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2. Spis najwazniejszych skrotow

AD — choroba Alzheimera (ang. Alzheimer’s disease)

AFR — warunki standardowe hodowli (grupa kontrolna) (ang. animal facility rearing)
AIF1 — allogeniczny czynnik zapalny 1 (ang. allograft inflammatory factor 1)
ANOVA — analiza wariancji (ang. analysis of variance)

AQP — akwaporyny (ang. aquaporins)

ATF6 — aktywujacy czynnik transkrypcyjny 6 (ang. activating transcription factor 6)
BBB — bariera krew-mozg (ang. blood-brain barrier)

BCL2 — (ang. B-cell CLL/Lymphoma 2)

BEC — komorki srodbtonka naczyn krwiono$nych mézgu (ang. brain endothelial cells)
CG1 — kora obreczy 1

CHOP — biatko homologiczne C/EBP (ang. C/EBP homologous protein)

CLDN - klaudyny (ang. claudins)

DAB - 3,3’-diaminobenzydyna

DAMP - wzorce molekularne zwigzane z uszkodzeniem (ang. damage-associated
molecular patterns)

DMSO - dimetylosulfotlenek
dSTR — grzbietowe prazkowie (ang. dorsal striatum)
EBA — antygen (marker) bariery krew-mozg (ang. endothelial barrier antigen)

elF2a — eukariotyczny czynnik inicjacji translacji 2o (ang. eukaryotic translation
initiation factor 2a)

ELS — stres we wczesnym okresie zycia (ang. early-life stress)

ER — siateczka srodplazmatyczna, retikulum endoplazmatyczne

ERAD - degradacja zwiazana z ER (ang. ER-associated degradation)

GC — glikokortykoidy (ang. glucocorticoids)

GLUT-1 — transporter glukozy typu 1

GR - receptory glikortykoidowe (ang. glucocorticoid receptor)

GRP78 — biatko regulowane glukozg 78 kDA (ang. glucose-regulated protein 78)
HP — hipokamp

HPA — 0§ podwzgorze-przysadka-nadnercza (ang. hypothalamic-pituitary-adrenal)
HSP — biatka szoku cieplnego (ang. heat shock proteins)

HSP70 — HSP o masie 70 kDa



ICAML1 — czasteczka adhezji miedzykomodrkowej - 1 (ang. intercellular adhesion
molecule 1)

IHC — immunohistochemia

IL — interleukiny

ILC — kora infralimbiczna

IREla — enzym la zalezny od inozytolu (ang. inositol-requiring enzyme 1 o)
ITGAM — integryna a M (ang. integrin subunit a M)

LPS — lipopolisacharyd

LTP — dlugotrwale wzmocnienie synaptyczne (ang. long-term potentiation)
mPFC — przysrodkowa kora przedczotowa (ang. medial prefrontal cortex)
MR — receptor mineralokortykoidowy (ang. mineralocorticoid receptor)
MS — separacja potomstwa od matki (ang. maternal separation)

NaF — so6l sodowa fluoresceiny

OCLN - okludyny (ang. ocludins)

OUN - os$rodkowy uktad nerwowy

PAMP — wzorce molekularne zwigzane z patogenami (ang. pathogen-associated
molecular patterns)

PD — choroba Parkinsona (ang. Parkinson’s disease)

PERK — kinaza ER (ang. protein kinase R-like ER kinase)

PGP — glikoproteina P (ang. P-glycoprotein)

PLC — kora przedlimbiczna

PND — dzien po narodzinach (ang. postnatal day)

SAL — salubrinal

SD — odchylenie standardowe

TJP — biatka zlacz Scistych

TJ — zlgcza Sciste (ang. tight junctions)

TLR — receptory toll-podobne (ang. toll-like receptors)

TNFa — czynnik martwicy nowotwordw o (ang. tumor necrosis factor )
UPR - odpowiedz na nieprawidtowo zwini¢te biatka (ang. unfolded protein response)
VEH - rozpuszczalnik (ang. vehicle)

XBP1 — czynnik transkrypcyjny XBP1 (ang. X-box binding protein-1)



3. Streszczenie w jezyku polskim

Dane klinicznie wskazuja, ze stres we wczesnym okresie zycia (ELS) moze
zwigksza¢ ryzyko wystgpienia problemoéw ze zdrowiem fizycznym i psychicznym
w poOzniejszym zyciu. WsSrdd powyzszych problemow zdrowotnych wyrdznia sie
szczegolnie depresj¢, zaburzenia lekowe 1 poznawcze oraz zespdt metaboliczny.
Wspolnym mianownikiem w etiologii i progresji tych chordb moga by¢ zaburzenia
procesow zapalnych, funkcji bariery krew-moézg (BBB) i proteostazy.

Pomimo rosnacej wiedzy o wplywie ELS na dojrzewanie i funkcjonowanie mozgu,
mechanizmy lezace u podstaw podatnosci badz opornosci na jego dzialanie w dalszym
ciggu nie s3 dobrze poznane. Niniejsza rozprawa doktorska, bazujaca na zwierzgcym
modelu ELS, tj. procedurze separacji potomstwa od matki (MS) u szczuréw, miata na celu
poglebienie wiedzy w tym zakresie, szczegdlnie w konteksScie udziatu BBB,
neurozapalenia i stresu komorkowego w biologii ELS.

W pierwszej kolejnosci badano wptyw MS na dojrzewanie i1 integralnos¢ BBB
u szczur6w obu pitci w roznych okresach rozwoju. Kolejnym aspektem badan byto
sprawdzenie czy i jak do$wiadczenie MS determinuje przebieg pdzniejszej odpowiedzi
zapalnej wywolanej jednorazowym podaniem lipopolisacharydu (LPS). W nastepnej
czgsci rozprawy doktorskiej, badano udziat stresu komorkowego w mechanizmach
podatnosci lub opornosci na ELS. W tym celu analizowano wptyw MS na ekspresj¢ biatek
szoku cieplnego o masie 70 kDa (HSP70), markerow stresu siateczki §rédplazmatycznej
(ER) i odpowiedzi na nieprawidtowo zwinigte biatka (UPR) w mozgu. Nastepnym krokiem
byto zastosowanie wielokrotnych podan inhibitora stresu ER, salubrinalu (SAL), we
wczesnym okresie postnatalnym, do oceny zaangazowania tego procesu w powstawanie
zaburzen dojrzewania przysrodkowej kory przedczolowej (mPFC) oraz ksztaltowanie
zachowan zwierzat poddanych MS.

Przeprowadzone badania  wykazaty roznice rozwojowe 1  plciowe
w funkcjonowaniu BBB szczura w warunkach podstawowych i w obliczu zapalenia.
Zaobserwowano, ze BBB uszczelnia si¢ wraz z wiekiem, a jej przepuszczalnos$é
1 integralno$¢ sg zalezne od plci. Ponadto, w przypadku wielu badanych parametrow
zwigzanych z przepuszczalnoscia BBB 1 ekspresja kluczowych elementow

odpowiedzialnych za utrzymanie jej homeostazy, MS nie wywolala jednoznacznie



negatywnych skutkow, a jej wptyw byt zalezny od wieku, regionu mézgu i pici. Niemniej
jednak mtode samce wykazywaty wicksza wrazliwo$¢ na dziatanie ELS.

Nastepnie, badania wykazaly, ze MS w sposob zalezny od pici moduluje przebieg
odpowiedzi neurozapalnej wywotanej podaniem LPS. U mtodych samcow poddanych
procedurze MS obserwowano nasilenie tej odpowiedzi, natomiast u samic - brak wplywu
MS lub wrecez ostabienie reakcji zapalnej, szczego6lnie w okresie dorostosci.

W kolejnym etapie badan stwierdzono dlugotrwatg nadekspresje HSPA1B i HSPAS
we krwi i mézgu, ktorej towarzyszyly zaburzenia plastycznos$ci synaptycznej i zmniejszona
lekliwo$¢ u dorostych samcow poddanych MS. Na tej podstawie wskazano biatka rodziny
HSP70 jako potencjalnych kandydatow na biomarkery ELS.

Analiza ekspresji markerow stresu ER, UPR i apoptozy w mPFC nie wykazata
silnego wptywu MS na te procesy w badanych okresach rozwoju. Niemniej jednak,
modulacja powyzszych proceséw poprzez podania SAL i/lub jego rozpuszczalnika
zapobiegata lub tagodzita niektére skutki MS na poziomie biochemicznym
i behawioralnym.

Uzyskane wyniki wskazuja, ze regulacja funkcji BBB, proceséw zapalnych oraz
stresu komorkowego podczas dojrzewania moézgu moze odgrywaé wazng role
w mechanizmach podatno$ci lub opornosci na dziatanie ELS. Podkreslaja one takze
potrzebe prowadzenia dalszych badan, rozszerzonych o inne uktady narzadow, w celu
kompleksowego zrozumienia wptywu ELS na zdrowie psychiczne i fizyczne oraz
znalezienia uniwersalnych biomarkerow, ktore utatwityby diagnostyke zaburzen

zwigzanych z ELS.
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4. Streszczenie w jezyku angielskim

Clinical data indicate that early-life stress (ELS) may increase the risk of physical
and mental health problems later in life. The above-mentioned health conditions include
particularly depression, anxiety disorders, cognitive impairments, as well as, a metabolic
syndrome. The common thread in etiology and progression of these disorders can be
disturbances in the inflammatory processes, blood-brain barrier (BBB) function and
proteostasis.

Despite the expanding knowledge about the impact of ELS on brain maturation and
function, the mechanisms underlying the susceptibility or resilience to its effects remain
insufficiently understood. The present doctoral dissertation was aimed to broaden the
knowledge in this subject, particularly in terms of the engagement of the BBB,
neuroinflammation and cellular stress in the biology of ELS, modeled by the maternal
separation (MS) paradigm in rats.

First, the effects of MS on the BBB maturation and integrity was studied in both
sexes at different developmental stages. The second goal was to examine whether MS
determines the subsequent inflammatory response induced by acute lipopolysaccharide
(LPS) administration. In the next part of the doctoral dissertation, the involvement of
cellular stress in the mechanisms of susceptibility or resilience to ELS was investigated.
In this regards, the impact of MS on the expression of 70-kDa heat shock proteins (HSP70),
endoplasmic reticulum (ER) stress and unfolded protein response (UPR) markers in the
brain were analyzed. Finally, repeated early-life administration of ER stress inhibitor,
salubrinal (SAL), was used to assess the involvement of this process in MS-induced
dysfunction of the medial prefrontal cortex (mPFC) maturation and rat behavior.

The studies revealed developmental and sex differences in BBB functioning in rats
in basal conditions and under an inflammation. Developmental sealing of the BBB was
observed and sex differences in BBB permeability and integrity. Additionally, MS did not
have a clear negative impact on many of the studied BBB permeability- and homeostasis-
related parameters, and observed effects were age-, brain region- and sex-dependent.
Nevertheless, juvenile males were more sensitive to ELS.

Next, the research showed that MS in a sex-dependent manner modulated LPS-
induced neuroinflammatory response. In juvenile males subjected to MS, this response was

enhanced, while in females, not changed by MS or even blunted, especially in adulthood.
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The subsequent studies revealed a long lasting overexpression of HSPA1B and
HSPAS in the blood and brain with concomitant impairments in synaptic plasticity and
reduced anxiety in adult males subjected to MS. Based on these findings, HSP70 family
members were proposed as potential candidates for ELS biomarkers.

Analysis of the expression of ER stress, UPR and apoptosis markers in the mPFC
did not show a strong impact of MS at the studied developmental stages. Nevertheless,
SAL and/or its vehicle administration prevented or blunted some of the MS effects
at biochemical and behavioral levels.

The results indicate that the regulation of BBB function, inflammatory processes
and cellular stress responses during brain maturation may play an important role in the
mechanisms of susceptibility or resilience to ELS. Moreover, they highlight the need to
expand the research to multiorgan approach to better understand the complex effects of
ELS on mental and physical health and to find universal biomarkers facilitating diagnostics
for ELS-related diseases.
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5. Wprowadzenie

5.1 Stres we wezesnym okresie zycia — wplyw na zdrowie psychiczne
I fizyczne

Wspolczesnie, stres czesto postrzegany jest jako zaburzenie homeostazy
organizmu, wystepujace na skutek dziatania wewnetrznych oraz zewnetrznych czynnikow,
tzw. stresorow, wywolujacych wielosystemowg odpowiedz (Packard i wsp., 2016).
Niemniej jednak stres (reakcja stresowa) to reakcja przystosowawcza (adaptacyjna)
shuzgca przetrwaniu i radzeniu sobie w roznych warunkach srodowiska. Aktywowana jest
ona dwiema $ciezkami. W odpowiedzi na stresor, najszybciej aktywowana jest $ciezka
uktadu wspoétczulno-nadnerczowego (reakcja: walcz lub uciekaj), prowadzaca do
uwolnienia adrenaliny i noradrenaliny z rdzenia nadnerczy (Packard i wsp., 2016). Po
pewnym czasie moze dochodzi¢ takze do aktywacji drugiej $ciezki, tj. osi podwzgodrze-
przysadka-nadnercza (ang. hypothalamic-pituitary-adrenal, HPA), skutkujacej
uwolnieniem kortykoliberyny (ang. corticotropin-releasing hormone, CRH) z podwzgorza
do przysadki. Nastepnie, CRH stymuluje przysadke do sekrecji kortykotropiny (ang.
adrenocorticotropic hormone, ACTH), co w konsekwencji prowadzi do syntezy
i uwolnienia glikokortykoidow (ang. glucocorticoids, GC) (kortyzolu u ludzi,
a kortykosteronu u zwierzat) z kory nadnerczy oraz wzrostu GC w osoczu (Pechtel i
Pizzagalli, 2011; Teixeira i wsp., 2020). Na poziomie komorkowym GC wigzg si¢ do
receptoréw glikortykoidowych (ang. glucocorticoid receptor, GR)
i mineralokortykoidowych (ang. mineralocorticoid receptor, MR) zlokalizowanych
w cytoplazmie. Po utworzeniu aktywnego kompleksu receptory przechodza do jadra
komorkowego, gdzie pelnig funkcje czynnikow transkrypcyjnych regulujacych ekspresje
genow, stad nazywane sg receptorami jadrowymi. (Pechtel i Pizzagalli, 2011; Joéls i wsp.,
2012; Joéls i wsp., 2018). W ten sposob GC mogg wywolywac przejsciowe badz trwate
(epigenetyczne) zmiany w funkcjonowaniu organizmu. Wykazano réwniez zdolnos¢ GC
do szybkiego, niegenomowego dzialania poprzez receptory GR i MR zlokalizowane
w blonie i1 aktywujgce Sciezki sygnalizacji wewnatrzkomorkowej (Joéls i wsp., 2018).

W warunkach fizjologicznych GC hamuja zwrotnie 0§ HPA, konczac tym samym
odpowiedz na stres (Teixeira i wsp., 2020). Jednak chroniczna ekspozycja na bodzce
stresowe moze prowadzi¢ do zmian w reaktywnos$ci osi HPA, fluktuacji poziomu GC
w surowicy i tym samym do negatywnych skutkow dla zdrowia. Do§wiadczenie tego typu

stresu we wczesnym okresie zycia (ang. early-life stress, ELS), w ktorym dojrzewajacy
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organizm jest wyjatkowo wrazliwy na dziatanie czynnikow srodowiskowych, moze nie$¢
ze sobg szczegblnie grozne konsekwencje i wywieraé dlugotrwale, wielopoziomowe
efekty zwigzane z programowaniem epigenetycznym (Smith i Pollak, 2020).

ELS wywiera znaczacy wplyw na rozw6j mozgu dziecka i stanowi jeden
z wazniejszych czynnikow ryzyka wystapienia chorob psychicznych 1 zaburzen
kognitywnych (Barlow i wsp., 2007; Teicher i wsp., 2022). Dostepne dane kliniczne
wskazuja, ze ELS odpowiada za 30% populacyjnego ryzyka wystgpienia zaburzen
lekowych, 45% zaburzen psychicznych wieku dzieciecego, 54% depresji, 64% uzaleznien
od narkotykow(Teicher i wsp., 2022). Co wigcej, doswiadczenie ELS zwigksza rowniez
ryzyko wystapienia przewlektych problemow ze zdrowiem fizycznym w zyciu dorostym,
takich jak choroby uktadu krazenia, zespot metaboliczny i cukrzyca (Loria i wsp., 2014;
Su i wsp., 2015; Murphy i wsp., 2017; Noteboom i wsp., 2021).

Poznanie mechanizméw i konsekwencji ELS w duzej mierze jest mozliwe dzigki
zwierzgcym modelom ELS. Modelowanie ELS opiera si¢ na wprowadzeniu czynnika
stresowego w okreslonym okresie rozwojowym, stad wyr6zniamy modele stresu w okresie
prenatalnym, neonatalnym oraz mtodzienczym (Cirulli i wsp., 2009; Malinovskaya i wsp.,
2018) (Pryce i wsp., 2002). Do szczegdlnie popularnych i szeroko stosowanych modeli
ELS i zaburzen psychicznych cztowieka, charakteryzujacych si¢ duza trafnoscig
teoretyczna, nalezy separacja oseskow gryzoni od matki (ang. maternal separation, MS).
MS jest najczegsciej przeprowadzana w dwoch pierwszych tygodniach Zycia
szczurOw/myszy, w wielu wariantach od jednorazowej (24-godzinnej) po wielokrotna
(1-6 godzin dziennie) (Pryce i wsp., 2002; Cirulli i wsp., 2009; Vetulani, 2013; Italia i wsp.,
2020).

Modele zwierzgce dostarczyly juz sporej wiedzy o molekularnych
epigenetycznych mechanizmach lezacych u podstaw ELS (Malinovskaya i wsp., 2018). Co
wigcej, obserwuje si¢ w nich, podobnie jak w klinice, nasilenie odpowiedzi na podanie
substancji psychostymulujacych (Kessler i wsp., 2010; Brenhouse i wsp., 2013; Danese i
Lewis, 2017), a takze wptyw ELS na zachowania Igkowe i depresyjne (Chocyk i wsp.,
2010; Brenhouse i wsp., 2013; Chocyk i wsp., 2013; Chocyk i wsp., 2015; Danese i Lewis,
2017; Majcher-Maslanka i wsp., 2019). Nasz zesp6t od wielu lat prowadzi wtasne badania
nad biologig ELS, wykorzystujac procedure wielokrotnej MS (3 godziny dziennie, od 1 do
14 dnia po urodzeniu). WykazaliSmy, m.in., ze MS zaburza neurorozwojowg apoptoze
w §rodmozgowiu i przysrodkowej korze przedczotowej (ang. medial prefrontal cortex,

mMPFC), a takze plastycznos$¢ synaptyczng w mPFC (Chocyk i wsp., 2011a; Chocyk i wsp.,
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2013; Majcher-Maslanka i wsp., 2019) oraz, ze nasila zachowania lgkowe u adolescentow
i trwale wplywa na procesy pamiegci o zdarzeniach awersyjnych (Chocyk i wsp., 2014;
Majcher-Maslanka i wsp., 2019). Ponadto inni badacze wykazali, iz ELS nasilat zwigzane
z wiekiem zaburzenia funkcji poznawczych (Martisova i wsp., 2013; Loi i wsp., 2017) oraz
zaburzenia behawioralne i neurochemiczne w zwierzecych modelach choroby Alzheimera
(AD) i Parkinsona (PD) (Barlow i wsp., 2007; Mabandla i Russell, 2010; Martisova i wsp.,
2013; Hoeijmakers i wsp., 2017). Potwierdzono rowniez, ze U gryzoni ELS jawi si¢ jako
niezalezny czynnik ryzyka rozwoju zaburzen metabolicznych (nietolerancja glukozy,
cukrzyca typu drugiego) (llchmann-Diounou i wsp., 2019) oraz patologii uktadu sercowo-
naczyniowego (Loria i wsp., 2013; Loria i wsp., 2014; Ho i wsp., 2016).

Chociaz potwierdzono, ze doswiadczenie ELS moze mie¢ silny wpltyw na
rozwijajacy si¢ organizm, to nie u wszystkich jednostek obserwuje si¢ negatywne
konsekwencje ELS. Coraz czeSciej uwaza si¢, ze ELS moze indukowac specyficzne
adaptacje fenotypowe (Teicher i wsp., 2020; Teicher i wsp., 2022). Dlatego obecnie
intensywnie poszukuje si¢ potencjalnych mechanizmoéow, determinujacych skuteczng
kompensacj¢ zmian wywotanych przez stres.

Powstaly rézne hipotezy opisujace zjawiska lezace u podstaw podatnosci
1 opornosci na stres. Pierwsza z nich to koncepcja skumulowanych efektow stresu
(ang. stress accumulation), ktora zaktada, ze jesli gromadzace si¢ w ciggu zycia jednostki
stresujgce zdarzenia przekroczg pewien prog, to wzrasta ryzyko rozwoju choroby
u osobnikoéw z nieadekwatnymi zdolnosciami adaptacyjnymi (McEwen, 1998). Z kolei,
hipoteza dopasowania/niedopasowania (ang. match/mismatch) zaktada, ze ELS wywotuje
zmiany adaptacyjne w odpowiedzi na warunki Srodowiska, mogace przygotowac jednostke
do podobnych warunkéw w pdzZniejszym okresie zycia. Jezeli warunki w Zyciu
pozniejszym beda podobne do wczesnozyciowych (ang. match), to organizm dysponuje
strategiami aktywnego radzenia sobie ze zdarzeniami awersyjnymi, co w rezultacie moze
prowadzi¢ do opornosci na choroby. Natomiast, rozbiezno$¢ jakosciowa pomig¢dzy
wczesnymi i pozniejszymi warunkami zycia (ang. mismatch), zwigksza szanse na rozwoj
choroby (podatno$¢) (Andersen i Teicher, 2004; Gluckman i wsp., 2005). Powstata takze
hipoteza trzech uderzen (ang. three-hit concept), ktora w zatozeniach integruje genetyczne
predyspozycje jednostki (pierwszy czynnik) z ekspozycja na czynniki Srodowiskowe we
wczesnym okresie zycia (drugi czynnik), co determinuje powstanie okreslonego fenotypu,

ktory z kolei w odpowiedzi na wyzwania w pozniejszym zyciu (trzeci czynnik) skutkuje
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zwigkszong podatno$cig badz opornoscig na choroby (Nederhof i Schmidt, 2012;
Daskalakis i wsp., 2013).

5.2 Komorkowa odpowiedz stresowa: stres siateczki Srodplazmatycznej
i odpowiedz na niepoprawnie zwiniete bialka

W celu zapewnienia sobie przetrwania, organizm ma zdolnos¢ do reagowania na
zmiany warunkow Srodowiskowych. Reakcje organizmu na bodzce stresowe s3
regulowane 1 realizowane réwniez na poziomie komorkowym (komorkowa reakcja
stresowa). W toku ewolucji komorki wyksztatcily mechanizmy adaptacyjne, ktore
przywracaja homeostaze i tym samym promuja przezycie (Ozbey i wsp., 2021). Stresory
aktywuja specyficzne dla organelli komorkowe odpowiedzi stresowe, takie jak cytozolowa
odpowiedz biatek szoku cieplnego (ang. heat shock proteins, HSP), stres siateczkKi
sroédplazmatycznej (ER) oraz odpowiedz na nieprawidlowo zwinigte biatka (ang. unfolded
protein response, UPR) ER i mitochondrialna, a takze zintegrowana odpowiedz na stres
(Ozbey i wsp., 2021; Diaz-Hung i Hetz, 2022). W wyniku aktywacji tych szlakéw
generowane sg specyficzne sygnaly wysylane do cytozolu i jadra komérkowego, gdzie
wplywaja na ekspresje genow, a tym samym biosynteze biatek i metabolizm energetyczny
(Ozbey i wsp., 2021). Procesy komoérkowej odpowiedzi na stres sa ewolucyjnie
konserwatywne 1 odgrywaja wazng rol¢ w utrzymaniu homeostazy komorkowej, w tym
rowniez proteostazy (Ozbey i wsp., 2021). Proteostaza to homeostaza biatek, ktora jest
mozliwa dzigki szeregowi skoordynowanych procesow zachodzacych gltownie w ER
I polegajacych na syntezie, kontroli jako$ci i rozmieszczenia biatek (Bengesser i wsp.,
2016; Muneer i Shamsher Khan, 2019). Utrzymanie proteostazy jest kluczowe dla
wlasciwego funkcjonowania komorki i wspiera jej przezycie. Stres komoérkowy
spowodowany np. niedotlenieniem, niedoborem sktadnikéw odzywczych, hiperglikemia,
hiperlipidemig, zaburzeniami rownowagi redoks i gospodarki jonow wapnia lub ogdlnym
wzrostem syntezy biatek, moze prowadzi¢ do gromadzenia nieprawidtowo zwinigtych
biatek i zaburzen proteostazy. Najczgséciej aktywowane sg wtedy procesy haprawcze, takie
jak stres ER oraz UPR (Kitamura, 2013).

Stres ER jest wykrywany przez trzy bialka transblonowe ER, dzialajace jak
przekazniki sygnatu: (1) enzym lo zalezny od inozytolu (ang. inositol-requiring enzyme
I a, IREla), (2) kinaz¢ ER (ang. protein kinase R-like ER kinase, PERK) i (3) aktywujacy
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czynnik transkrypcyjny 6 (ang. activating transcription factor 6, ATF6) (Bengesser i wsp.,
2016; Muneer i Shamsher Khan, 2019) (Ryc. 1). W warunkach podstawowych biatka te sg
ujemnie regulowane przez biatko regulowane glukoza 78 kDA (ang. glucose-regulated
protein 78, GRP78) znane tez jako biatko HSPAS, nalezy bowiem do rodziny biatek
opiekunczych HSP o masie 70 kDa (HSP70). (Bengesser i wsp., 2016; Muneer i Shamsher
Khan, 2019). Jednak po nagromadzeniu niezwini¢tych lub niepoprawnie zwinigtych
biatek, GRP78 odlgcza si¢ od biatek-przekaznikéw sygnatu, umozliwiajac aktywacje
trzech roznych s$ciezek UPR. Po pierwsze, aktywacji polegajacej na dimeryzacji
I autofosforylacji przy treoninie 980 ulega PERK, co z kolei prowadzi do fosforylacji
I inaktywacji eukariotycznego czynnika inicjacji translacji 2a (ang. eukaryotic translation
initiation factor 2a, elF2a). W rezultacie dochodzi do zahamowania globalnej translacji
i ostatecznie do zmniejszenia calkowitej ilosci wydzielanych bialek w $wietle ER
(Bengesser i wsp., 2016; Muneer i Shamsher Khan, 2019) (Ryc. 1). Zachowana zostaje
jednak translacja specyficznych bialek, np. tych zwigzanych z przebiegiem UPR. Kolejny
przekaznik, IREa, na skutek dimeryzacji i autofosforylacji na serynie 724, nabiera
aktywnosci endonukleazy i katalizuje splicing mRNA XBP1 (ang. X-box binding protein-
1) (Ryc. 1). Powstale w wyniku tego procesu biatko XBP1 jest wysoce aktywnym
czynnikiem regulujacym ekspresj¢ genow zaangazowanych w UPR (np. kodujacych biatka
opickuncze) i degradacj¢ zwigzang z ER (ang. ER-associated degradation, ERAD)
(Bengesser i wsp., 2016; Muneer i Shamsher Khan, 2019) (Ryc. 1). W rezultacie nasileniu
ulegaja procesy fatdowania biatek badz degradacji 1 eliminacji tych nieprawidlowo
zwinietych, co zapobiega ich gromadzeniu i wspomaga przywrdcenie proteostazy
(Bengesser i wsp., 2016; Muneer i Shamsher Khan, 2019). Trzeci przekaznik stresu ER,
ATF6, ulega translokacji do aparatu Golgiego, gdzie poprzez cigcie ulega aktywacji.
Powstate aktywne czasteczki ATF6 uwalniane sa do cytozolu (Ryc. 1), a nastepnie
przechodza do jadra, gdzie réwniez pelnig funkcje czynnikow transkrypcyjnych,
regulujacych ekspresj¢ genéw zwigzanych z przebiegiem UPR (Bengesser i wsp., 2016;
Muneer i Shamsher Khan, 2019).

Celem opisanych powyzej procesow jest zwiekszanie szans na przezycie komorki.
Jednak w przypadku, gdy stres komorkowy przewyzsza mozliwosci adaptacyjne UPR,
inicjowana jest smier¢ komorki poprzez proapoptotyczne komponenty tego szlaku. Wtedy,
elF2a poprzez selektywng stymulacje translacji ATF4 (Ryc. 1) indukuje aktywacje biatka
homologicznego C/EBP (ang. C/EBP homologous protein, CHOP), bedacego czynnikiem
transkrypcyjnym bezposrednio hamujacym ekspresje czynnika antyapoptotycznego BCL2
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(ang. B-cell CLL/Lymphoma 2) (Bengesser i wsp., 2016; Muneer i Shamsher Khan, 2019).

