. 15. https://doi.org/10.1038/s41467-024-45802-1

Klak, K., Maciuszek, M., Marcinkowska, M., Verburg-van Kemenade, B.M.L., Chadzinska, M., 2022.
The importance of CXC-receptors CXCR1-2 and CXCR4 for adaptive regulation of the stress axis
in teleost fish. Fish Shellfish Immunol. 127, 647-658. https://doi.org/10.1016/j.fsi.2022.06.070

Klak, K., Maciuszek, M., Michalik, A., Mazur, M., Zawisza, M., Pecio, A., Nowak, B., Chadzinska, M.,
2025. Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp. Fish Shellfish Immunol. 161, 110301. https://doi.org/10.1016/j.fsi.2025.110301

Klak, K., Maciuszek, M., Pijanowski, L., Marcinkowska, M., Homa, J., Lidy Verburg-van Kemenade,
B.M., Rakus, K., Chadzinska, M., Zhang, L., Holland, J.W., Kemenade BML, V., 2024.

Evolutionarily conserved mechanisms regulating stress-induced neutrophil redistribution in fish.

Front. Immunol. 15, 1330995. https://doi.org/10.3389/FIMMU.2024.1330995
Kusakabe, M., Todo, T., James Mcquillan, H., Goetz, F.W., Young, G., 2002. Characterization and

135


https://doi.org/10.1016/j.neuroscience.2016.10.003
https://doi.org/10.1182/BLOOD-2005-10-4162
https://doi.org/10.1007/978-1-62703-071-7_4/COVER
https://doi.org/10.1371/JOURNAL.PONE.0163750
https://doi.org/10.1111/cmi.12257
https://doi.org/10.1111/imm.12159
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.ygcen.2012.11.014
https://doi.org/10.1016/j.chom.2014.02.006
https://doi.org/10.1038/s41590-021-00968-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41467-024-45802-1
https://doi.org/10.1016/j.fsi.2022.06.070
https://doi.org/10.1016/j.fsi.2025.110301
https://doi.org/10.3389/FIMMU.2024.1330995

1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149

expression of steroidogenic acute regulatory protein and MLN64 cDNAs in trout. Endocrinology
143, 2062-2070. https://doi.org/10.1210/endo.143.6.8672

Laing, K., 2004. Chemokines. Dev. Comp. Immunol. 28, 443-460.
https://doi.org/10.1016/j.dci.2003.09.006

Lawrence, S.M., Corriden, R., Nizet, V., 2018. The ontogeny of a neutrophil: mechanisms of
granulopoiesis and homeostasis. Microbiol. Mol. Biol. Rev. 82. https://doi.org/10.1128

Liao, Y., Smyth, G.K., Shi, W., 2014. featureCounts: an efficient general purpose program for assigning
sequence reads to genomic features. Bioinformatics 30, 923-930.
https://doi.org/10.1093/bioinformatics/btt656

Maciuszek, M., Rydz, L., Switakowska, 1., Verburg-van Kemenade, B.M.L., Chadziriska, M., 2019.
Effects of stress and cortisol on the polarization of carp macrophages. Fish Shellfish Immunol.
94, 27-37. https://doi.org/10.1016/].fsi.2019.08.064

Malengier-Devlies, B., Metzemaekers, M., Wouters, C., Proost, P., Matthys, P., 2021. Neutrophil
homeostasis and emergency granulopoiesis: The example of systemic juvenile idiopathic
arthritis. Front. Immunol. 12, 5329. https://doi.org/10.3389/fimmu.2021.766620

Marca, R. La, Waldvogel, P., Thorn, H., Tripod, M., Wirtz, P.H., Pruessner, J.C., Ehlert, U., 2011.
Association between cold face test-induced vagal inhibition and cortisol response to acute
stress. Psychophysiology 48, 420—429. https://doi.org/10.1111/).1469-8986.2010.01078.X

Marchi, D., Santhakumar, K., Markham, E., Li, N., Storbeck, K.H., Krone, N., Cunliffe, V.T., Van Eeden,
F.J.M., 2020. Bidirectional crosstalk between Hypoxia-Inducible Factor and glucocorticoid
signalling in zebrafish larvae. PLOS Genet. 16, e1008757.
https://doi.org/10.1371/JOURNAL.PGEN.1008757

Martin, C., Burdon, P.C.E., Bridger, G., Gutierrez-Ramos, J.C., Williams, T.J., Rankin, S.M., 2003.
Chemokines acting via CXCR2 and CXCR4 control the release of neutrophils from the bone
marrow and their return following senescence. Immunity 19, 583-593.
https://doi.org/10.1016/51074-7613(03)00263-2

Martinelli, S., Urosevic, M., Daryadel, A., Oberholzer, P.A., Baumann, C., Fey, M.F., Dummer, R.,
Simon, H.-U., Yousefi, S., 2004. Induction of genes mediating interferon-dependent extracellular
trap formation during neutrophil differentiation. J. Biol. Chem. 279, 44123-44132.
https://doi.org/10.1074/jbc.M405883200

Martinez-Porchas, M., Rafael Martinez-Cérdova, L., Ramos-Enriquez, R., 2009. Cortisol and glucose:
reliable indicators of fish stress? Panam. J. Aquat. Sci. 4, 158-178.

Metz, J.R., Huising, M.O., Leon, K., Verburg-van Kemenade, B.M.L., Flik, G., 2006a. Central and
peripheral interleukin-1f and interleukin-1 receptor | expression and their role in the acute
stress response of common carp, Cyprinus carpio L. J. Endocrinol. 191, 25-35
https://doi.org/10.1677/joe.1.06640

Metz, J.R., Peters, J.J.M., Flik, G., 2006b. Molecular biology and physiology of the melanocortin
system in fish: a review. Gen. Comp. Endocrinol. 148, 150-162.
https://doi.org/10.1016/j.ygcen.2006.03.001

Montaldo, E., Lusito, E., Bianchessi, V., Caronni, N., Scala, S., Basso-Ricci, L., Cantaffa, C., Masserdotti,
A., Barilaro, M., Barresi, S., et al., 2022. Cellular and transcriptional dynamics of human
neutrophils at steady state and upon stress. Nat. Immunol. 23, 1470-1483.
https://doi.org/10.1038/s41590-022-01311-1

Payne, A.H., Hales, D.B., 2004. Overview of steroidogenic enzymes in the pathway from cholesterol
to active steroid hormones. Endocr. Rev. 25, 947-970. https://doi.org/10.1210/er.2003-0030

Petit, I., Szyper-Kravitz, M., Nagler, A., Lahav, M., Peled, A., Habler, L., Ponomaryov, T., Taichman,
R.S., Arenzana-Seisdedos, F., Fujii, N., Sandbank, J., Zipori, D., Lapidot, T., 2002. G-CSF induces
stem cell mobilization by decreasing bone marrow SDF-1 and up-regulating CXCR4. Nat.
Immunol. 3, 687—694. https://doi.org/10.1038/ni813

Petit, J., de Bruijn, I., Goldman, M.R.G., van den Brink, E., Pellikaan, W.F., Forlenza, M., Wiegertjes,
G.F., 2022. B-Glucan-induced immuno-modulation: A role for the intestinal microbiota and
Short-Chain Fatty Acids in Common Carp. Front. Immunol. 12, 1-17.

136


https://doi.org/10.1210/endo.143.6.8672
https://doi.org/10.1016/j.dci.2003.09.006
https://doi.org/10.1128
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1016/j.fsi.2019.08.064
https://doi.org/10.3389/fimmu.2021.766620
https://doi.org/10.1111/J.1469-8986.2010.01078.X
https://doi.org/10.1371/JOURNAL.PGEN.1008757
https://doi.org/10.1016/S1074-7613(03)00263-2
https://doi.org/10.1074/jbc.M405883200
https://doi.org/10.1677/joe.1.06640
https://doi.org/10.1016/j.ygcen.2006.03.001
https://doi.org/10.1038/s41590-022-01311-1
https://doi.org/10.1210/er.2003-0030
https://doi.org/10.1038/ni813

1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201

https://doi.org/10.3389/fimmu.2021.761820

Pijanowski, L., Verburg-van Kemenade, B.M.L., Chadzinska, M., 2019. A role for CXC chemokines and
their receptors in stress axis regulation of common carp. Gen. Comp. Endocrinol. 280, 194—-199.
https://doi.org/10.1016/j.ygcen.2019.05.004

Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T., Adler, P., Peterson, H., Vilo, J., 2019. g:Profiler: a web
server for functional enrichment analysis and conversions of gene lists (2019 update). Nucleic
Acids Res. 47, W191-W198. https://doi.org/10.1093/nar/gkz369

Reiske, L., Schmucker, S., Pfaffinger, B., Weiler, U., Steuber, J., Stefanski, V., 2020. Intravenous
Infusion of cortisol, adrenaline, or noradrenaline alters porcine immune cell numbers and
promotes innate over adaptive immune functionality. J. Inmunol. 204, 3205-3216.
https://doi.org/10.4049/jimmunol.2000269

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., Smyth, G.K., 2015. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res.
43, ed7—e47. https://doi.org/10.1093/nar/gkv007

Rivest, S., 2010. Interactions between the immune and neuroendocrine systems, in: Progress in Brain
Research. Elsevier. https://doi.org/10.1016/50079-6123(08)81004-7

Ronchetti, S., Ricci, E., Migliorati, G., Gentili, M., Riccardi, C., 2018. How glucocorticoids affect the
neutrophil life. Int. J. Mol. Sci. 19, 4090. https://doi.org/10.3390/ijms19124090

Sapolsky, R., Rivier, C., Yamamoto, G., Plotsky, P., Vale, W., 1987. Interleukin-1 stimulates the
secretion of hypothalamic corticotropin-releasing factor. Science. 238, 522-524.
https://doi.org/10.1126/science.2821621

Sneddon, L.U., Wolfenden, D.C.C., Thomson, J.S., 2016. Stress management and welfare, fish
physiology. Elsevier Inc. https://doi.org/10.1016/B978-0-12-802728-8.00012-6

Sudo, N., 2016. The hypothalamic-pituitary-adrenal axis and gut microbiota: A target for dietary
intervention? In: The gut-brain axis dietary, probiotic, and prebiotic interventions on the
microbiota. Elsevier Inc. https://doi.org/10.1016/B978-0-12-802304-4.00013-X

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X., Kubo, C., Koga, Y., 2004. Postnatal
microbial colonization programs the hypothalamic—pituitary—adrenal system for stress response
in mice. J. Physiol. 558, 263—275. https://doi.org/10.1113/jphysiol.2004.063388

Suratt, B.T., Petty, J.M., Young, S.K., Malcolm, K.C., Lieber, J.G., Nick, J.A., Gonzalo, J.A., Henson, P.M.,
Worthen, G.S., 2004. Role of the CXCR4/SDF-1 chemokine axis in circulating neutrophil
homeostasis. Blood 104, 565-571. https://doi.org/10.1182/BLOOD-2003-10-3638

Taneja, R., Sharma, A.P., Hallett, M.B., Findlay, G.P., Morris, M.R., 2008. Immature circulating
neutrophils in sepsis have impaired phagocytosis and calcium signaling. Shock 30, 618-622.
https://doi.org/10.1097/SHK.0b013e318173ef9c

Tokarz, J., Moller, G., Hrabé de Angelis, M., Adamski, J., 2015. Steroids in teleost fishes: A functional
point of view. Steroids 103, 123—144. https://doi.org/10.1016/].steroids.2015.06.011

Uhl, B., Vadlau, Y., Zuchtriegel, G., Nekolla, K., Sharaf, K., Gaertner, F., Massberg, S., Krombach, F.,
Reichel, C.A., 2016. Aged neutrophils contribute to the first line of defense in the acute
inflammatory response. Blood 128, 2327-2337. https://doi.org/10.1182/blood-2016-05-718999

Uren Webster, T.M., Rodriguez-Barreto, D., Consuegra, S., Garcia de Leaniz, C., 2020. Cortisol-related
signatures of stress in the fish microbiome. Front. Microbiol. 11, 1-9.
https://doi.org/10.3389/fmicb.2020.01621

van de Wouw, M., Lyte, J.M., Boehme, M., Sichetti, M., Moloney, G., Goodson, M.S., Kelley-
Loughnane, N., Dinan, T.G., Clarke, G., Cryan, J.F., 2020. The role of the microbiota in acute
stress-induced myeloid immune cell trafficking. Brain. Behav. Immun. 84, 209-217.
https://doi.org/10.1016/j.bbi.2019.12.003

van der Aa, L.M., Chadzinska, M., Golbach, L.A., Ribeiro, C.M.S., Lidy Verburg-van Kemenade, B.M.,
2012. Pro-inflammatory functions of carp CXCL8-like and CXCb chemokines. Dev. Comp.
Immunol. 36, 741-750. https://doi.org/10.1016/j.dci.2011.11.011

van der Aa, L.M., Chadzinska, M., Tijhaar, E., Boudinot, P., Verburg-van Kemenade, B.M.L., 2010.
CXCL8 chemokines in Teleost fish: Two lineages with distinct expression profiles during early

137


https://doi.org/10.3389/fimmu.2021.761820
https://doi.org/10.1016/j.ygcen.2019.05.004
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.4049/jimmunol.2000269
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/S0079-6123(08)81004-7
https://doi.org/10.3390/ijms19124090
https://doi.org/10.1126/science.2821621
https://doi.org/10.1016/B978-0-12-802728-8.00012-6
https://doi.org/10.1016/B978-0-12-802304-4.00013-X
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1182/BLOOD-2003-10-3638
https://doi.org/10.1097/SHK.0b013e318173ef9c
https://doi.org/10.1016/j.steroids.2015.06.011
https://doi.org/10.1182/blood-2016-05-718999
https://doi.org/10.3389/fmicb.2020.01621
https://doi.org/10.1016/j.bbi.2019.12.003
https://doi.org/10.1016/j.dci.2011.11.011

1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242

phases of inflammation. PLoS One 5, e12384. https://doi.org/10.1371/journal.pone.0012384

Velthove, K.J., Leufkens, H.G.M., Souverein, P.C., Schweizer, R.C., Bracke, M., van Solinge, W.W.,
2010. Effects of glucocorticoids on the neutrophil count: A cohort study among hospitalized
patients. Pulm. Pharmacol. Ther. 23, 129-134. https://doi.org/10.1016/j.pupt.2009.10.006

Verburg-van Kemenade, B.M.L., Cohen, N., Chadzinska, M., 2017. Neuroendocrine-immune
interaction: Evolutionarily conserved mechanisms that maintain allostasis in an ever-changing
environment. Dev. Comp. Immunol. 66, 2-23. https://doi.org/10.1016/j.dci.2016.05.015

Wang, S, Ishima, T., Zhang, J., Qu, Y., Chang, L., Pu, Y., Fujita, Y., Tan, Y., Wang, X., Hashimoto, K.,
2020. Ingestion of Lactobacillus intestinalis and Lactobacillus reuteri causes depression- and
anhedonia-like phenotypes in antibiotic-treated mice via the vagus nerve. J. Neuroinflammation
17. https://doi.org/10.1186/512974-020-01916-Z

Watanabe, K., Gilchrist, C.A., Uddin, M.J., Burgess, S.L., Abhyankar, M.M., Moonah, S.N., Noor, Z.,
Donowitz, J.R., Schneider, B.N., Arju, T., Ahmed, E., Kabir, M., Alam, M., Haque, R.,
Pramoonjago, P., Mehrad, B., Petri, W.A., 2017. Microbiome-mediated neutrophil recruitment
via CXCR2 and protection from amebic colitis. PLOS Pathog. 13, e1006513.
https://doi.org/10.1371/journal.ppat.1006513

Wendelaar Bonga, S.E., 1997. The stress response in fish. Physiol. Rev. 77, 591-625.
https://doi.org/10.1152/physrev.1997.77.3.591

Westphal, Nicole, J., S.A.F., 2006. CRH-BP: the regulation and function of a phylogenetically
conserved binding protein. Front. Biosci. 11, 1878-1891. https://doi.org/10.2741/1931

Weyts, F.A.,, Flik, G., Kemenade, B.M.L.V., 1998. Cortisol inhibits apoptosis in carp neutrophilic
granulocytes. Dev. Comp. Immunol. 22, 563-572. https://doi.org/10.1016/50145-
305X(98)00027-5

Wilckens, T., 1995. Glucocorticoids and immune function: physiological relevance and pathogenic
potential of hormonal dysfunction. Trends Pharmacol. Sci. 16, 193-197.
https://doi.org/10.1016/50165-6147(00)89021-5