Procesy stresu ER i UPR sg powszechne, zachodza w wigkszo$ci typow komorek
i tkanek. Dynamiczna regulacja tych procesow posrednio decyduje o losie komorki, o jej
przezyciu lub $§mierci, przez co moze wpltywa¢ na prawidlowy rozwo6j i dojrzewanie
poszczegolnych narzadéw 1 ukladow we wcezesnym okresie zycia oraz na ich
funkcjonowanie w zyciu dorostym. W trakcie dojrzewania mozgu stres ER i UPR moga
determinowa¢ przebieg takich procesoOw jak neurogeneza i neurorozwojowa apoptoza.
Warto w tym miejscu wspomnie¢, ze UPR jest rowniez silnym regulatorem proceséw
zapalnych na obwodzie i w moézgu. Ponadto zrownowazone procesy stresu ER
odpowiadajg za prawidtowe funkcjonowanie bariery krew-mozg (ang. blood-brain barrier,
BBB), stojacej na strazy homeostazy w osrodkowym uktadzie nerwowym (OUN) (Perner
i Kriiger, 2022).

Splicing

s
Aparat\ Y /
Golgiego ATF4 TRANSLACJA

@ - Fosforylacia I docelowe geny « ZWIJANIE BIALEK

p50 ATF6 (SATF6) { /
\ > « ERAD
-@g - Nieprawidtowo zwinigte biatka D@W l

* APOPTOZA
* AUTOFAGIA

Jadro

Ryc. 1. Schemat przedstawiajacy aktywacje Sciezek odpowiedzi na nieprawidlowo
zwiniete biatka (UPR). Skréty: ATF4 - aktywujacy czynnik transkrypcyjny 4; ATF6 -
aktywujacy czynnik transkrypcyjny 6; elF2a — eukariotyczny czynnik inicjacji translacji
2a; ER —siateczka §rodplazmatyczna; ERAD — degradacja zwigzana z ER; GRP78 — biatko
regulowane glukozg 78 kDA; IREla — enzym zalezny od inozytolu 1a; PERK — kinaza
siateczki ER; XBP1 — X-box binding protein-1.
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Zaburzenia proceséw stresu ER i UPR wigzane sa patofizjologia wielu chorob,
np. nowotwordéw, cukrzycy, arteriosklerozy czy chorob neurodegeneracyjnych (Tabas,
2010; Chaudhari i wsp., 2014). Badania w modelach zwierz¢cych wykazaty, ze zarowno
ostry, jak i chroniczny stres w zyciu dorostym nasila ekspresj¢ markeréw stresu ER 1 UPR
oraz aktywacje¢ szlakow UPR (Jangra i wsp., 2017; Tang i wsp., 2018; Li i wsp., 2019).
Jednakze wptyw ELS i rola tych proceséw W dojrzewaniu organizmu (w tym mozgu) we
wczesnym okresie zycia pozostaje wcigz niewystarczajaco poznana i przebadana,
szczegblnie w kontekscie etiologii réznych chordb.

W ostatnim czasie procesy stresu ER i UPR zaczeto postrzega¢ jako mediatory
miedzy- 1 wewnatrzgatunkowej zmienno$ci w odpowiedzi na r6zne warunki srodowiskowe
(Yap i wsp., 2021). Wykazano, ze stopien intensywno$ci odpowiedzi stresu ER jest
dziedziczny i istnieja indywidualne roznice fenotypowe w UPR, zarowno u ludzi, jak
i zwierzat. Sugeruje to, ze fenotypy odpowiedzi stresu ER i UPR moga podlegac naturalne;j
selekcji 1 przez to ksztalttowaé¢ mechanizmy podatnos$ci i opornosci na dziatanie stresorow

czy rozwoj choréb (Yap i wsp., 2021).

5.3 Bariera krew-mozg a stres

Powszechnie BBB uwazana jest za fizyczng i funkcjonalng granice pomigdzy
parenchyma mozgu a krazeniem ogolnoustrojowym, kontrolujaca napltyw 1 wyptyw
substancji biologicznych, zapewniajacych prawidtowe funkcjonowanie i homeostazg¢ OUN
(Hawkins i Davis, 2005; Brzezinska K. , 2012). BBB jest tez pierwsza linig ochrony,
zapobiegajaca przedostawaniu si¢ do mozgu potencjalnie szkodliwych czynnikow, takich
jak patogeny, toksyny oraz obwodowe komorki uktadu odpornosciowego (Abbott i wsp.,
2010). BBB zbudowana jest z komorek $rodbtonka naczyn krwiono$nych mozgu (ang,
brain endothelial cells, BEC), btony podstawnej, perycytow i zakonczen wypustek
astrocytow, tzw. stopek astrocytarnych. Powyzsze skltadowe BBB wraz ze
zlokalizowanymi w poblizu naczyn komorkami mikrogleju 1 neuronami tworza
tzw. jednostke nerwowo-naczyniowa (ang. neurovascular unit, NVU) (Abbott i wsp.,
2010; Alvarez i wsp., 2013) (Ryc. 2).

Wybidrcza przepuszczalnosé i ochronna funkcja BBB jest mozliwa m.in. dzigki
unikalnemu fenotypowi BEC (Hawkins i Davis, 2005; Abbott i wsp., 2010). Sciany naczyn

w OUN tworzy pojedyncza warstwa BEC pozbawiona fenestracji (okienek), o zwigkszonej
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gestos$ci mitochondriéw i minimalnej aktywnosci pinocytarnej. Pomigdzy BEC wystepuja
wysokooporowe potaczenia obejmujace szczeling miedzykomorkowa, tzw. ztacza Sciste
(ang. tight junctions, TJ) oraz potgczenia przylegajace (ang. adherens junctions), ktore
zapewniajg wzajemne, Scisle przyleganie BEC i gwarantujag ograniczony transport
parakomérkowy (Ryc. 2). TJ to kompleksy biatek, ktorych glownymi sktadowymi sg
transbtonowe okludyny (ang. ocludins, OCLN) i klaudyny (ang. claudins, CLDN), ktore
laczg si¢ z cytoszkieletem poprzez cytoplazmatyczne biatka kompleksu zonula occludens
(ZO) i cinguling (Abbott i wsp., 2010) (Ryc. 2). W rodzinie CLDN to gtéwnie CLDN 3
I 5 zastuguja na szczegblng uwage, poniewaz zaburzenie ich funkcji w kompleksie TJ moze

wplywac na integralnosci BBB (Abbott i wsp., 2010).

Swiatto
naczynia

btona

stopka
astrocytarna

BECs perycyt

mikroglej astrocyt——

neuron

Ryc. 2. Schemat budowy bariery krew-mézg. (A) Bariera krew-mozg — przekroj
poprzeczny przez naczynie. (B) Interakcje komorkowe na poziomie jednostki nerwowo-
naczyniowej. (C) Schemat przestrzeni miedzy komoérkami §rodbtonka naczyn — budowa
zkacz Scistych. Skroty: Als — potaczenia przylegajace; AQP4 — akwaporyna 4; BEC —
komorki srodbtonka naczyn moézgu; CLDNs — klaudyny; GLUT-1 — transporter glukozy
typu 1; OCLN — okuldyna; PGP — glikoproteina P; TJs — ztacza Sciste, TJPs — biatka ztacz
Scistych; ZO1 — zonula occludens 1.
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BBB ma niskag pasywng przepuszczalnos¢ dla metabolitéw i1 niezbednych
sktadnikow odzywczych rozpuszczalnych w wodzie. Na drodze prostej dyfuzji do OUN
przedostajg si¢ gazy, zwiazki rozpuszczalne w lipidach czy peptydy o masie 400 — 800 Da
(Abbott i wsp., 2010; Brzezinska K. , 2012). Wazng role w zachowaniu niczaleznej
homeostazy OUN odgrywa zatem aktywny transport jonow oraz biatka transportowe BBB,
takie jak np. transporter glukozy typu GLUT-1, glikoproteina P (ang. P-glycoprotein, PGP)
czy specyficzne kanaty wodne, akwaporyny (AQP) (glownie AQP 4 obecna na stopkach
astrocytarnych) (Zheng i wsp., 2010; Brzezinska K. , 2012; Alvarez i wsp., 2013).

Ze wzgledu na skomplikowana, wielopoziomows budowg i dynamiczne
funkcjonowanie BBB, procesy jej rozwoju i dojrzewania sg sekwencyjne i przebiegaja
zgodnie z dobrze zdefiniowanym programem morfogenetycznym (Krause i wsp., 2002;
Brzezinska K. , 2012). U ludzi BBB rozpoczyna rozwo6j w zyciu ptodowym, ale
funkcjonalno$¢ osigga dopiero p6t roku po narodzinach (Brzezinska K. , 2012). Gryzonie
przychodza na §wiat stosunkowo nierozwini¢te, dlatego wiele mechanizméw w obrebie
BBB dojrzewa i nabiera pelnej funkcjonalnosci dopiero w okresie okoto- lub
poporodowym (Krause i wsp., 2002; Abbott i wsp., 2010). Ramy czasowe ksztaltowania
si¢ BBB sg zblizone do angiogenezy, ktorej najwigcksze nasilenie u szczura przypada
pomigdzy 3 a 5 dniem po narodzinach (Krause i wsp., 2002; Blanchette i Daneman, 2015).
Tworzeniu funkcjonalnej sieci TJ pomiedzy BEC towarzyszy nasilona ekspresja GLUT-1,
co powoduje, ze jest on stosowany jako marker dojrzewania tych komérek w mozgu
(Zheng i wsp., 2010). Z kolei, obserwowany w trzecim tygodniu po urodzeniu duzy wzrost
ekspresji PGP, wskazuje na przedtuzony rozwdj BBB u gryzoni (Daneman i wsp., 2010;
Ek i wsp., 2010). Co wigcej, we wczesnym okresie postnatalnym gesto$¢ naczyn
odpowiada lokalnym funkcjom obszaréw korowych, co sugeruje Scisty zwigzek miedzy
ich rownoczesnym i wydtuzonym rozwojem (Caley i Maxwell, 1970; Krause i wsp., 2002).
Ponadto zar6wno na rozw6j mozgu w tym okresie, jak i na rozwdj BBB, moze wptywac
takze ksztattujacy si¢ uktad odpornosciowy oraz interakcje neuroimmunologiczne (Danese
i Lewis, 2017; Brenhouse i wsp., 2019). Zatem niekorzystne czynniki $rodowiskowe,
dzialajace we wczesnym okresie zycia (np. stres), moga potencjalnie interferowac
jednoczesnie z dojrzewaniem mozgu 1 BBB.

Do oceny integralnosci BBB w modelach zwierzecych stuzy szereg technik. Jedng
z podstawowych jest pomiar przepuszczalnosci BBB dla endogennych biatek osocza lub
egzogennych znacznikéw o roznej masie czasteczkowej (Kaya i1 Ahishali, 2011,

Brzezinska K. , 2012; Sun i wsp., 2021). Do pierwszej z grup mozemy zaliczy¢ albuming
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(69 kDa), immunoglobuliny klasy G (150 kDa), fibronektyng (200 kDa) oraz fibrynogen
(340 kDa), jednak znacznym ograniczeniem ich stosowania sg wahania st¢zenia tych biatek
we krwi, wynikajagce z zaburzen homeostazy spowodowanych badanymi stanami
chorobowymi. Egzogenne znaczniki w mniejszym stopniu podlegajg takim fluktuacjom
(Brzezinska K. , 2012). Sposrdd nich mozemy wyr6znic te, ktore wiagzg si¢ do endogenne;j
albuminy, np. peroksydaza chrzanowa (40 kDa), dekstran (70 kDa) czy bi¢kit Evansa (950
Da) (Kaya i Ahishali, 2011; Brzezinska K. , 2012; Sun i wsp., 2021) oraz te o niskiej masie
czgsteczkowej (i niskim powinowactwie do bialek), takie jak sol sodowa fluoresceiny
(NaF) (376 Da) i znakowana radioligandem sacharoza (342 kDa). Obecnos¢ znacznika w
przestrzeni pozanaczyniowej wykrywa si¢ m.in. za pomoca metod immunochemicznych
in situ lub spektrofotometrycznych i spektrofluorymetrycznych, umozliwiajacych
ilosciowy pomiar znacznika w badanej tkance (Kaya i Ahishali, 2011; Sun i wsp., 2021).
Innymi technikami oceniajagcymi integralnos¢ BBB sa badania morfologiczne
I ultrastrukturalne majace na celu identyfikacj¢ i oceng stanu poszczegdlnych sktadowych
BBB (immunohistochemia (IHC), mikroskopia) oraz badania ilosciowe ekspresji genow
i biatek budujacych BBB, np. biatek TJ (TJP), czy transporterow BBB.

Coraz cze¢sciej zaburzenia funkcjonowania BBB uznawane sg za brakujace ogniwo,
bedace wazng przyczyng pojawienia si¢ zaburzen homeostazy, zaréwno
w miodym, jak i starzejacym si¢ mozgu (Stolp i Dziegielewska, 2009; Erickson i Banks,
2013; Winkler i wsp., 2015; Arora i wsp., 2019). Dysfunkcje BBB wystepuja
w patofizjologii wielu chordb, takich jak np. stwardnienie rozsiane, udar, padaczka (Profaci
i wsp., 2020), czy choroby neurodegeneracyjne. Obecnie, coraz wigcej dowodow wskazuje
réwniez na zmiany w funkcjonowania BBB jako potencjalny patomechanizm stresu
(Menard i wsp., 2017; Greene i wsp., 2020; Kamintsky i wsp., 2020). Badania prowadzone
w zwierzecych modelach ostrego i przewleklego stresu, ujawniaja potencjalne zaburzenia
BBB (Hanin, 1996; Santha i wsp., 2015; Menard i wsp., 2017; Kamintsky i wsp., 2020;
Welcome i Mastorakis, 2020; Wu i wsp., 2022). Wigkszo$¢ tych badan wykazala
wywotany stresem fenotyp prodepresyjny, przy rownocze$nie zwickszonej
przepuszczalno$¢ BBB w regionach mézgu zaangazowanych w odpowiedz na stres (Hanin,
1996; Santha i wsp., 2015; Wu i wsp., 2022). Zmianom tym czgsto towarzyszyly
zaburzenia poziomu okre$lonych komponentow BBB, w szczegolnosci: spadek ekspres;ji
TJP —CLDN 5 (Menard i wsp., 2017; Dion-Albert i wsp., 2022b; Wu i wsp., 2022) i OCLN
(Santha i wsp., 2015), zmiany ekspresji biatka AQP 4 (Xu i wsp., 2019; Taler i wsp., 2021),
a takze poziomu GLUT-1 (Santha i wsp., 2015; Welcome i Mastorakis, 2020). Dotychczas
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bardzo nieliczne badania podjety tematyke zaburzen BBB w modelach zwierzgcych ELS.
Co wigcej, dostepne dane ograniczajg si¢ jedynie do oceny przepuszczalnosci BBB
(Gomez-Gonzalez i Escobar, 2009; Carlessi i wsp., 2022). Z badan tych wynika,
ze procedura MS moze powodowaé wzrost przepuszczalnosci BBB w korze nowej,
hipokampie (HP) i jadrze podstawnym szczuréw (Gomez-Gonzalez i Escobar, 2009;
Carlessi i wsp., 2022). Cho¢ we wspomnianych badaniach wykorzystano zaréwno samce,
jak i samice w r6znym wieku (Gomez-Gonzalez i Escobar, 2009; Carlessi i wsp., 2022) to
wcigz brakuje szerszego, kompleksowego spojrzenia na rdéznice migdzyplciowe
I rozwojowe, opartego o dane dotyczace wptywu ELS takze na ultrastrukture TJ czy

ekspresje genow/biatek budujacych BBB.

5.4 Procesy neurozapalne a stres

Zadaniem uktadu odpornosciowego jest rozpoznawanie i ochrona organizmu przed
wirusami, bakteriami i innymi czastkami zakaznymi (Brenhouse i wsp., 2019).
W odpowiedzi na zakazenie i uszkodzenie tkanek, uktad odpornosciowy indukuje
wrodzong reakcj¢ obronng, zwang reakcja zapalna. Jesli toczy si¢ ona w obregbie OUN,
moéwimy wtedy o neurozapaleniu. Uktad odpornosciowy i OUN ksztaltujg si¢ w okresie
prenatalnym, ale ich rozwoj i dojrzewanie trwaja nieprzerwanie przez wczesny okres
postnatalny, az do adolescencji (Brydges i Reddaway, 2020). Juz w okresie prenatalnym,
komorki immunokompetentne, ktoére wyposazone sa w mechanizmy wrodzonej
(nieswoistej) odpornosci komorkowej, uczestnicza w odpowiedzi zapalnej (Brenhouse i
wsp., 2019). Wiegkszos¢ wrodzonej kompetencji immunologicznej OUN pochodzi od
mikrogleju, ktory stanowi 10-15% wszystkich komoérek OUN. Komorki te rdznicujg si¢
z prymitywnych makrofagow w woreczku zottkowym i kolonizuja embrionalng tkanke
nerwowa (E 10.5 — 17.5 u gryzoni), gdzie dojrzewaja, aby nastepnie spetnia¢ podstawowy
nadzoér immunologiczny w OUN (Brydges i Reddaway, 2020; Dudek i wsp., 2021).

Patogeny w organizmie sg odrdzniane od czgstek gospodarza, dzigki obecnosci
w swojej budowie charakterystycznych, powtarzalnych wzorcéw molekularnych
tzw. wzorcow molekularnych zwigzanych z patogenami (ang. pathogen-associated
molecular patterns, PAMP). Naleza do nich najczesciej sktadniki $cian komoérkowych
bakterii (glikany, glikokoniugaty) oraz endotoksyny, znajdujace si¢ w zewnetrznych
btonach komérkowych bakterii Gram-ujemnych (np. lipopolisacharyd, LPS) (Brenhouse i
wsp., 2019; Perner i Kriiger, 2022). PAMP sg rozpoznawane przez wysoce konserwatywne
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receptory rozpoznajace wzorce (ang. pattern recognition receptors, PRR), takie jak
np. receptory toll-podobne (ang. toll-like receptors, TLR), obecne na powierzchni
komorek, czy receptory cytozolowe (np. kompleksy biatek inflamasomu) (Brenhouse i
wsp., 2019; Perner i Kriiger, 2022). TLR sg obecne na réznych typach komorek
odpornos$ciowych ssakow. Ich ekspresje w OUN wykazano na neuronach, mikrogleju,
astrocytach oraz BEC (Serna-Rodriguez i wsp., 2022). Do TLR obecnych w mozgu naleza
TLR od 1 do 9, jednak ze wzgledu na szeroki profil dystrybucji i aktywacji w stanach
fizjologicznych i patologicznych, szczegolng role w OUN odgrywajg TLR 2 i 4 (Trotta i
wsp., 2014; Serna-Rodriguez i wsp., 2022). W wyniku rozpoznania PAMP dochodzi do
synergistycznej aktywacji receptorow TLR i kompleksu inflamasomu i w konsekwencji
uwalniane sg mediatory reakcji zapalnej, tj. cytokiny prozapalne (interleukina 1 (IL-1p),
IL-6, czynnik martwicy nowotwordow (ang. tumor necrosis factor a, TNFa)), chemokiny
(CCL2, CCL5, CXCL1), reaktywne formy tlenu (ROS) czy przekazniki (NO,
prostaglandyny) (Figueroa-Hall i wsp., 2020; Yang i wsp., 2020). Uwalnianie mediatorow
zapalnych to jeden z podstawowych objawow toczacego si¢ zapalenia, a mikroglej jest
jedng z pierwszych populacji komorek W moézgu, ktora reaguje na sygnaly zagrozenia.
Indukcja neurozapalenia zwigzana jest z morfologicznymi i funkcjonalnymi zmianami tych
komorek, dzigki ktérym osiggaja stan umozliwiajacy sekrecje czastek prozapalnych
i fagocytoze (da Fonseca i wsp., 2014). Obok mikrogleju, rowniez astrocyty, BEC,
perycyty, a nawet neurony mogg by¢ Zroédlem mediatorow zapalnych w OUN.

Warto podkresli¢, ze do aktywacji wrodzonej odpowiedzi komorkowej z udziatem
receptoréw TLR nie dochodzi jedynie w obecnosci patogendw. TLR2, TLR4 i TLR9, moga
bowiem rozpoznawaé rowniez tzw. wzorce molekularne zwigzane z uszkodzeniem (ang.
damage-associated molecular patterns, DAMP) (Franklin i wsp., 2018; Serna-Rodriguez
i wsp., 2022). DAMP, zwane rowniez alarminami, sygnalizujg endogenne zagrozenie, Stres
i/lub $mier¢ komorek. Nalezg do nich m.in.: HSP, biatka S100, fibrynogen, ATP czy kwas
moczowy (Perner i Kriiger, 2022; Serna-Rodriguez i wsp., 2022). Aktywacja TLR
z udziatem DAMP prowadzi do indukcji tzw. sterylnego zapalenia.

Jak juz wspomniano, dzigki BBB moézg jest do pewnego stopnia chroniony przed
patogenami oraz procesami zapalnymi toczgcym si¢ na obwodzie. BBB jest pierwsza linig
obrony, ktora ogranicza naptyw obwodowych komérek uktadu odporno$ciowego 1 czastek
zapalnych (Varatharaj i Galea, 2017). Jednakze postgpujace procesy zapalne stopniowo
moga prowadzi¢ do naruszenia poszczegdlnych elementéw sktadowych BBB.

Poczatkowo, pod wptywem II-1B i TNFa, dochodzi do aktywacji BEC, co wigze si¢ ze
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wzrostem ekspresji czasteczek adhezji komorkowej w tych komorkach, szczegodlnie
czasteczek adhezji migdzykomoérkowej 1 (ang. intercellular adhesion molecule 1,
ICAM1). Wazrost ekspresji ICAM1 na powierzchni BEC ufatwia ich interakcje¢
z integrynami obecnymi na obwodowych komoérkach odpornosciowych prowadzac do ich
rekrutacji i rolowania (da Fonseca i wsp., 2014; Varatharaj i Galea, 2017; Brenhouse i
wsp., 2019). Rownocze$nie, w wyniku dziatania mediatorow prozapalnych, moze
dochodzi¢ do naruszenia struktury TJ i zmian w ekspresji CLDN5 i OCLN, ZO-1
(Varatharaj i Galea, 2017; Brenhouse i wsp., 2019; Peng i wsp., 2021). Tym zaburzeniom
w obrebie BBB moze towarzyszy¢é migracja komoérek odpornosciowych droga
parakomoérkowa, czyli pomiedzy komorkami BEC, do przestrzeni okotonaczyniowej
i finalnie do parenchymy moézgu (Varatharaj i Galea, 2017; Brenhouse i wsp., 2019; Peng
i wsp., 2021). Co wazne, w stanie neurozapalenia migracja komoérek odpornosciowych do
moézgu moze zachodzi¢ takze drogg transkomorkowa, czyli przez BEC (Varatharaj i Galea,
2017; Mapunda i wsp., 2022), a funkcje TJ moga ulega¢ zmianie, pomimo iz ich struktura
pozostaje nienaruszona (Papadopoulos i wsp., 1999; da Fonseca i wsp., 2014; Varatharaj i
Galea, 2017). Nalezy wspomnie¢, ze istniejg takze inne drogi komunikacji pomiedzy
uktadem odpornosciowym i mediatorami zapalnymi a uktadem nerwowym, nalezg do nich
obszary pozbawione BBB, tj. splot naczyniéwkowy i narzady okotokomorowe oraz
aktywacja nerwu blednego i jader pnia moézgu (Dudek i wsp., 2021; Mapunda i wsp., 2022).

Powszechnie uwaza si¢, ze stres 1 GC ostabiaja odporno$¢ 1 dziataja
przeciwzapalnie (Baxter i Forsham, 1972). Dane literaturowe pokazujg jednak, ze stres,
zwlaszcza przewlekly, powoduje wzrost poziomu cytokin prozapalnych (IL-18, TNFa
i IL-6) w surowicy, co moduluje odpowiedz zapalng w OUN i tym samym wplywa na
funkcjonowanie mézgu (Franklin i wsp., 2018). Co wigcej, chroniczny stres moze wptywaé
uwrazliwiajgco na przebieg odpowiedzi uktadu odporno$ciowego w przysztosci (Franklin
I wsp., 2018; Serna-Rodriguez i wsp., 2022). Waznym mechanizmem dziatania stresu na
uktad odporno$ciowy, moze by¢ indukcja ,,sterylnego zapalenia” (Serna-Rodriguez i wsp.,
2022). Wiadomo bowiem, ze psychologiczny stres powoduje uwolnienie i wzrost poziomu
DAMP (np. biatek HSP, S100) w przestrzeni zewnatrzkomoérkowej, ktére przez wigzanie
z TLR4 na komorkach immunokompetentnych promuja odpowiedZ prozapalng (Serna-
Rodriguez i wsp., 2022). W warunkach podstawowych procesy te majg na celu utrzymanie
homeostazy, jednak wywotane przewleklym stresem, moga przyczyniac si¢ do aktywacji

procesow patologicznych w OUN (Serna-Rodriguez i wsp., 2022).
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Chociaz wielu badaczy w ostatniej dekadzie podjeto probg wykazania wptywu ELS
na przebieg reakcji zapalnej w modelach zwierzegcych, to uzyskane wyniki wciaz pozostaja
niejednoznaczne. Ta niespojno$¢ moze wynika¢ z kwestii metodologicznych, takich jak
réznorodno$¢ stosowanych modeli ELS, badanych markerow zapalnych czy koncepcji
eksperymentalnych (np. wiek badanych zwierzat) (Brenhouse i wsp., 2019; Dutcher i wsp.,
2020). Cho¢ wykazano, ze ELS moze ogodlnie zaburza¢ aktywacj¢ mikrogleju i poziom
czgstek  prozapalnych w moézgu, to nie zaobserwowano jednoznacznego,
dhugoterminowego wplywu ELS na ekspresj¢ cytokin w tkankach obwodowych, czy na
przebieg proces6w neurozapalnych (Dutcher i wsp., 2020). Jednakze w obliczu dziatania
kolejnego czynnika $rodowiskowego w poOzniejszym okresie zycia (stres, infekcja),
zwierzeta poddane ELS czesto wykazywaty nasilong reakcja prozapalna (Roque i wsp.,
2016; Catale i wsp., 2020; Dutcher i wsp., 2020).

5.5 Modulacja procesow zapalnych, stresu ER i funkcji BBB przez
chroniczny stres — wspdolny mianownik w patofizjologii i / lub progresji
chorob psychicznych i neurodegeneracyjnych?

Jak juz wspomniano, przewlekly stres, w tym ELS, jest waznym czynnikiem
w etiologii zaburzen nastroju i Igku. Jest rowniez wigzany z patofizjologia i progresja
innych chorob psychicznych oraz neurodegeneracyjnych (Danese i Lewis, 2017;
Hoeijmakers i wsp., 2017; Brenhouse i wsp., 2019). Rownoczesénie chroniczny stres jest
silnym modulatorem proceséw zapalnych, a obecnie depresje, schizofreni¢ oraz AD i PD
postrzega si¢ rOwniez jako choroby o podtozu zapalnym (Stolp i Dziegielewska, 2009;
Erickson i Banks, 2013; Danese i Lewis, 2017; Hoeijmakers i wsp., 2017; Brenhouse i
wsp., 2019; Dutcher i wsp., 2020; Dudek i wsp., 2021).

Dane kliniczne dostarczaja dowodow taczacych podatno$¢ na stres z nasilong
odpowiedzig prozapalng, a U pacjentow z depresja obserwuje si¢ podwyzszony poziom
obwodowych cytokin, TNFa, 11-16 i IL-1p (Maes i wsp., 1995; Dowlati i wsp., 2010;
Dudek i wsp., 2021). W przypadku duzej depresji podwyzszonym parametrom
prozapalnym towarzyszy wzrost liczby obwodowych leukocytéw, monocytéw i neutrofili
(Maes i wsp., 1992; Dudek i wsp., 2021) oraz nasilona ekspresja chemokiny CCL2
w moézgu (Torres-Platas i wsp., 2014). Udokumentowany zwigzek mi¢dzy markerami

zapalnymi a indywidualnymi objawami depresyjnymi, takimi jak zmeczenie czy
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dysfunkcje poznawcze, wskazuje na zaangazowanie procesOw zapalnych w patogenezg
depresji (Miller i wsp., 2009). Podwyzszone poziomy cytokin prozapalnych w surowicy,
ptynie mézgowo-rdzeniowym i w mozgu sg wykrywane rowniez u pacjentéw cierpigcych
na AD i PD (Voet i wsp., 2019; Fernandez i wsp., 2021). Ponadto wykazano prozapalng
aktywacje¢ komorek mikrogleju otaczajacych blaszki B-amyloidu w mézgu pacjentow z AD
(Voet i wsp., 2019).

Stres i procesy zapalne moga wptywac¢ na funkcjonowanie BBB (Erickson i Banks,
2013; da Fonseca i wsp., 2014; Disdier i Stonestreet, 2019; Dudek i wsp., 2021).
Dysfunkcje BBB obserwowane sg w przypadku wielu choréb, w tym w AD, PD oraz
depresji i schizofrenii (Stolp 1 Dziegielewska, 2009; Winkler i wsp., 2015; Disdier i
Stonestreet, 2019; Greene i wsp., 2020; Kamintsky i wsp., 2020; Profaci i wsp., 2020).
W przypadku choréb neurodegeneracyjnych zaburzenia w obrebie BBB moga poprzedzac
lub nasila¢ postep choroby, jednak stopien zaangazowania i zaawansowania tych zaburzen,
stanowi obszar wcigz rozwijajacych si¢ badan (Stolp i Dziegielewska, 2009; Winkler i
wsp., 2015; Disdier i Stonestreet, 2019; Greene i wsp., 2020; Profaci i wsp., 2020; Dion-
Albert i wsp., 2022a). W ptynie moézgowo-rdzeniowym pacjentéw z neurodegeneracjami,
obserwuje si¢ podniesiony poziom albumin (Stolp i Dziegielewska, 2009; Profaci i wsp.,
2020) oraz zdiagnozowane metoda rezonansu magnetycznego zaburzenia
przepuszczalnosci BBB (Stolp i Dziegielewska, 2009; Profaci i wsp., 2020). Badania post
mortem potwierdzaja dysfunkcje BBB. U pacjentow z AD obserwuje si¢ nadmierne
gromadzenie si¢ albuminy, immunoglobuliny czy fibrynogenu (szczegdlnie w obszarach
moézgu bogatych w blaszki f-amyloidu) (Stolp i Dziegielewska, 2009; Profaci i wsp.,
2020), a takze zaburzenia funkcji waznych komponentow BBB, np. TJ czy perycytow
(Profaci i wsp., 2020). Z kolei, analiza histologiczna probek istoty czarnej pochodzacych
od pacjentéw z PD wykazata m.in. zmiany grubos$ci oraz gestosci naczyn krwiono$nych
(Faucheux i wsp., 1999).

Rola =zaburzen funkcji BBB w patofizjologii chordb psychicznych jest
zdecydowanie mniej przebadana, ale obecnie taka koncepcja zaczyna cieszy¢ si¢ coraz
wigkszg popularnoscig wséréd badaczy (Menard i wsp., 2017; Greene i wsp., 2020;
Kamintsky i wsp., 2020; Dudek i wsp., 2021; Dion-Albert i wsp., 2022a). Zaburzenia
ekspresji TJP, gtownie CLDNS5, wykazano post mortem w spektrum zaburzen
psychicznych, z najbardziej wyraznymi efektami u pacjentow ze zdiagnozowang depresja
i schizofrenig (Menard i wsp., 2017; Dudek i wsp., 2020; Greene i wsp., 2020; Dion-Albert

i wsp., 2022b). Co wigcej, u pacjentow z depresjg obserwowano takze wzrost
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przepuszczalnosci BBB. Udowodnity to badania wykorzystujace pomiar poziomu
obwodowego markera zaburzen szczelnosci BBB - biatka S100p (Gulen i wsp., 2016) i
obrazowanie rezonansem magnetycznym (Kamintsky i wsp., 2020).

Szczegdtowe mechanizmy lezace u podstaw dysfunkcji BBB 1 nasilenia procesow
zapalnych, obserwowanych w zaburzeniach psychicznych i neurodegeneracyjnych, wciaz
wymagaja poznania. Wazng rolg moga potencjalnie odgrywac tu procesy stresu
komoérkowego, w tym odpowiedz HSP, stres ER i UPR (Fernandez i wsp., 2021; Diaz-
Hung i Hetz, 2022; Serna-Rodriguez i wsp., 2022). Wzrost obwodowego poziomu DAMP
obserwuje si¢ u pacjentdow cierpigcych na zaburzenia nastroju, lekowe 1 choroby
neurodegeneracyjne (Kakiuchi i wsp., 2005; Stertz i wsp., 2015; Franklin i wsp., 2018;
Bauer i Teixeira, 2021; Serna-Rodriguez i wsp., 2022). Przyktadem moze by¢ biatko
HSPAL1B, nalezace do rodziny HSP70, ktore zostato zidentyfikowane jako potencjalny
obwodowy marker zaburzen Iegkowych (Le-Niculescu i wsp., 2011; Yang i wsp., 2013).
Badania wskazuja rowniez na zwigzek polimorfizmu genu HSPA1B z probami
samobdjczymi u pacjentow cierpigcych na schizofreni¢ (Kakiuchi i wsp., 2005).
Dodatkowo funkcjonalny polimorfizm genu HSPAS (GRP 78) i XBP1 jest potencjalnie
zwigzany z chorobg afektywng dwubiegunowa w populacji Japonczykoéw (Le-Niculescu i
wsp., 2011; Yang i wsp., 2013). U pacjentow cierpigcych na depresje¢, wykazano zaburzong
ekspresj¢ genow i mRNA markerow stresu ER i UPR w leukocytach (HSPA5, CHOP,
XBP1) oraz w korze czotowej i skroniowej (HSPAS, GRP94, ATF4) (Bown i wsp., 2000;
Kakiuchi i wsp., 2005; Nevell i wsp., 2014; Yoshino i Dwivedi, 2020). Z kolei, analiza
post mortem mézgow pacjentow cierpigcych na AD, PD i stwardnienie rozsiane ujawnita
podniesiony poziom markerow UPR - CHOP, HSPA5S, PERK, P-elF2a, P-IRE1 i XBP1,
szczegolnie w mikrogleju (Hoozemans i wsp., 2007; Mhaille i wsp., 2008; Cunnea i wsp.,
2011; McMahon i wsp., 2012; Wheeler i wsp., 2019).

Przedstawione powyzej dane literaturowe pozwalajg wysnu¢ hipoteze,
ze modulacja procesow zapalnych, stresu ER 1 funkcji BBB przez chroniczny stres moze
by¢ wspolnym mianownikiem w patofizjologii i / lub progresji chordb psychicznych
I neurodegeneracyjnych. Cho¢ wiadomo, ze doswiadczenie ELS, moze zwigkszac ryzyko
wystgpienia zard6wno zaburzen nastroju, jak i chorob neurodegeneracyjnych (Stolp i
Dziegielewska, 2009), to wiedza na temat wptywu ELS na procesy potencjalnie, wigzace
si¢ z patofizjologia tych chordb, takie jak zapalenie, UPR i funkcje BBB jest wcigz
niewielka i niekompletna (Gomez-Gonzalez i Escobar, 2009; Brydges i Reddaway, 2020;

Carlessi i wsp., 2022). Szczegodlnie ograniczona jest wiedza dotyczaca zaleznych od pici
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r6éznic we wspominanych procesach, a jak wiadomo w obrazie klinicznym i w czgstosci
wystepowania zaburzen psychicznych i choréb neurodegeneracyjnych, bardzo widoczne

sg roznice ptciowe (Pinares-Garcia i wsp., 2018).
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6. Cel badan

Dane epidemiologiczne wskazuja, ze choroby psychiczne 1 neurodegeneracyjne,
obok schorzen sercowo-naczyniowych i1 nowotworowych oraz cukrzycy, sa jedna
z gtownych przyczyn niepetnosprawnosci na §wiecie. Wiele czynnikéw srodowiskowych,
dziatajacych na wezesnym etapie zycia osobnika, takich jak np. ELS czy infekcje, moze
zwieksza¢ ryzyko wystgpienia wymienionych probleméw zdrowotnych w pozniejszym
okresie zycia. Obecnie coraz czg$ciej przewlekte procesy zapalne, stres ER oraz,
w przypadku schorzeh OUN, dysfunkcje BBB postrzegane sg jako wspdlny mianownik
zwigzany z etiologig i progresja wspomnianych schorzen.

Cho¢ badania ostatnich dekad przyczynity si¢ do zwigkszenia wiedzy o wptywie
ELS na dojrzewanie i funkcjonowanie mozgu, wcigz poszukuje si¢ pierwotnych
mechanizmow, lezacych u podstaw podatno$ci badz opornosci na ELS i zaburzenia
przezen wywolane. Szczegdlnie mato poznany jest udzial BBB, proceséw zapalnych
i stresu komorkowego w biologii ELS i modulacji tych proceséw przez czynniki zwigzane
z plcig. Skionito nas to do podjecia badan nad rozszerzeniem wiedzy w tym wilasnie
zakresie, ktore zaowocowaly cyklem publikacji sktadajacych si¢ na niniejsza rozprawe
doktorska. Badania przeprowadzono w modelu ELS opartym o procedur¢ MS u szczurow.

Wyznaczono w nich nastepujace cele badawcze:

I. Zbadanie wptywu MS na dojrzewanie i integralnos¢ BBB U szczurow obu plci na
réznym etapie rozwoju (publikacja 1, wyniki uzupeiniajace nieopublikowane)
(Ryc. 3).

W ramach tego celu zmierzono:

A. przepuszczalnos¢ BBB w mPFC, grzbietowym prazkowiu (dorsal striatum, dSTR)
i HP

B. ekspresje mMRNA TJP i transporterow BBB w mPFC, dSTR i HP

C. gestos¢ naczyn wykazujacych ekspresje markera BBB w mPFC, dSTR i HP (wyniki
uzupelniajace nieopublikowane)

D. poziom wybranych markerow stanu zapalnego 1 zaburzen integralnosci BBB

W surowicy
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Ryc. 3. Cel I - Schemat eksperymentu. Mikrofotografie prezentuja przekroje mozgu
Szczura z zaznaczonymi regionami wybranymi do analiz. Skroty: AFR - warunki
standardowe hodowli (grupa kontrolna), BBB - bariera krew-mo6zg, dSTR - grzbietowe
prazkowie, HP - hipokamp, IHC - immunohistochemia, mPFC - przysrodkowa kora
przedczotowa, MS - separacja od matki, PND - dzien po narodzinach.
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= Przepuszczalno$¢ BBB (0]
= Analizy biochemiczne:
gRT-PCR, ELISA

g X

Ryc. 4. Cel Il - Schemat eksperymentu. Mikrofotografie prezentuja przekroje mozgu
szczura z zaznaczonymi regionami wybranymi do analiz. Skroty: AFR - warunki
standardowe hodowli (grupa kontrolna), BBB - bariera krew-moézg, HP - hipokamp,
IHC - immunohistochemia, LPS - lipopolisacharyd, mPFC - przysrodkowa kora
przedczotowa, MS - separacja od matki, PND - dzien po narodzinach, VEH -
rozpuszczalnik.
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Il. Zbadanie, czy doswiadczenie MS wplywa na przebieg reakcji zapalnej w pdzniejszym
okresie zycia modelowanej podaniem LPS zwierzetom obu pici w 21 i 70 dniu po
urodzeniu (ang. postnatal day, PND) (publikacja 2) (Ryc. 4). W trakcie realizacji tego

celu zbadano:

A. poziom wybranych markerow odpowiedzi zapalnej w surowicy, mPFC i HP
B. przepuszczalnos¢ BBB i ekspresjc mRNA TJP w mPFC i HP

I1l. Sprawdzenie, czy MS moduluje ekspresje biatek rodziny HSP70 na r6znych etapach
rozwoju — poszukiwanie mozgowego i obwodowego biomarkera ELS (publikacja 3)

(Ryc. 5). Realizujac ten cel, zbadano:

A. ekspresje mRNA i biatek HSPAS5 i HSPA1B w mPFC i HP zwierzat (samcow) w PND
15,2670

B. ckspresjge mRNA HSPA5 i HSPA1B we krwi obwodowej wyzej wspomnianych
zwierzat

C. procesy dtugotrwatego wzmocnienia synaptycznego (LTP) w mPFC i HP (PND 70)

D. zachowanie zwierzat w testach oceniajacych lek, anhedonie, strategi¢ radzenia sobie

ze stresem oraz procesy bramkowania sensomotorycznego (PND 70)

IV. Zbadanie roli stresu ER i UPR w mechanizmach podatnosci badz opornosci na ELS

u samcow (publikacja 4) (Ryc. 6). W ramach tego celu zbadano:

A. wptyw MS i podan inhibitora stresu ER, salubrinalu (SAL), na ekspresj¢ markerow UPR
I apoptozy w mPFC zwierzat w PND 15, 261 70
B. wplyw MS i SAL na liczb¢ komoérek nerwowych i glejowych w mPFC (PND 26 i 70)

C. wplyw MS i SAL na zachowanie zwierzat w testach oceniajgcych lek, pamieé
0 zdarzeniach awersyjnych, anhedoni¢ i odpowiedz na podanie substancji
psychostymulujacej (PND 26 i 70)
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Ryc. 5. Cel 111 - Schemat eksperymentu. Mikrofotografie prezentuja przekroje mozgu
Szczura z zaznaczonymi regionami wybranymi do analiz. (A-D) - Zastosowane testy
behawioralne: A) test jasnego/ciemnego pudetka, B) test preferencji sacharozy, C) test
wymuszonego plywania, D) ocena bramkowania sensomotorycznego. Skroty:
AFR - warunki standardowe hodowli (grupa kontrolna), HP - hipokamp, mPFC -
przysrodkowa kora przedczotowa, MS - separacja od matki, PND - dzien po narodzinach,

WB - Western blot.
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Ryc. 6. Cel IV - Schemat eksperymentu. Mikrofotografia prezentuje przekr6éj mozgu
szczura z zaznaczonymi regionami przysrodkowej kory przedczotowej wybranymi do
analiz. (A-D) - Zastosowane testy behawioralne: A) test jasnego/ciemnego pudetka, B) test
preferencji sacharozy, C) warunkowanie strachu, D) aktywno$¢ lokomotoryczna. Skroty:
AFR - warunki standardowe hodowli (grupa kontrolna), Cgl - kora obreczy 1,
IHC - immunohistochemia, ILC - kora infralimbiczna, MS - separacja od matki, PLC -
kora przedlimbiczna, PND - dzieh po narodzinach, SAL - salubrinal,
VEH - rozpuszczalnik, WB - Western blot.
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7. Badania uzupelniajace
7.1 Metodyka

7.1.1 Zwierzeta

Wszystkie procedury eksperymentalne zostaly zatwierdzone przez II Lokalng
Komisje Etyczng ds. Do$wiadczen na Zwierzgtach w Krakowie (nr zgody 260/2017),
a takze spelnialty wymagania Dyrektywy Parlamentu Europejskiego i Rady 2010/63/EU
w sprawie ochrony zwierzat wykorzystywanych do celow naukowych. Jednocze$nie
dotozono wszelkich staran, aby zminimalizowa¢ cierpienie 1 liczbe wykorzystanych
zwierzat. Wszystkie badania uzupetniajace przeprowadzono na szczurach stada Wistar
hodowanych w warunkach standardowych (ang. animal facility rearing, AFR)
lub poddanych procedurze separacji od matki (MS). Warunki hodowli zostaty szczegotowo
opisane w publikacjach Solarz i wsp. (2021a,b,2023) i Solarz-Andrzejewska i wsp. (2023).
Eksperymenty przeprowadzono w PND 15, PND 22 i w PND 70 u zwierzat obu ptci.

7.1.2 lloSciowe oznaczenie przepuszczalnosci BBB

W celu ilosciowej oceny przepuszczalnosci BBB, u szczurow w PND 22 zastosowano
dootrzewnowe podanie NaF, drobnoczasteczkowego znacznika fluorescencyjnego o masie
376 Da. Zaletami tego czutego markera s3: zdolnos¢ do wykazania nawet dyskretnych
zmian przepuszczalnosci BBB 1 brak niespecyficznego wigzania z biatkami,
w przeciwienstwie do innych stosowanych w tym celu barwnikéw. W sposob szczegdtowy
procedura zostata opisana w publikacjach Solarz i wsp. (2021a) oraz (Solarz i wsp., 2023).
Zawarto$¢ barwnika fluorescencyjnego w homogenatach mPFC, dSTR i HP oznaczono

spektrofluorymetrycznie, a wyniki wyrazono jako ilo$¢ NaF (pg) na gram mokrej tkanki.

7.1.3 Metody immunohistochemiczne (IHC)

W PND 15 i PND 70 zwierz¢ta poddano transkardialnej perfuzji w celu utrwalenia
tkanki mozgowej. Szczegdtowo procedura eksperymentalna zostata opisana w publikacji
Solarz-Andrzejewska i wsp. (2023). W skrocie, przy pomocy wibratomu (VT1000S, Leica)
mozgi pocigto w plaszczyznie czotowej na 50 um skrawki na poziomie mPFC, dSTR i HP
(Bregma, odpowiednio: 3.70 do 2.20 mm, 2.20 do -0.40 mm, -1.8 do -6.04 mm), wedlug
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stereotaktycznego atlasu mozgu szczura (Paxinos G. i Watson C., 1998). Kolejnosc¢
skrawkéw do analizy wybierano przez systematyczne, losowe pobieranie przekrojow
anatomicznych wybranych regionéw mozgu. Do blokowania swobodnie plywajacych
skrawkow uzyto 5% roztworu koziej surowicy (1lh). W eksperymencie zastosowano
komercyjnie dostgpne mysie przeciwciato I rzgdowe klasy IgM rozpoznajace marker BBB,
antygen EBA (ang. endothelial barrier antigen) (klon SMI 71) (1:500, 48h w 4°C, 836801,
Biolegend), a nastgpnie specyficzne biotynylowane Il-rzedowe przeciwciato kozie
skierowane przeciw mysim IgM (1:500, 1h, BA-2020, Vector Laboratories) oraz kompleks
awidyna-biotyna-peroksydaza (1:200, 1h, Vectastein ABC Kit Vector Laboratories).
Koncowe barwienie IHC przeprowadzono, wykorzystujac metode 3,3’-diaminobenzydyna
(DAB)-nikiel.

Cyfrowe obrazy wybarwionych skrawkow uzyskano przy uzyciu skanera preparatow
histologicznych Aperio Leica CS2 (Leica, Niemcy) wyposazonego w obiektyw 20x/0.75
NA Plan Apo oraz kompatybilnego oprogramowania Scan Scope Console i Aperio Image
Scope. Na uzyskanych obrazach zaznaczano obszary mdzgu objete analiza na podstawie
anatomicznych punktow orientacyjnych i w odniesieniu do stereotaktycznego atlasu
mozgu szczura (Paxinos G. i Watson C., 1998). Analize gestosci naczyn mézgowych EBA-
immunoreaktywnych (IR) w badanych strukturach wykonano w obu potkulach na
wszystkich skrawkach mozgu pochodzacych od danego zwierzecia (mPFC: n = 5-9, dSTR:
n =8-10, HP: n =7-10). Do analizy wykorzystano oprogramowanie Leica Application Suit
X (LAS X) (Leica Microsystem, USA). Wszystkie analizowane obrazy zostaty poddane
jednakowej kalibracji, a takze zastosowano jednakowe wartosci zadanych parametrow, aby
zapewni¢ maksymalnie ujednolicong i bezstronng analize. Dodatkowo wykorzystano
funkcje oprogramowania, ktora umozliwia manualne usunigcie artefaktow z analizy, ktore
nie bylty klasyfikowane jako naczynia i zaburzaty prawidtowy obraz. W rezultacie koncowa
analiza pozwolita na oszacowanie gestosci naczyn mozgowych EBA-IR, wyrazonej jako
stosunek powierzchni zajetej przez naczynia EBA-IR (W mm?) do catkowitej powierzchni

obrysowanego obszaru w obrebie badanego regionu mézgu (w mm?).

7.1.4 Analiza statystyczna

Dane przedstawiono jako $rednie arytmetyczne dla grupy + odchylenie standardowe

(SD). Analize¢ statystyczng danych przeprowadzono przy uzyciu pakietu statystycznego
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Statistica 10 (TIBCO Software Inc., USA). Na poczatku, zbadano zgodnos$¢ rozktadu
danych z rozktadem normalnym testem Shapiro-Wilka, a takze jednorodno$¢ wariancji
wykorzystujgc test Levene’a. Nastepnie, wyniki analizowano za pomocg dwuczynnikowe;j
analizy wariancji (ANOVA). W przypadku oceny rozwojowych zmian
w przepuszczalnosci BBB, jako zmienne niezalezne przyjeto pte¢ i PND. Natomiast do
analizy przepuszczalnosci BBB w PND 22 i ggstosci naczyn EBA-IR jako zmienne
niezalezne zastosowano warunki hodowli (AFR vs MS) i pte¢. W przypadku uzyskania
znamiennej interakcji zmiennych niezaleznych w ANOVA dane poddano dalszej analizie

testem post-hoc Bonferroniego. Wartosci p < 0.05 uznano za znamiennie rézne.

7.2 Wyniki
7.2.1 Wplyw MS oraz plci na dojrzewanie i integralnos¢ BBB

7.2.1.1 Zmiany przepuszczalnosci BBB w rozwoju ontogenetycznym zwierzat
kontrolnych

Badania dotyczace przepuszczalnosci BBB zamieszczone w publikacji nr 1 (Solarz
I wsp., 2021a) uzupelniono o badania przeprowadzone w PND 22, czyli w okresie,
w ktorym wedtug danych literaturowych, BBB szczura powinna osiagnaé petng dojrzatosé
funkcjonalng (Caley i Maxwell, 1970; Butt i wsp., 1990; Krause i wsp., 2002; Abbott i
wsp., 2010). Analiza ilo§ciowych zmian w przepuszczalno$ci BBB u zwierzat kontrolnych
(AFR) wykazata znamienng statystycznie interakcje¢ pomiedzy wiekiem 1 plcig we
wszystkich badanych strukturach moézgu (dwuczynnikowa ANOVA, Tabela 1).
Szczegotowa analiza wykazata, Zze wraz z wiekiem BBB zmniejszala swoja
przepuszczalnos$¢ (uszczelnianie si¢ BBB), co objawialo si¢ zmniejszajaca si¢ zawarto$cia
NaF w tkance (Ryc. 7). Co ciekawe, u samcow zjawisko to postepowato stopniowo
pomiedzy PND 15 i PND 22 oraz PND 22 i PND 70 we wszystkich badanych strukturach
mozgu (PND 15 vs PND 22: mPFC: p < 0.001, dSTR: p < 0.001, HP: p < 0.001, PND 22
vs 70: mPFC: p < 0.001, dSTR: p < 0.001, HP: p = 0.0078) (Ryc. 7). Natomiast u samic,
we wszystkich strukturach z wyjatkiem dSTR, analiza wykazata znamienny spadek
przepuszczalnosci BBB tylko pomiedzy PND 15 a PND 22 (mPFC: p < 0.001,
HP: p < 0.001) (Ryc. 7). Wskazuje to na szybsze dojrzewanie BBB w mPFC i HP samic.

Jednakze dSTR samic charakteryzowalo si¢ stopniowym uszczelnianiem BBB, podobnie
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jak to wystepowato u samcoOw (PND 15 vs PND 22: p < 0.001, PND 22 vs PND 70:
p <0.022) (Ryc. 7).

Dalsza analiza wykazata rowniez duze réznice ptciowe w przepuszczalnosci BBB w PND
22, gdzie u samic przepuszczalnos¢ BBB we wszystkich badanych strukturach m6zgu byta

znacznie nizsza niz u samcow (mPFC: p < 0.001, dSTR: p <0.001 HP: p <0.001) (Ryc. 7)
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Ryc. 7. Zmiana przepuszczalnosci BBB w trakcie rozwoju ontogenetycznego u
szczurow kontrolnych (AFR). Dane przedstawiono jako $rednie arytmetyczne grup = SD
zawartosci NaF w tkance mPFC (A), dSTR (B) i HP (C) (n = 8). p < 0.05 vs PND 22
i PND 70, %¥p < 0.05 vs PND 70, *p < 0.05 vs samice w PND 22 (dwuczynnikowa ANOVA,
test post-hoc Bonferroniego).

Tabela 1. Wyniki dwuczynnikowej ANOVA badajacej wplyw plci i wieku na
przepuszczalnos¢ BBB szczurow grupy kontrolnej (AFR)

srodio region mozgu

zmiennosci mPFC dSTR HP

PND F242=298.31 p<0.001 F242=462.45 p<0.001 F42=91.56 p<0.001
PLEC Fo42=29.78 p< 0.001 Fo42=4.80 p= 0.034 F242=0.06 p= 0.808

PNDXPLEC F242=4.95 p= 0.011 F242 =48.81 p< 0.001 F2.42 =15.99 p< 0.001

Efekty istotne statystycznie oznaczono pogrubiong czcionka. Skroty: PND, dzien po
narodzinach.

7.2.1.2 Wplyw MS na przepuszczalno$s¢ BBB w PND 22

Interesujgca dynamika uszczelniania BBB w trakcie rozwoju i1 zalezne od plci
roéznice w jej przepuszczalnosci obserwowane w PND 22, sktonity nas do zbadania wptywu
MS na funkcje BBB w tym wtasnie punkcie rozwojowym. Analiza wykazala, ze jedynie
w mPFC warunki hodowli znamiennie wptywaly na przepuszczalnos¢ BBB
(dwuczynnikowa ANOVA, Tabela 2), a mianowicie samce MS miaty zwigkszong
przepuszczalno$¢ BBB w mPFC w poréwnaniu do zwierzat kontrolnych (p = 0.015) (Ryc.

8). Co wigcej, zarowno u zwierzat MS jak i AFR, samice wykazywaly mniejsza
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przepuszczalnos$¢ BBB niz samce we wszystkich badanych regionach moézgu
(dSTR: p < 0.0001 (glowny efekt pici), HP: p < 0.0001 (gtowny efekt pici), mPFC:
p = 0.0002 (AFR), p < 0.0001 (MS)) (Ryc. 8).

Tabela 2. Wyniki dwuczynnikowej ANOVA badajacej wplyw MS i plci na
przepuszczalnos¢ BBB w PND 22

zrodto region mézgu

zmiennosci mPFC dSTR HP

WH F16=536 p=0.028 F15=073 p=0.399 F16=057 p=0.458
PLEC F126=8550 p<0.001 F128=158.02 p<0.001 F1.6=104.24 p<0.001

WH,PLEC Fi6=574 p=0025 F15=0318 p=0577 Fis=125 p=0.273

Efekty istotne statystycznie oznaczono pogrubiong czcionka.
Skroty: WH, warunki hodowli,
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Ryc. 8. Zmiany przepuszczalnosci BBB zalezne od MS i plci w PND 22. Dane
przedstawiono jako $rednie arytmetyczne grup + SD zawartosci NaF w tkance mPFC (A),
dSTR (B) i HP (C) (n = 8). * p < 0.05 vs samce AFR, “p < 0.05 vs. samce wedtug
warunkéw hodowli, “p < 0.05 — gtéwny efekt ptci (dwuczynnikowa ANOVA, post-hoc
Bonferroniego).

7.2.1.3 Wplyw MS oraz plci na gestos¢ naczyn wykazujacych ekspresje markera BBB
(EBA) w badanych strukturach moézgu szczurow w PND 15 i dorostosci (PND 70)

Wyniki zamieszczone w publikacji nr 1 (Solarz i wsp., 2021a) uzupetniono
o immunohistochemiczne badanie ekspresji markera BBB, antygenu EBA, przy uzyciu
przeciwcial klonu SMI 71. Przeciwciata SMI 71 rozpoznaja specyficznie biatka srodbtonka
naczyn w obszarach wystgpowania BBB u szczura (Sternberger i wsp., 1989; Cassella i

wsp., 1997; Westin 1 wsp., 2006). Analiza jakoSciowa  preparatow
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immunohistochemicznych wykazala stabsza EBA immunoreaktywnos¢ u mlodych
zwierzat w PND 15 w poréwnaniu z osobnikami dorostymi w PND 70, co moze
odzwierciedla¢ stopien dojrzatosci BBB w badanych grupach (Ryc. 9 i 10). Jednakze tego
typu roznice mogty wynikng¢ rdwniez z przyczyn metodycznych (roznice we wrazliwos¢
tkanki mlodego i dorostego mozgu na utrwalenie i zamrazanie), dlatego dane w obrgbie
badanych grup wiekowych zanalizowano osobno.

Analiza statystyczna gesto$ci naczyn EBA-IR u zwierzat w PND 15 wykazata
znamienny wptyw warunkow hodowli na badany parametr w mPFC (p = 0.003) i dSTR
(p = 0.008) oraz istotny wptyw ptci w dSTR (p =0.022) i HP (p = 0.027) (dwuczynnikowa
ANOVA, Tabela 3). Zwierzeta MS w PND 15, ogdlnie wykazywaty zwickszong gestosé
naczyn EBA-IR w mPFC i dSTR (Ryc. 9). Ponadto samice charakteryzowaly si¢ wigksza
gestoscig naczyn EBA-IR w dSTR i HP niz samce (Ryc. 9).

Analiza ggstosci naczyn EBA-IR u zwierzat dorostych (PND 70) wykazata jedynie
istotny statystycznie wptyw ptci w HP (dwuczynnikowa ANOVA, Tabela 3). Podobnie jak
w przypadku zwierzat mlodych, doroste samice wykazywaly zwigkszona gesto$¢ naczyn
EBA-IR w HP w poréwnaniu do samcow (p = 0.012) (Ryc. 10).