Wilckens, T., De Rijk, R., 1997. Glucocorticoids and immune function: Unknown dimensions and new
frontiers. Immunol. Today 18, 418—424. https://doi.org/10.1016/50167-5699(97)01111-0

Xie, X., Shi, Q., Wu, P., Zhang, X., Kambara, H., Su, J., Yu, H., Park, S.Y., Guo, R., Ren, Q., Zhang, S., Xu,
Y., Silberstein, L.E., Cheng, T., Ma, F., Li, C., Luo, H.R., 2020. Single-cell transcriptome profiling
reveals neutrophil heterogeneity in homeostasis and infection. Nat. Immunol. 21, 1119-1133.
https://doi.org/10.1038/s41590-020-0736-z

Zhang, D., Chen, G., Manwani, D., Mortha, A., Xu, C,, Faith, J.J., Burk, R.D., Kunisaki, Y., Jang, J.-E.,
Scheiermann, C., Merad, M., Frenette, P.S., 2015. Neutrophil ageing is regulated by the
microbiome. Nature 525, 528-532. https://doi.org/10.1038/nature15367

Zheng, P., Zeng, B., Zhou, C,, Liu, M., Fang, Z., Xu, X., Zeng, L., Chen, J., Fan, S., Du, X., Zhang, X., Yang,
D., Yang, Y., Meng, H., Li, W., Melgiri, N.D., Licinio, J., Wei, H., Xie, P., 2016. Gut microbiome
remodeling induces depressive-like behaviors through a pathway mediated by the host’s
metabolism. Mol. Psychiatry 21, 786—796. https://doi.org/10.1038/mp.2016.44

138


https://doi.org/10.1371/journal.pone.0012384
https://doi.Org/10.1016/j.pupt.2009.10.006
https://doi.org/10.1016/j.dci.2016.05.015
https://doi.org/10.1186/S12974-020-01916-Z
https://doi.org/10.1371/journal.ppat.1006513
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.2741/1931
https://doi.org/10.1016/S0145-305X(98)00027-5
https://doi.org/10.1016/S0165-6147(00)89021-5
https://doi.org/10.1016/S0167-5699(97)01111-0
https://doi.org/10.1038/s41590-020-0736-z
https://doi.org/10.1038/nature15367
https://doi.org/10.1038/mp.2016.44

1243

1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259

1260
1261
1262
1263
1264
1265
1266
1267
1268

1269
1270
1271
1272
1273
1274
1275
1276
1277

1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288

Figure titles:

Figure 1. Heatmaps showing the influence of restraint stress and antibiotic-induced dysbiosis of
microbiota on the expression stress-related genes in the stress axis organs: nucleus preopticus of
hypothalamus (NPO), pituitary gland (PIT) and head kidney (HK) of common carp. CTR - control
unstressed fish, ANT — unstressed fish treated with an antibiotic cocktail containing vancomycin (0.01
g/L), neomycin (0.5 g/L), ampicillin (0.5 g/L) and metronidazole (0.5 g/L) (VNAM), STR - stressed fish
(24 h restraint stress), and ANT + STR — stressed fish treated with antibiotic VNAM cocktail. Gene
expression was determined by RT-qPCR. The average gene expression levels were converted into z-
scores using the Heatmapper web server (Babicki et al., 2016). The heatmaps generated from these
normalized values show relative, within-gene comparison of expression levels across groups. In the
blue white red color scheme, blue indicate z-scores below the gene’s mean (z < 0), reflecting relatively
lower expression; white cells denote z-scores around zero (z = 0), indicating expression close to the
gene’s average; and red cells correspond to z-scores above the mean (z > 0), signifying relatively
higher expression compared to other groups. One rectangle presents mean data from n=6 fish. Mean
values not sharing capital letters (e.g., A vs B) indicate statistically significant differences between
groups in particular HPI axis components (NPO, PIT, HK) (p < 0.05). Statistical analysis was performed
using two-way ANOVA with subsequent Tukey’s pairwise multiple comparisons test.

Figure 2. Effects of restraint stress and antibiotic treatment on cortisol (A) and glucose (B) levels in
blood plasma of common carp. UNSTRESSED fish and STRESSED (24 h of confinement) fish were
sampled at 48 h of the experiment. CTR - control unstressed fish, ANT — unstressed fish treated with
an antibiotic cocktail containing vancomycin (0.01 g/L), neomycin (0.5 g/L), ampicillin (0.5 g/L) and
metronidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint stress), and ANT + STR — stressed
fish treated with antibiotic VNAM cocktail. Within both CTR and ANT groups, results are depicted
with dots for the not-stressed groups and triangles for the stressed groups. Data are presented as
mean * standard error (SE) (n > 14). Mean values not sharing letters (e.g., A vs B) indicate statistically
significant differences between groups (p < 0.05).

Figure 3. Effects of restraint stress and antibiotic treatment on the percentage of neutrophils (PMN)
in the leukocytes of the head kidney (HKL, A) and peripheral blood (PBL, B) of common carp. CTR -
control unstressed fish, ANT — unstressed fish treated with an antibiotic cocktail containing
vancomycin (0.01 g/L), neomycin (0.5 g/L), ampicillin (0.5 g/L) and metronidazole (0.5 g/L) (VNAM),
STR - stressed fish (24 h restraint stress), and ANT + STR — stressed fish treated with antibiotic VNAM
cocktail. Within both CTR and ANT groups, results are depicted with dots for the not-stressed groups
and triangles for the stressed groups. Data are presented as mean * standard error (SE) (n > 14).
Mean values not sharing letters (e.g., A vs B) indicate statistically significant differences between
groups (p < 0.05).

Figure 4. Heatmaps showing the influence of restraint stress and antibiotic-induced dysbiosis of
microbiota on the expression of genes involved in neutrophil redistribution in the head kidney (HK)
and peripheral blood leukocytes (PBL) of common carp. CTR - control unstressed fish, ANT —
unstressed fish treated with an antibiotic cocktail containing vancomycin (0.01 g/L), neomycin
(0.5 g/L), ampicillin (0.5 g/L) and metronidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint
stress), and ANT + STR — stressed fish treated with antibiotic VNAM cocktail. Gene expression was
determined by RT-qPCR. The average gene expression levels were converted into z-scores using the
Heatmapper web server (Babicki et al., 2016). The heatmaps generated from these normalized values
show relative, within-gene comparison of expression levels across groups. In the blue-white-red color
scheme, blue indicate z-scores below the gene’s mean (z < 0), reflecting relatively lower expression;
white cells denote z-scores around zero (z = 0), indicating expression close to the gene’s average; and
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red cells correspond to z-scores above the mean (z>0), signifying relatively higher expression
compared to other groups.. One rectangle presents mean data from n=6 fish. Mean values not
sharing capital letters {e.g., A vs B) indicate statistically significant differences between groups (p <
0.05). Statistical analysis was performed using two-way ANOVA with subsequent Tukey’s pairwise
multiple comparisons test.

Figure 5. Phagocytosis of Zymosan A S. by neutrophils isolated from the head kidney. (A) Percentage
of neutrophils with phagocytosed zymosan particles. (B) Phagocytosis index, defined as the number
of phagocytosed particles per cell. (C) Representative confocal microscopy images of head kidney-
derived dihydrorhodamine (DHR, green fluorescence) labelled neutrophils phagocytosing Texas Red-
labelled zymosan particles (red fluorescence). Scale bar = [10 um]. CTR - control unstressed fish, ANT
— unstressed fish treated with an antibiotic cocktail containing vancomycin {0.01 g/L), neomycin
(0.5 g/L), ampicillin (0.5 g/L) and metronidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint
stress), and ANT + STR — stressed fish treated with antibiotic VNAM cocktail. Within both, CTR and
ANT groups, results are depicted with dots for the not-stressed groups and triangles for the stressed
groups. Data are presented as mean + standard error (SE) (n > 14). Mean values not sharing letters
(e.g., A vs B) indicate statistically significant differences between groups (p < 0.05).

Figure 6. Heatmaps showing the influence of restraint stress and antibiotic-induced dysbiosis of
microbiota on the expression of genes involved in neutrophil maturation in neutrophils retrieved
from the head kidney of common carp. CTR - control unstressed fish, ANT — unstressed fish treated
with an antibiotic cocktail containing vancomycin (0.01 g/L), neomycin (0.5 g/L), ampicillin {0.5 g/L)
and metronidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint stress), and ANT + STR —
stressed fish treated with antibiotic VNAM cocktail. Gene expression was determined by RT-qPCR The
average gene expression levels were converted into z-scores using the Heatmapper web server
(Babicki et al., 2016). The heatmaps generated from these normalized values show relative, within-
gene comparison of expression levels across groups. In the blue, white, red color scheme, blue
indicate z-scores below the gene’s mean (z <0), reflecting relatively lower expression; white cells
denote z-scores around zero (z =0), indicating expression close to the gene’s average; and red cells
correspond to z-scores above the mean (z > 0), signifying relatively higher expression compared to
other groups. One rectangle presents mean data from n=6 fish. Mean values not sharing capital
letters (e.g., A vs B) indicate statistically significant differences between groups (p < 0.05). Statistical
analysis was performed using two-way ANOVA with subsequent Tukey’s pairwise multiple
comparisons test.

Figure 7. Overall transcriptome response of common carp neutrophils following antibiotic treatment,
stress, or their combination. (A) Principal component analysis (PCA) plot showing clustering of gene
expression profiles across the control (CTR), stress (STR), antibiotic (ANT), and combined ANT+STR
treatments. (B) Bar chart illustrating the number of differentially expressed genes (DEGs) for each
treatment group, with downregulated genes (red) and upregulated genes (blue). (C) Venn diagram
highlighting the overlap of DEGs across the ANT, STR, and ANT+STR treatments. Numbers within each
section represent unique and shared DEaGs. (D) Heatmap of log2 fold change hierarchical clustering
for DEGs across experimental groups, illustrating distinct and overlapping transcriptional profiles.

Figure 8. Volcano plots and hierarchical heatmap summarizing gene expression changes under
different treatments. Volcano plots display differentially expressed genes (DEGs) between treatment
and control groups, with upregulated genes shown in red and downregulated genes in blue. (A) DEGs
between STR and CTR groups. (B) DEGs between ANT and CTR groups. (C) DEGs between ANT+STR
and CTR groups, illustrating the combined effect of treatments. Immune-related genes in the plots
were identified using the C. carpio genome from the NCBI platform, with corresponding LOC
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identifiers (e.g., cd8a retrieved from NCBI Gene LOC109090968). The x-axis represents log fold
change (logFC), while the y-axis shows FDR-adjusted p-values. (D) A heatmap of log2 fold change
values for immune-related DEGs across treatments (CTR, STR, ANT, ANT+STR), with hierarchical
clustering highlighting distinct and overlapping transcriptional patterns. (E-G) A heatmaps of log2 fold
change values for neutrophil maturation-related DEGs: (E) STR vs CTR, (F) ANT c¢s CTR and (G)
ANT+STR vs CTR, with hierarchical clustering highlighting distinct and overlapping transcriptional
patterns. Unstressed (CTR, ANT) and stressed (STR, ANT+STR) fish were sampled at 48 h of the
experiment. CTR represents fish not treated with antibiotics, while fish from ANT and ANT+STR
groups were treated with an antibiotic VNAM cocktail (0.01 g/L Vancomycin, 0.5 g/L Neomycin, 0.5
g/L Ampicillin and 0.5 g/L of Metronidazole).

Figure 9. Gene Ontology (GO) enrichment analysis of Biological Process (BP) for differentially
expressed genes (DEGs) under different treatments. The enrichment plot compares three conditions
(ANT, STR, and ANT+STR each vs. CTR) based on significantly enriched biological processes (Y-axis)
and their corresponding enrichment scores (X-axis). Dot size represents the number of DEGs
associated with each process, while color intensity indicates statistical significance (adjusted p-value).
Unstressed (CTR, ANT) and stressed (STR, ANT+STR) fish were sampled at 48 h of the experiment. CTR
represents fish not treated with antibiotics, while fish from ANT and ANT+STR groups were treated
with an antibiotic VNAM cocktail (0.01 g/L Vancomycin, 0.5 g/L Neomycin, 0.5 g/L Ampicillin and 0.5
g/L of Metronidazole).

Figure 10. Integrative analysis of differentially expressed genes (DEGs) and enriched pathways across
ANT (Antibiotic-treated), STR (Stressed), and ANT+STR (Combined treatment) clusters. (A) The
heatmap table compares shared and unique genes across pathways, with color gradients from green
to red indicating significance. (B) The dot plot displays multiple enriched biological pathways, with
key immune-related pathways highlighted in green, yellow, and red when affecting one, two, or all
three groups, respectively. (C-D) The C-type lectin receptor (left) and NOD-like receptor (right)
signaling KEGG pathway diagrams illustrate differentially expressed genes (green) in common carp
linked to immunity and stress.

Figure 11: KEGG Pathway Enrichment Analysis of Differentially Expressed Genes (DEGs) in HK
neutrophils of common carp. The KEGG pathway maps illustrate: (A) the enriched immune pathway
(RIG-I-like receptor signaling pathway), (B) the metabolic pathway (cellular senescence), and (C) the
signaling pathway (p53 signaling) associated with the identified DEGs across experimental conditions.
Highlighted genes (in green) represent significant transcriptional changes recorded in common carp
(Cyprinus carpio), emphasizing key regulatory processes affected by the treatments.

Supplementary materials:

Supplementary Table 1 Primer sequences, corresponding accession numbers and used
concentrations.

Supplementary Table 2. Summary of sequencing results from 15 samples.

Supplementary Figure 1. Representative dot plots of HKL and PBL. CTR - control unstressed fish, ANT
- unstressed fish treated with an antibiotic cocktail containing vancomycin (0.01 g/L), neomycin
(0.5 g/L), ampicillin (0.5 g/L) and metronidazole (0.5 g/L) (VNAM), STR - stressed fish (24 h restraint
stress), and ANT + STR - stressed fish treated with antibiotic VNAM cocktail.
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Supplementary Figure 2. Heatmaps showing the influence of restraint stress and antibiotic-induced
dysbiosis of microbiota on the expression of genes involved in neutrophil redistribution in the head

kidney (HK) and peripheral blood leukocytes (PBL) of common carp. Unstressed (CTR, ANT) and
stressed (STR, ANT+STR) fish were sampled at 48 h of the experiment. CTR represents fish not treated
with antibiotics, while fish from ANT and ANT+STR groups were treated with an antibiotic VNAM
cocktail (0.01 g/L Vancomycin, 0.5 g/L Neomycin, 0.5 g/L Ampicillin and 0.5 g/L of Metronidazole).
Gene expression was determined by RT-gPCR and presented as an x-fold increase compared to
unstressed fish (CTR) and standardized for the 40S ribosomal protein s11 housekeeping gene. One
rectangle presents mean data from n=6 fish. Mean values not sharing capital letters (e.g., A vs B)
indicate statistically significant differences between groups (p < 0.05). Statistical analysis was
performed using two-way ANOVA with subsequent Tukey’s pairwise multiple comparisons test.

Supplementary Figure 3. The influence of restraint stress and antibiotic-induced dysbiosis of
microbiota on the ROS production of head kidney-derived neutrophils. Unstressed (CTR, ANT) and
stressed (STR, ANT+STR) fish were sampled at 48 h of the experiment. CTR represents fish not treated
with antibiotics, while fish from ANT and ANT+STR groups were treated with an antibiotic VNAM
cocktail (0.01 g/L Vancomycin, 0.5 g/L Neomycin, 0.5 g/L Ampicillin and 0.5 g/L of Metronidazole).
Data are presented as mean + standard error (SE) (n > 6). Mean values not sharing letters (e.g., A vs B)

indicate statistically significant differences between groups (p < 0.05).
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1467

Supplementary Table 1.