Tabela 3. Wyniki dwuczynnikowej ANOVA badajacej wplyw warunkéw hodowli
(AFR vs MS) oraz plci na gestos¢ naczyn EBA-IR

zrodlo region mézgu
PND zmienno$ci mPFC dSTR HP

15 WH Fi120=1159 p=0.003 F;2=869 p=0.008 Fi2=213 p=0.160
PLEC F1,20 =0.16 p= 0.696 F1,20 =6.16 p= 0.022 Fl,ZO =573 p= 0.027
WH,PLEC F120=0.66 p=0427 F120=096 p=0.340 Fi2=0.07 p=0.801

70 WH F1,20 =250 p= 0.130 F1,20 =042 p= 0.526 Fl,ZO =191 p= 0.182
PLEC F1,20 =1.40 p= 0.250 F1,20 =0.74 p= 0.401 Fl,zo =7.56 p= 0.012
WH,PLEC F120=0.19 p=0.667 F120=129 p=0.270 Fi12=0.07 p=0.790

Efekty istotne statystycznie oznaczono pogrubiona czcionka

Skroty: WH, warunki hodowli,
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Ryc. 9. Wplyw MS oraz plci na ekspresje markera BBB (EBA) w mPFC, dSTR i HP
szczur6w w PND 15. (A) Przykladowe mikrofotografie pokazujace barwienia
immunohistochemiczne z uzyciem przeciwcial anty-EBA (SMI 71). Skale reprezentuja
odpowiednio 1 mm dla przekroju mézgu oraz 100 um dla powigkszenia danej struktury
(20x) (B) Dane przedstawiono jako $rednie arytmetyczne grup + SD (n = 6). *p < 0.05 —
wptyw MS, “p < 0.05 — wptyw pici (dwuczynnikowa ANOVA). Linie odnosza si¢ do
istotnosci statystycznej gtownych efektow ANOVA.
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Ryc. 10. Wplyw MS oraz plci na ekspresj¢ markera BBB (EBA) w mPFC, dSTR i HP
szczurow dorostych (PND 70). (A) Przyktadowe mikrofotografie pokazujace barwienia
immunohistochemiczne z uzyciem przeciwcial anty-EBA (SMI 71). Skale reprezentuja
odpowiednio 1 mm dla przekroju mézgu oraz 100 um dla powigkszenia danej struktury
(20x). (B) Dane przedstawiono jako $rednie arytmetyczne grup + SD (n = 6). “p < 0.05 —
wplyw pici (glowny efekt w dwuczynnikowej ANOVA).
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7.3 Podsumowanie wynikéw badan uzupeliajgcych oraz wnioski
plynace po ich przeprowadzeniu

Proces rozwojowego uszczelniania si¢ BBB przebiegal wedlug odmiennego wzorca
u samic i u samcoéw szczurow. Samce wykazywaly stopniowe uszczelnianie BBB
w trakcie rozwoju, natomiast w przypadku samic, poziom przepuszczalnosci BBB
w mPFC i HP w PND 22 osiggat juz poziom typowy dla dorostych samic. Towarzyszyty
temu szczegdlnie duze réznice plciowe w przepuszczalnosci BBB we wszystkich
badanych strukturach mézgu w PND 22, kiedy to samice charakteryzowaly si¢ znacznie
mniejszg przepuszczalnoscia BBB niz samce. Taka tendencja wystepowata réwniez
u zwierzat MS. Ponadto, u mlodocianych samic w PND 15 gestos¢ naczyn
wykazujacych ekspresj¢ markera BBB w dSTR i HP byta wigksza niz u samcow.

Powyzsze wyniki wraz z rezultatami zawartymi w publikacji Solarz i wsp. (2023),
pokazujacymi juz w PND 22 wyzszy poziom mRNA TJP u samic w poroéwnaniu do
samcow, moga wskazywaé na to, ze procesy dojrzewania BBB u samic szczura

przebiegaja szybciej.

MS powodowata u samcéw przejsciowe zwickszenie przepuszczalnosci BBB w dSTR
(PND 15, Solarz i wsp. (2021a)) i mPFC (PND 22, badania uzupehiajace).
Jednoczesnie obserwowano wzrost gestosci naczyn wykazujacych ekspresje markera
BBB w mPFC 1 dSTR zwierzat MS obu ptci w PND 15. Uwzgledniajac rowniez wptyw
MS na ekspresje mRNA Cldn5 (zwigkszenie) oraz na poziom obwodowego markera
zaburzen integralnosci BBB, S100B (redukcja) Solarz i wsp. (2021a), wyniki te moga
wskazywac na wezesng aktywacje mechanizmow adaptacyjnych/kompensacyjnych
w obrebie BBB w odpowiedzi na ELS. Mechanizmy te wydaja sie bardziej

skuteczne w przypadku samic.
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8. Dyskusja

8.1 Wplyw wieku i plci na przepuszczalnos¢ i strukture BBB szczura

Kluczowe znaczenie dla zrozumienia komoérkowych 1 molekularnych
mechanizmow regulacji funkcji BBB ma identyfikacja momentu jej ostatecznego
funkcjonalnego uksztalttowania w trakcie rozwoju. Ze wzgledu na stopien ztozonosci tego
procesu i interakcji komorkowych w obrebie jednostki nerwowo-naczyniowej, moment ten
jest trudny do jednoznacznego okreSlenia. Dostgpne dane literaturowe wskazuja, ze
u gryzoni BBB osigga dojrzatos¢ w 3-4 tygodniu po narodzinach (Caley i Maxwell, 1970;
Butt i wsp., 1990; Krause i wsp., 2002; Blanchette i Daneman, 2015), a jej
przepuszczalno$¢ u dorostych zwierzat jest nizsza niz u niedojrzalych osobnikéw
(Lossinsky i wsp., 1986; Xu i Ling, 1994; Utsumi i wsp., 2000; Abbott i wsp., 2010).

W badaniach opisanych w publikacji Solarz i wsp. (2021a) stwierdzono
zmniejszenie przepuszczalnosci BBB dla NaF migdzy PND 15 a PND 70, co wskazuje na
rozwojowe uszczelnianie BBB. Efekt ten zostal odzwierciedlony réwniez we wzrastajacej
wraz z wiekiem ekspresji mMRNA Slc2al i wigkszosci badanych TJP oraz w zwigzanej
z wiekiem redukcji stezenia obwodowego markera rozszczelnienia BBB — biatka S1003
w surowicy. Dane przedstawione w niniejszej rozprawie sg zgodne z obserwowanym
w literaturze rozwojowym wzrostem poziomu transportera GLUT-1 w naczyniach mozgu
gryzoni (Cornford i wsp., 1993; Vannucci, 1994) oraz z opisywana w klinice negatywna
korelacjg pomiedzy wiekiem a poziomem S100p w surowicy pacjentow (Gazzolo i wsp.,
2003; Thelin i wsp., 2017). Co ciekawe, badania dodatkowe zawarte w niniejszej pracy
doktorskiej wykazaty, ze proces rozwojowego uszczelniania si¢ BBB rozni si¢ migdzy
plciami. U samcow obserwowano stopniowe uszczelnianie si¢ BBB, natomiast samice
(z wyjatkiem dSTR) juz w PND 22 wykazywaty poziom przepuszczalnosci BBB typowy
dla zwierzat dorostych. Dodatkowo, samice w PND 22 charakteryzowaly si¢ znacznie
nizsza przepuszczalnoscia BBB dla NaF w poréwnaniu do samcow we wszystkich
badanych strukturach moézgu. Warto podkresli¢, ze efektowi temu towarzyszyt wyzszy
poziom mRNA Cldn5 w mPFC i HP i Ocln w HP u samic w PND 22 (Solarz i wsp., 2023).
Zatem stosunkowo krotki okres mlodzienczy u szczura charakteryzuje si¢ duza dynamika
zmian w funkcjonowaniu BBB (Krause i wsp., 2002). Ujawnione w tym okresie rozwoju
roéznice miedzyptciowe utrzymuja sie¢ az do dorostosci, co szczegodlnie dobrze obrazuja

wyniki zamieszczone w publikacji Solarz i wsp. (2021a). Pokazuja one mniejsza
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przepuszczalnos¢ BBB we wszystkich badanych regionach mézgu i wyzszy poziom
MRNA TJP i Slc2al w mPFC i dSTR (ale nie w HP) u dorostych samic w poréwnaniu do
samcOw. Podobng tendencj¢ wskazujaca na ogdlnie zwigkszony poziom mRNA TJP
u dorostych samic w stosunku do samcoéw wykazano rowniez w publikacji Solarz 1 wsp.
(2023). W tym przypadku, réznice te dotyczyly HP. Jednakze wymienionym réznicom
mig¢dzyptciowym nie towarzyszyly tym razem roznice w przepuszczalnos¢ BBB miedzy
dorostymi samcami a samicami we wszystkich badanych obszarach mézgu. Rozbieznosci
mi¢dzy wynikami zawartymi w publikacjach Solarz i wsp. (2021a) i Solarz i wsp. (2023)
moga wynikaé z zastosowania réznych schematéw eksperymentalnych, kohort zwierzat
oraz uwzglednienia w zlozonej analizie statystycznej odmiennych czynnikow (wiek,
podanie LPS). Warto podkresli¢, ze ogdlne tendencje dotyczace rdéznic migdzyptciowych
na poziomie BBB utrzymywaty si¢ rowniez w trakcie ogdlnoustrojowego zapalenia
wywotanego podaniem LPS w okresie mtodzienczym i dorostosci (Solarz i wsp., 2023).

Dostepne dane literaturowe wskazujg na roznice piciowe w regionalnych funkcjach
mozgu, zuzyciu glukozy i przeptywie krwi, co sugeruje, ze pte¢ moze determinowac takze
integralno$¢ i funkcj¢ BBB (przeglad w Oztas (1998)). Jednakze temat r6znic ptciowych
w budowie, dojrzewaniu i funkcjonowaniu BBB jest tak naprawde¢ wcigz otwartg kwestia
wymagajacg szerszych badan (Profaci i wsp., 2020). Publikacje sktadajgce si¢ na te
rozprawe doktorskg sa pierwszymi, ktore w tak szerokim zakresie analizuja zalezng od ptci
1 wieku ekspresj¢ genow kodujacych biatka zwigzane z integralno$cia i funkcjonowaniem
BBB wraz z jednoczesng oceng przepuszczalnosci BBB w réznych obszarach mozgu,
co znacznie wzbogaca dostgpne dane literaturowe. Uzupelnienie wynikow o badania
dodatkowe, pozwolitlo wykaza¢, ze BBB u samic nie tylko uszczelnia si¢ szybciej
z wiekiem, ale prawdopodobnie rowniez szybciej dojrzewa w pordwnaniu do samcow.
Uzyskane dane wskazuja bowiem, ze juz w PND 15, samice charakteryzowaly si¢ wieksza
gestoscig naczyn EBA-IR w dSTR 1 HP niz samce. EBA to marker funkcjonalny BBB
(Sternberger i Sternberger, 1987; Lin i wsp., 2001), ktorego ekspresja w mozgu szczura
istotnie wzrasta od PND 14 do PND 28, kiedy to osigga poziom wilasciwy dla osobnikow
dorostych (Argandoia i wsp., 2005).

Zgodnie z zaobserwowanymi w przedstawionych badaniach réznicami ptciowymi,
nieliczne prace kliniczne pokazuja, ze doroste kobiety charakteryzujg si¢ mniejsza
przepuszczalnoscia BBB 1 bariery krew-ptyn mozgowo-rdzeniowy niz megzczyzni
(Castellazzi i wsp., 2020; Moon i wsp., 2021). Dane sugeruja, ze roznice te mogg wynikac

z dzialania hormonéw piciowych (Krause 2006). Wiadomo, ze estrogeny moga wplywac
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protekcyjnie na funkcje BBB, dzialajac przez obecne w BEC receptory estrogenowe
(Zuloaga i wsp., 2012) i regiony promotorowe genow, zawierajace elementy odpowiedzi
na estrogeny, np. w genach kodujacych TJP (Greene i wsp., 2020). Co wigcej, wykazano,
ze 17B-estradiol odwracat zaburzenia BBB u samic szczura pozbawionych jajnikow oraz
przekraczajacych wiek reprodukcyjny (Saija i wsp., 1990; Shi i Simpkins, 1997; Bake i
Sohrabji, 2004; Kang i wsp., 2006). Niemniej jednak nalezy podkreslic, ze w
przedstawionych w dysertacji badaniach, réznice plciowe w funkcjonowaniu BBB
dostrzegalne s3 jeszcze przed osiagnigciem dojrzatosci plciowej przez zwierzeta,
co sugeruje, ze roznice te moga by¢ zwigzane z plcig genetyczng i programowane w trakcie
prenatalnej i okotoporodowej ekspozycji na hormony steroidowe (wczesna faza
roznicowania ptciowego moézgu) (Ngun i wsp., 2011; Czech i wsp., 2012). Dymorfizm
ptciowy BBB moze potencjalnie determinowac stopien przenikania do mézgu okreslonych
patogendéw i czynnikow cytotoksycznych, ale tez glukozy i réznych lekow (Dudek i wsp.,
2021). Moze takze modulowac przebieg reakcji neurozapalnej (Dudek i wsp., 2021). Zatem
roznice ptciowe w funkcjonowaniu BBB mogg leze¢ u podstaw obserwowanych w klinice
roéznic ptciowych w podatnosci na niektore choroby psychiczne i neurodegeneracyjne,

a takze wplywac na sposoby ich leczenia (Dudek i wsp., 2021).

8.2 Wplyw MS na przepuszczalno$¢ i integralnos¢ BBB na roznych
etapach ontogenezy

Badania zawarte w niniejszej rozprawie doktorskiej nie ujawnity spojnego ani
jednoznacznie negatywnego wpltywu MS na funkcjonowanie BBB. Jednak mozna
wyszczegolni¢ pewne specyficzne, zalezne od wieku, regionu moézgu i1 pici, efekty
dziatania ELS na parametry zwigzane z BBB. Wyniki przedstawione w publikacji Solarz
i wsp. (2021a) oraz wyniki badan dodatkowych wykazaly, ze MS zwigkszata
przepuszczalnos¢ BBB w dSTR (PND 15) i mPFC (PND 22) u mtodych samcoéw. Efekt
ten byl jednak przejSciowy 1 nie utrzymat si¢ do dorostosci. Niespodziewanie, zaburzeniom
przepuszczalno$sci w dSTR w PND 15 nie towarzyszyly zmiany w ekspresji genow
kodujacych TJP. Niemniej jednak zaobserwowano wzrost poziomu mRNA Agp4,
potencjalnego markera funkcji BBB, ktorego ekspresja zwykle wzrasta w trakcie
rozszczelnienia BBB, np. przy obrzeku mézgu i udarze (Xu i wsp., 2019). Co ciekawe,

badania dodatkowe w PND 15 wykazaty réwniez wzrost gestosci naczyn EBA-IR w mPFC
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1 dSTR u zwierzat MS niezaleznie od plci. Wyniki te moga wskazywa¢ na odmienng
dynamike¢ dojrzewania BBB i/lub na wiaczenie mechanizméw adaptacyjnych czy
kompensacyjnych u zwierzat poddanych ELS.

Warto podkresli¢, ze znacznik zastosowany do badania szczelnosci BBB, NaF,
to mata czastka (376 Da), wykrywana w bardzo niskich stezeniach. Zatem wykorzystana
w tej pracy doktorskiej metoda oceny przepuszczalno$ci BBB jest wysoce czula i ujawnia
nawet nieznaczne zaburzenia integralnosci BBB 1 jej przepuszczalnosci dla matych
czastek. Wyniki zawarte w Solarz 1 wsp. (2021a) sugeruja, ze MS wywoluje raczej
dyskretne zmiany w przepuszczalnosci BBB, nie obserwowano bowiem wzrostu poziomu
biatka S100p (o masie 10 kDa) w surowicy zwierzat MS. Wrecz przeciwnie, procedura MS
obnizata stezenie tego markera zaburzen integralno$ci BBB. Efekt ten utrzymat si¢ do
dorostosci, ale tylko u samic. Moze to ponownie sugerowac¢ indukcje zmian adaptacyjnych
w odpowiedzi na ELS.

Dane literaturowe wskazuja, ze ekspozycja zwierzat dorostych na ostry
i chroniczny stres zwigksza przepuszczalno$¢ BBB (Santha i wsp., 2015; Menard i wsp.,
2017; Xu i wsp., 2019; Taler i wsp., 2021; Dion-Albert i wsp., 2022b). Nieliczne dostepne
dane dotyczace wptywu ELS na funkcje BBB pokazuja wzrost jej przepuszczalnosci dla
biekitu Evansa u szczuréw w roznym wieku, ale bez znacznych réznic ptciowych (Gomez-
Gonzalez i Escobar, 2009; Carlessi i wsp., 2022). Podobnie jak w niniejszej pracy
doktorskiej, Gomez-Gonzalez i Escobar (2009) wykazali, ze wzrost przepuszczalnosci
BBB wywotany przez ELS byt przejSciowy 1 niewidoczny juz w okresie adolescencji.
Co ciekawe, badania zawarte w publikacji Solarz i wsp. (2023), wykonane na innej
kohorcie zwierzat 1 w innym ukladzie eksperymentalnym, ujawnity nawet specyficzne
zmniejszenie przepuszczalnosci BBB w HP dorostych zwierzat MS obu pici.

Wigkszo$¢ badan przeprowadzonych w zwierzgcych modelach chronicznego stresu
wykazato zmniejszenie ekspresji TJP 1 zaburzenia poziomow GLUT-1 gltownie
u dorostych zwierzat (Welcome i Mastorakis, 2020). W badaniach zawartych w tej pracy
doktorskiej nie wyr6znit si¢ jednoznaczny wzorzec zmian wywotanych przez ELS
w poziomie mRNA kluczowych elementow odpowiedzialnych za funkcjonowanie BBB.
Pokrotce, w dorostosci procedura MS obnizyta ekspresje Ocln i Slc2al w dSTR (Solarz i
wsp., 2021a). Co wiecej, wylacznie u samic, MS trwale zmniejszyta poziom mRNA Cldn3
w HP i mPFC (Solarz i wsp., 2021a). Z drugiej strony, zaobserwowano rowniez trwaty

wzrost ekspresji Cldn5 w dSTR i HP u zwierzat MS (Solarz i wsp., 2021a). Co wazne,
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zwickszona ekspresja mRNA TJP, szczegdlnie Cldn5, zwierzgta MS odpowiadaty takze na
toczacy si¢ proces zapalny (Solarz i wsp., 2023).

Sposrod TJP to wlasnie CLDNS odgrywa szczego6lng role w prawidlowym
funkcjonowaniu BBB juz na wczesnym etapie rozwoju mozgu (Abbott i wsp., 2010;
Haseloff i wsp., 2015). Dodatkowo to CLDN5 kontroluje przenikanie parakomoérkowe
czastek ponizej 800 Da (Abbott i wsp., 2010; Haseloff i wsp., 2015), do ktérych zalicza sig
stosowany w opisanych badaniach NaF. Co ciekawe, ostatnie doniesienia literaturowe
sugeruja, ze modulacja ekspresji CLDNS moze leze¢ u podstaw podatnosci i/lub opornosci
na stres 1 depresje poprzez jej zaangazowanie w przebudowe i regulacje funkcji naczyn
mozgowych (Menard i wsp., 2017; Pearson-Leary i wsp., 2017; Dion-Albert i wsp.,
2022b). Wykazano, ze chroniczny stres przedtuzonej izolacji spotecznej zwigkszat poziom
MRNA Cldn5 w HP dorostych zwierzat (Alshammari i wsp., 2020), podobnie jak w
prezentowanych badaniach nad ELS. Ponadto indukowana nadekspresja CLDN5 w ciele
migdatowatym samic poddanych izolacji spotecznej w dziecinstwie hamowatla zachowania
Igkowe (Wu i wsp., 2022). Z drugiej strony, u pacjentow chorych na depresj¢
zaobserwowano redukcje ekspresji CLDNS w PFC i jadrze potlezacym przegrody (Dudek
i wsp., 2020; Dion-Albert i wsp., 2022b). Ponadto w zwierzgcym modelu depresji opartym
o przewlekty stres (ang. chronic defeat stress) wykazano, ze redukcja poziomu CLDN5
1 zwigkszona przepuszczalno§¢ BBB w jadrze potlezacym przegrody wystepuje jedynie
u myszy o fenotypie podatnym, a nie opornym na stres (Menard i wsp., 2017; Dion-Albert
I wsp., 2022b). Dodatkowo warunkowe wyciszenie ekspresji Cldn5 wystarczyto do
wywotania zachowan przypominajacych depresje u myszy (Menard i wsp., 2017; Dion-
Albert i wsp., 2022b). Natomiast, niskg ekspresje represyjnego czynnika transkrypcyjnego
zwigzanego z Cldn5 w BEC powigzano z opornoscig na stres (Dudek i wsp., 2020).

Biorac pod uwagg powyzsze dane mozna przypuszczaé, ze trwaty wzrost ekspresji
Cldn5 obserwowany w niniejszej pracy doktorskiej moze ogélnie chroni¢ szczury MS
przed znaczng dysfunkcjg BBB i leze¢ u podstaw zmian adaptacyjnych o nieznanych
konsekwencjach neurofizjologicznych i behawioralnych. Warto w tym miejscu
wspomniec, ze wieloletnie badania naszego zespotu nad zachowaniem zwierzat poddanych
MS wykazaty jej, zalezny od wieku i pici, wptyw na zachowania przypominajace depresje
i lek i sugeruja, ze samce sg bardziej podatne na dziatanie ELS (Chocyk i wsp., 2013;
Chocyk i wsp., 2015; Majcher-Maslanka i wsp., 2019; Solarz i wsp., 2021b; Solarz-

Andrzejewska i wsp., 2023). Z drugiej strony, procedura MS zaburzala pamieé
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o zdarzeniach awersyjnych i odpowiedz na podanie substancji psychostymulujacych u obu
ptci (Chocyk i wsp., 2011b; Chocyk i wsp., 2014).

Podsumowujgc, uzyskane wyniki wskazuja, ze w warunkach podstawowych,
stosowana procedura ELS nie wywotuje jednoznacznego czy negatywnego wplywu na
funkcje BBB (zwtlaszcza u samic). Na podstawie dostgpne;j literatury mozna przypuszczaé,
ze wywolane przez MS zmiany w poziomie mRNA TJP, szczegdlnie wzrost ekspresji
Cldn5, mogg $wiadczy¢ o wystgpieniu pewnych kompensacji/adaptacji na poziomic BBB,
ktore mogg potencjalnie determinowac jej odpowiedz funkcjonalng na dziatanie r6znych
czynnikdw $rodowiskowych w poOzniejszym okresie zycia. Powyzsza hipoteze

weryfikowano wykonujac badania zawarte w publikacji Solarz i wsp. (2023).

8.3 Wplyw plci i MS na przebieg odpowiedzi zapalnej

W celu modelowania ogo6lnoustrojowego zapalenia u zwierzat, powszechnie
stosuje si¢ podanie LPS, endotoksyny, ktéra stymuluje wrodzong odpowiedz komorkowa,
a takze moze zaburza¢ integralno§¢ BBB oraz powodowaé¢ zmiany w reaktywnos$ci
mikrogleju (Varatharaj i Galea, 2017; Erickson i Banks, 2018). Migdzy innymi dzigki
takiemu modelowaniu dowiedziono, ze na przestrzeni zycia funkcjonowanie uktadu
odpornosciowego oraz odpowiedz zapalna moze rézni¢ si¢ miedzy piciami (Klein i
Flanagan, 2016; Dudek i wsp., 2021). Przyjmuje si¢, ze po osiagnieciu dojrzatosci ptciowej
obwodowa odpowiedz zapalna u samic ssakow jest silniejsza niz u samcow, dzigki czemu
samice szybciej usuwajg patogeny z organizmu 1 wykazuja wyzsza skutecznos$¢ szczepien.
Roéwnoczesnie, przyczynia si¢ to do wigkszej podatno$ci na schorzenia o podtozu
zapalnym i autoimmunologicznym u samic (Schwarz i Bilbo, 2012; Klein i Flanagan,
2016; Dudek i wsp., 2021). Dane dotyczace rdznic ptciowych w odpowiedzi zapalnej OUN
sg mniej jednoznaczne (Schwarz i Bilbo, 2012; Villa i wsp., 2018; Posillico i wsp., 2021),
cho¢ réznicowanie ptciowe mikrogleju we wczesnym okresie zycia jest potwierdzone
i dotyczy procesu kolonizacji oraz morfologii i reaktywnosci tych komorek (Schwarz i
Bilbo, 2012; Bollinger i wsp., 2016).

Badania przedstawione w niniejszej pracy doktorskiej nie wykazaty jednak
istotnych réznic ptciowych w poziomie obwodowych cytokin prozapalnych (szczegdlnie
w warunkach podstawowych). U dorostych zwierzat kontrolnych (AFR) zasadniczo nie

obserwowano takze roznic ptciowych w odpowiedzi mézgu na podanie LPS (z wyjatkiem
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ekspresji TIr4) (Solarz i wsp., 2023). Zaobserwowano natomiast, ze intensywnos$¢
odpowiedzi neurozapalnej u zwierzat AFR w PND 22 zdecydowanie réznita si¢ migdzy
ptciami. 24 h po iniekcji LPS, mtode samce AFR, w odréznieniu od samic, nie wykazywaty
charakterystycznego zwigkszenia ekspresji mRNA markeréw neurozapalenia (IL-1p,
ICAMI1, TLR4 i markeréw mikrogleju/makrofagéw) w mPFC i HP oraz w obwodowym
poziomie IL-1B. Uzyskane wyniki mogg wskazywaé na stabszg odpowiedZ zapalng
u samcOéw w tym okresie zycia. Przeprowadzenie analizy parametréw zapalenia tylko
w jednym punkcie czasowym (24 godziny po podaniu LPS), uniemozliwia jednak
poréwnanie dynamiki odpowiedzi zapalnej migdzy plciami. Zatem nie mozna wykluczy¢,
ze roznice ptciowe w odpowiedzi na LPS mogg wynika¢ z odmiennych dla kazdej z ptci
ram czasowych odpowiedzi zapalnej (czas indukcji i ustagpienia procesow). Moze wigzac
si¢ to réwniez z odmienng dynamika dojrzewania uktadu odporno$ciowego migdzy
plciami, przejawiajaca si¢ np. w poziomie ekspresji Tlrd. TLR4 jest receptorem
rozpoznajacym i wigzacym LPS, obecnym w mozgu, m.in. na komoérkach mikrogleju
i BEC, 1 aktywujacym wrodzong odpowiedz komorkowa i uwalnianie cytokin
prozapalnych (Trotta i wsp., 2014; Serna-Rodriguez i wsp., 2022). Warto podkresli¢, ze
w badaniach zamieszczonych w publikacji Solarz i wsp. (2023), w warunkach
podstawowych (podanie VEH), obserwowano wyzszy poziom mRNA TIr4 w mPFC i HP
samic w PND 22 niz u samcow. Co wigcej, tylko u samic (AFR) stymulacja LPS
spowodowata wzrost ekspresji tego genu w PND 22 (mPFC, HP) 1 dorostosci (mPFC).

U dojrzatych plciowo zwierzat hormony plciowe odgrywaja znaczng role
w modulacji uktadu odpornosciowego (Schwarz i Bilbo, 2012; Klein i Flanagan, 2016;
Dudek i wsp., 2021). Po raz kolejny jednak badania zawarte w tej rozprawie doktorskiej
pokazuja, ze rdznice plciowe, tym razem dla odpowiedzi zapalnej, pojawiaja si¢ jeszcze
przed osiggnigciem dojrzatosci. Dostgpne dane literaturowe wskazuja, ze réznice te moga
ksztaltowac si¢ w trakcie okotoporodowej ekspozycji na hormony steroidowe i by¢
zwigzane z plcig genetyczng (Schwarz i Bilbo, 2012; Klein i Flanagan, 2016; Villa i wsp.,
2018; Dudek i wsp., 2021).

Co szczegolnie istotne, w badaniach przedstawionych w publikacji Solarz 1 wsp.
(2023), wykazano, ze doswiadczenie ELS moduluje odpowiedz zapalng wywotang przez
LPS rowniez w sposob zalezny od ptci. W PND 22 procedura MS nasilita lub tez wydtuzyta
odpowiedZ neurozapalng. Zjawisko to szczegélnie zauwazalne bylo u samcow
1 przejawiato si¢ zwickszona ekspresja, np. Icaml, Tlr4, Aifl i Itgam w HP i/lub w mPFC

wybiorczo u zwierzat stresowanych, ale nie kontrolnych. Co wigcej, w surowicy samcow
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MS w PND 22 zaobserwowano ogélnie wyzszy poziom CORT. Zgodnie z danymi
literaturowymi weczesniejsza ekspozycja na GC Iub stres moze uwrazliwi¢, lub
predysponowac do reakcji prozapalnych (Frank i wsp., 2010; Loram i wsp., 2011). W tym
samym okresie zycia samice MS wykazywaty bardziej zr6znicowany wzor odpowiedzi na
LPS niz samce, cho¢ warto podkresli¢, ze u obu plci obserwowaliémy zwigkszong
przepuszczalno§¢ BBB w mPFC i HP (glowny efekt warunkow hodowli). Co ciekawe,
w dorostosci zwierzegta poddane procedurze MS okazaty si¢ mniej wrazliwe na podanie
LPS niz te z grupy AFR, co szczegdlnie jest widoczne u samic. Ekspresja mRNA markerow
neurozapalenia, np. -7 i Aifl (mPFC i HP), Icaml (mPFC), czy Tnfa (HP)
u stresowanych samic nie ulegata w ogoéle zmianie lub byta nizsza od tej obserwowane;j
u zwierzat AFR po podaniu LPS. Wyniki te moga §wiadczy¢ o mniejszej intensywnosci
lub o szybszym ustgpieniu odpowiedzi zapalnej u dorostych samic MS.