Gene

(NBCl acc.no)
40s11
(AB012087)
pomc
(Y14618.1)
crh
(AJ576243)
crhr
(AJ576244)
crh-bp
(AJ490881)
mr
(AJ783704)
grl
(AJ879149)
gr2
(AM183668)
il-16
(KC008576)
il-16r
(AJ843873)
mc2r
(AJ605725.1)
star
(FJ490418)
Cypllbl

(XM 019123804.1)
116-hsd3
(XM 019107831)
gcsfr
(MH262557)
mmp-9
(AB057407)
cxcls_11 (PIT/NPO)
(AB470924.1)
cxclg_l1 (HK)
(AJ421443)
cxcl8_12
(AB470924
cxcbl
(AB082985)
cxcb2
(IJN104598)
cxcll2a
(AJ627274)
cxcll2b
(AJ536027)

cxcrl

(AB010468)

Primer nucleotide sequences (5'-3')

XY m x©¥T M x©x¥T M x©x¥T M Xx©Xx M X©x¥ M xXx¥T M XxXx M Xx M X©x¥ M XxXx¥T M XxXx M X M Xx M XxY M X M X M X M X M X M X M X M X M X M

CCGTGGGTGACATCGTTACA
TCAGGACATTGAACCTCACTGTCT

TTGGCTCTGGCTGTTCTGTGT

: TCATCTGTCAGATCAGACCTGCATA

CATCCGGCTCGGTAACAGAA
CCAACAGACGCTGCGTTAACT

CCCTGCTGATCGCCTTCAT

: GCAGGATAAATGCTGTAATCAGGTT

ACAATGATCTCAAGCGGTCCAT
CCACCCAGAAGCTCGACAAA

TTCCCTGCAGAACTCAAAGGA

: ACGGACGGTGACAGAAACG

GACTTACCTGACTCCCTATCTGAC
GCTTCCACCATCTGCTGC

GGAGAACAACGGTGGGACTAAAT

: GGCTGGTCCCGATTAGGAA

AAGGAGGCCAGTGGCTCTGT
CCTGAAGAAGAGGAGGCTGTCA

ACGCCACCAAGAGCCTTTTA

: GCAGCCCATATTTGGTCAGA

AGCATATTCCACGCGCTAGG
ACTGTAGCGGCCTCGAAGAA

GTGGAACCCCAATGTCAAAC

: ACAGGTGGGTCCATTCTCAG

CCCTGGAAGGTCAGTGTTGT
GGTGGGGTTTGGAGATAAGG

GCACTCAATGGTTTCTTTGGA

: GCTCCAGCTTCGATAATGTG

GGGCAGCAACTACACAGGA
AGCACCATAGAGGCAGGAG

ATGGGAAAGATGGACTGCTG

: TCAAACAGGAAGGGGAAGTG

TCACTTCACTGGTGTTGCTC
GGAATTGCTGGCTCTGAATG

CTGGGATTCCTGACCATTGGT

: GTTGGCTCTCTGTTTCAATGCA

TCACTTCACTGGTGTTGCTC
GGAATTGCTGGCTCTGAATG

GGGCAGGTGTTTTTGTGTTGA

: AAGAGCGACTTGCGGGTATG

AGGCAGGTGCTTCTGTGCTGACA
TTCATGCATTTCCGCTCTGCGCT

CACCGTCACAGATATGTACCATATAGTC

: GGTGGTCTTTTGCAGAGTCATTT

GAGGAGGACCACCATGCATCT
TTGTGCAAGCAGTCCAGAAGA

GCAAATTGGTTAGCCTGGTGA

: AGGCGACTCCACTGCACAA

M

2,5

2,25
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1468
1469
1470

1471

1472
1473

1474

1475
1476
1477

cxcr2

(AB010713)

cxcr3

(HE584636)

cxcr4

(AB012310.1)

mpx

(AB429306)

tira

(XM 042736549)

: TATGTGCAAACTGATTTCAGGCTTAC
: GCACACACTATACCAACCAGATGG

: CACTCTGTCACGCCACTCGTAGG

: TGTCAATGACCCCAAGCATCTGC

: TTCTTTTGGAAGCCCATCAC

: GTGGTCGTGTCGGTCCTCTT

F:
R
F:
R
F: CGGTGTCTGCGTTCATCTATT
R
F
R: GATGCCTTTTGTTTGGTGGTG
F

: TCAAAACGGATCACACTGCA

R: TGAAAGCTCCTGGTTCAATGT

Sample Name ~ RawReads  LOW Quality Too ManyN  Too Short  Too Long  Clean Reads GC Content

Supplementary Table 2.
CTR_1 160352104 963828
CTR2 181505382 1333866
CTR3 176917064 1088938
CTR-4 196802540 1537246
€TR5 156317682 1802068
STRI 131105626 935654
STR2 179474100 1388124
STR_3 169300346 1286504
ANT_1 172455660 1649916
ANT.2 158692308 1758124
ANT 3 168112392 1903070
ANT 4 193202028 3038268
ANT*STR_1 165971054 1444334
ANT*STR_2 175268332 1195208
ANT*STR 3 173808406 1201478

Supplementary Figure 1.

27886
29426
29820
35068
27016
23208
31228
28672
30570
28222
30420
30738
29002
30798
29658

819364
3601652
773006
1078840
1215214
563926
1701624
1272440
4673576
4801176
7796592
16427320
2587350
19073S8
3110258

OO0 00000000 OO OO

158541026
176540438
175025300
194151386
153273384
129582838
176353124
166712730
166101598
152104786
158382310
173705702
161910368
172134968
169467012

47.70%
47.80%
47.40%
47.40%
48.20%
47.50%
47.60%
47.60%
50.00%
50.50%
51.20%
50.80%
47.30%
47.20%
47.40%

Y%PF
98.90%
97.30%
98.90%
98.70%
98.10%
98.80%
98.30%
98.50%
96.30%
95.80%
94.20%
89.90%
97.60%
98.20%
97.50%

Effective (%)
99.99
99.99

100
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99
99.99

Error(%)
0.02
0.03
0.02
0.02
0.03
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.03

QO(%)
97.59
97.22
97.76
97.59

97.2
97.56
97 48
97.34
97.54
97.49
97.35
96.52

97.4
97.56
97.23

Qa0(%)
95.69
94.95
95.95
95.66
94.93
95.62
95.41
95.24
95.37
95.26
94.91
93.26
95.25
95.58
95.02
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S. Sygnalizacja TLR/Myd88 wplywa na dojrzewanie i redystrybucje neutrofili
podczas zapalenia u larw danio pregowanego
U ssakdéw wykazano, ze mikrobiota wplywa na dojrzewanie 1 aktywacje neutrofili 1 ze
w zjawisko to zaangazowane sg receptory TLR 1 biatko adaptorowe Myd88. W celu
sprawdzenia udziatu tej sygnalizacji w odpowiedzi na zapalenie podczas stresu postanowili$my
uzupelni¢ badania nad wptywem mikrobioty jelitowej na redystrybucje neutrofili o model danio

pregowanego, ktéry umozliwia rozroznienie dojrzatych i niedojrzatych neutrofili.

S.1.  Materialy i metody
5.1.1. Hodowla danio pregowanego i warunki eksperymentalne
Larwy danio pregowanego (Danio rerio) pozyskano ze zwierzetarni Zakladu

Immunologii Ewolucyjnej UJ, zgodnie ze standardowymi procedurami. Do rozrodu uzyto
danio z podwojnie transgenicznej linii 7g(lysC:CFP-NTR)V?;Tg(BACmmp9.Citrine-
CAAX)"™ pozyskanej z St. Anna Children's Cancer Research Institute (CCRI) [84]. Zebrane
zarodki hodowano w temperaturze 28,5 °C w pozywce E3 z btekitem metylenowym (5 mM
NaCl, 0,17 mM KClI, 0,33 mM CaCl2, 0,3 mM MgSQOs4, 0,1% biekitu metylenowego, pH 7,0)
w szalkach Petriego. Stadia rozwojowe oceniano zgodnie z klasyfikacja [171]. W celu
stworzenia mutantow FO (tzw. crispanty, ang. crispants), z nokautem genu mydS8, w stadium
1-2-komérkowym zarodki iniekowano komponentami systemu CRISP/Cas9: 0,5 ul biatka Cas9
(20 uM, New England Biolabs, NEB, M0386, Ipswich, MA, USA) oraz 1 ul (100 uM, 1:1)
sekwencji targetujacych gen myd88: sgRNA1 CTGTTACTGGAATCGCCTCA (TGG),
sgRNA2-TGCAGTTTCCGAAAGAAACT (GGG). Grupe kontrolng stanowily zarodki
iniekowane: biatkiem Cas9 (0,5 ul, 20 uM) wraz z niespecyficznym (nierozpoznajacym
specyficznie zadnego regionu genomu) sgRNA (1 ul scramble crRNA, 100 uM, Sigma-Aldrich,
St. Louis, MO, USA). Efektywnos$¢ mutacji potwierdzono za pomoca genotypowania opartego
na reakcji PCR, z uzyciem czg$ci zainiekowanych 5-dniowych larw z obydwu grup.

Kortyzol (hydrokortyzon; Sigma-Aldrich, St. Louis, MO), rozpuszczono w 96% etanolu
(1 mg/ml) i przechowywano w temperaturze —20 °C. Przed kazdym eksperymentem $wiezo
przygotowywano 1,1 uM roztwory kortyzolu, w 96% etanolu (0,04% obj./obj.), w buforze E3
z blekitem metylenowym. Do roztwordéw kontrolnych dodano nos$nik w tej samej objetosci
(96% etanol, 0,04% obj./obj.). Zastosowane stezenie etanolu nie wykazuje toksycznosci
wzgledem larw [172, 173]. 1-dniowe larwy przez 24 h poddawane byly dziataniu kortyzolu
(KORT, 1,1 uM) lub nosnika (CTR) poprzez imersj¢ (28,5 °C). Nastgpnie larwy uspiono 0.01%
roztworem trikainy (Sigma-Aldrich, St. Louis, MO) i u potowy larw z kazdej grupy
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wywotywano stan zapalny poprzez amputacje czesci ptetwy ogonowej (AMP) [174]. Po 6
godzinach od amputacji larwy utrwalano w 4% paraformaldehydzie (4% PFA, Sigma Aldrich,
St. Louis, MO, 4 °C) (Ryc. 2).

5.1.2. Obrazowanie i analiza danych

Utrwalone larwy pozycjonowano lateralnie w 1% agarozie o niskiej temperaturze
topnienia (Sigma-Aldrich, St. Louis, MO) w E3. Obrazowanie przeprowadzono za pomocg
mikroskopu konfokalnego LSM 900 (Zeiss) wyposazonego w detektor Airyscan 2 przy uzyciu
obiektywu apochromatycznego 20x/0.8 M27 i laserow o dtugosci fal 488 nm i 405 nm. Skrawki
optyczne (ang. Z-stack) byty zbierane co 1,8 |im. Obszar analiz zdefiniowano za pomocg pola
0 wymiarach 100 |im na 350 |im dla ptetwy ogonowej oraz 600 |im na 100 |im dla tkanki
hematopoetycznej. Analize wykonano przy uzyciu oprogramowania ZEN 3.8 Lite. W obrebie
wyznaczonych obszaréw zaznaczano manualnie komorki o powierzchni 50-80 ~m2 przy uzyciu
opcji ,,Draw Sline Contour”. Nastepnie w obrebie zaznaczen odczytano Srednie intensywnosci
fluorescencji dla kazdego z fluorchromow (TaYFP, ang. yellow fluorescent protein oraz CFP,
ang. cyan fluorescent protein). Surowe dane pogrupowano w programie Excel, w celu
otrzymania liczby komorek wykazujgcych wyltgcznie fluorescencje CFP (stanowigcych
niedojrzate neutrofile, ktore nie wykazujg ekspresji mmp9) oraz komorek wykazujacych
fluorescencje CFP i TaYFP (stanowigcych dojrzatg populacje neutrofili, ktéra wykazuje
ekspresje mmp9). Dane poddano analizie statystycznej w programie GraphPad Prism i
analizowano za pomocg dwuczynnikowej analizy wariancji (2-way ANOVA) z testem post-hoc

Sidaka w celu identyfikacji istotnych réznic miedzy grupami (p<0,05).

Rycina 2. Schemat obrazujacy procedury wykonane podczas eksperymentu. O$ czasu przestawia dni
eksperymentu: 0-2 dpf - dni od zaptodnienia (ang. dayspostfertilization), hpa - godziny po amputacji (ang. hours

post amputation).
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5.2.  Wyniki eksperymentu

W eksperymencie nie zaobserwowano réznic w liczbie neutrofili w tkance
hematopoetycznej pomiedzy rybami z réznych grup eksperymentalnych (Ryc. 3A). W obszarze
zapalenia doszto do zwigkszenia liczby neutrofili. Nie zaobserwowano jednak istotnych
statystycznie roznic miedzy liczbg neutrofili w ognisku zapalenia u larw kontrolnych i
potraktowanych kortyzolem oraz u larw z mutacjg myd88 (Ryc. 3B). Stwierdzono natomiast,
ze u larw z mutacjg myd88 traktowanych kortyzolem liczba neutrofili w miejscu zapalenia jest
nizsza niz u traktowanych kortyzolem larw z funkcjonalng czasteczka Myd88.

A B

Tkanka hematopoetyczna Obszar zapalenia

Rycina 3. Wpltyw kortyzolu i sygnalizacji zaleznej od MyD88 na liczbe neutrofili w tkance hematopoetycznej
i obszarze zapalenia u larw danio pregowanego linii Tg(fysC:CFPNTR)Vi}}2; Tg(BACmmp9:Citrine-CAAX)Vi}}3
myd88 crispants - zarodki danio zainiekowane komponentami systemu CRISP/Cas9 (Cas9 mRNA oraz sgRNA
skierowanego przeciwko myd88), NT-CTR - zarodki danio pregowanego zainiekowane Cas9 mRNA wraz
z niespecyficznym (niemajgcym powigzania z zadnym regionem genomu) sgRNA. 1-dniowe larwy przez 24 h
poddawane byty dziataniu kortyzolu (KORT, 1,1 pM) lub no$nika (CTR), a nastepnie u czesci larw z kazdej grupy
wywotywano stan zapalny poprzez amputacje czesci ptetwy ogonowej (AMP). Po 6 godzinach liczono komérki
w tkance hematopoetycznej i obszarze zapalenia. N=21-27, $rednia + btad standardowy, 2-way ANOVA, z testem

post-hoc Sidaka (p<0,05). Rézne litery oznaczajg réznice istotne statystycznie pomiedzy grupami (np. a vs b).

Podczas zapalenia (grupa AMP), w tkance hematopoetycznej larw kontrolnych z
funkcjonalng czasteczkg Myd88 (NT-CTR) zaobserwowano mniej niedojrzatych komorek
(MMP9-) niz u larw z mutacjg Myd88. U larw kontrolnych (bez mutacji) liczba komérek
dojrzatych (MMP9+) istotnie przewazata nad liczbg komdrek niedojrzatych (MMP9.). Te
zalezno$¢ zaobserwowano rowniez w pozostatych grupach eksperymentalnych (KORT i
KORT+AMP). Ponadto, u larw NT-CTR stymulowanych kortyzolem w momencie zapalenia
(KORT+AMP) stwierdzono wiekszg liczbe komdrek MMP9+ niz u larw z mutacjg Myd88 (Ryc.
4A). Stwierdzono ponadto, ze u larw NT-CTR w miejscu amputacji znajduje sie istotnie

statystycznie wiecej komoérek MMP9- niz w analogicznej grupie pozbawionej funkcjonalnej
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czasteczki Myd88. Co ciekawe, larwy NT-CTR traktowane kortyzolem, podczas zapalenia
(KORT+AMP) wykazaty wiekszg liczbe neutrofili MMP9+w miejscu zapalenia niz larwy z
amputacja, ktdre nie byty traktowane kortyzolem. Podobnego zjawiska nie obserwowano u larw
z nokautem Myd88 (Ryc. 4B).

Rycina 4. Wptyw kortyzolu i sygnalizacji zaleznej od MyD88 na liczbe niedojrzatych (MMP9.) i dojrzatych
(MMP9+) neutrofili w tkance hematopoetycznej i obszarze zapalenia u larw danio pregowanego linii
Tg(lysC:CFPNTR)Vi002; Tg(BACmmp9:Citrine-CAAX)"i003. myd88 crispants - zarodki danio pregowanego
zainiekowane komponentami systemu CRISP/Cas9 (Cas9 mRNA oraz sgRNA skierowanego przeciwko myd88),
NT-CTR - zarodki danio pregowanego zainiekowane Cas9 mRNA wraz z niespecyficznym (niemajacym
powigzania z zadnym regionem genomu) sgRNA. 1-dniowe larwy przez 24 h poddawane byty dziataniu kortyzolu
(KORT, 1,1 gM) lub nosnika (CTR), a nastepnie u czesci larw z kazdej grupy wywotywano stan zapalny poprzez
amputacje czesci ptetwy ogonowej (AMP). Po 6 godzinach liczono komérki w tkance hematopoetycznej i obszarze
zapalenia. N=21-27, $rednia + btad standardowy, 2-way ANOVA, z testem post-hoc Sidaka (p<0,05). R6zne litery
oznaczajg roznice istotne statystycznie pomiedzy grupami (a vs b dla neutrofili MMP9-; A vs B dla neutrofili

MMP9+). Gwiazdki wskazujg na roznice istotng statystycznie pomiedzy liczba neutrofili MMP9- i MMP9+,

5.3. Whnioski

Uzyskane wyniki sugeruja, ze kortyzol oraz sygnalizacja TLR/Myd88 nie wptywajg na
catkowitg liczbe neutrofili w tkance hematopoetycznej u larw danio pregowanego. Kortyzol nie
zmienia takze catkowitej liczby neutrofili naptywajacych do miejscu zapalenia. Sygnalizacja
TLR/Myd88 ma natomiast istotny wptyw na liczbe neutrofili rekrutowanych do ogniska
zapalenia podczas stymulacji kortyzolem. Ponadto wykazano, ze sygnalizacja TLR/Myd88
wplywa na dojrzewanie neutrofili i ich redystrybucje w momencie zapalenia, jezeli larwy
podlegaja stymulacji kortyzolem. Pozwala to wnioskowac, ze w momencie stresu dochodzi do
wzmozonego naptywu dojrzatych neutrofili, ktére w przypadku zapalenia, sg preferencyjnie

rekrutowane do jego ogniska. Jezeli sygnalizacja TLR/Myd88 jest zaburzona, dojrzewanie
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neutrofili w tkance hematopoetycznej jest mniej efektywne 1 w sytuacji stresu powoduje

obnizong migracj¢ dojrzalych neutrofili do ogniska zapalenia.
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IV. Dyskusja
1. Os: Stres-chemokiny-neutrofile

Podobnie jak ssaki, ryby kostnoszkieletowe rozwinety wysoce efektywne mechanizmy
obronne, w celu zapobiegania i zwalczania infekcji. Wrodzona odpowiedz immunologiczna, w
tym zapalenie, opiera si¢ na $cisle regulowanym rozpoznawaniu patogenow przez receptory
PRR oraz migracji fagocytow do miejsca zakazenia. Kluczowy w tej odpowiedzi jest m.in.
szybki naptyw neutrofili, regulowany przez chemokiny i ich receptory. W pierwszych dwoch
artykutach obecnej pracy wykazalismy, ze rowniez ostry stres aktywuje mechanizmy podobne
do odpowiedzi zapalnej, a kortyzol, przy braku infekcji, jest istotnym czynnikiem regulujacym
redystrybucje neutrofili z narzadéw hematopoetycznych do krwi. Zjawisko to jest zalezne od
receptoréw Gr (Rozdzial I1L.2.). Ponadto wykazano, ze jest to zaleznos¢ dwukierunkowa,
poniewaz chemokiny CXC, ktore sa zaangazowane w regulacje retencji i migracji neutrofili
maja réwniez istotng role w regulacji aktywacji osi stresu. (Rozdzial II1.1.). Obserwowana u
ryb indukowana stresem neutrofilia, ktora jest zalezna od czasu trwania stresu 1 zanika wkrotce
po ustapieniu stresora, potwierdza konserwatywnos$¢ ewolucyjng tego procesu. Wczesniejsze
badania sugerowaty, ze indukowana stresem neutrofilia jest zalezna zar6wno od katecholamin
jak 1 od kortyzolu/kortykosteronu [175, 176]. Z kolei Poller i wspotautorzy [177] pokazali, ze
u myszy neutrofilia wywotana ostrym stresem nie jest zalezna od uktadu wspotczulnego. Te
pozorne sprzecznosci moga gléwnie wynika¢ z kinetyki tej reakcji 1 pojawiac sie, gdy rozne
badania analizuja rézne etapy reakcji stresowej. Badania wplywu ostrego stresu na liczbe
leukocytow we wczesnych punktach czasowych (stresor trwajacy minuty) pokazuja, ze jest to,
zalezna od adrenaliny 1 noradrenaliny, szybka mobilizacja (wzrost liczby) monocytow,
neutrofili 1 limfocytéw we krwi, natomiast w pozniejszych punktach czasowych (stresor
trwajacy godziny) zjawisko to jest gtlownie regulowane przez glikokortykoidy, ktore wplywaja
nie tylko redystrybucj¢ leukocytow do krwi, ale takze na ich pdzniejsza migracje z krwi do
tkanek [175]. Istotnym zrodtem komorek, wspomagajacym szybka redystrybucje leukocytow
jest pula marginalna [3, 5], a natychmiastowa sygnalizacja jest szczegOlnie istotna podczas
infekcji lub stanu zapalnego [5]. Dtuzsze dziatanie stresora powoduje, ze ogdlna liczba
(szczegodlnie limfocytéw 1 komorek NK) we krwi zmniejsza si¢ w miarg tego jak komorki
przemieszczaja si¢ do narzadow/tkanek docelowych [175]. Wyjatek stanowig tutaj neutrofile
wykazujace dwufazowa ciagla mobilizacje do krwi [175]. Nalezy zwroci¢ uwage, ze
przedstawione w obecnej pracy wyniki analiz cytometrycznych w formie warto$ci
procentowych, przy zwigkszonych wartosciach dla neutrofili, niebezposrednio wskazuja

rowniez na obnizone wartosci procentowe pozostatych populacji leukocytow. Koordynacja
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migracji okreslonych typéw leukocytow najprawdopodobniej zapewnia optymalizacje
zasoboéw immunologicznych podczas adaptacyjnej odpowiedzi organizmu na stresor. W
badaniach nad redystrybucja leukocytéw kluczowy jest czas trwania stresu, dlatego nalezy
podkresli¢, ze w obecnej pracy testujemy model ostrego przedtuzonego stresu (11 lub 24 h), i
skupiamy sie na stabo poznanych mechanizmach regulujacych wzrost (i brak znaczacego
spadku) liczby neutrofili we krwi.

W obecnej pracy wazne bylo rowniez okreslenie roli, jaka odgrywaja poszczegdlne
hormony stresu w regulacji redystrybucji neutrofili. Stwierdzono, ze zastosowanie antagonisty
receptoréw 1Adr nie wplyneto na wywotang stresem neutrofilie, a zablokowanie sygnalizacji
B2Adr oraz Mc2r zwiekszylo liczbe neutrofili we krwi. Moze to sugerowa¢ zwigkszong
redystrybucje pozostatych leukocytéw do tkanek i zaangazowanie katecholamin i receptoréw
B1Adr w tej regulacji. Obserwowany réwnolegle brak wzrostu poziomu kortyzolu po stresie w
grupach z zablokowana sygnalizacjg Pl1Adr, f2Adr lub Mc2r sugeruje, ze redystrybucja
neutrofili byta w sposob posredni zalezna od katecholamin. Reiske 1 wspotautorzy [178]
wykazali, ze u $wini dozylny wlew kortyzolu, adrenaliny lub noradrenaliny zmniejsza liczbe
limfocytow 1 zwigksza liczbe neutrofili. Jednakze efekt wywotany katecholaminami byt stabszy
i trwat kréce) w porownaniu do efektu wywotanego przez kortyzol [178]. W innych badaniach,
w ktérych stymulowano rézne obszary podwzgorza (podwzgorze przedwzrokowe/przednie,
ang. preoptic/anterior hypothalamus, AH, podwzgorze brzuszno-przysrodkowe, ang.
ventromedial hypothalamus, VMH) kotéw, wykazano, ze stymulacja AH 1 VMH wywoluyje
wzrost poziomu kortyzolu i adrenaliny w osoczu, przy jednoczesne] granulocytozie i limfopenii
[179-181]. W obecnej pracy, wykazalisSmy ponadto, ze u karpia zablokowanie receptorow Gr
i/lub Mr zatrzymalo zalezng od stresu neutrofilie. Rowniez u ssakow podanie kortykosteronu
(endogennego agonisty receptora GR 1 MR) lub RU28362 (specyficznego agonisty GR)
szczurom poddanym adrenalektomii spowodowato zmiany w rozmieszczeniu leukocytow,
ktére byly podobne do tych obserwowanych u zwierzat z funkcjonalnymi nadnerczami podczas
stresu [182]. Wyniki te sugeruja, ze kortykosteron, dziatajacy za posrednictwem receptora GR,
jest gtownym mediatorem wywotanych stresem zmian w redystrybucji limfocytéw i
monocytow we krwi [182]. Warto w tym miejscu przypomnie¢, ze karp posiada 2 typy
receptorow Gr (Grl 1 Gr2) a kortyzol wiaze si¢ takze z duzym powinowactwem do receptorow
Mr. Z literatury wiadomo, ze u ssakow, sygnalizacja przez receptor GR zachodzi przy
wysokich, charakterystycznych dla stresu, stezeniach kortyzolu [183]. Sadzimy w zwiazku z
tym, ze u karpia za aktywacj¢ mechanizmu uwolnienia neutrofili z nerki glowowe]

prawdopodobnie odpowiada receptor Grl, ktory tak jak GR ssakow, wymaga wysokich stezen
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kortyzolu [184-186]. Dodatkowy argument potwierdzajacy te zalezno$¢ stanowi analiza
ekspresji gendéw w nerce glowowej, ktéra wykazata podwyzszony poziom gr/ po 11-
godzinnym stresie unieruchomienia (Rozdzial IIL.1.). Potwierdzeniem kluczowej roli
glikokortykoidow w regulacji wywotanej stresem redystrybucji neutrofili sa obserwacje
pokazujace wplyw egzogennych, syntetycznych glikokortykoidow na to zjawisko.
Przyktadowo Barden i in. [187] wykazali, ze u zdrowych ochotnikéw deksametazon powoduje
wzrost liczby neutrofili we krwi, ktéry utrzymuje sie przez 24 godziny od podania tego
glikokortykoidu. Z kolei po 4 godzinach od podania deksametazonu nastepuje we krwi, zalezna
od dawki, redukcja liczby monocytow, limfocytow, bazofili i eozynofilii [187]. Ponadto
wczesniejsze badania, ktére wykazaly, ze glikokortykoidy moga hamowac apoptoze neutrofili,
wydtuza¢ czas zycia tych komorek oraz opoznia¢ ich usuwanie zar6wno in vivo, jak i in vitro
[188-190], dodatkowo potwierdzaja udziat tych hormonow stresu w utrzymaniu
podwyzszonego poziomu neutrofili we krwi podczas stresu. Co ciekawe zaobserwowali$my
réwniez, ze u karpi, zablokowanie sygnalizacji Gr obnizyto liczbe neutrofili w nerce gtowowe;
zarbwno u ryb poddanych stresowi jak 1 niestresowanych (Rozdzial IIL2.). U ssakow
wykazano takze, ze glikokortykoidy moga stymulowa¢ hematopoeze i zwigksza¢ produkcje
neutrofili w szpiku kostnym [188]. Wyniki analizy ekspresji genow przeprowadzone w obecnej
pracy, rowniez sugeruja, ze kortyzol wspomaga mobilizacje neutrofili z tkanki
hematopoetyczne] do krwiobiegu. Podczas stresu obserwowano bowiem wzrost ekspresji
gendw zwigzanych z retencja (cxcl/l2, cxcr4) 1 uwolnieniem neutrofili z tkanki
hematopoetycznej (gcsfr, mmp9, cxcl8). U ssakow MMP9 bierze udziat w mobilizacji komoérek
macierzystych 1 progenitorowych hematopoezy (ang. hematopoietic stem and progenitor cell,
HSPC) poprzez rozszczepianie i inaktywacje czasteczki adhezyjnej] VCAM-1 i/lub chemokiny
CXCLI12 [191]. Zaburzenie interakcji CXCL12-CXCR4 i/lub VCAM-1/VLA-4 przyczynia si¢
do mobilizacji HSPC. U ssakéw wykazano, ze podczas mobilizacji/uwolnienia komorek
hematopoetycznych, ze szpiku kostnego dochodzi w nim do zmniejszenia poziomu biatka
CXCL12, co pobudza zwigkszenie ekspresji genu CXCL/2. Jednoczesnie wykazano
zwigkszony poziom zarowno genu jak i biatka MMP9 [192], a zastosowanie rekombinowanego
biatka MMP9 prowadzito w warunkach in vifro do degradacji CXCL12 [192]. W obecnej pracy
zaobserwowali$my réwniez zalezny od stresu/kortyzolu wzrost ekspresji gesfi. Wezesniejsze
badania na ssakach wykazaly, ze GCSF indukuje mobilizacj¢ neutrofili poprzez obnizenie
poziomu CXCL12 oraz zwiekszenie ekspresji CXCR4 w szpiku kostnym [193]. Obserwowany
wzrost ekspresji cxcr4 w obecne] pracy wpisuje sie w ten wzdr sygnalizacji. Z kolei seria

eksperymentow in vitro 1 in vivo ujawnita, ze zalezna od MMP9 degradacja CXCL12 zwigksza
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wywotang GCSF mobilizacje HSPC. Obserwowane u karpia, wywotane stresem zmiany
ekspresji genow w leukocytach krwi obwodowej (wzrost ekspresji cxclS8, cxcll2, cxcer4, excrl,
gesfr 1 mmp9) swiadcza o zaangazowaniu w proces redystrybucji neutrofili konstytutywnych
(Cxcl12)i prozapalnych (Cxcl8) chemokin z rodziny CXC. W badaniach na myszach
pokazano, ze podniesienie poziomu CXCLI12 we krwi poprzez podanie wektora
adenowirusowego zawierajacego gen (CXCLI/2 powoduje znaczgca mobilizacje
kaskade sygnalizacyjna, prowadzaca do zachwiania réwnowagi Cxcll2/Cxcrd i
redystrybucji dojrzalych 1 niedojrzatych neutrofili do krwi. Aby to sprawdzi¢ w obecnej pracy
zastosowano inhibitor Cxcr4 - AMD3100, ktérego dziatanie stymulujace redystrybucje
neutrofili zostalo potwierdzone u ssakéw 1 u ryb [170, 195]. Jednak u ryb potraktowanych
inhibitorem przed 11-godzinnym stresem unieruchomienia, zaobserwowano obnizenie liczby
neutrofili we krwi obwodowej, pomimo wyzszego poziomu Kkortyzolu w surowicy
w poréwnaniu do ryb stresowanych, nastrzyknietych nosnikiem. By¢ moze redystrybucja
neutrofili nastgpita wczesniej niz w badanych punktach czasowych (nastrzyknigcie
inhibitorem godzine przed stresem) co znacznie ogranicza precyzyjng interpretacje tych
wynikow. Ponadto zaréwno stres jak 1 zablokowanie sygnalizacji Cxcr4-Cxcl12 moglo
doprowadzi¢ do szybkiego wyczerpania puli marginalnej. Poza retencjg w puli marginalnej,
sygnalizacja Cxcr4-Cxcl12 odpowiada takze =za powrét starzejgcych sie neutrofili
(charakteryzujacych sie wysoka ekspresjg CXCR4) do tkanki hematopoetycznej [3]. Tam
podlegaja one apoptozie a nastgpnie sg fagocytowane przez makrofagi [3, 5]. Ten proces
jest niezbedny do modulacji niszy hematopoetycznej 1 stymuluje produkcje GCSF oraz
moze powodowa¢ zmniejszenie ekspresji CXCLI2, co z kolei prowadzi do zwigkszonego
uwalniania neutrofili do krwi [21]. W obecnej pracy stres wywolal wzrost ekspresji cxcr/
w leukocytach krwi obwodowej podczas gdy poziom ekspresji cxcr? nie ulegl zmianie.
Jak juz wspomniano we wstepie, wczesniejsze badania na danio prggowanym wykazaty,
ze sygnalizacja Cxcl8 zalezy od mikrosrodowiska reakcji. I tak w przypadku rekrutacji
neutrofili do miejsca sterylnego zranienia, w sygnalizacje¢ zaangazowany jest receptor Cxcrl
[150], natomiast jezeli zapalenie zwigzane jest z toczaca sie infekcja w sygnalizacje
zaangazowany jest receptor Cxcr2 [153]. Wydaje sie, ze mechanizmy regulujace
redystrybucje neutrofili podczas stresu sa bardzo podobne do tych obserwowanych podczas
sterylnego zapalenia. Co wiecej, Zuiiiga-Traslavifia 1 in. [149] wykazali, ze u larw danio
pregowanego, wyciszenie genu cxc/8 [2 obniza liczbe neutrofili w krwiobiegu. W
zwiagzku z tym wysoka ekspresja cxcl/8 12 w leukocytach krwi obwodowej ryb
potraktowanych AMD3100 sugeruje aktywng regulacje chemotaksji neutrofili z nerki

1 i krwi.
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Wysoki poziom kortyzolu u ryb traktowanych przed stresem AMD3100 1 brak
charakterystycznej neutrofilii sugeruje przede wszystkim brak responsywnosci na stres. U
danio prggowanego obserwowana w wyniku ostrego stresu neutrofilia nie zostata odnotowana
podczas stresu przewlektego [196]. Wydaje sie, ze zwigkszony pod wptywem AMD3100
poziom kortyzolu moze powodowa¢ desensytyzacje receptorow glikokortykoidowych, co z
kolei mogto spowodowaé zatrzymanie zaleznej od Grl aktywacji 1 redystrybucji neutrofili z
niszy hematopoetycznej do krazenia. Argumentem wspierajagcym ta hipoteze jest obnizona
ekspresja gr/ w nerce glowowej stresowanych ryb potraktowanych AMD3100 w poréwnaniu
do ryb stresowanych potraktowanych nosnikiem. Jednoczesnie, obserwowane u ryb
stresowanych z zablokowanym receptorem Cxcr4 obnizenie ekspresji genéw zwigzanych z
synteza kortyzolu (star 1 cypllb) dodatkowo sugeruje aktywne ujemne sprzezenie zwrotne
zwigzane z wysokim poziomem kortyzolu. Z kolei zwigkszenie ekspresji //f-hsd3 (Rozdzial
II1.1.) sugeruje nasilone przeksztatcanie kortyzonu do jego aktywnej formy, czyli kortyzolu. W
sytuacji, gdy receptory Gr wykazuja zmniejszong wrazliwos¢ na kortyzol, zwigkszona
aktywno$¢ [11f-hsd3 przy wysokim poziomie kortyzolu zwieksza ryzyko uszkodzenia
komorek. Nalezy podkresli¢, ze badania potwierdzaja réwniez roznice w odpowiedzi neutrofili
na glikokortykosteroidy, w tym, ze ostre dziatanie glikokortykoidéw moze powodowac
immunostymulacje, podczas gdy przewlekta ekspozycja komorek na glikokortykoidy ma
dziatanie immunosupresyjne [197, 198].