Dostepne dane literaturowe, dotyczace modulujacego wptywu ELS na przebieg
procesow zapalnych indukowanych w pozniejszym zyciu, sg bardzo niejednoznaczne
(Avitsur i wsp., 2013; Saavedra i wsp., 2017; Gildawie i wsp., 2020; Nicolas i wsp., 2022).
Wynika to prawdopodobnie z réznic metodycznych dotyczacych modelowania ELS oraz
schematu podan i dawkowania LPS. Wyniki zawarte w tej rozprawie doktorskiej po raz
pierwszy pokazuja spdjne roznice plciowe i wiekowe w odpowiedzi zwierzat MS na
immunostymulacje. Jednocze$nie, wskazuja, ze sama procedura MS (MS-VEH, warunki
podstawowe) nie wptywala bardzo znaczaco na poziom markeréw stanu zapalnego
(z wyjatkiem ekspresji Tlr4 w moézgu). Wyniki te sa zgodne z dostgpnymi danymi
literaturowymi (Dutcher i wsp., 2020).

Co ciekawe, badania zawarte w publikacji Solarz i wsp. 2023 wykazaly nizszy
poziom ekspresji Tlr4 w HP samic MS-VEH niz u samic kontrolnych (AFR-VEH)
niezaleznie od wieku. Ponadto, pod wptywem LPS, tylko u samic kontrolnych, a nie
u stresowanych, wzrastal poziom tego receptora w mPFC (PND 70 1 22) 1 HP (PND 22).
U samcoéw MS obserwowano odwrotng regulacje. Tylko samce MS (a nie AFR)
odpowiadaty na podanie LPS zwigkszong ekspresja TIr4 w mPFC, a w HP wykazywaty
ogolnie wyzszy poziom mRNA TIr4 niz kontrole. Powyzsza modulacja ekspresji Tlr4
przez MS moze odpowiada¢ za mniejszg u samic, a wigkszg u samcow, wrazliwos$¢ na
podanie LPS. Wzrost ekspresji TLR4 obserwowano w modelach przewleklego stresu,
a takze post mortem w tkance pacjentow cierpigcych na duza depresj¢ (Garate i wsp., 2011,

Figueroa-Hall i wsp., 2020; Zhang i wsp., 2020) . Wspo6lnie dane te sugeruja, ze regulacja
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Sciezek sygnatowych zwigzanych z TLR4 moze stanowi¢ wazny mechanizm podatno$ci
i/lub opornosci na stres i choroby z nim zwigzane.

Podsumowujac, wyniki zawarte w publikacji Solarz i wsp. (2023) wskazuja, ze ELS
ma potencjat do wywotywania zaleznych od ptci zmian adaptacyjnych w ukladzie
odpornosciowym, ktéore moga determinowac sile odpowiedzi organizmu na czynnik
immunostymulujacy w pozniejszym okresie zycia. Wspomniane zmiany adaptacyjne moga

wigzac¢ sie np. z regulacja ekspresji Tlr4.

8.4 Zalezny od plci wplyw ELS na funkcje BBB i procesy zapalne -
potencjalne konsekwencje i znaczenie

Procesy rozwoju 1 dojrzewania w mdzgu nie ustajg z chwilg narodzin, lecz trwaja
nieprzerwanie az do okresu wczesnej dorostosci (Danese i Lewis, 2017). Dostepne dane
pokazuja, ze po narodzinach wraz z moézgiem dojrzewa tez uktad odpornosciowy (Danese
i Lewis, 2017; Brenhouse i wsp., 2019; Dutcher i wsp., 2020). Dziatanie stresorow
we wcezesnym okresie postnatalnym 1 w okresie mlodzienczym moze silnie interferowac
Z powyzszymi procesami i trwale wplywa¢ na funkcjonowanie OUN. Strukturg mézgu
o szczegolnie wydtuzonej trajektorii rozwojowej jest mPFC. Tuz przed i w trakcie okresu
dojrzewania osobniczego mPFC przechodzi gwaltowng przebudowe morfologiczng
i funkcjonalng, co czyni ja wyjatkowo wrazliwg na dziatanie ELS (Brenhouse i wsp.,
2019). Zatem, zawarte w tej rozprawie doktorskiej wyniki badan, wykazujace znamienny
wplyw MS na przepuszczalno$¢ BBB 1 przebieg proceséw zapalnych u mtodych zwierzat,
w PND 15 i 22 (gléwnie u samcoéw), wydaja si¢ szczegdlnie istotne dla zrozumienia
wptywu ELS na dojrzewanie mozgu (Solarz i wsp., 2021a; Solarz i wsp., 2023).

Infekcje sa powszechnymi przypadio$ciami wystepujacymi przez caty okres zycia,
jednak infekcje OUN wystepuja czesciej u dzieci niz u dorostych i niosg ze sobg powazne
konsekwencje dla rozwoju mézgu (Danese i Lewis, 2017; Teixeira i wsp., 2020; Kim i
wsp., 2022). Nasilona odpowiedz neurozapalna we wczesnym okresie postnatalnym, jak ta
obserwowana w PND 22 u samcow poddanych procedurze MS, moze skutkowac
zmieniong reaktywnos$cig mikrogleju lub z niej wynika¢. Dane literaturowe potwierdzaja,
ze ELS wplywa na morfologie komorek mikrogleju 1 zwigksza ich reaktywnos¢
w odpowiedzi na LPS u mtodych zwierzat (Saavedra i wsp., 2017; Gildawie i wsp., 2020).

Komorki te nie tylko odpowiadaja za mechanizmy obronne moézgu, ale tez za procesy
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zwigzane z jego dojrzewaniem i plastycznos$cig synaptyczng. Biorag bowiem udziat
W neurorozwojowej apoptozie i redukcji synaps, co wiaze si¢ z rearanzacja potaczen
nerwowych (Selemon, 2013; Nikodemova i wsp., 2015; Brenhouse i wsp., 2019).
Zaburzone funkcjonowanie mikrogleju moze =zatem silnie wplywaé na procesy
dojrzewania mozgu, szczegolnie W mPFC. Moze tym samym leze¢ u podstaw np. zaburzen
apoptozy neurondéw i proceséw LTP w mPFC zwierzat MS w okresie adolescencji
obserwowanych we wczesniejszych badaniach naszego zespotu (Chocyk i wsp., 2013;
Majcher-Maslanka i wsp., 2019) oraz wigza¢ si¢ ze specyficznymi zaburzeniami
behawioralnymi wystepujacymi w tym modelu (Chocyk i wsp., 2013; Chocyk i wsp., 2014;
Majcher-Maslanka i wsp., 2019).

Obecnie, liczne dane pochodzace zaréwno z badan przedklinicznych, jak
1 klinicznych wskazuja, ze wcze$niejsze doswiadczenie stresu, czy ekspozycja na GC moga
uwrazliwiaé, badz przygotowa¢ uklad odpornosciowy na dzialanie czynnika
immunostymulujacego i przez to determinowaé przebieg pozniejszej odpowiedzi
neurozapalnej (Frank i wsp., 2016; Kelly i wsp., 2018; Barrett i wsp., 2021). Postuluje sig,
ze zjawisko indukowanej stresem sensytyzacji odpowiedzi prozapalnej oraz zaburzenia
w obrgbie BBB moga wigzac si¢ z predyspozycja do okreslonych choréb psychicznych
I neurodegeneracyjnych (Frank i wsp., 2016; Profaci i wsp., 2020; Dudek i wsp., 2021).
Warto podkresli¢, ze choroby te roznig si¢ obrazem klinicznym oraz czgstoscia
wystepowania w zaleznosci od pici (Pinares-Garcia i wsp., 2018). Chociaz jak dotad nie
wykazano wyraznych 1 jednoznacznych r6zni¢ plciowych w podatnosci na ELS
w modelach zwierzecych, to wiele danych wskazuje, ze samice mogg by¢ bardziej odporne
na zaburzenia funkcji poznawczych wywotane przez ELS (Loi i wsp., 2017; Reincke i
Hanganu-Opatz, 2017). Wcze$niejsze prace naszego zespotu (Chocyk i wsp., 2011a;
Chocyk i wsp., 2015), jak i badania zawarte w tej rozprawie doktorskiej sugeruja, ze samice
sg mniej wrazliwe na skutki MS. Szczego6lnie uwidocznito si¢ to w publikacji Solarz i wsp.
(2023), gdzie odpowiedZ neurozapalna wywotana stymulacjg LPS u samic MS (zwtaszcza
dorostych) byla stabsza i/lub ustgpowala szybciej w pordwnaniu do samcow.
Jak wspomniano w poprzednim rozdziale, u podstaw roznic ptciowych we wrazliwosci na
podanie LPS moze leze¢ modulacja ekspresji Tlr4. Warto w tym miejscu przypomniec,
ze TLR4 rozpoznaje nie tylko patogeny (PAMP), ale takze alarminy (DAMP), uwalniane
w trakcie stresu komorkowego, czy $mierci komorek. Aktywacja TLR4 z udziatem DAMP
prowadzi do indukcji tzw. sterylnego zapalenia (Franklin i wsp., 2018; Serna-Rodriguez i

wsp., 2022). Liczne badania przedkliniczne i kliniczne wskazuja na zaangazowanie $ciezek

52



sygnatowych TLR4 i sterylnego zapalenia w patofizjologi¢ stwardnienia rozsianego, AD,
udaru, ale tez zaburzen depresyjnych i lgkowych (Femenia i wsp., 2018; Nie i wsp., 2018;
Figueroa-Hall i wsp., 2020).

Wyniki zawarte w niniejszej rozprawie doktorskiej wskazujg, ze dziatanie
kolejnego obok ELS czynnika §rodowiskowego ujawnito dymorfizm plciowy odpowiedzi
i potencjalnie korzystniejszy fenotyp zwigzany z adaptacja u samic poddanych MS. Nalezy
jednak podkresli¢, ze u dorostych samcoéw nie wystgpito nasilenie reakcji neurozapalne;j
w porownaniu do grupy kontrolnej. Powyzsze obserwacje pozostaja w zgodzie z hipotezg
tzw.  inokulacji  (szczepienia) stresem  (ang.  stress  inoculation) oraz
dopasowania/niedopasowania (ang. match/mismatch) (Andersen 1 Teicher, 2004;
Gluckman i wsp., 2005; Parker i wsp., 2019; Qin i wsp., 2019). Hipotezy te,
w przeciwienstwie do zatozenia, ze stres predysponuje do nasilonej odpowiedzi na kolejne
wyzwania $rodowiskowe (akumulacja) (McEwen, 1998), zakladaja, ze ekspozycja na
umiarkowang ilo$¢ stresorow, szczegélnie we wezesnym okresie zycia, moze promowaé
strategi¢ lepszego radzenia sobie w sytuacji narazenia na kolejne czynniki w pdzniejszym
zyciu (Andersen i Teicher, 2004; Gluckman i wsp., 2005; Parker i wsp., 2019; Qin i wsp.,
2019). Z drugiej strony, w przypadku samcow MS badanych w PND 22 obserwowano
wyrazne nasilenie odpowiedzi w modelu infekcji (Solarz i wsp., 2023). Zatem
przedstawione badania sugeruja, ze charakter wptywu ELS na funkcjonowanie osobnika
w duzej mierze zalezy od specyficznych warunkow srodowiskowych i stopnia rozwoju
mozgu/organizmu w danym momencie zycia (modulowanego dodatkowo przez czynniki
zwigzane z plcig), ktore to razem moga przyczyniaé si¢ do ujawnienia konkretnego typu

zmian adaptacyjnych.

8.5 Bialka rodziny HSP70, stres ER i UPR — poszukiwanie mechanizmow
i biomarkerow podatnosci badz opornosci na ELS

Kolejnym i naturalnym etapem w poszukiwaniu mechanizméw lezacych u podstaw
obserwowanych juz wczesniej w stosowanym modelu ELS zaburzen na poziomie
biochemicznym, plastyczno$ci synaptycznej oraz behawioralnym (Chocyk i wsp., 2011a;
Chocyk i wsp., 2011b; Chocyk i wsp., 2013; Chocyk i wsp., 2014) bylo przeprowadzenie
przesiewowych badan ekspresji genow w mPFC metoda mikromacierzy cDNA. Jak juz
wspomniano, mPFC, z uwagi na wydluzony rozwoj, jest szczegolnie wrazliwa na ELS.

Ponadto jest obszarem moézgu silnie zwigzanym z patofizjologig zaburzen nastroju
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i lekowych oraz z rozwojem uzaleznien (Brenhouse i wsp., 2013; Selemon, 2013; Teicher
I wsp., 2022). Badania przesiewowe wykonane w PND 15 wskazaly grupe genow silnie
regulowanych przez MS, kodujgcych biatka nalezace do rodziny biatek HSP70, to jest
Hspalb i Hspa5 (dane nieopublikowane i niezamieszczone w pracy doktorskiej). Biatka te
zwigzane s z komorkowa odpowiedzig stresowa, zardwno bezposrednio jako podstawowe
elementy cytozolowej odpowiedzi HSP oraz jako biatka uczestniczace w odpowiedzi na
stres ER i UPR (Bengesser i wsp., 2016; Perner i Kriiger, 2022; Serna-Rodriguez i wsp.,
2022). Dzigki zaangazowaniu w powyzsze procesy majg duzy wptyw na przezywalno$¢
komorek. Biatka HSP70 nalezg takze do alarmin (zawierajg DAMP) i1 poprzez wigzanie
z receptorami TLR mediuja odpowiedz zapalng (Serna-Rodriguez i wsp., 2022). Sg one
takze zaangazowane w procesy plastyczno$ci synaptycznej, uczenia si¢ 1 pamigci
(Belenichev i wsp., 2023). Co cickawe, doniesienia literaturowe wskazujg rowniez, ze
HSPAS5 i HSPA1B moga by¢ potencjalnie zwigzane z patofizjologia zaburzen nastroju
i Igkowych (Kakiuchi i wsp., 2005; Le-Niculescu i wsp., 2011; Yang i wsp., 2013).
Rezultaty badan przesiewowych oraz powyzsze fakty =zainspirowaly nas do
zweryfikowania hipotezy o modulujagcym wptywie MS na ekspresj¢ HSPAS 1 HSPAIB
w moézgu (mPFC, HP) i we krwi na réznych etapach rozwoju, w kontekscie poszukiwania
potencjalnych biomarkerow zmian wywotanych przez ELS.

W publikacji Solarz i wsp. (2021b) wykazano, ze procedura MS spowodowata wzrost
poziomu mRNA HSPAIB we krwi i mPFC zwierzat na wczesnym etapie zycia (PND 15
i 26). Efekt ten zaobserwowano tez w mPFC samcow w okresie adolescencji (PND 35)
(Majcher-Maslanka i wsp., 2019). W mPFC i HP zwierzat badanych w PND 15 wykazano
réwniez znamienny wplyw MS na ekspresj¢ biatka HSPA1A/1B (99% podobiefistwa form
biatka 1A i 1B uniemozliwia specyficzne oznaczenie HSPA1B za pomoca przeciwciat).
Zwigkszony poziom biatka HSPA1A/1B utrzymywat si¢ az do dorostosci zwierzat
stresowanych, ale tylko w przypadku mPFC (Solarz i wsp., 2021b). Zaobserwowano
rowniez trwaty wzrost ekspresji mRNA HSPAS we krwi oraz biatka HSPAS w HP zwierzat
MS. Nie przeprowadzono analiz korelacyjnych, jednak powyzszym zmianom w ekspresji
HSP70 u zwierzat stresowanych towarzyszyly zaburzenia procesow LTP w mPFC
(ostabienie) 1 HP (nasilenie) oraz zmniejszona lekliwos¢ w teScie jasnego/ciemnego
pudetka sugerujaca zwiekszong impulsywnos$¢ zwierzat (szukanie nowosci, podejmowanie
ryzyka). Co ciekawe, w transgenicznym modelu myszy z trwalg nadekspresja HSP70
obserwowano spotegowanie LTP w HP (Ammon-Treiber i wsp., 2008). Ponadto inni

autorzy rowniez zaobserwowali, ze zwickszonej ekspresja Hspalb w mPFC myszy
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towarzyszy redukcja Igku (Hiittenrauch i wsp., 2016), a donosowe podania egzogennych
HSPA1A/1B zmniejszaty niepokdj i zwigkszaty ciekawo$¢ u starzejacych si¢ myszy
(Bobkova i wsp., 2015). Zatem wyniki przedstawione w tej rozprawie doktorskiej
wskazuja, ze biatka rodziny HSP70 moga by¢ potencjalnymi kandydatami na biomarkery
zaburzen zwigzanych z ELS, niemniej potwierdzenie tej hipotezy wcigz wymaga szerszych
badan.

Wzrost ekspresji HSP70, szczegdlnie HSPAS, obserwowany u mtodych i dorostych
zwierzat poddanych MS, nasuwal przypuszczenie, iz procedura ta moze indukowac stres
ER i UPR. Aktywacje stresu ER i UPR obserwowano w zwierzecych modelach ostrego
(Ishisaka 1 wsp., 2011; Xie i wsp., 2014) i przewlektego stresu (Jangra i wsp., 2017; Tang
i wsp., 2018; Li i wsp., 2019). Powyzsze fakty zainspirowaly do podjgcia szeroko
zakrojonych badan, ktorych wyniki zaprezentowano w publikacji Solarz-Andrzejewska
1 wsp. (2023). Badania te nie wykazaty silnego i jednoznacznego wpltywu procedury MS
na procesy stresu ER, UPR i apoptozy w mPFC zwierzat w badanych okresach
rozwojowych (PND 15, 26 i 70), cho¢ taki wptyw obserwowano u zwierzat w okresie
adolescencji (PND 35) (Majcher-Maslanka i wsp., 2019). Zatem, zmiany wywotane przez
MS w mPFC w duzej mierze zaleza od okresu rozwojowego, a ich ujawnienie specyficznie
w okresie adolescencji wigze si¢ prawdopodobnie z wystepujacg wtedy silng i dynamiczng
przebudowg morfologiczno-funkcjonalng mPFC (Markham i wsp., 2007; Cressman i wsp.,
2010; Nikoli¢ i wsp., 2013). Warto podkresli¢, ze badania zawarte w publikacji Solarz-
Andrzejewska 1 wsp. (2023) wykazaly jednak modulujacy wplyw wielokrotnych podan
inhibitora stresu ER (SAL) i jego rozpuszczalnika (VEH) we wczesnym okresie
postnatalnym na ekspresje markerow UPR 1 apoptozy oraz zachowanie zwierzat MS
w pozniejszym wieku. SAL jest inhibitorem fosfatazy elF2a, ktory wykazuje dziatanie
antyapoptotyczne i neuroprotekcyjne, m.in. w zwierzgcych modelach chordb
neurodegeneracyjnych (Saxena i wsp., 2009; Godin i wsp., 2016) i uszkodzen mozgu
(Logsdon i wsp., 2016). Analiza biochemiczna wykazata, ze zar6wno podania SAL, jak
1 VEH zapobiegaly niektérym efektom wywolanym przez MS i1 gtéwnie ostabialy ekspresje¢
mRNA markerow stresu ER 1 UPR. Na poziomie behawioralnym podania SAL i/lub VEH
prowadzily zasadniczo do tagodzenia 1 normalizacji zaburzen zachowania u zwierzat MS,
szczegolnie, zmniejszonej lgkliwosci, anhedonii, zaburzen ekspresji warunkowanego
strachu oraz nasilonej aktywnosci lokomotorycznej indukowanej podaniem amfetaminy.
Niestety, zaobserwowanie modulujacego wplywu zaréwno podan SAL, jak i1 VEH

znacznie utrudnito jednoznaczng interpretacje otrzymanych wynikéw i czesciowo poddaje
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w watpliwos¢ specyficzno$é biologicznego dziatania SAL. Szczegdtowo kwestie te zostaty
przedyskutowane w publikacji Solarz-Andrzejewska i wsp. (2023). Dostepne dane
literaturowe wskazuja, ze zarowno ostre, jak 1 przewlekle iniekcje rozpuszczalnika, jako
typowe stresory, nie pozostajg obojetne, lecz mogg modulowa¢ poziom GC w surowicy
oraz wplywaé na zachowanie zwierzat (Lapin, 1995; Deutsch-Feldman i wsp., 2015;
Freiman i wsp., 2016; Du Preez i wsp., 2020). Jak juz wspomniano w poprzednim
rozdziale, ekspozycja na stresory o $rednim nat¢zeniu, szczegodlnie we wczesnym okresie
zycia, moze promowac strategi¢ lepszego radzenia sobie z czynnikami srodowiskowymi
w pdzniejszym zyciu (szczepienie stresem) (Parker i wsp., 2019; Qin i wsp., 2019).
Badania zawarte w tej rozprawie doktorskiej sugeruja, ze u podstaw molekularnych takiego
zjawiska moze leze¢ modulacja procesow stresu ER i UPR. Istnieje bowiem hipoteza,
ze procesy te sa mediatorami migdzy- 1 wewnatrzgatunkowej zmienno$ci w odpowiedzi na
srodowisko. Ich intensywnos¢ jest dziedziczna, podlega naturalnej selekcji i dzigki temu
moze ksztaltowa¢ mechanizmy podatnosci i opornosci na dziatanie stresorow czy rozwoj
chorob (Yap i wsp., 2021).

W ocenie skutkow podan VEH nie mozna poming¢ potencjalnego biologicznego
wplywu specyficznego rozpuszczalnika, tj. dimetylosulfotlenku (DMSO), stosowanego
w przedstawionych badaniach. Nawet jesli DMSO jest rutynowo stosowany jako
rozpuszczalnik wielu substancji w badaniach podstawowych, to warto pamigtaé, iz dane
literaturowe pokazuja zarowno pozytywny, jak i negatywny jego wptyw na funkcje mozgu
(Farkas i wsp., 2004; Hanslick i wsp., 2009; Rabow i wsp., 2021).

Jak juz wspomniano, biatka HSP70, ale tez stres ER 1 UPR pelnig wazng funkcje
w kontroli wielu proceséw w OUN, w tym w utrzymaniu proteostazy. Co wigcej, sciezki
molekularne stresu komorkowego zaangazowane sg takze w regulacje procesow zapalnych
i funkcji BBB (Fernandez i wsp., 2021; Diaz-Hung i Hetz, 2022; Serna-Rodriguez i wsp.,
2022). Nieprawidtowosci w kontroli tych proceséw moga przektadaé si¢ na zaburzenia
poznawcze, motoryczne oraz szerzej psychiczne i neurodegeneracyjne (Fernandez i wsp.,
2021; Diaz-Hung i Hetz, 2022). Jednak odpowiedz HSP, stres ER i UPR nie sg specyficzne
tylko dla OUN, lecz rozpowszechnione s3 w wiekszosci komorek i tkanek i zwigzane
rowniez z patofizjologig takich schorzen jak nowotwory, cukrzyca czy miazdzyca
(Kakiuchi i wsp., 2005; Chaudhari i wsp., 2014; Mohan i wsp., 2019). Badania kliniczne
1 epidemiologiczne wskazuja, ze ELS przyczynia si¢ (czg¢sto jednoczesnie) do problemow
ze zdrowiem zaréwno psychicznym, jak i fizycznym, w tym do rozwinigcia zespotu

metabolicznego prowadzacego do chorob uktadu krazenia i cukrzycy typu 2 (Murphy i
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wsp., 2017). Wydaje si¢ zatem, ze procesy stresu ER, UPR i odpowiedZ HSP moga
stanowi¢ wspdlne S$ciezki molekularne 1 mechanizmy lezace u  podstaw
wspotwystepowania chorob psychicznych, sercowo-naczyniowych i metabolicznych
u oséb doswiadczonych ELS. Zrozumienie powyzszych mechanizméw 1 wskazanie
zwigzanych z nimi biomarker6w w znacznym stopniu utatwitoby rozw¢j skutecznych
srodkéw zapobiegawczych i terapeutycznych. Niemnie jednak wcigz istnieje potrzeba
zakrojonych na szerokg skale badan wielonarzagdowych, aby potwierdzi¢ t¢ interesujaca
hipoteze. Co warte podkreslenia, takie badania zostaly juz rozpoczete (Mariani i wsp.,
2021).

9. Whnioski koncowe i znaczenie prowadzonych badan

Badania zawarte w rozprawie doktorskiej wykazaty, ze wptyw ELS na integralno$¢
1 funkcje BBB oraz przebieg proceséw zapalnych w duzej mierze zalezy od regionu mézgu,
ptci oraz wieku zwierzat. W warunkach podstawowych procedura MS nie wywotuje
jednoznacznie negatywnych zmian tych parametrow, cho¢ samce we wczesnym okresie
postnatalnym wykazuja wigkszg wrazliwos$¢ na dziatanie stresu niz samice. To ekspozycja
na kolejny czynnik srodowiskowy (infekcje) powoduje wyrazng zmiane odpowiedzi u tych
zwierzat, decydujac tym samym o ostatecznym charakterze wptywu ELS w danym okresie
zycia. Podjecie kwestii r6znic ptciowych pozwolito wykazac, ze stresowane we wczesnym
okresie zycia samice stabiej odpowiadaja na kolejny czynnik Srodowiskowy (LPS),
co moze $wiadczy¢ o aktywacji wtasnie u samic specyficznych mechanizmow adaptacji
1/lub opornosci na stres.

Ponadto wykazano udzial odpowiedzi stresu komorkowego (stresu ER, odpowiedz
HSP 1 UPR) w patofizjologii 1 wrazliwosci na ELS u samcow.

Otrzymane wyniki wskazuja, ze neurobiologiczne mechanizmy ksztattujace
podatnos$¢/opornos¢ na dziatanie ELS moga wigza¢ si¢ m.in. z regulacja: (i) ekspresji
Cldn5 i Tlr4, (ii) $ciezek sygnalowych TLR4, rowniez tych zwigzanych ze sterylnym
zapaleniem indukowanym przez alarminy (np. HSP70), (iii) procesow stresu ER i UPR.

Realizacja badan sktadajacych si¢ na te rozprawe doktorska pozwolita na
poszerzenie wiedzy na temat ELS jako potencjalnego czynnika etiologicznego zaburzen
zdrowia fizycznego i psychicznego. Co wigcej, przeprowadzone badania zaowocowaty

wytypowaniem kandydatow na obwodowo-moézgowe biomarkery zmian zwigzanych
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z ELS (biatka z rodziny HSP70), co potencjalnie moze zainspirowa¢ takze innych badaczy
do poszukiwania uniwersalnych biomarkeréw ELS i chordb z nim zwigzanych w ré6znych
uktadach narzadow, nie tylko w moézgu. Moze to przyczyni¢ si¢ w przysztosci do
wdrozenia wczesnej diagnostyki 1 profilaktyki klinicznej u dzieci 1 milodziezy
doswiadczonej przez ELS. Dramatycznie wzrastajagca obecnie liczba diagnozowanych
przypadkow chorob psychicznych wiasnie w tej grupie spolecznej powoduje, ze eliminacja
zdarzen awersyjnych we wczesnym okresie zycia powinna by¢ priorytetem spotecznym
1 ekonomicznym. Przedstawione wyniki i publikacje moga zatem przyczyni¢ si¢ rOwniez
do zwigkszenia spotecznej wrazliwosci na krzywde dzieci oraz $wiadomosci

dhugotrwatych konsekwencji ELS, zaréwno dla zdrowia psychicznego, jak i fizycznego.
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1 | INTRODUCTION

Iwona Majcher-Maslanka |

Agnieszka Chocyk

Abstract

Early-life stress (ELS) is considered a relevant etiological factor for neurodegen-
erative and mental disorders. In the present study, we hypothesized that ELS may
persistently and sex dependently influence blood-brain barrier (BBB) integrity and
function during critical periods of brain development and consequently determine
susceptibility to and sex-related prevalence of chronic diseases in adult life. We used
the maternal separation (MS) procedure in rats to model ELS and evaluated BBB
permeability and gene expression of selected tight junction (TJ) proteins, glucose
transporter type 1 (Slc2al) and aquaporin 4 (Agp4) in the medial prefrontal cortex
(mPFC), dorsal striatum (dSTR) and hippocampus of juvenile and adult rats. Serum
concentrations of a peripheral marker of BBB function (S100/) and proinflammatory
cytokines were also assessed. We observed developmental sealing of the BBB and
sex differences in the permeability of the BBB and the mRNA expression of TJ pro-
teins and Slc2al. Adult females showed lower BBB permeability and higher levels
of Cldn3, Cldn5, Ocln, and Slc2al in the mPFC and dSTR than males. MS temporar-
ily increased BBB permeability in the dSTR of juvenile males and affected mRNA
expression of the majority of studied proteins related to BBB function in age-, region-
and sex-dependent manners. Additionally, MS sex dependently decreased serum
S100p levels and did not affect proinflammatory cytokine concentrations. In gen-
eral, our study did not reveal a clear or strong negative effect of MS on BBB integrity.
However, the results suggest that ELS may induce adaptive/maladaptive changes or

compensatory mechanisms within the BBB of unknown yet consequences.