Réwniez zastosowanie inhibitorow receptorow Cxcrl i/lub Cxcr2 zmniejszyto
redystrybucje neutrofili do krwioobiegu. Pozwala to wnioskowaé, ze wywolana stresem
redystrybucja neutrofili do krwi wymaga zaré6wno przerwania sygnalow retencyjnych jak
i pobudzenia sygnaléw stymulujacych ich migracja. Szczegolnie ciekawa obserwacja byto
stwierdzenie, ze zablokowanie receptorow Cxcrl i 2 obniza poziomu kortyzolu w surowicy
ryb. Nasuwa to wniosek, ze chemokiny Cxcl8 reguluja przebieg reakcji stresowej/aktywacje
osi HPI. Z kolei obnizona ekspresja cxcr4, gesfr 1 mmp9 w nerce glowowej
zwierzat potraktowanych tymi inhibitorami sugeruje zablokowanie sygnalizacji
odpowiedzialne] za uwolnienie neutrofili. Obserwacje te jednoznacznie wskazuja, ze proces
indukowanej stresem redystrybucji  neutrofili zalezy nie tylko od sygnatlow
neuroendokrynnych, ale takze od obecnosci chemokin CXC 1 ich receptoréw. Wyniki
przedstawione w Rozdziale IIL2. uzupelniaja oraz tworzg integralng cze$¢ analiz
Rozdzialu III.1, w ktorym wykazano, ze chemokiny reguluja aktywacje osi stresu.
Chociaz wywotana IL-13 regulacja CRH jest uwazana za glowny mechanizm, za

pomoca ktérego cytokiny stymuluja uwalnianie
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glikokortykoidow, coraz wigce] dowodow potwierdza bezposrednie dziatanie cytokin rowniez
na pozostatych poziomach osi stresu [199]. U ssakdéw 1 ryb receptory cytokin wykryto we
wszystkich narzadach osi HPA/HPI [200, 201]. Ponadto badania na ssakach wskazuja, ze
cytokiny sg réwniez syntetyzowane w moézgu, przednim placie przysadki mozgowe) 1 w
nadnerczach [202]. Lokalnie produkowane cytokiny moga dziata¢ parakrynnie
i dzieki temu wplywac¢ na aktywnos¢ osi HPA. W badaniach nad wplywem cytokin na
funkcjonowanie osi HPA najwiece] uwagi poswiecono cytokinom prozapalnym: IL-1, IL-6
i TNFa [200]. Uktad odpornosciowy, za posrednictwem tych cytokin, stymuluje uwalnianie
glikokortykoidow [203]. To z kolei powoduje negatywne sprzezenie zwrotne, hamujace dalsza
synteze 1 uwalnianie cytokin prozapalnych. W ten sposéb glikokortykoidy chronig organizm
przed nadmierna aktywacja odpowiedzi zapalnej [200]. Prace Rostene i in. [204], Slusarczyk i
in. [205] oraz Verburg-van Kemenade i1 in. [206] opisuja role chemokin CXCL8
1 CXCL12 w regulacji osi HPA ssakow lub HPI ryb podczas stresu. W obecnej pracy (Rozdzial
II1.1.) potwierdzono te role, dzieki zastosowaniu inhibitoréw receptoréw Cxcerl, Cxer2 i Cxcr4.
Wykazano, ze chemokiny CXC reguluja u ryb ekspresje genu kodujacego Crh. Co ciekawe,
odpowiadaja réwniez za regulacje ekspresji genu kodujacego 1l-1p (we wszystkich narzadach
osi stresu) oraz I1-1r w NPO i nerce gtowowe]. Wedlug naszej wiedzy, jest to jak dotad pierwszy
dowdd wskazujacy, ze chemokiny CXC podczas stresu reguluja ekspresje i/-/f w osi HPI ryb.
Weczesniejsze badania na ssakach pokazaly, ze w szpiku kostnym, IL-1B poprzez zwigzanie z
IL-1R stymuluje mielopoeze [207]. IL-1p bezposrednio lub za posrednictwem m.in. GCSF
moze indukowac¢ proliferacje 1 roznicowanie HSPC i GMP [207-209]. Co ciekawe, wykazano
rowniez, ze IL-1p odpowiada za pobudzanie produkcji CXCLS8 oraz bezposrednia aktywacje
neutrofili do produkcji ROS, tworzenia NET, a takze moze przedtuza¢ zywotnos¢ tych komoérek
[210-215]. Ponadto obserwowane zmiany w ekspresji gendw kodujacych chemokiny Cxcl8 1
Cxcl12 sugeruja, ze narzady osi stresu stanowig istotne zrodto tych chemokin.

Obecne badania stanowia istotny krok w kierunku kompleksowego zrozumienia
kinetyki oraz mechanizmow hormonalnych posredniczacych w indukowanych stresem
zmianach w redystrybucji neutrofili. Mozliwo$¢ dwukierunkowej modulacji neuroendokrynno-
immunologiczne] tworzy potencjat dla zastosowan terapeutycznych jak 1 podkresla znaczenie
stresu w kontekscie interpretacji wynikéw badan krwi. W badaniach nad mechanizmami
odpowiedzi na stres, ryby maja te przewage nad gryzoniami, ze podobnie jak ludzie, sg to
organizmy aktywne w ciagu dnia, a ich gtownym hormonem glikokortykoidowym jest kortyzol
[216]. Wyniki obu artykutow, dotyczace roli chemokin CXC 1 ich receptorow w regulacji osi

HPI oraz mechanizmow redystrybucji neutrofili podczas stresu, wprowadzaja nowa
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perspektywe w rozumieniu dwukierunkowej komunikacji migedzy uktadem odpornosciowym,
a neuroendokrynnym. Tak jak zapalenie moze aktywowac o$ stresu [202], kortyzol/o$ stresu
moze regulowal aktywacje chemokin/odpowiedz immunologiczng. Ta wielopoziomowa
interakcja warunkuje mozliwo$¢ wykorzystywania kaskady osi stresu do regulacji redystrybucji

leukocytow do krwi a nastepnie do ogniska zapalnego lub regulacji jego wyciszenia.

2. 0Os: Jelita-mozg-neutrofile

Jak zauwazono w pierwsze] czesci dyskusji, aktywacja osi stresu przez
cytokiny/chemokiny moze pelni¢ funkcje regulatorowa. Zaburzenie regulacji osi stresu moze
jednak negatywnie wplywac¢ na stan zdrowia i dobrostan ludzi i zwierzat. Dobrym tego
przyktadem sa pacjenci z zaburzeniami endokrynologicznymi (np. zespotem Cushinga), u
ktorych podwyzszony poziom kortyzolu powoduje niewrazliwo$¢ na przeciwzapalne dziatanie
glikokortykoidow [217, 218]. Przewlekly stres jest powszechnie uznawany za czynnik
przyczyniajacy si¢ do rozwoju lub zaostrzenia réznych choréb zapalnych, w tym choréb
zapalnych jelit (ang. inflammatory bowel disease, IBD) [219]. Choroby te charakteryzuja si¢
dysregulacja odpowiedzi immunologicznej, ktora skutkuje przewleklym zapaleniem przewodu
pokarmowego, podczas ktoérego moze wystapi¢ oporno$¢ lub niewrazliwo$¢ na
glikokortykoidy, co stwarza powazny problem terapeutyczny. Ciezka posta¢ IBD, choroba
Lesniowskiego-Crohna, czy wrzodziejace zapalenie jelita grubego (ang. ulcerative colitis, UC)
charakteryzuja sie przewleklym, nawracajacym zapaleniem przewodu pokarmowego, ktoremu
czesto towarzyszy zwigkszona przepuszczalnos$¢ jelit, zaburzona réwnowaga mikrobioty i
dysfunkcja uktadu odpornosciowego [220, 221]. Badania podkreslaja ztozong interakcje
miedzy stresem, dysbioza mikrobiomu i chorobami zapalnymi jelit [220]. Miedzy innymi na
modelu przewleklego stresu psychologicznego wykazano, ze nadprodukcja CRH i
glikokortykoidow prowadzi do redukcji biatek $cistych potaczen nablonka jelit, uszkadzajac
przez to integralno$¢ btony $luzowej, co Scisle wigze sie¢ z progresja IBD [222-224]. Co
ciekawe, coraz liczniejsze dowody sugeruja, ze stres znaczaco modyfikuje takze mikrobiote
jelitowa, ktora odgrywa kluczowa role w utrzymaniu zdrowia jelit 1 homeostazy
immunologiczne]. Nawet krotkotrwaly stres moze wywota¢ dysbioze [225]. Termin ten odnosi
si¢ do zmian w sktadzie mikrobioty (w tym zmian liczebnosci bakterii zasiedlajgcych jelita),
ktére prowadza do zaburzen homeostazy mikrobiologicznej, zmian metabolicznych 1
funkcjonalnych [226]. Jednym z mechanizmow, poprzez ktére stres wptywa na mikrobiote jelit,
jest aktywacja osi HPA [227]. W obecnej pracy (Rozdzial 111.3.) przeanalizowano wplyw 24-

godzinnego stresu unieruchomienia na sktad 1 liczebnos¢ bakterii mikrobioty jelitowej karpia,
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a takze oceniono, czy indukowana stresem neutrofilia stanowi czynnik ryzyka w patofizjologii
jelit, prowadzacy do zapalenia jelit w warunkach dysbiozy.

Wykazano, ze potraktowanie antybiotykami wywoluje u karpia dysbioze mikrobioty
jelitowej, charakteryzujaca sie¢ obnizeniem liczebnosci bakterii z rodzaju Aeromonas,
Bacteroides, Barnesiellaceae, Cetobacterium i Shewanella przy jednoczesnym zwigkszeniu
liczebnos$ci bakterii z rodzaju Vibrio, Flavobacterium 1 Desulfovibrionaceae. Z kolet 24-
godzinny stres unieruchomienia w mniejszym stopniu wplynal na zmiany mikrobioty,
powodujac obnizenie liczebnosci bakterii Cefobacterium 1 zwigkszenie liczebnosci bakterii
z rodzaju Vibrio. Najwigksze zmiany w mikrobiocie jelitowe] karpia wywotato polaczenie
antybiotykoterapii 1 stresu, co spowodowato dysbioze charakteryzujaca si¢ zwigkszeniem w
jelicie liczebnosci niekorzystnych rodzajow bakterii (Brevinema, Pseudomonas, Vibrio,
Mycoplasma, Flavobacterium, Desulfovibrionaceae). Tak jak opisano w dyskusji artykutu
(Rozdzial MIL3.) wigekszos¢ zmian w mikrobiocie zarowno tych pojawiajacych si¢ pod
wpltywem stresu, antybiotykdéw lub ich kombinacji, charakteryzowata si¢ zmniejszeniem
liczebnosci korzystnych rodzajow bakterii przy jednoczesnym zwigkszeniu liczebnosci bakterii
patogennych. Obnizenie liczebnosci najliczniejszego korzystnego rodzaju bakterii,
Cetobacterium po antybiotykoterapii i/lub stresie unieruchomienia moze wskazywac, ze jest to
zmiana zalezna od wspolnego dla tych trzech grup czynnika, ktorym wydaje si¢ by¢ wzrost
poziomu kortyzolu (Rozdzial II1.3. Tab.1.). Liczebno$¢ Cefobacterium byta istotnie obnizona
u ryb stresowanych w poréwnaniu do kontrolnych, a w obydwoch grupach traktowanych
antybiotykami liczebno$¢ tego rodzaju bakterii byta istotnie nizsza niz w grupie wyltacznie
poddanej stresowi. Wiele z opisywanych w dyskusji (Rozdzial II1.3.) bakterii to rodzaje
charakterystyczne dla mikrobiomu karpia/ryb karpiowatych, ktore w stanie homeostazy
wykazuja korzystne dziatanie zwigzane z wspomaganiem trawienia i regulacja metabolizmu,
jednak w sytuacji dysbiozy lub stresu moga wykazywa¢ dziatanie patogenne (np. Mycoplasma,
Pseudomonas). W stanie homeostazy komensalne szczepy bakteryjne wspieraja metabolizm,
moduluja odpowiedz immunologiczng oraz utrzymujg integralno$¢ bariery jelitowej [228, 229].
W przebiegu dysbiozy réwnowaga mikrobioty zostaje zaburzona, dochodzi do spadku
réznorodnosci gatunkowej bakterii, pojawia si¢ nadmierny wzrost szczepdw patogennych 1
spada liczba szczepow korzystnych dla organizmu, co moze prowadzi¢ do uposledzenia funkcji
bariery jelitowe] oraz pojawienia si¢ stanu zapalnego [230]. Jest to zjawisko obserwowane
czesto u ssakdéw, w tym w badaniach klinicznych [230]. U ssakéw, niektére z gatunkow
komensali uznawane za korzystne w stanie réwnowagi mikrobiologicznej, jak szczepy

Escherichia coli, moga w warunkach dysbiozy nadmiernie si¢ namnaza¢ i wytwarza¢ toksyny
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prowadzac do uszkadzania nablonka jelitowego [229, 231]. Innym przyktadem jest
Clostridioides difficile, ktéry po antybiotykoterapii, gdy spada konkurencja ze strony innych
bakterii, moze rozwina¢ si¢ do postaci patogennej wywotujacej cigzkie zapalenie okreznicy
[231, 232]. Infekcja Clostridioides difficile zachodzi gtownie przez uktad pokarmowy, dlatego
jest Scisle zwigzana z zaburzeniem mikrobioty jelitowej [231, 232]. Wykazano, ze dysbioza
wiaze si¢ takze z obnizong produkcja krotkotancuchowych kwasow ttuszczowych (ang. short
chain fatty acids, SCFA), co ze wzgledu na ich dzialanie przeciwzapalne i wspomagajace,
czesto powoduje naruszenie integralnosci bariery nablonka jelitowego 1 zaburza tolerancje
immunologiczng [233, 234]. Zaréwno u ssakow jak 1 u ryb, SCFA sa gtownymi metabolitami
wytwarzanymi w wyniku fermentacji przez bakterie [235-237]. Coraz wiece] dowodow
wskazuje rowniez na istotng role SCFA w modyfikowaniu aktywnosci neutrofili. W
szczegolnosci wykazano, ze SCFA wspomagaja migracje neutrofili do miejsc zakazenia 1
zwigkszajaq ich aktywnos$¢ fagocytarng. Ograniczaja rowniez synteze cytokin prozapalnych
przez neutrofile [229]. Co ciekawe w badaniu in vitro przeprowadzonym na leukocytach nerki
glowowej karpia stymulowanych LPS wykazano, ze dodanie SCFA powodowalo zmniejszenie
ekspresji gendw kodujacych cytokiny prozapalne (il-18, il-6, tnfa, cxcl8, p40) 1 przeciwzapalna
IL-10 (il-10). W obecnej pracy w jelicie przednim 1 $rodkowym, u ryb z wywotana
antybiotykami dysbioza odnotowano wzrost ekspresji i/-/f. Jednak najwieksze zmiany
ekspresji genow kodujacych mediatory przeciw- i1 prozapalne (il-10, il-15, cxcl8 12, cxcb?2),
receptor Tlr4 (zlr4) 1 cytokiny zaangazowane w odpowiedz zalezng od limfocytow Th17 (il-
23p19, il-12p35, il-17a/f2, il-17c, il-17d2), zaobserwowano u ryb traktowanych antybiotykami
a nastepnie stresowanych, ktore wykazaly najbardziej zaawansowang dysbioze. U ryb
niestresowanych z wywotang antybiotykami dysbioza rowniez zaobserwowano wzrost w
jelitach ekspresji niektorych z tych genoéw (il-1p, il-17a/f2, il-17c¢, il-17d2). Co ciekawe, w
jelitach ryb z najbardziej zaawansowang dysbioza zaobserwowano rdéwniez zmiany
morfologiczne wskazujgce na toczacy si¢ reakcje zapalng, w tym wzrost liczebnosci komoérek
kubkowych 1 precikowych oraz zwigkszony naciek neutrofili. Wczesniejsze badania na ssakach
wykazaty, ze podczas homeostazy rekrutacja neutrofili do jelita jest ostabiana przez mikrobiote
[238], co zapobiega rozwojowi reakcji zapalnej. U ludzi i myszy, PAMPy takie jak LPS 1
peptydoglikan sg wykrywane przez receptory PRR (TLR 1 NLR) [15, 239]. Indukuje to migdzy
innymi produkcje interleukiny-17 (IL-17) przez jelitowe limfocyty Th17, co z kolei pobudza
produkcje GCSF, glownego regulatora roznicowania neutrofili [240]. Sugeruje to wiec
zaangazowanie mikrobioty w regulacje granulocytopoezy. Ponadto, makrofagi 1 komorki

dendrytyczne w btonie §luzowe;j jelit konstytutywnie produkuja duze ilosci pro-IL1[3. Sygnaty
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pochodzace od bakterii patogennych indukuja tworzenie zaleznego od NLRC4 (ang. NLR
Jamily caspase activation and recruitment domain-containing protein 4) inflamasomu
1 konwersje pro-IL1P do jej aktywnej formy, co indukuje rekrutacj¢ neutrofili. Zrekrutowane
neutrofile moga migrowac do $wiatla jelita, tworzac zorganizowang strukture, ktora zapobiega
translokacji 1 ekspansji zarowno gatunkow komensalnych bakterii, jak i tych patogennych
[241]. Pokazano ponadto, ze rekrutacja neutrofili do nablonka btony §luzowe;j jest zalezna od
CXCR2. U myszy pozbawionych genu Cxcr2 (CXCR2/) wykazano, zmniejszong rekrutacje
neutrofili do tkanek obwodowych i obnizong odporno$¢ na zakazenia jelit [242-244]. Bakterie
SFB (ang. segmented filamentous bacteria) 1 inne komensale moga takze bezposrednio
stymulowa¢ komorki Th17, aktywujac zalezng od IL-17 1 CXCR2 rekrutacje neutrofili do jelit
i kontrole nadmiernej ekspansji SFB [243]. Badania na ssakach sugeruja takze, ze sygnaly z
mikrobioty jelitowe] moga odgrywaé znaczaca role w regulacji homeostazy neutrofili.
Kontynuujac temat wspomnianej juz roli w regulacji granulocytopoezy, wyniki badan na
ssakach wskazuja, ze wywotana antybiotykami redukcja lub catkowity brak mikrobioty, a takze
hodowla zwierzat w warunkach sterylnych znaczaco zmniejszajg liczbe neutrofili 1 ich
prekursoréw, co skutkuje zwiekszona podatnoscia na infekcje [15, 240, 245]. Jednak rola
mikrobioty jelitowe] w wywotanej stresem redystrybucji neutrofili jest nadal stabo poznana. W
kolejnym etapie badan obecnej pracy sprawdzono wiec wptyw mikrobioty na aktywno$¢ osi
stresu (HPI) i na wywotang stresem redystrybucje¢ neutrofili oraz ich aktywno$¢ (Rozdzial
I11.4.). Na podstawie analizy ekspresji genow wykazano, ze 24-godzinny stres unieruchomienia
wpltywa glownie na ekspresje gendw zaangazowanych w steroidogenez¢ oraz konwersje
kortyzolu w nerce gtowowej. Brak zmian w ekspresji gendw na wyzszych poziomach osi stresu
sugeruje aktywny mechanizm ujemnego sprzgzenia zwrotnego podczas 24-godzinnego stresu.
Z kolei ryby z wywotlang antybiotykami dysbioza charakteryzowata zwiekszona ekspresja il-
1 na wszystkich poziomach osi stresu, co sugeruje zalezng od 11-1P przedtuzong aktywacje osi
stresu. Ponadto, poziom kortyzolu u ryb z dysbioza byl na podobnym poziomie do tego
obserwowanego u ryb poddanych 24-godzinnemu stresowi unieruchomienia. Co ciekawe, u ryb
poddanych stresowi, dysbioza istotnie zwigkszyta poziomu kortyzolu w poréwnaniu do
stresowanych ryb z niezaburzona mikrobiota. Te obserwacje sa spojne z wczesniejszymi
badaniami na myszach GF, u ktérych brak mikrobioty byl zwigzany z nadmierng aktywacja osi
stresu 1 zwigkszong produkcja kortykosteronu [246]. Jedna z hipotez sugeruje rowniez, ze
dysbioza jelit moze przyczynia¢ si¢ do zwigkszonego uwalniania cytokin prozapalnych (np. IL-
1B, IL-6, TNF-0), co skutkuje wigkszg aktywacja osi HPA 1 zwigksza ryzyko wystapienia
podczas IBD objawdw leku 1 depresji [247-249].
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Analiza ekspresji genow zwigzanych retencjg 1 migracjg neutrofili w nerce glowowej i
leukocytach krwi obwodowej wykazata, ze dysbioza podczas stresu obniza wywolang stresem
neutrofilie. Co ciekawe, zarobwno w wyniku dysbiozy jak 1 stresu zaobserwowano zwigkszong
liczbe neutrofili we krwi obwodowe;j, jednak ten wzrost byt nizszy u ryb z dysbioza. Biorac
pod uwage badania Zhang i in. [15], w ktorych wykazano, ze brak mikrobioty znaczaco
zmniejsza liczbe starzejacych sig neutrofili, w obecnej pracy podjeto si¢ takze sprawdzenia czy
obnizona neutrofilia u ryb z dysbioza wynika z redystrybucji neutrofili z krwi do innych
narzagdoéw/tkanek (np. jelit, skrzeli, skory), czy jednak z zaburzonej granulocytopoezy i/lub
dojrzewania neutrofili w nerce glowowej. Analizy ekspresji genow metoda RT-qPCR
i trankryptomu wykazaty w neutrofilach nerki gtowowej pochodzacych od stresowanych ryb z
wywotang antybiotykami dysbioza, obnizong ekspresja genu mpx kodujacego
mieloperoksydaze 1 cxcr4, przy jednoczesnym podwyzszeniu ekspresji mmp9. Wczesniejsze
badania przeprowadzone na szczurach GF wykazaly, ze neutrofile przy braku mikrobioty,
charakteryzuje zmniejszona aktywnos$¢ mieloperoksydazy i obnizona zdolno$¢ do chemotaksji
w odpowiedzi na rekombinowany GCSF (thGCSF) [250]. Z kolei niski poziom ekspresji cxcr4
oraz wysoki poziom mmp9 wskazuje na aktywacje klasycznych mechanizmoéw prowadzacych
do uwolnienia neutrofili z nerki glowowej [251]. Badania przeprowadzone na mutantach
smu681 danio pregowanego, u ktorego stwierdzono niedoboér mieloperoksydazy wykazaly
zwigkszong liczbe neutrofili gromadzacych si¢ w miejscu zakazenia Candida albicans przy
jednoczesnie wydtuzonym czasie neutralizacji zakazenia w pordéwnaniu do kontroli z
funkcjonalng mieloperoksydaza [252]. Biorac to pod uwage, wyniki obecnej pracy, sugeruja,
ze obnizona ekspresja mpx w neutrofilach, moze sprzyja¢ zintensyfikowanemu naptywowi
neutrofili do miejsca zapalenia (jelit) u ryb z dysbiozg podczas indukowanej stresem
redystrybucji. Ponadto obnizony poziom mpx sugeruje obnizenie aktywnosci
przeciwdrobnoustrojowe] tych komorek. Co ciekawe, pomimo tej samej liczby neutrofili w
nerce gtowowe] u zwierzat z dysbioza i ryb z grupy kontrolnej, aktywnosci fagocytarna
neutrofili z tej grupy ryb byla znaczaco obnizona w poréwnaniu do wysoce aktywnych
neutrofili pozyskanych z nerki gtowowej ryb kontrolnych. U danio pregowanego wykazano, ze
dojrzata populacja neutrofili wykazuje wieksza aktywnos¢ fagocytarng w poréwnaniu do
niedojrzatych komorek [84]. Moze to sugerowac, ze w obecnych badaniach, podczas dysbiozy
neutrofile w nerce glowowej karpia stanowia gtéwnie populacje niedojrzatych komorek.
Potencjalnie dysbioza mogla wiec mie¢ wpltyw zarowno na aktywno$¢ jak 1 dojrzewanie
neutrofili w nerce glowowej. Wykazano, ze dysbioza powoduje wzrost ekspresji hifla,

lep2a, cybl oraz obnizenie ekspresji dhx38, irf3, irf7, statl, icam2,
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cxcr4, camp, trpv5 i tgfp. Z kolei profil transkryptomiczny neutrofili ryb poddanych stresowi
wskazal wzrost aktywnosci antyapoptotycznej (wzrost ekspresji hifla, cdS8 1 spadek ekspresji
trim36) 1 zmniejszong ekspresje gendow kodujacych receptor SCFA (gpr43), receptor
homeostatycznej chemokiny Cxcll2 (cxcr4) 1 gendw zwigzanych z odpowiedzia
przeciwwirusowa (dhx38, irf3, irf7, statl). W przypadku ryb z dysbioza, poddanych stresowi
analiza transkryptomu neutrofili nerki gtowowej ujawnita zmniejszong ekspresje mpx 1 cxcr4
oraz zwiekszong ekspresje mmp9, co wskazuje na zwigkszong aktywnos$¢ migracyjng tych
komorek. Ponadto zaobserwowano w tych komérkach zwigkszong ekspresje mhc i, trb, nlrp12,
dhx38, irf3, irf7, statl i illp, co sugeruje interakcje neutrofili 1 cytotoksycznych komorek T,
aktywacje inflamasomu oraz zwigkszong aktywno$¢ prozapalng. Ponizej po krotce
przedstawiono w jaki sposob wymienione geny i kodowane przez nie biatka reguluja
dojrzewanie 1 aktywnos$¢ neutrofili.

Badania Elks 1 in. [94] przeprowadzone na danio pregowanym wykazaty, ze aktywacja
Hifla zmniejsza apoptoze neutrofili. W badaniach na myszach wykazano, ze stymulacja
komorek szpiku kostnego TGF-f1 i GM-CSF promuje granulocytopoeze, a takze zwieksza
liczbe dojrzatych granulocytow w szpiku kostnym 1 we krwi [253, 254]. Badania na
neutrofilach cztowieka, pozyskanych ze szpiku kostnego wykazaly natomiast, ze dojrzate
neutrofile wykazuja wysoka ekspresje genow, ktore zwiekszaty ich reakcje na IFN typu L1 1L
Co ciekawe, czynnik stymulujacy wzrost kolonii granulocytow i makrofagéw (GM-CSF)
obnizat ekspresje tych genéw. W dojrzatych neutrofilach rowniez obserwowano zwigkszong
ekspresje STAT1, kodujacego czynnik transkrypcyjny STAT1 (ang. signal transducer and
activator of transcription [), podczas gdy niedojrzate neutrofile nie wykazywaly takiego
wzorca ekspresji [255]. Poza glowna rola w odpowiedzi przeciwwirusowej, zwiekszona
produkcje IFN typu I wykazano rowniez podczas infekcji bakteryjnych [256]. Co wiece,
obserwowane zmiany ekspresji irf3 wskazuja na aktywnos$¢ osi sygnatowej IRF3, ktora jest
aktywowana gléwnie w nastepstwie pobudzenia S$ciezki sygnalizacyjnej TLR-TRIF.
Zwiekszong aktywacje tej Sciezki obserwowano w neutrofilach szpiku kostnego myszy GF
[257]. U myszy wykazano takze, ze stymulacja LPS indukuje de novo ekspresje I[CAM-1 na
powierzchni neutrofili. Ta indukcja byla z kolei zwigzana ze zwigkszong aktywnoscia
fagocytarng i produkcja ROS. W przypadku myszy z niedoborem czasteczki adhezyjnej ICAM-
1 (ang. intracellular adhesion molecule-1) te funkcje efektorowe byly zaburzone [258]. Poza
zdolnoscig do neutralizacji patogendw, neutrofile sg réwniez zaangazowane w bezposrednia
prezentacje antygenu, poniewaz wykazujg ekspresje genow dla biatek gtownego kompleksu

zgodnosci tkankowej (MHCI 1 MHCII) [259, 260]. Poza badaniami in vifro [261], ktore
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wykazaty, ze stymulacja neutrofili GM-CSF, IFN-y i IL-3 zwigksza ekspresje MHCII
w neutrofilach cztowieka, dobrym przyktadem sg réwniez neutrofile izolowane od pacjentéw
leczonych GM-CSF lub IFN-y, ktore rowniez wykazuja wysoka ekspresje tego genu [260, 262,
263]. Neutrofile moga dziata¢ zatem jako APC dla limfocytéw T [264]. Zaobserwowane u
karpia zmiany w ekspresji gpr43, jak juz wspomniano moga skutkowaé problemami w
wigzaniu SCFA 1 w redystrybucji neutrofili. W badaniach przeprowadzonych na myszach
wykazano bowiem, ze prawidtowa mikrobiota, ktora produkcje SCFA, poprzez GPR43 reguluje
rekrutacje neutrofili do ogniska zapalnego [265]. Zalezny od GPR43 wplyw
krétkotancuchowych kwasow ttuszczowych na neutrofile jest ztozony 1 zalezny od kontekstu.
Wykazano, ze sygnalizacja ta, wywotuje chemotaksje w kierunku wysokich stezen SCFA oraz
stymuluje wytwarzanie ROS 1 fagocytoze [266, 267]. Jednak badania na neutrofilach myszy
Gprd3-/- wykazaly zwigkszong produkcje ROS i nasilong chemotaksj¢ w odpowiedzi na bodzce
pochodzenia bakteryjnego (LPS i formylowane peptydy bakteryjne, ang. N-formylmethionine-
leucyl-phenylalanine, fMLP) oraz w odpowiedzi na C5ai CXCL1. W przypadku takich myszy
zaobserwowano takze wystepowanie zaostrzonego lub nieustepujacego stanu zapalnego
podczas infekcji oraz w modelach zapalenia okreznicy, zapalenia stawow 1 astmy [265, 266,
268]. Wyniki te sugerujg immunosupresyjna role sygnalizacji GPR43 w regulacji aktywnosci
neutrofili. Dodatkowo zastosowanie SCFA zostato rowniez powigzane z obnizeniem produkcji
ROS [267]. Wciaz nie jest wiec jasne, w jaki sposob SCFA wywotuja przeciwstawne efekty w
neutrofilach za posrednictwem tego samego receptora. Jednym z mozliwych wyjasnien jest to,
ze w niskich stezeniach (odpowiadajacych poziomom w osoczu) SCFA hamujg rekrutacje i
aktywacje neutrofili poprzez sygnalizacje GPR43, co zapobiega reakcjom immunologicznym
przeciwko bakteriom komensalnym, natomiast w wysokich stezeniach (poziomy w $wietle
jelita) sprzyjaja eliminacji patogenow przez neutrofile [241].