KEYWORDS
aquaporin 4, blood-brain barrier, early-life stress, glucose transporter-1, proinflammatory
cytokines, S1004, tight junctions

BBB provides the necessary neuronal microenvironment via
efficient cooperation between endothelial cells (ECs) and

The blood-brain barrier (BBB) plays a major role in maintain-
ing the stable environment required for normal brain function
and ensures central nervous system (CNS) homeostasis by
supplying oxygen, glucose, and nutrients and protecting
against peripheral neurotoxic substances, infections and
immune cells (Abbott et al., 2010; Ballabh et al., 2004 ). The

other specialized cell types such as pericytes and astrocytes
(Abbott et al., 2006). Equally important BBB components are
tight junctions (TJs), which limit the permeability of the BBB
by sealing the interendothelial space between neighboring
ECs. TJs consist of transmembrane proteins, such as the
junctional adhesion molecules occludin (OCLN), claudin-3

Developmental Neurobiology. 2021;81:861-876.
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(CLDN3) and claudin-5 (CLDNS), and cytoplasmic acces-
sory proteins such as zona occludens 1 (ZO-1) (Abbott et al.,
2010; Ballabh et al., 2004; Haseloff et al., 2015 ). ECs also
express a variety of transporter proteins to deliver essential
nutrients that cannot penetrate the brain by diffusion. One
of the most abundant and crucial BBB-related transporters
is glucose transporter-1 (GLUT-1) (Bolz et al., 1996). The
major water channel in the CNS is aquaporin-4 (AQP4),
expressed in brain perivascular astrocyte processes called
astrocyte endfeet (Nicchia et al., 2004; Nielsen et al., 1997 ).

The involvement of BBB dysfunction in the development of
psychiatric and neurodegenerative disorders has been increas-
ingly confirmed (Arora et al., 2019; Erickson & Banks, 2013;
Stolp & Dziegielewska, 2009; Winkler et al., 2015 ). Clinical
data have also indicated that stress is generally linked to the
pathogenesis and progression of these diseases (Baudin et al.,
2012; Danese & Lewis, 2017; Loria et al., 2014 ). However,
a limited number of studies have connected these two phe-
nomena as a gateway to pathology in these diseases (Menard
et al., 2017; Santha et al., 2015; Sharma, 2004; Xu et al.,
2019 ). Early-life stress (ELS) or adverse childhood experi-
ences are known to affect brain development and may prime
an organism for mental and neurological diseases in adult life
(Danese & Lewis, 2017; Kessler et al., 2010; Loria et al., 2014
). BBB maturation is a sequential process. Along with brain
structural immaturity, the BBB is functionally immature dur-
ing the prenatal and early postnatal life periods (Abbott et al.,
2010; Krause et al., 2002; Stolp & Dziegielewska, 2009 ).
During the early postnatal period, capillary density matches
local functions in cortical regions, suggesting a close con-
nection between their simultaneous developments (Caley &
Maxwell, 1970; Krause et al., 2002 ). Thus, during the peri-
natal period, an adverse experience, such ELS, may affect
the developmental trajectory of specific brain regions along
with the BBB (Fareri & Tottenham, 2016; Gomez-Gonzalez
& Escobar, 2009; Welcome & Mastorakis, 2020).

It is well known that ELS is considered a potential source
of later susceptibility to Alzheimer’s disease (AD) and Parkin-
son’s disease (PD) (Andersen & Teicher, 2004; Barlow et al.,
2007, Llorente et al., 2009; Martisova et al., 2013). Animal
studies have revealed that adult rats exposed to ELS show
intensified age-related cognitive decline (Martisova et al.,
2013; Solas et al., 2010). Animal models of PD, showed that
ELS exacerbates 6-hydroxydopamine-induced behavioral and
neurochemical impairments (Barlow et al., 2007; Mabandla &
Russell, 2010; Mpofana et al., 2016). It is also well known that
ELS increases the risk of anxiety, mood disorders, and addic-
tion (Brenhouse et al., 2013; Danese & Lewis, 2017; Kessler
etal.,2010). Many animal studies, including our own previous
studies, that employed the maternal separation (MS) proce-
dure in rats to model ELS, have clearly shown that ELS affects
anxiety- and depressive-like behaviors (Chocyk et al., 2013,
2010, 2015; Majcher-Maslanka et al., 2019) and the func-

tion of the medial prefrontal cortex (mPFC) and hippocampus
(HP), which are brain regions highly implicated in the patho-
physiology of depression and anxiety (Andersen & Teicher,
2004; Baudin et al., 2012; Chocyk et al., 2013; Llorente et al.,
2009; Majcher-Maslanka et al., 2019). Therefore, if ELS is
considered a relevant etiological factor in mental and neu-
rodegenerative disorders, concomitant BBB disturbance may
contribute to the neurochemical and behavioral dysfunctions
observed in humans and animals subjected to early-life adver-
sity (Fareri & Tottenham, 2016; Ganguly & Brenhouse, 2015;
Stolp & Dziegielewska, 2009).

We hypothesize that during a critical period of brain matu-
ration, ELS may affect the development and function of the
BBB within brain structures engaged in the pathophysiol-
ogy of neurodegenerative and mental illnesses. The impact
of ELS on cellular and molecular components and BBB per-
meability is still largely unexplored. Moreover, knowledge of
the region- and sex-dependent differences in BBB integrity
and function and their potential modulation by ELS is lim-
ited. Mental and neurodegenerative diseases are known to
exhibit sex differences in prevalence and clinical presenta-
tion (Pinares-Garcia et al., 2018). Therefore, the present study
aims to provide an analysis of BBB integrity changes during
critical time periods in rodent brain development, that is, juve-
nility (postnatal day [PND] 15) and adulthood (PND 70), in
both male and female rats subjected to MS procedures during
the first two weeks of postnatal life. Specifically, BBB perme-
ability and the gene expression of key elements contributing
to the functional maintenance of the BBB, such as CLDN3,
CLDNS5 and OCLD, the transporter GLUT-1 and AQP4, was
studied in the mPFC, dorsal STR (dSTR), and HP. Addition-
ally, the serum levels of peripheral markers of inflammation
and/or BBB disruption, namely, proinflammatory cytokines
and s100 calcium-binding protein b (S100/), were also mea-
sured. We found pronounced sex differences in the perme-
ability of the BBB and mRNA expression of TJ proteins and
Slc2al. Adult females showed lower BBB permeability and
higher levels of Cldn3, Cldn5, Ocln, and Sic2al in the mPFC
and dSTR than males. MS temporarily increased BBB per-
meability in the dSTR of juvenile males and affected mRNA
expression of the majority of studied proteins related to BBB
function in age-, region- and sex-dependent manners. How-
ever, our study did not reveal a clear or strong negative effect
of MS on BBB integrity

2 | MATERIALS AND METHODS

2.1 | Animals

All experimental procedures were approved by the Commit-
tee for Laboratory Animal Welfare and the Ethics Commit-
tee of the Maj Institute of Pharmacology, Polish Academy of
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Sciences, Krakow, and met the requirements of the Directive
2010/63/EU of the European Parliament and of the Council
of 22 September 2010 on the protection of animals used for
scientific purposes. All efforts were made to minimize animal
suffering.

Adult male and female Wistar rats were purchased from
Charles River Laboratories (Sulzfeld, Germany). All animals
were housed under controlled conditions with an artificial 12-
h light/dark cycle (lights on from 07:00 to 19:00), 55% + 10
humidity, and a temperature of 22°C + 2. Food and tap water
were freely available. The rats were mated at the Maj Insti-
tute of Pharmacology, PAS, Krakow Animal Facility. The off-
springs of primiparous dams were used in this study. Before
delivery, the dams were housed individually in standard plas-
tic cages (type III H, 38 X 24 X 19 cm). The day of birth was
designated as PND 0. On PND 1, the litter size was standard-
ized to eight pups per litter (four males and four females) and
the litters were assigned to one of the following rearing con-
ditions: MS or animal facility rearing (AFR), that is, control
conditions.

2.2 | MS procedure

The MS procedure was performed as previously described by
Solarz et al. (2021) and Chocyk et al. (2013, 2010, 2015).
Briefly, on PNDs 1-14, the dams and pups were removed
from the maternity cages for 3 h (09:00—12:00) per day. The
mothers were placed individually in holding cages (type III,
38 X 24 x 19 cm), while each litter was placed in a plastic
container (22 X 16 X 10 cm) lined with fresh bedding mate-
rial, and the containers were moved to an adjacent room and
placed in an incubator that was set at a constant temperature
of 34°C, imitating the nest temperature. After separation, the
pups and dams were returned to maternity cages. The AFR
animals were left undisturbed with their mothers except dur-
ing weekly cage cleaning, thus, reflecting a minimal amount
of handling. The impact of the MS procedure on specific
maternal and pup behaviors was previously described in detail
by our group (Chocyk et al., 2013). The animals, excluding
those examined on PND 15, were weaned on PND 22, sexed,
and then randomly divided and designated to specific experi-
mental groups. The rats were housed under controlled condi-
tions (as described above) in standard plastic cages (type IV,
57 X 33 X 20 cm) in same-sex groups of five unrelated sub-
jects under the same treatment protocol until adulthood (PND
70). The scheme of the experimental procedures is presented
in Figure 1.

2.3 | Experimental groups

A total of 112 rats (56 males and 56 females) originating from
eight AFR and eight MS litters were used in the study. To
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FIGURE 1
study. Lower panel: photomicrographs showing cresyl violet-stained rat

Scheme of the experimental procedures applied in the

brain sections with marked regions under study. Abbreviations: dSTR,
dorsal striatum; MS, maternal separation; mPFC, medial prefrontal
cortex; HP, hippocampus; PND, postnatal day.

avoid litter effects, the final experimental groups consisted of
subjects that originated from different litters and were unre-
lated (n = 6 for RT-qPCR, serum markers; n = 8 for assess-
ment of BBB permeability). The number of animals used in
the study was chosen based on pilot experiments and our pre-
vious experiences with specific experimental protocols and it
guaranteed the possibility of obtaining a relevant effect size
and statistically significant differences in the results.

2.4 | Assessment of BBB permeability

To assess BBB permeability, we used a fluorescent small-
molecule tracer (376 Da), sodium fluorescein (NaF), a
sensitive marker of even slight BBB breakdown and leakage.
NaF does not bind to protein nonspecifically in contrast to
Evans blue (961 Da, in complex with albumin), another
popular marker of BBB permeability (Sun et al., 2021). In
our study, we adapted the procedures previously described
by Ramirez et al. (2009) and Yen et al. (2013). On PND
15 or PND 70, eight AFR and eight MS rats per age and
sex group were intraperitoneally injected with 4% NaF
(Merck) dissolved in 0.9% saline at a dose of 2 mlL/kg.
The dye was permitted to circulate for 30 min before the
animals were transcardially perfused with 0.9% saline to
remove the circulating dye. Thereafter, the brain tissue
parenchyma containing only the extravasated dye was
collected. Samples of the mPFC (including the cingulate
cortex 1, prelimbic cortex, and infralimbic cortex regions)
and dSTR were dissected from 1-mm thick coronal slices
using a rodent brain matrix (Ted Pella, Inc., CA, USA)
according to the stereotaxic atlas of the rat brain (Paxinos
& Watson, 1998), whereas the HP was dissected freehand
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(Figure 1). The brain tissue was weighed, homogenized
(TissueLyserIl, Qiagen) in a 1:3 volume of 50%
trichloroacetic acid (TCA, Merck, US), and centrifuged
(10,000 rpm for 10 min) and the supernatants were diluted
with a 1:3 volume of 95% ethanol prior to spectrophotometric
determination of NaF fluorescence (Tecan, Mainnedorf,
Zirich, Switzerland; 440 nm excitation/525 nm emission).
Fluorescent dye content was calculated using external stan-
dards and the data were expressed as the amount of NaF (ug)
per gram of wet brain tissue.

2.5 | RT-gPCR

The RT-qPCR method used in this study has been previously
described in detail by Solarz et al. (2021). Briefly, on PND
15 and PND 70, six AFR and six MS rats per age and sex
group were sacrificed via decapitation and the brains were
immediately removed from the skulls. The mPFC (includ-
ing the cingulate cortex 1, prelimbic cortex, and infralim-
bic cortex regions) and dSTR were dissected from 1-mm
thick coronal slices using a rodent brain matrix (Ted Pella
Inc.), whereas the HP was dissected freehand (Figure 1). The
brain tissue was quickly frozen in liquid nitrogen and stored
at —80°C for later use. Total RNA was extracted using the
RNAeasy Mini Kit (Qiagen). The total RNA concentration
was measured using an Eon absorbance microplate reader
and Gen 5 software (BioTek, Winooski, VT, USA). RNA
was reverse transcribed using a High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, MA). Quanti-
tative real-time PCR was performed in duplicate with Tag-
Man® Gene Expression Assays (Thermo Fisher Scientific;
Supporting information Table S1) using TagMan™ Univer-
sal Master Mix II, no UNG (Thermo Fisher Scientific) and
the QuantStudio 12K Flex System (Thermo Fisher Scientific).
Real-time PCR was conducted under the following condi-
tions: 50°C for 2 min and 95°C for 10 min followed by 40
cycles of 95°C for 15 s and 60°C for 1 min. The abundance
of RNA was calculated according to the following equation:
abundance = 2~ (threshold cycle) ‘The results were normalized to
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) expres-
sion levels.

2.6 | Enzyme-linked immunosorbent assay
(ELISA)

Trunk blood was collected during the decapitation procedure
(see the RT-qPCR procedure). Commercially available micro-
tubes containing a clotting activator (Sarstedt, Germany) were
used for serum separation. The blood was centrifuged (10,000
X g, 5min, 4 °C), and the serum was collected and stored in
aliquots at —20°C until the day of assay. Using commercially

available ELISA kits, quantitative determination of S1004
(Fine Test, China), interleukin 1 beta (IL-18) (R&D Sys-
tems, USA), and tumor necrosis factor-alpha (TNF-a) (R&D
Systems) were performed according to the manufacturers’
instructions. Positive controls for each assay were provided
by the manufacturers.

2.7 | Statistical analysis

Statistical analysis of the data was performed using Statis-
tica 13.3 software (TIBCO Software Inc., USA). Initially,
data were tested for normal distribution and homogeneity of
variances and then analyzed by global analysis of variance
(ANOVA). The majority of data were analyzed by three-way
ANOVA, with PND, rearing conditions (MS vs. AFR), and
sex as the independent variables. The data were analyzed indi-
vidually for each brain region (or serum) and parameter stud-
ied. Regional differences in BBB permeability were assessed
by one-way ANOVA separately for each developmental time
and sex. When the global ANOVA resulted in statistically sig-
nificant effects, the data were subdivided into significant fac-
tors and/or interactions and a lower-order statistical analysis
was performed (two-way ANOVA and Bonferroni post-hoc
test when required). The data are presented as the mean + SD.
A value of p < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Effects of age, sex, and MS on regional
quantitative BBB permeability

The first goal of our study was to investigate the impact of
PND, sex, and rearing conditions (AFR vs. MS) on BBB per-
meability in the mPFC, dSTR, and HP. The animals were
injected with a fluorescent tracer, NaF, and its extravasated
content was spectrophotometrically determined in the stud-
ied brain regions. The statistical analysis revealed an age-
dependent decrease in BBB permeability in all studied brain
regions (Supporting information Tables S2 and S3; Fig-
ure 2a—c).

We found that the BBB in the mPFC of females was less
permeable than that in males, regardless of PND and MS
(Supporting information Table S2, Figure 2a). In the dSTR
and HP, sex differences were manifested in combination with
PND and rearing conditions (Supporting information Tables
S2 and S3; Figure 2b,c). Specifically, BBB permeability in
the dSTR of AFR juvenile females was increased compared
with that in AFR juvenile males (two-way ANOVA, sex
X rearing conditions: Fy, = 29.30, p < 0.001; post-hoc:
p = 0.039) (Figure 2b). The opposite effect was observed in
adults, that is, females in the AFR group showed lower BBB
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Effects of age, sex and MS on the regional brain content of extravasated NaF in the mPFC (a), dSTR (b) and HP (c). The data are

presented as the mean + SD and indicate the accumulation of NaF in the brain (in microgram per gram of wet tissue). Circles represent individual
data points (n = 8). *p < 0.05: effect of PND, *p < 0.05: effect of sex, #p < 0.05: effect of MS (three-way ANOVA followed by Bonferroni post-hoc
test). Lines relate to the significance of the main effects in ANOVA and connectors indicate post-hoc comparisons between the specific groups.

Abbreviations: AFR, animal facility rearing; dSTR, dorsal striatum; MS, maternal separation; mPFC, medial prefrontal cortex; HP, hippocampus;

PND, postnatal day.

TABLE 1 Regional differences in BBB permeability in control (AFR) rats
Sex PND Brain region mPFC dSTR HP
Females 15 3.41 +0.63* 4.13 +0.428 4.32 +0.42€
70 0.51 + 0.08P 0.50 + 0.03F 0.66 + 0.07F
Males 15 3.70 + 0.54 3.27 +0.46 343 +1.25
70 0.87 +0.14 0.75 + 0.04 0.89 +0.08

The data indicate the accumulation of NaF tracer in the brain as microgram of NaF per gram of wet tissue (the mean + SD, n = 8). A versus B: p = 0.027; A versus C:
p = 0.005; D versus F: p = 0.0002; E versus F: p = 0.0001 (one-way ANOVA followed by Bonferroni post-hoc test). Abbreviations: AFR, animal facility rearing; BBB,
blood-brain barrier; dSTR, dorsal striatum; mPFC, medial prefrontal cortex; HP, hippocampus; PND, postnatal day.

permeability in the dSTR than AFR males (two-way ANOVA,
sex X rearing conditions: F' 128 = 13.09, p = 0.001; post-
hoc: p < 0.001) (Figure 2b). In the HP, adult females, regard-
less of the rearing conditions, also exhibited lower BBB per-
meability than males (two-way ANOVA, the main effect of
sex: Fy 55 = 12.95, p = 0.001) (Figure 2c). These sex differ-
ences were not observed in the HP of juvenile rats (two-way
ANOVA, the main effect of sex: Fy ,4 =1.16, p = 0.290) (Fig-
ure 2¢).

We observed that MS affected BBB permeability exclu-
sively in the dSTR (Figure 2b). Specifically, MS sex
dependently increased BBB permeability in juvenile males
(post-hoc: p < 0.001), which disrupted the general sex
differences observed in juveniles. In adults, MS did not
influence BBB permeability in the dSTR per se; however,
MS rats again did not show sex-related differences typical of
the dSTR (post-hoc: p = 1.00) (Figure 2b).

Next, we focused on regional differences in BBB perme-
ability in the control, that is, AFR rats of specific age and
sex. We found that, in juvenile females, BBB permeability
in both the HP and dSTR was higher than that in the mPFC
(F2’21 = 7.33, p = 0.004, HP vs. mPFC: p = 0.005; dSTR vs.

mPFC: p = 0.027; dSTR vs. HP: p = 1.000) (Table 1). This
effect persisted to adulthood only in the case of HP. More-
over, BBB permeability in the HP of adult females was also
greater than that in the dSTR (F, 5, =17.44, p <0.001, HP vs.
mPFC: p = 0.0002; dSTR vs. mPFC: p = 1.00; dSTR vs. HP:
p=0.0001) (Table 1). In male rats, we did not observe any sig-
nificant regional differences in BBB permeability (PND 15:
Fy,1 =0.762, p = 0.479; PND 70: F, ,; = 1.43, p = 0.262)
(Table 1).

3.2 | Effects of age, sex, and MS on the
mRNA expression of TJ proteins

The integrity and permeability of the BBB is highly related to
the expression and function of TJ proteins, such as OCLN and
claudins, which are responsible for the structural support of
TJs and physically occlude the interendothelial space (Abbott
etal., 2010; Ballabh et al., 2004; Haseloff et al., 2015). There-
fore, the next goal of our study was to determine how age, sex
and MS could influence the expression of TJ proteins’ repre-
sentatives, that is, CLDN3 and CLDN5 and OCLN.
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FIGURE 3 Effects of age, sex and MS on the mRNA expression of Cldn3 (a) and Cldn5 (b) in the mPFC (left column), dSTR (middle column)
and HP (right column). The mRNA expression was determined by RT-qPCR. The data are presented as the mean + SD and expressed as relative

values of mRNA levels in arbitrary units. Circles represent individual data points (n = 6). *p < 0.05: effect of PND, *p < 0.05: effect of sex,
#p < 0.05: effect of MS (three-way ANOVA followed by Bonferroni post-hoc test). Lines relate to the significance of the main effects in ANOVA and
connectors indicate post-hoc comparisons between the specific groups. Abbreviations are explained in legends of Figure 2 and Supporting

information Table S1.

We applied RT-qPCR method to assess the mRNA levels
of all studied markers of BBB integrity and function (see Sec-
tion 3.3), because it is a very sensitive method, able to detect
even small changes in the mRNA expression. Moreover, the
persistent change in mRNA expression observed long after
the cessation of MS may provide information about potential
ELS-induced programming of specific genes.

We found an age-dependent increase in Cldn3 mRNA
levels in the mPFC and dSTR (Supporting information
Tables S3, S4 and Figure 3a, left and middle columns). In
contrast, an age-dependent decrease in Cldn3 expression
was observed in the HP (Supporting information Tables
S3, S4, and Figure 3a, right column). In adulthood, Cldn3
expression in the mPFC and dSTR was greater in females
than in males regardless of the rearing conditions (mPFC:
two-way ANOVA, sex X rearing conditions: F|,, = 5.78,
p = 0.026; post-hoc: p < 0.001; dSTR: p < 0.001) (Figure 3a,
left and middle columns). However, in the HP, AFR but not

MS females displayed higher expression of Cldn3 mRNA
than males in both the early-life period and adulthood (PND
15: two-way ANOVA, sex X rearing conditions: F 5, = 5.69,
p = 0.027; post-hoc: p < 0.001 and PND 70: two-way
ANOVA, sex X rearing conditions: F 120 = 4.95, p = 0.037;
post-hoc: p < 0.001) (Figure 3a, right column). Moreover,
we observed that MS induced persistent downregulation of
Cldn3 expression specifically in the HP of females (PND15:
post-hoc: p = 0.002; PND70: post-hoc: p = 0.026) (Fig-
ure 3a, right column). Additionally, MS induced decrease
in Cldn3 mRNA levels was also observed in the mPFC of
adult females (two-way ANOVA, sex X rearing conditions:
F 59 =5.78; p = 0.026; post-hoc: p = 0.004) (Figure 3a, left
column).

Next, we focused on Cldn5 mRNA expression and
observed its consistent age-dependent increase in all stud-
ied brain regions (Supporting information Tables S3, S4 and
Figure 3b). Moreover, regardless of the rearing conditions,
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FIGURE 4 Effects of age, sex and MS on the mRNA expression of Ocln (a) and Slc2al (b) in the mPFC (left column), dSTR (middle column)
and HP (right column). The mRNA expression was determined by RT-qPCR. The data are presented as the mean + SD and expressed as relative

values of mRNA levels in arbitrary units. Circles represent individual data points (n = 6). *p < 0.05: effect of PND, *p < 0.05: effect of sex,
#p < 0.05: effect of MS (three-way ANOVA followed by Bonferroni post hoc-test). Lines relate to the significance of the main effects in ANOVA and
connector indicates a post-hoc comparison between the specific groups. Abbreviations are explained in legends of Figure 2 and Supporting

information Table S1.

adult females had higher levels of Cldn5 mRNA than males in
the mPFC (p = 0.010) and dSTR (two-way ANOVA, the main
effect of sex, Fip = 17.22, p < 0.001) (Figure 3b, left and
middle column). Interestingly, the opposite sex-related effects
were observed in the HP of adults (p < 0.001) (Figure 3b,
right column). Moreover, we found that MS affected Cldn5
mRNA expression exclusively in the dSTR and HP. Specif-
ically, MS increased the expression of Cldn5 mRNA in the
dSTR of juvenile females (two-way ANOVA, sex X rearing
conditions: F 5y = 10.64, p = 0.004; post-hoc: p = 0.038)
(Figure 3b, middle column). However, in adulthood, both MS
females and males showed higher Cldn5 mRNA expression
than AFR rats (two-way ANOVA, the main effect of rear-
ing conditions: F'j 5o = 13.40, p = 0.002) (Figure 3b, middle
column). In the HP, MS rats showed higher levels of Cldn5
mRNA than AFR rats regardless of PND (Supporting infor-
mation Tables S3, S4 and Figure 3b, right column).

In the case of Ocln, we observed an age-dependent increase
in the mRNA levels in the mPFC and dSTR (Supporting infor-
mation Tables S3, S4, Figure 4a, left and middle columns).
In contrast, an age-dependent decrease in Ocln expression
was observed in the HP (Supporting information Tables S3,
S4 and Figure 4a, right column). Moreover, in the mPFC,
adult females had higher levels of Ocln mRNA than males,
regardless of the rearing conditions (p < 0.001) (Figure 4a,
left column). In the dSTR, both juvenile and adult females
showed higher expression of Ocln mRNA than males (Fig-
ure 4a, middle column). We found that MS affected Ocln
mRNA expression specifically in the dSTR and HP. Namely,
MS induced downregulation of Ocln mRNA levels in the
dSTR of adult rats (p = 0.002) (Figure 4a, middle col-
umn). In the HP, MS specifically upregulated the mRNA
expression of Ocln in MS juvenile females compared to
AFR females (two-way ANOVA, sex X rearing conditions:
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Effects of age, sex and MS on the mRNA expression of Agp4 in the mPFC (a), dSTR (b) and HP (c). The mRNA expression was

determined by RT-qPCR. The data are presented as the mean + SD and expressed as relative values of mRNA levels in arbitrary units. Circles
represent individual data points (n = 6). *p < 0.05: effect of PND, *p < 0.05: effect of sex, *p < 0.05: effect of MS (three-way ANOVA followed by
Bonferroni post-hoc test). Lines relate to the significance of the main effects in ANOVA and connector indicates a post-hoc comparison between the

specific groups. Abbreviations are explained in legends of Figure 2 and Supporting information Table S1.

F 50 =5.97, p=0.024; post-hoc: p = 0.004) (Figure 4a, right
column).

3.3 | Effects of age, sex, and MS on the
mRNA expression of the studied BBB
transporters

Glucose is the primary energy source of the brain; therefore,
GLUT-1 is the most abundant and crucial BBB-related
transporter (Bolz et al., 1996). GLUT-1 also plays an
essential role in postnatal CNS angiogenesis (Tang et al.,
2021). These facts prompted us to investigate devel-
opmental profile, sex-related differences and impact of
ELS on GLUT-1 gene expression, that is, Slc2al mRNA
levels.

We found that consistent with the results for the mRNA
expression of TJ proteins, Slc2al mRNA levels increased
with age in the mPFC and dSTR (Supporting information
Tables S3 and S4 and Figure 4b, left and middle column). An
age-dependent increase in the mRNA expression of Sic2al
was also observed in the HP (Supporting information Tables
S3 and S4, Figure 4b, right column). Moreover, adult females
showed higher mRNA levels of Slc2al than males in the
mPFC (p < 0.001) and dSTR (p < 0.001) (Figure 4b, left and
middle column). Sex differences in Sic2al expression pre-
sented similar direction trends in the HP; however, in juvenile
rats (p = 0.001) (Figure 4b, right column). We observed
that MS influenced the expression of Slc2al exclusively in
the dSTR. Namely, MS caused a downregulation of Slc2al
mRNA levels in adulthood (p = 0.048) (Figure 4b, middle
column).

Next, we focus on the assessment of Agp4 expression in
our experimental conditions. AQP4, as a major water channel
in the CNS, is responsible for maintaining water homeostasis
and considered another marker of BBB functioning (Nicchia
etal., 2004; Xu et al., 2019).

We found an age-dependent decrease in Agp4 mRNA
levels in all studied brain regions (Supporting information
Tables S3, S4 and Figure 5a—c). Moreover, sex and MS
affected Agp4 mRNA expression only in the dSTR (Fig-
ure 5b). Namely, Agp4 mRNA levels were lower in juvenile
females than in males (two-way ANOVA, the main effect of
sex: Fy,y = 74.42; p < 0.001), while in adults, the oppo-
site effect was observed (two-way ANOVA, the main effect
of sex: F 5o = 9.99; p = 0.005) (Figure 5b). Additionally, we
observed that MS upregulated Agp4 expression exclusively in
the dSTR of juvenile males (two-way ANOVA, sex X rearing
conditions: F 59 = 19.03; p < 0.001; post-hoc: p < 0.001)
but not in females (post-hoc: p = 0.100) (Figure 5b). To help
to capture and understand the main findings of the study, we
have presented a stripped-down summary of the sex- and MS-
induced effects on BBB permeability and mRNA expression
of proteins related to BBB functioning in Table 2 and Sup-
porting information Figure S1.

3.4 | Effects of age, sex, and MS on serum
S1004 and proinflammatory cytokine levels

S100p belongs to a family of calcium-binding proteins,
expressed and released mainly by astrocytes and oligoden-
drocytes in the brain (Thelin et al., 2017). Serum lev-
els of S100f inform about BBB integrity and function
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TABLE 2
mPFC
Parameter PND Females Males
BBB permeability 15 — —
70 — —
Cldn3 mRNA 15 —
70 ! —
Cldn5 mRNA 15 — —
70 — —
Ocln mRNA 15 — —
70 — —
Slc2al mRNA 15 — —
70 — —
Agp4 mRNA 15 — —
70 — —
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Stripped-down summary of MS-induced effects on BBB permeability and mRNA expression of proteins related to BBB functioning

dSTR HP

Females Males Females Males
— T — J—
— N i —
— N l —
1 — 1 1
1 1 1 1
— J— T —
U U — —
) ) — —
— T J— —

BBB permeability was determined by extravasation of NaF tracer in the brain. The mRNA expression was determined by RT-qPCR. 1 indicates an increase versus AFR

rats; | indicates a decrease versus AFR rats; and — indicates no difference. Abbreviations are explained in legends of Table 1 and Supporting information Table S1.