Wyniki uzyskane w obecnej pracy wskazuja, ze dysbioza poprzez zwigkszenie poziomu
IL-1B przedtuza aktywacje osi HPIL, co powoduje zwigkszenie poziomu kortyzolu
i redystrybucje neutrofili do krazenia. Ponadto, wyniki analizy transkryptomu sugerujg istotny
wplyw mikrobioty na dojrzewanie 1 aktywno$¢ neutrofili w nerce glowowej podczas
indukowanej stresem granulocytopoezy.

Zaréwno w tkance hematopoetycznej, jak w krazeniu neutrofile poprzez receptory
TLR2 1 TLR4 odbieraja bezposrednio sygnaty pochodzace z mikrobioty [241, 269]. Zhang 1 in.
[15] odkryli, ze mikrobiota za posrednictwem sygnalizacji TLR/Myd88 wplywa na dojrzewanie
neutrofili. Badania na myszach z delecja MyD88 wykazaty, ze aktywacja szlaku MyD88 w

komorkach $rodbtonka naczyn bariery krew-mozg jest réwniez niezbedna do aktywacji
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neurono6w bioragcych udzial w regulacji osi HPA prowadzacej do wzrostu stezenia
glikokortykoidow w osoczu podczas wczesnych standw zapalnych [270]. Ze wzgledu na brak
komercyjnego dostepu do przeciwcial u ryb, a tym bardziej przeciwcial dla markerow
okreslajacych etapy dojrzewania neutrofili, poza sprawdzeniem aktywnos$ci neutrofili karpia,
kluczowa role w rozroznieniu populaciji niedojrzatych i dojrzatych komérek odegraly badania
przeprowadzone na larwach transgenicznej linii reporterowej Mmp9 Tg(lysC:CFP-
NTR)"2: Tg(BACmmp9:Citrine-CAAX)" 3 [84]. Larwy danio pochodzace z tej linii
charakteryzuje obecnos¢ 2 populacji neutrofili: Mmp9* (wykazujace ekspresje mmp9)
i Mmp9 (niewykazujace ekspresji mmp9). Wykazano, ze komoérki Mmp9* charakteryzuja si¢
wieksza ziarnistoscig i segmentacja jadra komoérkowego w porownaniu z komorkami Mmp9-,
co sugeruje ich dojrzaty fenotyp [84]. Podobnie, jak w przypadku badan Kirchberger
1 wspotpracownikow [84], w obecnej pracy (Rozdzial I11.5.) zaobserwowano naptyw populacji
dojrzalych  (Mmp9") 1 niedojrzatych (Mmp9) neutrofili do miejsca zranienia.
U ssakdéw podczas stanu zapalnego, zaréwno dojrzate, jak i1 niedojrzale neutrofile sa
rekrutowane ze szpiku kostnego [57]. Co ciekawe, wykazano roéwniez, ze pierwsze neutrofile,
ktore docieraja do miejsca zapalenia, to neutrofile starzejace sie, a nastepnie dojrzate
(niestarzejace si¢) [14]. Larwy danio pregowanego charakteryzuja sie niewielkg liczba
neutrofili krazacych, poniewaz wigkszos$¢ neutrofili znajduje si¢ w tkance hematopoetycznej
(CHT) [271]. Jednak podczas stresu lub zapalenia sg one szybko uwalniane do krwioobiegu
[272]. W obecnej pracy wykazalismy, ze potraktowanie larw danio kortyzolem zwigksza w
miejscu zapalenia liczbe dojrzatych neutrofili. Najprawdopodobniej wynika to z ich
zwigkszonej redystrybucji do krazenia w wyniku wczes$niejszego uwolnienia pod wplywem
kortyzolu, z drugiej strony moze réwniez sugerowac ich zwigkszong retencj¢ w miejscu
Zranienia/zmniejszong migracj¢ wsteczng oraz obnizong apoptoze. Kortyzol nie zmienit jednak
catkowitej liczby neutrofili naptywajacych do miejscu zapalenia. Z kolei zablokowanie
sygnalizacji TLR/Myd88 istotnie zmniejszyto liczbe neutrofili rekrutowanych do ogniska
zapalenia podczas stymulacji kortyzolem. Podobne wyniki przedstawiono dla myszy GF
1 potraktowanych antybiotykami, ktére nastrzyknigto dootrzewnowo zymosanem. Neutrofile
tych myszy wykazaty zmniejszong rekrutacje do miejsca zapalenia, co wynikalo z obnizonej
zdolnosci do ekstrawazacji [273]. Podobnie wyniki obecnej pracy sugeruja, ze rekrutacja
neutrofili do ogniska zapalenia wymaga stymulacji poprzez §ciezke zaleznag od MyDS88.
Pozwala to wnioskowac, ze w momencie stresu dochodzi do wzmozonego naptywu dojrzatych
neutrofili, ktore w przypadku zapalenia, sg preferencyjnie rekrutowane do jego ogniska. Jezeli

sygnalizacja TLR/Myd88 jest zaburzona, dojrzewanie neutrofili w tkance hematopoetyczne]
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jest mniej efektywne, co w sytuacji stresu powoduje obnizong migracje dojrzatych neutrofili
do ogniska zapalenia.

Badania na larwach danio pregowanego stanowia wazne uzupelnienie badan
przeprowadzonych na karpiu nie tylko ze wzgledu na podobienstwo tych dwoch gatunkow ryb
karpiowatych. Silna homologia dojrzewania neutrofili danio pregowanego z neutrofilami
ssakow [84] wspiera nasz poglad na temat ewolucyjne] konserwatywnosci mechanizmow
regulujacych retencje 1 redystrybucje neutrofili 1 stwarza nadziej¢, na wykorzystanie obecnych
wynikéw w szeroko zakrojonych badaniach nad biologia neutrofili oraz analiza roli
niedojrzalych 1 dojrzalych neutrofili podczas stresu i zapalenia. Uwazamy, ze wywotana
stresem redystrybucja neutrofili do krazenia stanowi wazny mechanizm adaptacyjny organizmu
przygotowujacy go na wypadek potencjalnej infekcji, do ktorej moze doj$¢ podczas,
charakterystycznych dla stresu reakcji walki 1 ucieczki. Przeciwnie do stresu chronicznego,
ostry stres moze by¢ zatem korzystny dla organizmu. Doskonalym przyktadem adaptacyjnego
charakteru tego procesu sg wyniki prospektywnego badania kohortowego pacjentéw, u ktérych
odnotowano wywotane stresem (zwigzanym z poddaniem si¢ operacji) zmiany w redystrybucji
leukocytow (w tym zwiekszenie liczby neutrofili) we krwi. Zmiany te zwigzane byly z lepsza
rekonwalescencja pooperacyjna, co wynikato z korzystnego wplywu zwigzane] ze stresem

redystrybucji leukocytow na gojenie si¢ ran [197].

V. Ograniczenia badan

Interpretujac  powyzsze wyniki trzeba jednak mie¢ $wiadomos¢ ograniczen
przeprowadzonych badan. Ponizej przedstawiono list¢ czynnikow, ktére moga mie¢ wptyw na
interpretacje wynikow uzyskanych w obecnej pracy:

1. Badania ekspresji genow nie zawsze przekladaja sie na proporcjonalne zmiany
poziomu biatka, jednak brak komercyjnie dostepnych przeciwcial skierowanych przeciwko
konkretnym biatkom karpia i danio uniemozliwia/ogranicza te analizy. Z tego wzgledu w pracy
poza sprawdzeniem ekspresji gendw przeprowadzono rowniez badania aktywnosci komorek,
analize mikroskopowa oraz histologiczng, a takze zastosowano neutrofilowa lini¢ reporterowa
danio pregowanego w celu uwierzytelnienia otrzymanych danych. Uwazamy, ze stanowi to
dobry wstep do dalszych badan, i w przysztosci warto bedzie tez bardziej szczegolowo
sprawdzi¢ te zalezno$ci np. wykorzystujac inne transgeniczne/reporterowe linie danio

pregowanego np. z nokautem receptorow chemokinowych.
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2. Dokonane analizy przeprowadzono nie na czyste] populacji neutrofili, ale na
populacji komoérek wzbogaconych w neutrofile, co w pewnym stopniu moze wpltywac na
uzyskane wyniki, szczegdlnie badan ekspresji genow/analizy transkryptomiczne.

3. Wyniki badan neutrofili z nerki glowowej np. ich liczby i stopnia dojrzatosci, sa
obarczone pewnym btedem z uwagi na fakt, ze w tym hematopoetycznym narzadzie dochodzi
do ciagglego powstawania i roznicowania si¢ neutrofili, ale jest to najprawdopodobniej réwniez
tkanka klirensowa, do ktoérej wracajg i w ktorej sg usuwane starzejace si¢ neutrofile.

4. Zardwno obecna praca jak 1 wigkszos¢ badan dotyczacych mikrobiomu skupia si¢ na
udziale bakterii, nie mozna jednak zapominaé, ze mikrobiote jelit tworza rowniez inne
mikroorganizmy takie jak grzyby, wirusy, protisty czy archeony, ktére rowniez moga bra
udziat w regulacji badanych zaleznosci poprzez wplyw na metabolizm, konkurencje o zasoby
niszy czy interakcje w z uktadem odporno$ciowym.

5. Dane wskazujace na roznice w reakcji na rozne typy stresorow (w zaleznosci od
stezenia hormondw stresu) wskazuja m.in., ze ostry przedtuzony stres unieruchomienia nie jest
uniwersalnym modelem, dlatego w przysztosci warto rozwazy¢ takze badania z uzyciem innych
typdw stresordw, szczegdlnie stresu chronicznego. Jednakze zastosowany model ma wysoka

wartos¢ w kontekscie praktyk stosowanych w akwakulturze.

Pomimo wymienionych ograniczen uwazamy, ze uzyskane wyniki wzbogacaja wiedze

na temat interakcji uktadow neuroendokrynnego i odpornosciowego.

VI.  Podsumowanie

Podsumowujac, badania przeprowadzone w obecnej pracy pozwolity na
zaproponowanie potencjalnego mechanizmu regulujacego wywotang stresem redystrybucje
neutrofili z tkanki hematopoetycznej (nerki glowowej) do krazenia u ryb doskonatokostnych
(Ryc. 5). W sposob szczegolny skupiono si¢ na roli w tym procesie hormonow stresu
i chemokin z rodziny CXC (Ryc. 5).

Jak juz wspominano, z uwagi na swoja funkcj¢ hematopoetyczng i endokrynna, nerka
glowowa ryb jest miejscem bezposrednich interakcji neuro-immuno-endokrynnych, podczas
ktorych hematopoeza podlega bezposredniej parakrynnej regulacji ze strony hormonow stresu.
Badania przeprowadzone w ramach obecnej pracy wykazaly, ze stres unieruchomienia
aktywuje kanoniczny szlak sygnalowy prowadzacy do syntezy i wydzielania kortyzolu.
Stwierdzono, ze powstajacy pod wptywem aktywacji osi stresu w komérkach srodnerkowych

kortyzol, reguluje retencje/uwolnienie neutrofili z nerki glowowe] do krazenia poprzez
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interakcje z receptorami Grl w cytoplazmie neutrofili. Opierajac si¢ na obecnych wynikach i
danych literaturowych [274-276] wydaje sie, ze wywotane stresem podniesienie poziomu Il-
1B w nerce glowowej aktywuje granulocytopoeze, a zjawisko to regulowane jest przez
interakcje Gest z Gesfr. Dodatkowo prawdopodobnie, tak jak to sie dzieje podczas odczynu
zapalnego, sygnalizacja Gesf-Gesfr stymuluje neutrofile do wydzielenia Mmp9. Badania na
ssakach [192, 277, 278], sugeruja, ze aktywnos¢ proteolityczna Mmp9 prowadzi do ciecia lub
degradacji Cxcl12 (co jak sadzimy zwigzane jest ze zwiekszong ekspresja cxc/i2 w celu
uzupelnienia poziomu degradowanego biatka). Wzmozona aktywnos¢ Mmp9, jak 1 Gesf
powoduje z kolei zaburzenie sygnalizacji Cxcl12-Cxcr4, odpowiedzialnej za retencje neutrofili
w nerce glowowej, co z kolei prowadzi do uwolnienia zarowno dojrzatych (zjawisko zalezne
od Gr/Mr i Cxcrl) jak 1 niedojrzatych (zjawisko zalezne od Gr/Mr 1 Cxcr4) neutrofili do krwi
obwodowej. Réwnolegle, pod wptywem stresu dochodzi do wzrostu poziomu chemokin Cxcl8
we wszystkich narzadach osi stresu oraz w leukocytach krwi obwodowej. W NPO, nerce
glowowej oraz we krwi wzrasta takze poziom Cxcl12. Potencjalnie, produkowane w NPO i
przysadce chemokiny stanowig dodatkowe zrodto tych chemokin we krwi. Zwiekszenie
poziomu Cxcl8 we krwi zwigksza migracje dojrzatych neutrofili z nerki gtowowej do krazenia.
Z kolei zmiana poziomu Cxcl12a reguluje retencje niedojrzatych komorek w nerce gtowowej.
Ponadto, chemokiny CXC reguluja rowniez proces aktywacji osi stresu. Ma to istotne znaczenie
szczegolnie w NPO gdzie wpltywaja na produkcje CRH oraz I1-1p.

Dodatkowo, w obecnej pracy zaobserwowano, ze na redystrybucje neutrofili wplywa
mikrobiota jelitowa. Zachodzi to (przynajmniej cze$ciowo) przez sygnalizacje zalezng od
TLR/Myd88 1 wpltywa na proces dojrzewania i aktywno$¢ neutrofili. Kolejnym czynnikiem,
ktory prawdopodobnie wptywa, podczas stresu na granulocytopoeze 1 migracje neutrofili jest,
produkowana przez znajdujace si¢ w jelicie limfocyty Th17, 1I-17. Obserwowana w obecne]
pracy wywotana stresem zmiana w skladzie i1 roznorodnosci mikrobioty moze by¢
potencjalnym dodatkowym sygnalem aktywujacym neutrofile i/lub przyspieszajacym ich
dojrzewanie. Z kolei dane literaturowe sugeruja, ze sygnaly pochodzace z mikrobioty jelitowe;j
reguluja aktywnos¢ osi stresu najprawdopodobniej za posrednictwem nerwu btednego [279-

281].
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Rycina 5. Uproszczony schemat prawdopodobnego mechanizmu regulacji wywotanej stresem redystrybucji
neutrofili z tkanki hematopoetycznej do krwi. Opis w tekscie.
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VII. Whnioski koncowe

Uzyskane w pracy doktorskiej wyniki pozwolily na sformutowanie nastgpujacych
wnioskow:

1. Stres, w sposob zalezny od czasu trwania, powoduje redystrybucje neutrofili z nerki
glowowej do krazenia, a zjawisko to jest zalezne od interakcji kortyzolu z receptorami Gr/Mr.

2. W leukocytach nerki gtowowej, krwi obwodowe] oraz w narzadach budujacych o$
stresu, stres zwigksza ekspresje genow kodujacych chemokiny CXC, ich receptory oraz Gesfr
1 Mmp?9, a zablokowanie receptorow chemokinowych Cxcrl, Cxcr2 i Cxcr4 hamuje wywotana
stresem redystrybucje neutrofili z nerki glowowe] do krazenia a takze wplywa na poziom
kortyzolu, poprzez regulacje ekspresji genow zaangazowanych w synteze 1 konwersje tego
hormonu.

3. Stres 1 antybiotyki wptywaja na liczbe 1 sktad bakterii mikrobioty jelitowej karpia, a
u poddanych stresowi ryb z dysbioza jelitowa rozwija si¢ zalezne od limfocytow Th17
zapalenie jelit, manifestujace si¢ m.in. naciekiem neutrofili.

4. Wywotlana antybiotykami dysbioza mikrobiomu jelitowego wplywa na aktywacje osi
stresu 1 w konsekwencji na poziom kortyzolu oraz na wywotang stresem redystrybucje
neutrofili do krazenia. Zmienia takze ekspresje genéw kodujacych Gesfr, Mmp9, chemokiny
CXC 1 ich receptory w nerce gtowowe] i w leukocytach krwi, a takze wptywa na profil
transkryptomiczny neutrofili nerki glowowej 1 ich aktywnos¢ fagocytarng.

5. Kortyzol zwigksza liczbe dojrzalych neutrofili w ognisku zapalnym, a zjawisko to

jest zalezne od sygnalizacji MydS88.
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e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 35 %

208



Dr B. M. Lidy Verburg-van Kemenade Wageningen, May 30, 2025

Statement

, undersigned as a co-author of the publication entitled

"The importance of CXC-receptors CXCR1-2 and CXCR4 for adaptive regulation of the stress
axis in teleost fish", declare that the contribution of M.A..KatarzyngKtak-Pomykata to the
preparation of this publication consisted of participation in the following parts:

Development of research methodology
Experiment conduction

Sample collection

Measurements and data collection
Analysis and interpretation of results
Manuscript preparation

Manuscript editing

Manuscript revision

and her individual percentage contribution to the article is 35 %
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Prof, dr hab. Magdalena Chadziriska Krakow, 27.05.2025 .

Imie | nazwisko Wspétautora Miejscowosc i data

OsSwiadczenie

Ja nizej podpisany/a jako wspétautor publikacji

pt. ,,The importance of CXC-receptors CXCR1-2 and CXCR4 for adaptive regulation of the
stress axis in teleost fish" oSwiadczam, ze wkiad mgr Katarzyny Ktak- w
przygotowaniu publikacji polegat na udziale w czesciach dotyczacych:

Opracowania metodyki badan

e Przeprowadzenia eksperymentow

» Zbieraniu materiatow

e Wykonaniu oznaczen i zebraniu danych
e Analizie | interpretacji wynikow

e Przygotowaniu manuskryptu

» Redagowaniu manuskryptu

Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 35 %
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mgr Katarzyna Ktak-Pomykata Krakow, 27.05.2025 r.

Imie i nazwisko Wspétautora Miejscowosc | data

OsSwiadczenie

Ja nizej podpisana jako pierwszy autor publikacji

pt. ,.Evolutionarily conserved mechanisms regulating stress-induced neutrophil redistribution
in fish" oSwiadczam, ze méj wktad w przygotowaniu publikacji polegat na udziale w czesciach
dotyczacych:

Opracowania metodyki badan

e Przeprowadzenia eksperymentow

» Zbieraniu materiatow

» Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

* Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a moj indywidualny procentowy wktad w powstanie artykutu wynosi 35 %
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Imie i nazwisko Wspotautora Miejscowosc i data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor publikacji

pt. ,Evolutionarily conserved mechanisms regulating stress-induced neutrophil redistribution
in fish" o$wiadczam, ze wkiad mgr Katarzyny Ktak-Pomykaty w przygotowaniu publikacji
polegat na udziale w czesciach dotyczgcych:

Opracowania metodyki badan

» Przeprowadzenia eksperymentow

* Zbieraniu materiatow

» Wykonaniu oznaczen i zebraniu danych
e Analizie | interpretacji wynikoéw

* Przygotowaniu manuskryptu

* Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 35 %
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Imie i nazwisko Wspdtautora

Oswiadczenie

Ja nizej podpisany/a jako wspétautor publikacji

pt. ,,Evolutionary conserved mechanisms regulating stress-induced neutrophil redistribution
in fish" oSwiadczam, ze wklad mgr Katarzyny.przygotowaniu publikacji
polegat na udziale w czesciach dotyczacych:

Opracowania metodyki badan

e Przeprowadzenia eksperymentow

» Zbieraniu materiatow

e Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikoéw

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

e Przeprowadzeniu procesu recenzji

ajej indywidualny procentowy wktad w powstanie artykutu wynosi 35 %

Czytelny
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Mgr Magdalena Marcinkowska Krakow, 28.05.2025 .

Imie i nazwisko Wspétautora Miejscowosc i data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor publikacji

pt. ,,Evolutionary conserved mechanisms regulating stress-induced neutrophil redistribution
in fish" o$wiadczam, ze wkiad mgr.KatarzynyKtak-Ppmykaty w przygotowaniu publikacji
polegat na udziale w czesciach dotyczgcych:

» Opracowania metodyki badan

* Przeprowadzenia eksperymentow

» Zbieraniu materiatdw

« Wykonaniu oznaczen | zebraniu danych
» Analizie | interpretacji wynikéw

* Przygotowaniu manuskryptu

» Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 35 %

Czytelny podpis Wspdtautora
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Imie i nazwisko Wspbtautora Miejscowos¢ i data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor publikacji

pt. ,,Evolutionary conserved mechanisms regulating stress-induced neutrophil redistribution
in fish" oSwiadczam, ze wkiad mgr.Katarzyny. .Kt.gk-P.omykaly. w przygotowaniu publikacji
polegat na udziale w czesciach dotyczacych:

Opracowania metodyki badan

» Przeprowadzenia eksperymentéw

e Zbieraniu materiatdw

» Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

» Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 35 %
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Dr B. M. Lidy Verburg-van Kemenade Wageningen, May 30, 2025

Statement

[, undersigned as a co-author of the publication entitled

"Evolutionarily conserved mechanisms regulating stress-induced neutrophil redistribution in
fish", declare that the contribution of M.A. Katarzyna Ktak-Pomykata.to the preparation of this
publication consisted of participation in the following parts:

e Development of research methodology
e Experiment conduction

e Sample collection

e Measurements and data collection

e Analysis and interpretation of results

e Manuscript preparation

* Manuscript editing

e Manuscript revision

and her individual percentage contribution to the article is 35 %
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Imie i nazwisko Wspétautora Miejscowosc i data

Oswiadczenie

Ja nizej podpisany/a jako wspdtautor publikacji

pt. ,,Evolutionarily conserved mechanisms regulating stress-induced neutrophil redistribution
in fish" o$wiadczam, ze wktad mgr.Katarzyny..Ktak-Po mykaty w przygotowaniu publikacji
polegat na udziale w czeSciach dotyczacych:

» Opracowania metodyki badan

e Przeprowadzenia eksperymentow

» Zbieraniu materiatdw

e Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wkiad w powstanie artykutu wynosi 35 %
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Imie i nazwisko Wspétautora Miejscowosc i data

OsSwiadczenie

Ja nizej podpisany/a jako wspétautor publikacii

pt. ,,Evolutionary conserved mechanisms regulating stress-induced neutrophil redistribution
in fish" o$wiadczam, ze wktad mgr Katarzyny Kiglc”™ przygotowaniu publikacji
polegat na udziale w czeSciach dotyczacych:

e Opracowania metodyki badan

e Przeprowadzenia eksperymentow

* Zbieraniu materiatdw

* Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wkiad w powstanie artykutu wynosi 35 %
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Klak K., Maciuszek M., Michalik A., Mazur M., Zawisza M., Pecio A., Nowak B.,
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mgr Katarzyna Ktak-Pomykata Krakow, 27.05.2025 r.

Imie i nazwisko Wspétautora Miejscowosc i data

Oswiadczenie

Ja nizej podpisana jako pierwszy autor publikacji
pt. ,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp” o$wiadczam, ze moj wktad w przygotowaniu publikacji polegat na udziale w
cze$ciach dotyczacych:

e Opracowania koncepcji badan

e Opracowania metodyki badan

* Przeprowadzenia eksperymentow

e Zbieraniu materiatow

e Wykonaniu oznaczen i zebraniu danych

e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a mdj indywidualny procentowy wktad w powstanie artykutu wynosi 30%
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Dr Magdalena Maciuszek Krakow, 28.05.2025 r.

Imie i nazwisko Wspdtautora Miejscowosc | data

OsSwiadczenie

Ja nizej podpisany/a jako wspétautor publikacji

pt. ,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp" o$wiadczam, ze wktad mgr Katarzyny Ktak-Pomykaty w przygotowaniu
publikacji polegat na udziale w czesciach dotyczacych:

e Opracowania koncepcji badan

e Opracowania metodyki badan

e Przeprowadzenia eksperymentow

» Zbieraniu materiatdw

» Wykonaniu oznaczen i zebraniu danych
» Analizie i interpretacji wynikéw

* Przygotowaniu manuskryptu

» Redagowaniu manuskryptu

Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30%
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Dr hab. Anna Michalik Krakow, 28.05.2025 r.

Imie i nazwisko Wspétautora Miejscowosc i data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor publikacji
pt. ,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp" o$wiadczam, ze wktad mgr KgtarzynyKtakzporryha|y.w przygotowaniu

publikacji polegat na udziale w czesciach dotyczacych:
e Opracowania koncepcji badan
e Opracowania metodyki badan
e Przeprowadzenia eksperymentow
e Zbieraniu materiatdw
» Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow
e Przygotowaniu manuskryptu
* Redagowaniu manuskryptu

e Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30%
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Mgr Mikotaj Mazur Krakow, 27.05,2025 r.

Imie i nazwisko Wspétautora Miejscowos¢ i data

OsSwiadczenie

Ja nizej podpisany/a jako wspétautor publikacji

pt. ,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp" o$wiadczam, ze wktad mgr Katarzyny Ktak-Pomykaty w przygotowaniu
publikacji polegat na udziale w czesciach dotyczacych:

Opracowania koncepcji badan

e Opracowania metodyki badar

e Przeprowadzenia eksperymentow

* Zbieraniu materiatdw

e Wykonaniu oznaczen i zebraniu danych
* Analizie | interpretacji wynikow

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30%
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Mgr Maria Zawisza Krakow, 27.05.2025 r.

Imie i nazwisko Wspétautora Miejscowosc | data

Oswiadczenie

Ja nizej podpisany/a jako wspétautor publikacji

pt. ,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp" oSwiadczam, ze wktad mgr Katarzyny; Ktak-Pomy.katy w przygotowaniu
publikacji polegat na udziale w czesciach dotyczacych:

Opracowania koncepcji badan

e Opracowania metodyki badan

* Przeprowadzenia eksperymentow

» Zbieraniu materiatdw

» Wykonaniu oznaczen i zebraniu danych
e Analizie | interpretacji wynikow

e Przygotowaniu manuskryptu

» Redagowaniu manuskryptu

* Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30%
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Dr hab. Anna Pecio, Prof. UJ Krakow, 30.05.2025 .

Imie i nazwisko Wspétautora Miejscowos¢ i data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor publikacji

pt. ,,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp” o$wiadczam, ze wktad mgr Katarzyny Ktak-Pomykaty w przygotowaniu
publikacji polegat na udziale w czesciach dotyczacych:

e Opracowania koncepcji badan

* Opracowania metodyki badan

» Przeprowadzenia eksperymentéw

» Zbieraniu materiatdw

» Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

» Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30%

Czytelny pojapis Wspdtautora
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Prof, dr hab. Barbara Nowak Krakéw, 27.05.2025 .

Imie i nazwisko Wspétautora Miejscowosc i data

Oswiadczenie

Ja nizej podpisany/a jako wspétautor publikacji

pt. ,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp" oSwiadczam, ze wktad mgr Katarzyny KtgK-Pomykaty w przygotowaniu
publikacji polegat na udziale w czesciach dotyczacych:

Opracowania koncepcji badan

e Opracowania metodyki badan

» Przeprowadzenia eksperymentéw

e Zbieraniu materiatdw

* Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

» Redagowaniu manuskryptu

Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30%

Czytelny podpis Wspdtautora
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Imie | nazwisko Wspétautora Miejscowosc i data

OsSwiadczenie

Ja nizej podpisany/a jako wspotautor publikacji

pt. ,Fire in the belly: Stress and antibiotics induce dysbiosis and inflammation in the gut of
common carp" o$wiadczam, ze wkiad mgr.Katarzyny. Ktgk-Pomykaty w przygotowaniu
publikacji polegat na udziale w czesciach dotyczacych:

e Opracowania koncepcji badan

e Opracowania metodyki badan

» Przeprowadzenia eksperymentéw

e Zbieraniu materiatdw

* Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

Przeprowadzenia procesu recenzji

a jej indywidualny procentowy wkiad w powstanie artykutu wynosi 30%

Czytelny
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Klak K., Maciuszek M., Kralka J., Pecio M., Nowak B., Konstantinidis 1., Galindo-
Villegas J., Chadzinska M., Microbiome dysbiosis affects stress response in common
carp. (w przygotowaniu).
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mgr Katarzyna Ktak-Pomykata Krakow, 27.05.2025 r.

Imie i nazwisko Wspétautora Miejscowosc i data

OsSwiadczenie

Ja nizej podpisana jako pierwszy autor manuskryptu
pt. ,,Microbiome dysbiosis affects stress response and neutrophil activity in teleost fish"
o$wiadczam, ze mdj wktad w przygotowaniu publikacji polegat na udziale w czesciach
dotyczacych:

e Opracowania koncepcji badan

e Opracowania metodyki badan

e Przeprowadzenia eksperymentow

e Zbieraniu materiatdw

» Wykonaniu oznaczen i zebraniu danych

e Analizie i interpretacji wynikow

* Przygotowaniu manuskryptu

» Redagowaniu manuskryptu

a moj indywidualny procentowy wktad w powstanie artykutu wynosi 30 %
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Dr Magdalena Maciuszek Krakow, 28.05.2025 r.

Imie i nazwisko Wspétautora Miejscowosc i data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor manuskryptu
pt. ,,Microbiome dysbiosis affects stress response in common carp” o$wiadczam, ze wkiad

mgr.Katarzyny Ktak-Pomykaty w przygotowaniu publikacji polegat na udziale w czesciach
dotyczacych:

Opracowania koncepcji badan

e Opracowania metodyki badan

e Przeprowadzenia eksperymentow

e Zbieraniu materiatow

» Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikéw

e  Przygotowaniu manuskryptu

e Redagowaniu manuskryptu

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30 %
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Mgr Jakub Kralka Zakopane, 30.05.2025 .

Imig i nazwisko Wspdlautora Migjscowose | data

Oswiadczenie

Ja nizej podpisany/a jako wspdtautor manuskryptu
pt. ,Microbiome dysbiosis affects stress response in common carp” os$wiadczam, ze wkfad

dotyczacych:
e Opracowania koncepcji badan
e Opracowania metodyki badan
s Przeprowadzenia eksperymentow
e Zbieraniu materiatow
s  Wykonaniu oznaczen i zebraniu danych

o Analizie i interpretacji wynikow

¢ Przygotowaniu manuskryptu

Redagowaniu manuskryptu

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30 %

» 4 h
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Cz&%ﬁw podpis Wspotautora
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Dr hab. Anna Pecio, Prof. UJ Krakow, 30.05.2025 r.

Imig i nazwisko Wspotautora Miejscowosc | data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor manuskryptu
pt. ,,Microbiome dysbiosis affects stress response in common carp™ oSwiadczam, ze wkiad
mgr Katarzyny Ktak-Pomykaty w przygotowaniu publikacji polegat na udziale w czesciach
dotyczacych:

e Opracowania koncepcji badan

e Opracowania metodyki badan

» Przeprowadzenia eksperymentow

e Zbieraniu materiatow

» Wykonaniu oznaczen i zebraniu danych

e Analizie i interpretacji wynikow

* Przygotowaniu manuskryptu

Redagowaniu manuskryptu

a jej indywidualny procentowy wkiad w powstanie artykutu wynosi 30 %

Czytelny podpfc Wspétautora
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Prof, dr hab. Barbara Nowak Krakow, 27.05.2025 .

Imie i nazwisko Wspétautora Miejscowosc i data

OsSwiadczenie

Ja nizej podpisany/a jako wspotautor manuskryptu
pt. ,,Microbiome dysbiosis affects stress response in common carp" o$wiadczam, ze wktad
Katarzyny Kig" przygotowaniu publikacji polegat na udziale w czesciach
dotyczacych:
» Opracowania koncepcji badan
e Opracowania metodyki badan
» Przeprowadzenia eksperymentow
e Zbieraniu materiatdw
» Wykonaniu oznaczen i zebraniu danych

» Analizie i interpretacji wynikow

* Przygotowaniu manuskryptu

Redagowaniu manuskryptu

a jej indywidualny procentowy wkiad w powstanie artykutu wynosi 30 %

Czytelny podpis Wspotautora
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Prof. dr hab. Magdalena Chadziriska Krakéw, 27.05.2025r.

Imie i nazwisko Wsp6tautora Miejscowos¢ i data

Oswiadczenie

Ja nizej podpisany/a jako wspotautor manuskryptu

pt. ,Microbiome dysbiosis affects stress response in common carp” o$wiadczam, ze wkiad
mgr.Ka.ta.r?.y.nYKtgktPomykaty w przygotowaniu publikacji polegat na udziale w czesciach
dotyczacych:

e Opracowania koncepcji badan

Opracowania metodyki badan

e Przeprowadzenia eksperymentow

e Zbieraniu materiatdw

e Wykonaniu oznaczen i zebraniu danych
e Analizie i interpretacji wynikow

e Przygotowaniu manuskryptu

Redagowaniu manuskryptu

a jej indywidualny procentowy wktad w powstanie artykutu wynosi 30 %
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