(R) S100B3 (B) IL-18 (C) TNFa
$ $ $

1600 1 # 100 1 30 -

- o . CIAFR
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g i
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Female Male Female Male
PND 15 PND 70

Female Male Female Male
PND 15

Female Male Female Male

PND 70 PND 15 PND 70

FIGURE 6 Effects of age, sex and MS on serum levels of S1004 (a), IL-14 (b) and TNF-a (c). The data indicate serum concentrations of
studied proteins (in pg/mL) measured by ELISA and are presented as the mean + SD. Circles represent individual data points (n = 6). *p < 0.05:
effect of PND, #p < 0.05: effect of MS (three-way ANOVA followed by Bonferroni post-hoc test). Lines relate to the significance of the main effects
in ANOVA and connector indicates a post-hoc comparison between the specific groups. Abbreviations are explained in legend of Figure 2.

(Kanner et al., 2003). On the other hand, it is well known
that increased peripheral inflammation may contribute to
BBB leakage (Huang et al., 2021; Welcome & Mas-
torakis, 2020). Thus, both serum S1004 and proinflamma-
tory cytokines can be considered peripheral markers of BBB
dysfunction and we decided to measure their levels in our
study.

We found that developmental sealing of the BBB observed
in our study was accompanied by an age-dependent decrease
in serum S100p levels (Supporting information Tables S5 and
S6, Figure 6a). Additionally, MS reduced serum S1004 levels
in juvenile males and females (two-way ANOVA, the main
effects of the rearing conditions: F,, = 8.52, p = 0.009)

(Figure 6a). A similar pattern of MS influence remained until
adulthood but was limited only to females (two-way ANOVA,
sex X rearing conditions: F} 5o = 5.55, p = 0.029; post-hoc:
p = 0.048) (Figure 6a) and, thus, was not observed in males
(post-hoc: p = 0.100) (Figure 6a).

Next, we focused on the measurements of serum levels of
proinflammatory cytokines’ representatives such as IL-14 and
TNF-a. However, we found that only age influenced the con-
centrations of these proinflammatory cytokines (Supporting
information Tables S5, S6 and Figure 6b,c). Specifically, an
age-dependent increase in IL-1 and TNF-a serum levels was
observed in both AFR and MS rats (Supporting information
Tables S5, S6 and Figure 6b,c).
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4 | DISCUSSION

The most noticeable findings of the present study are the
developmental sealing of the BBB and pronounced sex differ-
ences in the permeability of the BBB and mRNA expression
of TJ proteins and Slc2al. Specifically, the BBB of females
was less permeable than that of males, especially in adult
rats. Lower BBB permeability was accompanied by higher
levels of Cldn3, Cldn5, Ocln, and Slc2al in the mPFC and
dSTR of adult females. Interestingly, the HP showed slightly
distinct patterns in the expression of key factors associated
with BBB homeostasis. The present study also revealed that
MS temporarily increased BBB permeability in the dSTR of
juvenile males and affected mRNA expression of the major-
ity of studied proteins related to BBB function. However, the
MS-induced effects proved to be inconsistent regarding the
change direction, brain regions, and developmental time. The
most distinctive but controversial trend among MS-induced
changes was observed in the dSTR of adults, in which Ocln
and Slc2al were downregulated and Cldn5 was upregulated.
However, in the HP, MS permanently increased the mRNA
levels of Cldn5.

4.1 | Age-, sex- and region-dependent
differences in BBB permeability and structure

Data from the literature indicate that the BBB is mature
between postnatal weeks 3 and 4 (Butt et al., 1990; Caley &
Maxwell, 1970; Krause et al., 2002) and more permeable in
immature animals than in adult animals (Abbott et al., 2010;
Lossinsky et al., 1986; Utsumi et al., 2000; Xu & Ling, 1994).
The available data on age-related structural changes of the
BBB are inconclusive (Ek et al., 2006), although most stud-
ies have shown progressive changes in BBB structure during
development (Abbott et al., 2010; Bolz et al., 1996; Hirase
et al., 1997; Stewart & Hayakawa, 1987). According to previ-
ous studies and our findings, the expression of GLUT-1 and
OCLD increases from the second postnatal week to the adult
level (Hirase et al., 1997; Krause et al., 2002; Vannucci, 1994),
which correlates with sealing of the BBB during postnatal
development (Butt et al., 1990; Hirase et al., 1997; Utsumi
et al., 2000). In the present study, the expression of the major-
ity of the studied TJ proteins and Slc2al clearly increased with
age along with a concomitant reduction in the extravasation
of the NaF tracer. To the best of our knowledge, our study is
the first to analyze the age-dependent mRNA expression of
a broad range of proteins related to BBB integrity and func-
tion together with a concurrent assessment of BBB permeabil-
ity in different brain regions and in both sexes, which greatly
expands the available literature data. Additionally, we showed
an age-dependent decrease in serum levels of S1004, which is
a peripheral marker of BBB function (Kanner et al., 2003).

S100p is expressed mainly by astrocytes and oligoden-
drocytes within the brain (Thelin et al., 2017). It is present
both intracellularly and extracellularly. Extracellular levels of
S100p increase and are released to the periphery during severe
brain pathology, for example, traumatic brain injury (The-
lin et al., 2017), and in depressed and schizophrenic patients
(Aleksovska et al., 2014; Arora et al., 2019; Gulen et al.,
2016). Consistent with our results, clinical data also show a
negative correlation between age and serum S100/ concentra-
tions and indicate sealing of the BBB during postnatal devel-
opment (Gazzolo et al., 2003; Thelin et al., 2017).

Our study also showed an age-dependent increase in the
serum levels of IL-1§ and TNF-a, which are representa-
tives of proinflammatory cytokines. This may reflect devel-
opmental maturation of the immune system. It is well known
that early-postnatal immune cells in rodents and humans are
relatively immature and show impaired innate and adaptive
immune response to different stimuli, for example, lower lev-
els of proinflammatory cytokines when compared to adults
(Bogaert et al., 2009; Danese & Lewis, 2017).

Sexual dimorphism is still an open question in research
on BBB structure and function (reviewed in Profaci et al.,
2020). Sex differences in regional brain functions, glucose
utilization, and blood flow have been observed and suggest
that sex may also determine the integrity and function of
the BBB (reviewed in Oztas, 1998). Our study showed that
young adult females (PND 70) generally had a less permeable
BBB than males, and it was accompanied by higher mRNA
levels of TJ proteins and Slc2al (mainly in the mPFC and
dSTR). Our results are in line with recent data in humans in
which females were shown to have lower blood—cerebrospinal
fluid barrier permeability than males (Castellazzi et al., 2020;
Parrado-Fernandez et al., 2018). Available data indicate that
sex steroid hormones may play an important role in these
differences (reviewed in Krause et al., 2006). First, estrogen
receptors are expressed in vascular ECs (Zuloaga et al., 2012).
Additionally, promoter regions of genes encoding TJ pro-
teins contain estrogen response elements (Greene et al., 2019).
Moreover, an impairment in BBB function has been observed
in ovariectomized and reproductively senescent female rats
and has been reversed by 17p-estradiol treatment (Bake &
Sohrabji, 2004; Kang et al., 2006; Saija et al., 1990; Shi &
Simpkins, 1997; Shi et al., 1997). Nevertheless, our study
showed that sex-related differences also occurred in juve-
niles in certain cases. Thus, sex-dependent differences in
BBB function may develop before puberty during the peri-
natal phase of sexual differentiation of the brain (Czech et al.,
2012; Ngun et al., 2011). Sexual dimorphism in BBB func-
tion may contribute to the differences in the efficacy of the
transport of many substances through the BBB including glu-
cose and drugs penetrating the CNS (Dudek et al., 2021). Sex
differences in BBB integrity may also determine the specific
influx of pathogens and cytotoxic agents into the brain and the
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neuroinflammatory response. All these factors may underlie
well-known sex-related differences in the prevalence of spe-
cific mental or neurodegenerative disorders and affect their
treatment (Dudek et al., 2021).

Another important question is whether the BBB presents
regional heterogeneity and what underlies such heterogene-
ity (Profaci et al., 2020; Wilhelm et al., 2016). Recent data
on humans and mice males indicate that the HP may have
increased BBB permeability relative to the cortex and STR
and show that it also presents the highest variability of quan-
titative data (Ivanidze et al., 2019; Weidman et al., 2016).
Interestingly, we observed a higher BBB permeability in the
HP than in the mPFC in the case of females, both juvenile
and adult, but not for males. We also showed that a pattern
of developmental changes in Cldn3 and Ocln mRNA expres-
sion in the HP differed from that in the mPFC and dSTR.
We can only speculate about potential reasons for such dif-
ferences. It is worth mentioning that the HP itself shows
anatomical and functional heterogeneity, with specific sub-
regions of the HP differing in the density of microvessels
(Cavaglia et al., 2001; Zhang et al., 2019). For example,
the CA1 region has a low capillary density compared to the
CA3 region (Cavaglia et al., 2001). In our study, we assessed
the HP as a whole, which might have strongly determined
the outcome of the mRNA analysis and variability of the
data.

4.2 | Effect of ELS on BBB permeability and
integrity

Although our study revealed that MS did not cause con-
sistent or substantial changes in the parameters related to
BBB function, we observed specific age-, region- and sex-
dependent effects. The dSTR and HP were the brain regions
most affected by MS in our study. The impact of MS on BBB
permeability was limited to the dSTR of juvenile males. MS
induced increases in BBB permeability disrupted the general
sex differences observed in juveniles. In adults, MS did not
significantly affect BBB permeability in the dSTR per se;
however, MS rats did not show sex-related differences typi-
cal of dSTR.

Acute and chronic exposure to psychophysiological stres-
sors has been shown to increase BBB permeability (Gomez-
Gonzalez & Escobar, 2009; Hanin, 1996; Santha et al., 2015;
Sharma, 2004; Welcome & Mastorakis, 2020). To the best
of our knowledge, only one prior report has shown changes
in BBB permeability induced by ELS (Gomez-Gonzalez &
Escobar, 2009). The authors demonstrated that prenatal stress
and MS increase BBB permeability in the neocortex, HP,
and basal ganglia in juvenile rats and that this effect does
not persist until adolescence. However, the authors of this
study pooled data for male and female subjects together, thus,
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excluding the possibility of sex differences (Gomez-Gonzalez
& Escobar, 2009).

Although the MS induced increase in BBB permeability
in the dSTR was temporal, it was revealed during a critical
period of postnatal brain development and may have poten-
tial detrimental consequences for juveniles and adolescents.
Unexpectedly, the increased BBB permeability observed in
the dSTR of MS juvenile males was not accompanied by
any change in the mRNA expression of TJ proteins. How-
ever, MS enhanced Agp4 expression in the dSTR of juvenile
males. AQP4, which is expressed in astrocytes and accumu-
lates specifically in astrocyte end feet, is responsible for main-
taining water homeostasis, especially during the second week
of postnatal development (Wen et al., 1999). AQP4 is one
of the key players in vasogenic edema formation and reso-
Iution (Fukuda & Badaut, 2012). Edema is accompanied by
enhanced AQP4 levels and is frequently associated with BBB
disruption (Fukuda & Badaut, 2012; Tomas-Camardiel et al.,
2005). Therefore, a change in AQP4 expression is often con-
sidered a marker of BBB function (Xu et al., 2019). Consis-
tent with our data, chronic restraint stress has been shown to
induce hyperpermeability of the BBB in the amygdala, which
is accompanied by an increase in AQP4 protein expression
(Xu et al., 2019).

It is worth emphasizing that the NaF used in our study
to determine BBB permeability is a very small molecule
(376 Da) and detectable at very low concentrations (Sun et al.,
2021). Therefore, the method applied in the present study is
very sensitive and detects slight BBB breakdown. We argue
that MS caused a small-scale change in BBB permeability in
juvenile males that applied only to small molecules. Thus, it is
not surprising that we did not observe MS induced increases
in serum levels of S1004, which is another marker of BBB
integrity, with a molecular weight of approximately 10 kDa.
Instead, we revealed a reduction in serum S100/ levels in MS
juveniles that persisted to adulthood in females. It is worth
emphasizing that S100f is also a marker of glial function,
and levels of this glial protein in serum below control lev-
els may indicate glial pathology within the BBB or gener-
ally in the brain (Michetti et al., 2019). A reduction in the
number of glial cells or their specific markers has been fre-
quently observed in animal models of chronic stress (includ-
ing ELS) and in patients with affective disorders (Czeh et al.,
2013; Rajkowska & Stockmeier, 2013). We have previously
shown that MS decreased the number of S100# immunore-
active cells in the midbrain of juvenile rats (Chocyk et al.,
2011). Moreover, studies have identified several extracerebral
sources of S1004 protein, for example, adipocytes; however,
S100p released from these sources has a faster clearance than
that released from the brain (Michetti et al., 2019; Thelin et al.,
2017). Nevertheless, we cannot completely exclude the con-
tribution of S1004 from extracerebral sources to the S100/4
level measured in our study.
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It is generally accepted that peripheral inflammation may
contribute to BBB disruption (Huang et al., 2021; Welcome
& Mastorakis, 2020). Our study revealed that the serum lev-
els of proinflammatory cytokines were not influenced by
MS. Thus, our MS procedure did not induce visible signs of
inflammatory response in either juvenile or adult rats. The
majority of data from the literature show that repeated MS
does not affect the serum concentrations of proinflamma-
tory cytokines, especially in basal conditions (for review, see
Dutcher et al., 2020). This may result from a relative immatu-
rity of the immune system during the MS procedure (Bogaert
etal.,2009; Ortegaetal.,2011). The lack of peripheral inflam-
mation in MS rats is consistent with the small-scale changes or
lack of changes in BBB permeability observed in the present
study.

Available data have shown that chronic stress downregu-
lates the expression of TJ proteins and alters GLUT-1 lev-
els in different brain regions of adult animals (Welcome
& Mastorakis, 2020). Consistent with these data, we found
MS induced decreases in the mRNA expression of Ocln and
Slc2al in the dSTR of adult males and females and an endur-
ing reduction in Cldn3 mRNA levels in the HP and mPFC of
females. Interestingly, in the dSTR and HP, these effects were
accompanied by a persistent upregulation of Cldn5 mRNA
expression. CLDNS is considered a major TJ protein, and it
is functionally active at early developmental stages (Abbott
et al., 2010; Haseloff et al., 2015) and controls paracellular
permeation of molecules lower than 800 Da (Haseloff et al.,
2015) such as NaF (376 Da) used in our study. We argue
that persistent upregulation of Cldn5 mRNA expression may
generally protect MS rats from significant BBB dysfunction.
Notably, for the only case in which MS induced increases in
BBB permeability, such as in the dSTR of juvenile males, we
did not observe upregulation of Cldn5.

Recent reports proposed that vascular remodeling in the
brain may determine vulnerability or resilience to stress and
depression (Menard et al., 2017; Pearson-Leary et al., 2017).
In this respect, changes in the expression of CLDNS are
especially interesting. It has been shown that, like in our
study, chronic stress in the form of prolonged social isola-
tion increased Cldn5 levels in the HP of adult rats (Alsham-
mari et al., 2020). On the other hand, a reduction in CLDN5
has been observed in the nucleus accumbens of depressed
patients (Dudek et al., 2020). Moreover, conditional knock-
down of Cldn5 is sufficient to produce depressive-like behav-
ior (Menard et al., 2017). In a model of chronic social
defeat stress, which is a mouse model of depression, it
has been demonstrated that only stress-susceptible but not
stress-resilient mice showed increased BBB permeability and
reduced expression of Cldn5 (Menard et al., 2017). Moreover,
permissive epigenetic regulation of Cldn5 expression and low
endothelial expression of the repressive Cldn5-related tran-
scription factor foxol are associated with stress resilience

(Dudek et al., 2020). However, these studies were solely
focused on the nucleus accumbens.

We can only speculate that MS-induced changes in mRNA
expression of TJ proteins, especially Cldn5, could be a mani-
festation of adaptive changes and compensatory mechanisms
within the BBB that may lead to resilience of an unknown
kind. Although in the present study, we did not correlate
the data with the behavioral phenotype of the animals, we
have previously shown that our MS adult rats did not dis-
play depressive-like behaviors (Chocyk et al., 2015; Solarz
et al., 2021). However, our ELS model affects anxiety-like
behaviors (Chocyk et al., 2015; Solarz et al., 2021), impairs
fear memory (Chocyk et al., 2014), and enhances the locomo-
tor response to cocaine injection in adult rats (Chocyk et al.,
2011). Thus, we observe many but not all typical behavioral
characteristics of ELS models.

Taken together, the results of the present study indicate that
our ELS procedure did not produce a clear or strong negative
effect on BBB integrity. Rather, signs of adaptation and/or
resilience were observed in the MS rats. However, we can-
not exclude the possibility that the ELS-induced impact on
the expression of key regulators of BBB function may result
in maladaptation of the BBB specifically in response to other
environmental factors. Animal studies clearly show that ELS
increases susceptibility to age-related cognitive decline and
neurodegenerative disorders, such as AD and PD, or exacer-
bates the effects of brain injury (Andersen & Teicher, 2004;
Barlow et al., 2007; Catale et al., 2021; Lajud et al., 2021;
Llorente et al., 2009; Martisova et al., 2013). Further studies
are needed to verify this interesting hypothesis.

In conclusion, we observed developmental sealing of the
BBB and a less permeable BBB in females than in males. Our
study revealed small-scale effects of MS on BBB permeabil-
ity and mRNA expression of proteins related to BBB function.
Although MS-induced effects may seem inconsistent, they
could reflect adaptive/maladaptive changes within the BBB.
These changes may precondition individuals who have expe-
rienced ELS and enhance their susceptibility or resilience to
psychiatric and/or neurodegenerative disorders later in life.
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FIGURE S1. Schematic summary of sex differences in BBB permeability and mRNA expression of proteins
related to the BBB structure and function in adult control rats. BBB permeability was determined by extravasation
of NaF tracer in the brain. The mRNA expression was determined by RT-qPCR. The values of AFR females are
expressed as a percentage of the values of AFR males. Abbreviations are explained in legends of Figure 2 and

Supporting information Table S1.



Table S1. List of TagMan® Gene Expression Assays used in the study

Gene product Gene name Assay ID

Claudin 3 Cldn 3 Rn00581751_s1
Claudin 5 Cldn5 Rn01753146_s1
Occludin Ocln Rn00580064_m1
Solute Carrier Family 2 Member 1 (GLUT-1) Slc2al Rn01417099 m1
Aquaporin 4 Aqp4 Rn01401327_s1
Glyceraldehyde-3-Phosphate Dehydrogenase Gapdh Rn01775763_g1




Table S2. Results of a three-way ANOVA investigating the effects age, sex and rearing
conditions (RC) and their interactions on the content of extravasated NaF in the mPFC, dSTR
and HP

Brain region
Source of variation mPFC dSTR HP
F156 p F156 p F1.56 p

PND 775.72  <0.001 823.19 <0.001 346.76  <0.001
SEX 7.36 0.009 0.03 0.855 0.00 0.995
RC 0.34 0.561 157 0.216 0.80 0.376
PNDXSEX 1.42 0.239 8.33  0.006 1.06 0.308
PNDxRC 0.84 0.362 3.47 0.068 1.54 0.220
SEXxRC 0.10 0.750 23.69 <0.001 3.51 0.066
PNDXSEXxRC 2.30 0.134 27.39 <0.001 4.51 0.038

Statistically significant effects are given in bold. Abbreviations are explained in legend of
Figure 2.



Table S3. Effects of age, sex and rearing conditions on BBB permeability and mRNA

expression of proteins related to BBB integrity and function in the mPFC, dSTR and HP —

numerical data

mPFC dSTR HP
Parameter PND RC
Females Males Females Males Females Males

BBB 15 AFR 3.413+0.628 3.701+0.545 4.135+0.422 3.267+0.464 4.325+0.430 3.429+1.246
permea- MS 3.445+0.628 3.989+0.741 3.381+0.438 4.797+1.074 3.992+0.667 4.523+1.770

bility
70 AFR 0507+0.076 0.865+0.139 0.499+0.027 0.747+0.128 0.659+0.069 0.889 + 0.247
MS 0.667+0.118 0.633+0.149 0.588+0.056 0.639+0.058 0.640+0.082 0.767+0.114
Cldn3 15 AFR 0.015+0.012 0.008+0.002 0.013+0.005 0.009+0.010 4.460+1.669 2.013+0.576
MRNA MS 0.014+0.006 0.014+0.007 0.030+0.020 0.013+0.005 1.953+0.867 1.437 +£0.255
70 AFR 0.311+0.078 0.053+0.017 0.110+0.035 0.061+0.025 0.595+0.158 0.322 + 0.056
MS 0.200+0.052 0.035+0.010 0.101+0.039 0.054+0.009 0.423+0.065 0.317 £0.041
Cldn5 15 AFR 0.007 £0.006 0.014+0.006 0.057+0.021 0.117+0.064 0.130+0.039 0.115+0.050
mMRNA MS 0.021+0.010 0.018+0.006 0.149+0.055 0.069+0.059 0.147+0.066 0.185+0.029
70 AFR 3.867+1.376 3.237+0.907 2.270+0.492 2.097+0.132 0.079+0.023 0.104 +0.021
MS 4.348+0.528 3.238+0.662 3.477+0517 2.609+0.472 0.081+0.024 0.139+0.028
Ocln 15 AFR 0.185+0.042 0.139+0.046 0.042+0.007 0.029+0.008 0.229+0.083 0.240 +0.037
MRNA MS 0.210+0.044 0.240+0.040 0.044+0.021 0.024+0.005 0.366+0.075 0.260 + 0.036
70 AFR 2004+0.376 1.071+0.135 0.114+0.008 0.091+0.009 0.168+0.022 0.149 +0.015
MS 1946+0.369 1.095+0.216 0.099+0.010 0.073+0.005 0.151+0.021 0.152 +£0.012
Slc2al 15 AFR 0.028+0.002 0.020+0.002 0.052+0.003 0.038+0.006 0.093+0.038 0.062 +0.013
mMRNA MS 0.031+£0.005 0.021+0.001 0.051+0.007 0.045+0.005 0.110+0.034 0.078+0.013
70 AFR 0.288+0.052 0.105+0.014 0.103+0.009 0.086+0.012 0.135+0.016 0.143 +0.008
MS 0.307+0.062 0.140+0.024 0.096+0.008 0.066+0.003 0.142+0.029 0.131+0.011
Aqp4 15 AFR 0.120+0.010 0.121+0.005 0.207+0.082 0.342+0.082 0.333+0.026 0.348 +0.024
MRNA MS 0.124+0.010 0.114+0.007 0.200+0.023 0.612+0.129 0.337+0.027 0.332+0.022
70 AFR 0.088+0.014 0.082+0.005 0.173+0.019 0.145+0.015 0.169+0.009 0.195+ 0.004
MS 0.091+0.008 0.068+0.010 0.166+0.019 0.141+0.011 0.163+0.015 0.175+0.020

The data are presented as the mean = SD (n =6-8). The values concerning BBB permeability
indicate the accumulation of NaF in the brain (in png per g of wet tissue). The mRNA expression
data were determined by RT-gPCR and presented as relative values of MRNA levels in arbitrary
units. Statistically significant differences in MS (vs AFR) rats are given in bold (three-way
ANOVA followed by Bonferroni post hoc test, for detailed description of statistical differences,
see legends of Figure 2-5). Abbreviations are explained in legends of Figure 2 and Table S1

and S2.



Table S4. Three-way ANOVA results for the effects of age, sex and rearing conditions and their

interactions on MRNA expression of BBB integrity regulators in the mPFC, dSTR and HP

Source of Brain region
Gene
variation mPFC dSTR HP
F1.40 p F1.40 p F1.40 p
Cldn3  PND 192.07 <0.001 104.53 <0.001 101.77 <0.001
SEX 118.58 <0.001 21.06 <0.001 16.87 <0.001
RC 9.71 0.003 0.02 0.880 16.06 <0.001
PNDXSEX 110.87 <0.001 8.70 0.005 10.10 0.003
PNDxRC 11.43 0.002 2.08 0.157 12.77 0.001
SEXXRC 6.54 0.014 0.18 0.670 6.66 0.014
PNDXSEXXRC 4.80 0.034 0.34 0.559 4.70 0.036
Cldn5 PND 374.06 <0.001 835.81 <0.001 295.12 <0.001
SEX 5.28 0.027 0.07 0.797 17.97 <0.001
RC 0.44 0.513 0.01 0.920 5.07 0.030
PNDXSEX 5.31 0.026 0.03 0.872 16.02 <0.001
PNDxRC 0.38 0.543 0.10 0.750 1.95 0.170
SEXXRC 0.42 0.519 19.01 <0.001 3.71 0.061
PNDXSEXXRC 0.39 0.538 13.54 0.001 1.94 0.171
Ocln PND 480.43 <0.001 399.05 <0.001 88.76 <0.001
SEX 52.77 <0.001 47.85 <0.001 8.06 0.007
RC 0.03 0.863 9.19 0.004 5.03 0.030
PNDXSEX 56.79  <0.001 2.20 0.163 2.30 0.137
PNDxRC 0.21 0.647 6.37 0.016 11.69 0.001
SEXXRC 0.17 0.686 0.85 0.363 0.38 0.059
PNDXSEXXRC 0.07 0.792 0.12 0.735 7.43 0.009
Slc2zal PND 44441  <0.001 1967.78 <0.001 223.45 <0.001
SEX 110.32  <0.001 47.56 <0.001 8.42 0.006
RC 2.72 0.107 10.93 0.002 2.20 0.146
PNDXSEX 90.08 <0.001 37.23 <0.001 7.81 0.008
PNDxRC 2.03 0.162 1241 0.001 2.25 0.141
SEXXRC 0.18 0.671 5.23 0.028 0.00 0.959
PNDXSEXXRC 0.26 0.616 3.10 0.086 0.01 0.917
Agp4 PND 127.99  <0.001 125.54 <0.001 2186.29 <0.001
SEX 8.62 0.005 56.60 <0.001 0.75 0.393
RC 0.94 0.339 14.75 <0.001 1.07 0.306
PNDXSEX 2.47 0.124 83.71 <0.001 3.44 0.071
PNDxRC 0.36 0.554 17.46 <0.001 0.01 0.928
SEXXRC 4.38 0.043 18.22 <0.001 2.72 0.107
PNDXSEXXRC 0.14 0.708 17.33 <0.001 0.03 0.873

The mRNA expression was determined by RT-gPCR. Statistically significant effects are given
in bold. Abbreviations are explained in legends of Table 1 and Table S1 and S2.



Table S5. Effects of age, sex and rearing conditions on circulating S100B and proinflammatory

cytokines levels — numerical data

Serum levels

PND RC S1008 IL-1B TNFa

Females Males Females Males Females Males

15 AFR 702.21+53.25 928.46+316.62 47.28+4.16 4214+3.06 1348+1.11 14.06+1.36
MS 604.08 +63.60 612.10+117.77 4756+2.76 4325+4.05 1289+056 14.37+1.93
70 AFR 601.00+132.43 37535+71.13 61.86=+14.14 6297+572 2057+0.66 21.17+0.53

MS 42856 +108.16 398.15+82.12 63.81+7.45 6450+6.47 21.40+090 20.60+0.36

The data indicate serum concentrations of studied proteins (in pg/ml) measured by ELISA (the
mean + SD, n = 6). Statistically significant differences in MS (vs AFR) rats are given in bold
(three-way ANOVA followed by Bonferroni post hoc test, for detailed description of statistical
differences, see legend of Figure 6). Abbreviations are explained in legends of Figure 2 and
Table S2.
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ABSTRACT

Early-life stress (ELS) may affect brain maturation and neuroimmune interactions and, consequently, the in-
flammatory response to subsequent environmental factors later in life. Recently, the coexistence of blood-brain
barrier (BBB) dysfunction and inflammation has been implicated in the etiology and progression of mental and/
or neurodegenerative diseases. There are sex differences in the prevalence and outcomes of these disorders. The
number of studies reporting the effects of ELS and sex on BBB functioning and neuroinflammatory processes in
response to immune challenge is very limited, and the data are inconsistent. In the present study, we examined
whether ELS, based on the maternal separation (MS) paradigm in rats, can condition male and female subjects to
subsequent lipopolysaccharide (LPS)-induced immune challenge in juvenility or adulthood. Twenty-four hours
after acute LPS injection, serum proinflammatory cytokines were measured, and BBB permeability in the medial
prefrontal cortex (mPFC) and hippocampus (HP) was evaluated. Additionally, the mRNA expression of neuro-
inflammatory markers and BBB-related genes was also studied. We found that a single LPS challenge induced a
proinflammatory response both in the periphery and in the mPFC and HP and increased BBB permeability in a
sex-dependent fashion. Moreover, MS enhanced the neuroinflammatory response to LPS challenge in males
(especially juveniles), whereas MS females showed no difference or a blunted central response to LPS compared
with control females, mainly during adulthood. These results suggest that ELS may precondition individuals to
subsequent environmental factors later in life in a sex-specific manner and potentially determine their suscep-
tibility or resilience to mental and/or neurodegenerative diseases.

1. Introduction

2013; Saavedra et al., 2017; Brenhouse et al., 2019; Brydges and
Reddaway, 2020; Catale et al., 2020; Gildawie et al., 2020; Lumertz

Brain development is an incomplete process at birth but continues
postnatally into early adulthood or even later in life (Danese and Lewis,
2017). In parallel, the immune system matures, and neuroimmune in-
teractions are established, determining brain function and behavior
throughout the lifespan (Danese and Lewis, 2017; Brenhouse et al.,
2019; Dutcher et al., 2020). Research shows that exposure to early-life
stress (ELS) may affect the trajectories of brain maturation and thus
neuroimmune interactions and, consequently, the inflammatory
response to subsequent environmental factors later in life (Avitsur et al.,

et al., 2022). It is well known that alterations in the immune response in
the periphery and within the brain are involved in the pathogenesis and
progression of depression, schizophrenia, Alzheimer’s disease (AD) and
Parkinson’s disease (PD) (Stolp and Dziegielewska, 2009; Erickson and
Banks, 2013; Brenhouse et al., 2019; Dutcher et al., 2020; Dudek et al.,
2021). Therefore, it is believed that early-life programming of the stress/
immune axis may be a potential source of later susceptibility to mental
and neurodegenerative disorders with immune components (Hoeij-
makers et al., 2017; Brenhouse et al., 2019; Dutcher et al., 2020). Animal

Abbreviations: AD, Alzheimer’s disease; AFR, animal facility rearing; AIF-1, allograft inflammatory factor 1; BBB, blood-brain barrier; CLD5, claudin 5; CORT,
corticosterone; ELS, early-life stress; HP, hippocampus; ICAM-1, intercellular adhesion molecule 1; IL-1p, interleukin 1p; ITGAM, integrin alpha M; LPS, lipopoly-
saccharide; mPFC, medial prefrontal cortex; MS, maternal separation; NaF, sodium fluorescein; OCLN, occludin; PD, Parkinson’s disease; PND, postnatal day; RC,
rearing conditions; TJ, tight junctions; TLR4, toll-like receptor 4; TNF-a, tumor necrosis factor a; VEH, vehicle.
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studies have shown that ELS may affect anxiety- and depressive-like
behaviors (Chocyk et al., 2010; Chocyk et al., 2013; Chocyk et al.,
2015; Loi et al., 2017; Majcher-Maslanka et al., 2019) and impair the
function of the medial prefrontal cortex (mPFC) and hippocampus (HP),
which are brain regions highly implicated in the pathophysiology of
mental and neurodegenerative disorders (Andersen and Teicher, 2004;
Baudin et al., 2012; Chocyk et al., 2013; Majcher-Maslanka et al., 2019;
Brydges and Reddaway, 2020). Moreover, many studies have also
demonstrated that ELS exacerbates symptoms in animal models of PD
and AD and intensifies age-related cognitive impairments (Baudin et al.,
2012; Hoeijmakers et al., 2017; Loi et al., 2017).

Dysfunctions at the blood-brain barrier (BBB) level are equally
relevant causes of neuropathology emergence in immature and aging
brains (Ballabh et al., 2004; Stolp and Dziegielewska, 2009; Erickson
and Banks, 2013). Currently, the coexistence of BBB disturbances and
inflammation appears to play an important role in the etiology, devel-
opment and progression of neurodegenerative diseases. Although stress,
including ELS, is a well-known risk factor for mental and neurodegen-
erative diseases (Baudin et al., 2012; Loria et al., 2014; Danese and
Lewis, 2017), a limited number of studies have linked stress and BBB
dysfunction as a combined cause of neuropathology (Santha et al., 2015;
Menard et al., 2017; Disdier and Stonestreet, 2019; Xu et al., 2019;
Dudek et al., 2020; Solarz et al., 2021a; Dion-Albert et al., 2022).

In rodents, the BBB continues to mature after birth and gradually
seals, reaching adult functional levels in the juvenile period (3-4 post-
natal weeks) (Caley and Maxwell, 1970; Krause et al., 2002). There is a
close association between simultaneous development of the BBB and
brain (Caley and Maxwell, 1970; Krause et al., 2002; Solarz et al.,
2021a). Sparse research, including our recent study, showed that ELS in
rodents may affect BBB function, resulting in both adaptive and mal-
adaptive changes within the BBB, depending on sex, age and brain re-
gion, which may potentially program the response of the BBB to
subsequent environmental factors, e.g., an immune challenge (Gomez-
Gonzalez and Escobar, 2009; Solarz et al., 2021a).

In animal research, Gram-negative bacterial lipopolysaccharide
(LPS) injection is commonly used to mimic the infection state and model
systemic inflammation with concomitant BBB disruption (Singh and
Jiang, 2004; Erickson and Banks, 2011; Ortega et al., 2011; Varatharaj
and Galea, 2017). A limited number of animal studies have shown that
ELS alters proinflammatory cytokines levels in both plasma and cerebral
tissue (Avitsur et al., 2013; Saavedra et al., 2017; Catale et al., 2020;
Nicolas et al., 2022) and affects the morphology, function and reactivity
of neuroimmune cells, such as microglia and astrocytes, in response to
subsequent LPS administration later in life (Saavedra et al., 2017; Catale
et al., 2020; Gildawie et al., 2020; Nicolas et al., 2022). However, the
results of these studies are quite inconsistent and do not relate to BBB
functioning in response to immune challenge.

All of these facts prompted us to conduct a broad-scale study to
investigate whether ELS would condition peripheral and brain inflam-
matory responses and BBB functioning to subsequent LPS challenge later
in life. To model ELS, we applied the repeated three-hour maternal
separation procedure (MS) in rats during the first two weeks of life. MS
procedure is a popular and widely used model of ELS and human psy-
chopathology with a high construct validity (Vetulani, 2013; Italia et al.,
2020). Although, the specific variant of MS applied in the present study
and in our previous studies can be considered as moderate stressor, it
significantly affects mother—pup interactions (Chocyk et al., 2013) and
in consequence brain maturation and animal behavior (Chocyk et al.,
2010; Chocyk et al., 2013; Chocyk et al., 2015; Loi et al., 2017; Majcher-
Maslanka et al., 2019). This time, we applied MS and subsequent acute
LPS challenge in juvenile and adult rats and, 24 h later, measured the
serum levels of corticosterone (CORT) and proinflammatory cytokines, i.
e., interleukin 18 (IL-1f) and tumor necrosis factor o (TNF-a), and
investigated the mRNA expression of a wide range of neuro-
inflammatory markers, i.e., IL-1p, TNF-q, intercellular adhesion mole-
cule 1 (ICAM-1), microglial/macrophage markers and LPS recognizing
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toll-like receptor 4 (TLR4) in the mPFC and HP of both females and
males. Moreover, BBB permeability and the expression of genes encod-
ing tight junction (TJ) proteins contributing to the structural mainte-
nance of the BBB, such as claudin 5 (CLD5) and occludin (OCLN), were
also evaluated in the mPFC and HP in our ELS-LPS model.

2. Materials and methods
2.1. Animals

All experimental procedures were approved by the Committee for
Laboratory Animal Welfare and the Ethics Committee of the Maj Insti-
tute of Pharmacology, Polish Academy of Sciences, Krakow, and met the
requirements of the Directive 2010/63/EU of the European Parliament
and of the Council of September 22, 2010 on the protection of animals
used for scientific purposes. All efforts were made to minimize animal
suffering.

Adult male and female Wistar rats were purchased from Charles
River Laboratories (Sulzfeld, Germany). All animals were housed under
controlled conditions with an artificial 12-h light/dark cycle (lights on
from 07:00 to 19:00), 55 + 10 % humidity, and a temperature of 22 +
2 °C. Food and tap water were freely available. The rats were mated at
the Maj Institute of Pharmacology, PAS, Krakow Animal Facility. The
offspring of primiparous dams were used in this study. Before delivery,
the dams were housed individually in standard plastic cages (type III H,
38 x 24 x 19 cm). The day of birth was designated as postnatal (PND) 0.
On PND 1, the litter size was standardized to eight pups per litter (four
males and four females), and the litters were randomly assigned to one
of the following rearing conditions (RC): MS or animal facility rearing
(AFR), that is, control conditions.

2.2. Maternal separation

The MS procedure was performed as previously described by Solarz
et al. (2021a), Majcher-Maslanka et al. (2019) and Chocyk et al. (2010),
Chocyk et al. (2013), Chocyk et al. (2015). Briefly, on PNDs 1-14, the
dams and pups were removed from the maternity cages for 3 h
(09:00-12:00) per day. The mothers were placed individually in holding
cages (type III, 38 x 24 x 19 cm), while each litter was placed in a
plastic container (22 x 16 x 10 cm) lined with fresh bedding material,
and the containers were moved to an adjacent room and placed in an
incubator that was set at a constant temperature of 34 °C, imitating the
nest temperature. After separation, the pups and dams were returned to
maternity cages. The AFR animals were left undisturbed with their
mothers except during weekly cage cleaning, thus reflecting a minimal
amount of handling. The pups were not cross-fostered. The impact of the
MS procedure on specific maternal and pup behaviors was previously
described in detail by our group (Chocyk et al., 2013). On PND 21, some
of the animals were randomly assigned to experimental groups evalu-
ated on PND 22 (in juvenility). The rest of the animals were weaned and
sexed on PND 22 and randomly assigned to specific experimental groups
evaluated in adulthood (PND 70). These rats were housed under
controlled conditions (as described above) in standard plastic cages
(type IV, 57 x 33 x 20 cm) in same-sex groups of five unrelated subjects
until PND 70. The scheme of the experimental procedures is presented in
Fig. 1.

2.3. Lipopolysaccharide administration

To model acute infection in juvenility or adulthood, on PND 21 or
PND 70, respectively, AFR and MS male and female rats received a single
intraperitoneal (i.p.) injection of LPS (1 mg/kg/1 ml), an endotoxin that
is a component of the outer membrane of Gram-negative bacteria
Escherichia coli (Sigma Aldrich, St. Louis, MO, USA) or vehicle (VEH, 0.9
% saline, 1 ml/kg i.p.). All subsequent biochemical experiments took
place 24 h after acute LPS/VEH injection (Fig. 1). The LPS treatment
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Fig. 1. Scheme of the experimental procedures applied in the study. Lower
panel: photomicrographs showing cresyl violet-stained rat brain sections with
the marked regions under study. Abbreviations: AFR, animal facility rearing;
LPS, lipopolysaccharide; MS, maternal separation; mPFC, medial prefrontal
cortex; HP, hippocampus; PND, postnatal day; VEH, vehicle.

regimen was chosen based on a pilot experiment and literature data that
showed its safety for use in juvenile rats and effectiveness in inducing
peripheral and central immune responses and increasing BBB perme-
ability both a few hours and 24 h after the injection (Bay-Richter et al.,
2011; Jangula and Murphy, 2013; Saavedra et al., 2017). During the
period between weaning (on PND 22) and the start of the experiments in
adulthood, the respective animals were subjected to handling to elimi-
nate stress associated with the experimental procedures. The handling
procedure consisted of gently grasping and picking up the animals for a
short period of time to familiarize them with the experimenter and
experimental procedures.

2.4. Experimental groups

A total of 192 rats (96 males and 96 females) originating from 12
AFR and 12 MS litters were used in this study. To avoid litter effects, the
final experimental groups (AFR-VEH, AFR-LPS, MS-VEH and MS-LPS)
consisted of subjects that originated from different litters and were un-
related (n = 6 for assessment of BBB permeability; n = 6 for serum
markers; n = 6 for RT-qPCR). The number of animals used in the study
was chosen based on pilot experiments and our previous experiences
with the specific experimental protocols, and it guaranteed the possi-
bility of obtaining a relevant effect size and statistically significant dif-
ferences in the results.

2.5. Assessment of BBB permeability

The BBB permeability assessment procedure was previously
described by Solarz et al. (2021a). We used a fluorescent small-molecule
tracer (376 Da), sodium fluorescein (NaF), a sensitive marker of even
slight BBB breakdown and leakage. NaF does not bind to proteins
nonspecifically, in contrast to Evans blue (961 Da, in complex with al-
bumin), another popular marker of BBB permeability (Sun et al., 2021).
In our study, we adapted the procedures previously described by Ram-
irez et al. (2009) and Yen et al. (2013). On PND 22 or in adulthood, six
rats per experimental group were intraperitoneally injected with 4 %
NaF (Merck, US) dissolved in 0.9 % saline at a dose of 2 ml/kg. The dye
was permitted to circulate for 30 min before the animals were trans-
cardially perfused with 0.9 % saline to remove the circulating dye.
Thereafter, the brain tissue parenchyma containing only the extrava-
sated dye was collected. Samples of the mPFC (including the cingulate
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cortex 1, prelimbic cortex, and infralimbic cortex regions) were
dissected from 1 mm thick coronal slices using a rodent brain matrix
(Ted Pella, Inc., CA, USA) according to the stereotaxic atlas of the rat
brain (Paxinos and Watson, 1998), whereas the HP was dissected free-
hand (Fig. 1). The brain tissue was weighed, homogenized (Tissue Lyser
11, Qiagen) in a 1:3 vol of 50 % trichloroacetic acid (TCA, Merck, US),
and centrifuged (10,000 rpm for 10 min), and the supernatants were
diluted with a 1:3 vol of 95 % ethanol prior to spectrophotometric
determination of the NaF fluorescence (Tecan, Mannedorf, Ziirich,
Switzerland; 440 nm excitation/525 nm emission). The fluorescent dye
content was calculated using external standards, and the data are
expressed as the amount of NaF (ug) per gram of wet brain tissue.

2.6. RT-qPCR

The RT-qPCR method used in this study has been previously
described in detail by Solarz et al. (2021a). Briefly, on PND 22 and in
adulthood, six rats per experimental group were sacrificed via decapi-
tation, and the brains were immediately removed from the skulls. The
mPFC (including the cingulate cortex 1, prelimbic cortex, and infra-
limbic cortex regions) was dissected from 1 mm thick coronal slices
using a rodent brain matrix (Ted Pella Inc.), whereas the HP was
dissected freehand (Fig. 1). The brain tissue was quickly frozen in liquid
nitrogen and stored at —80 °C until analysis. Total RNA was extracted
using the RNeasy Mini Kit (Qiagen, Germany). The total RNA concen-
tration was measured using an Eon absorbance microplate reader and
Gen 5 software (BioTek, Winooski, VT, USA). RNA was reverse tran-
scribed using a High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, MA). Quantitative real-time PCR was performed in
duplicate with TagMan® Gene Expression Assays (Thermo Fisher Sci-
entific; Table 1) using TagMan™ Universal Master Mix II, no UNG
(Thermo Fisher Scientific) and the QuantStudio 12 K Flex System
(Thermo Fisher Scientific). Real-time PCR was conducted under the
following conditions: 50 °C for 2 min and 95 °C for 10 min followed by
40 cycles of 95 °C for 15 s and 60 °C for 1 min. The abundance of RNA
was calculated according to the following equation: abundance =
o~ (threshold cycle) The resylts were normalized to glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) expression levels and underwent
statistical analysis as relative values of mRNA levels.

2.7. Engyme-linked immunosorbent assay (ELISA)

Trunk blood was collected during the decapitation procedure (see
the RT-qPCR procedure). Commercially available microtubes contain-
ing a clotting activator (Sarstedt, Germany) were used for serum sepa-
ration. The blood was centrifuged (10,000 x g, 5 min, 4 °C), and the
serum was collected and stored in aliquots at —20 °C until the day of the
assay. Using commercially available ELISA kits, CORT (IDS, UK), IL-1§
(R&D Systems, USA) and TNF-a (R&D Systems, USA) levels were
determined according to the manufacturers’ instructions. Positive con-
trols for each assay were provided by the manufacturers. Detections
limits and intra assay percentage variations for ELISA assays were as
follows, for CORT: 0.55 ng/ml and 5.1 %, for IL-1p: 5 pg/ml and 3.9 %,

Table 1

List of TagMan® Gene Expression Assays used in this study.
Gene product Gene name Assay ID
Claudin 5 Cld5 Rn01753146_s1
Occludin Ocln Rn00580064_m1
Toll-like receptor 4 Tir4 Rn00569848_m1
Interleukin 1p I-1p Rn00580432_m1
Tumor necrosis factor o Tnfa Rn99999017_m1
Intercellular adhesion molecule 1 Icaml Rn00564227_m1
Allograft inflammatory factor 1 Aifl Rn00574125_g1
Integrin alpha M Itgam Rn00709342_m1

Glyceraldehyde-3-Phosphate Dehydrogenase Gapdh Rn99999916_s1
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for TNF-a: 5.0 pg/ml and 3.8 %, respectively.

2.8. Statistical analysis

Statistical analysis of the data was performed using Statistica 13.3
software (TIBCO Software Inc., USA). Initially, the data were tested for a
normal distribution and homogeneity of variances and then analyzed by
three-way ANOVA, with treatment (VEH vs LPS), sex and RC (MS vs
AFR) as the independent variables. The data were analyzed individually
for each age and brain region (or serum) and parameter studied. When
the global ANOVA resulted in statistically significant effects of the in-
teractions between analyzed factors, a lower-order statistical analysis
was performed (two-way ANOVA and/or Bonferroni post hoc test when
required). The data are presented as the mean =+ SD. A value of p < 0.05
was considered statistically significant.

3. Results

3.1. Effects of MS and subsequent LPS-induced immune challenge on
serum corticosterone and proinflammatory cytokines levels

Fluctuations in stress marker CORT and proinflammatory cytokines
serum levels due to stress or peripheral inflammation may increase BBB
permeation and trigger a series of signaling events leading to the
development of an inflammatory response in the brain (Singh and Jiang,
2004). Therefore, the first goal of the study was to determine whether

A CORT
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our LPS-based model of infection was sufficient to induce symptoms of
peripheral inflammation. Accordingly, we measured CORT, IL-1p, and
TNF-a serum levels 24 h after LPS challenge.

Analysis of serum CORT levels in juveniles revealed a statistically
significant interaction between all studied factors (three-way ANOVA,
sex x LPS x RC: p = 0.043) (Supplemental Table 1). Further analysis
showed that although LPS injection per se did not induce changes in
serum CORT levels in juvenile females, the AFR-LPS group had a higher
CORT level in comparison to MS-LPS females (two-way ANOVA, RC x
LPS: p = 0.004, post hoc: p = 0.014) (Supplemental Table 2) (Fig. 2A). On
the other hand, in juvenile males, LPS administration caused an increase
in peripheral stress marker levels regardless of RC (two-way ANOVA,
main effect of treatment: p = 0.010) (Supplemental Table 2) (Fig. 2A).
Moreover, MS males generally showed a higher CORT level than AFR
juvenile males (main effect of RC: p = 0.003) (Supplemental Table 2)
(Fig. 2A).

LPS administration, regardless of RC, increased IL-1f serum levels in
juvenile females but not males (three-way ANOVA, sex x LPS: p =0.002,
post hoc: p < 0.001 (females), p = 0.829 (males)) (Supplemental Table 1)
(Fig. 2A). Additionally, LPS-injected MS juveniles, regardless of sex, had
greater IL-1p levels than AFR-LPS rats (LPS x RC: p = 0.012, post hoc: p
= 0.018) (Supplemental Table 1) (Fig. 2A).

The peripheral level of TNFa was increased by LPS regardless of sex
and RC in juvenile rats (three-way ANOVA, main effect of treatment: p
< 0.001) (Supplemental Table 1) (Fig. 2A).

In adulthood, LPS induced an elevation in CORT serum levels

IL-1B TNFa
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Fig. 2. The effect of MS and subsequent LPS treatment in juvenile (A) and adult rats (B) on serum levels of CORT (left column), IL-1p (middle column) and TNFa
(right column). The data indicate the serum concentrations of the studied markers (in ng/ml and pg/ml) measured by ELISA and are presented as the mean =+ SD.
Circles and triangles represent individual data points (n = 6). *p < 0.05: the effect of treatment, #p < 0.05: the effect of RC. Lines with a single symbol * and # relate
to the significance of the main effects in ANOVA, connectors indicate post hoc comparisons between the specific groups, and twin symbols ** or ## relate to the

effects of significant interactions between two factors in a three-way ANOVA.
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regardless of sex and MS experience (three-way ANOVA, main effect of
treatment: p < 0.001) (Supplemental Table 1) (Fig. 2B).

On the other hand, all studied factors affected IL-1p serum levels in
adults (three-way ANOVA, sex x LPS x RC: p = 0.042) (Supplemental
Table 1) (Fig. 2B). Females showed LPS-induced elevation in IL-1p
concentration regardless of RC (two-way ANOVA, main effect of treat-
ment: p < 0.001) (Supplemental Table 2) (Fig. 2B). In males, both AFR
and MS subjects showed an LPS-triggered increase in IL-1f levels (two-
way ANOVA, RC x LPS: p = 0.004, post hoc: p < 0.001 (AFR), p < 0.001
(MS)) (Supplemental Table 2) (Fig. 2B). Additionally, this increase was
intensified in the MS group compared to the AFR group (p = 0.001)
(Fig. 2B).

The peripheral level of TNFo was increased by LPS regardless of sex
and RC in adult rats (three-way ANOVA, main effect of treatment: p <
0.001) (Supplemental Table 1) (Fig. 2B). Additionally, MS adult rats
generally showed lower TNFa serum levels than AFR rats (main effects
of RC, p = 0.032) (Supplemental Table 1) (Fig. 2B). To help to follow the
main findings of the study, the stripped-down summaries of LPS- and
MS-triggered effects and sex differences in the basal levels of studied
markers were presented in Tables 2, 3 and 4, respectively.

3.2. Effects of MS and subsequent LPS-induced immune challenge on the
permeability and integrity of the BBB

The next goal of this study was to investigate the impact of RC (AFR
vs MS) combined with LPS treatment (VEH vs LPS) on BBB permeability
in the mPFC and HP during juvenility and adulthood in both sexes. For
this purpose, 24 h after LPS challenge, the animals were injected with a
fluorescent tracer, NaF, and its extravasated content was spectropho-
tometrically determined in the studied brain regions.

LPS administration to juveniles increased BBB permeability in the
mPFC regardless of sex and RC (three-way ANOVA, main effect of
treatment: p < 0.001) (Supplemental Table 3) (Fig. 3A). Moreover, BBB
permeability was generally greater in MS rats (main effect of RC: p =
0.013) (Supplemental Table 3) (Fig. 3A). Additionally, females had
lower BBB permeability than males (main effect of sex: p < 0.001)
(Table 4) (Supplemental Table 3) (Fig. 3A). Similar sex- and RC-
dependent effects on BBB permeability were also observed in the HP
of juveniles (three-way ANOVA, main effects of sex: p < 0.001; RC: p =
0.034) (Supplemental Table 3) (Fig. 3A). However, LPS action was
evident only in males (three-way ANOVA, sex x LPS: p = 0.022, post hoc:
p < 0.001 (males), p = 0.274 (females)) (Supplemental Table 3)
(Fig. 3A).

In adults, global ANOVA of the BBB permeability in the mPFC
revealed only statistically significant interactions between sex and
treatment (p = 0.043) and sex and RC (p = 0.034) (Supplemental
Table 3) (Fig. 3B). Nevertheless, these effects were weak, and further
post hoc analysis did not indicate significant differences between the
studied groups. In the HP of adults, regardless of sex, MS-VEH rats had
lower BBB permeability than AFR-VEH rats (three-way ANOVA, LPS x
RC: p = 0.010, post hoc: p = 0.010) (Supplemental Table 3) (Fig. 3B).
Moreover, only MS rats, regardless of sex, showed an LPS-induced in-
crease in BBB permeability (post hoc: p = 0.023) (Fig. 3B).

BBB integrity and permeability depend on the expression and func-
tioning of TJ proteins, such as CLD5 and OCLN, which provide structural
support to the BBB and physically occlude the interendothelial space
(Ballabh et al., 2004; Abbott et al., 2010; Haseloff et al., 2015). There-
fore, the next step in our study was to assess the impact of combined MS
and LPS on the level of Cld5 and Ocln mRNA expression, measured by
RT-gPCR.

We found that LPS administration regardless of sex increased Cld5
expression in the mPFC of juvenile MS rats but not in AFR rats (three-
way ANOVA, LPS x RC: p = 0.011, post hoc: p < 0.001 (MS), p = 1.000
(AFR)) (Supplemental Table 4) (Fig. 4A). Additionally, females gener-
ally showed greater levels of Cld5 mRNA than males (main effect of sex:
p < 0.001) (Table 4) (Supplemental Table 4) (Fig. 4A). A similar sex-
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Table 2
Stripped-down summary of the impact of LPS-induced immune challenge on
AFR rats.

Marker Sample Sex PND
22 70
CORT Serum Q 0 1
3 1 1
IL-1B Serum Q 1T 1T
3 0 1
TNF-a Serum Q 1T 1T
<) T 1
I-1p mPFC Q 1 1
3 0 1
HP Q T 1
3 0 T
Tnfa mPFC [} 1 t
3 T 1
HP ? T T
3 ll 1
Tir4 mPFC Q 1 T
3 0 0
HP Q 1 0
3 0 T
Icaml mPFC Q T 1
3 T 1
HP Q 1 t
3 0 1
Aifl mPFC Q 0 1
3 0 1
HP Q 1 1
3 T )
Itgam mPFC Q 1 1
3 0 T
HP ? T )
3 0 1
NaF mPFC Q 1 0
3 ) 0
HP Q 0 0
3 ) 0
Cld5 mPFC Q 0 t
3 0 T
HP Q 1 0
3 ) 0
Ocln mPFC [} 1 1
3 T T
HP Q 1 0
3 ) 0

LPS-triggered increase (1), decrease (1) or no effect of LPS (0).

dependent effect was observed in the HP of juveniles (three-way
ANOVA, main effect of sex: p = 0.039) (Table 4) (Supplemental Table 4)
(Fig. 4A). Moreover, in this brain region, LPS increased Cld5 expression
regardless of sex and RC (main effect of treatment: p < 0.001) (Sup-
plemental Table 4) (Fig. 4A).

The same effects were observed in the case of Ocln expression in the
HP of juveniles, i.e., a general stimulatory effect of LPS and greater
mRNA levels of Ocln in females (three-way ANOVA, main effect of
treatment: p < 0.001, main effect of sex: p < 0.001) (Supplemental
Table 4) (Fig. 4A). In the mPFC of juveniles, global ANOVA of Ocln
expression revealed a significant interaction between all examined fac-
tors (three-way ANOVA, sex x LPS x RC: p = 0.044) (Supplemental
Table 4) (Fig. 4A). LPS treatment increased the mRNA levels of Ocln in
both females and males (two-way ANOVA, main effect of treatment: p <
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Table 3
Stripped-down summary of the impact of LPS-induced immune challenge on MS
rats when compared to the response observed in AFR rats.

Marker Sample Sex PND
22 70
CORT Serum Q 1 -
3 ) P
IL-1p Serum Q 1 P
3 T T
TNF-a Serum Q - |
3 © 1
I-1p mPFC Q - 0
3 < P
HP ? < l
3 “ “
Tnfa mPFC Q t o
3 1 <
HP Q - 0
3 had T
Tlr4 mPFC [} 0 0
3 Il T
HP Q 0 )
3 ) T
Icaml mPFC Q 1 0
3 ) <
HP Q < -
3 1 -
Aif1 mPFC ? 1 |
3 T 1
HP ? ) 0
3 ) 0
Itgam mPFC Q - 1
3 Aad 1
HP Q P
3 >
NaF mPFC Q 1 P
3 1 P
HP ? T T
3 1 T
Cld5 mPFC ? T 0
3 1 T
HP [} - 1
3 had T
Ocln mPFC Q - o
3 ) -
HP Q “ 1
3 g T

(1) increased response to LPS when compared to AFR rats, () decreased
response to LPS when compared to AFR rats, (<) no modulation of LPS-induced
effects by MS, (0) no response to LPS in MS rats.

0.001 (females), p = 0.001 (males)) (Supplemental Table 5) (Fig. 4A).
Moreover, MS males generally showed enhanced Ocln expression in
comparison to AFR males (two-way ANOVA, main effect of RC: p =
0.046) (Supplemental Table 5) (Fig. 4A).

Analysis of Cld5 mRNA levels in the mPFC of adults showed a sta-
tistically significant interaction between all studied factors (three-way
ANOVA, sex x LPS x RC: p = 0.003) (Supplemental Table 4) (Fig. 4B).
LPS treatment upregulated Cld5 expression in the mPFC of AFR females
but not in the MS females (two-way ANOVA, LPS x RC: p < 0.001, post
hoc: p < 0.001 (AFR), p = 0.079 (MS)) (Supplemental Table 5) (Fig. 4B).
In adult males, LPS increased Cld5 mRNA levels regardless of RC (two-
way ANOVA, main effect of treatment: p < 0.001) (Supplemental
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Table 5) (Fig. 4B). Additionally, MS males showed greater Cld5
expression in the mPFC than AFR rats (main effect of RC: p = 0.033)
(Supplemental Table 5) (Fig. 4B). In the HP of adults, LPS administration
generally increased Cld5 expression in MS rats but not in AFR rats (three-
way ANOVA, LPS x RC: p = 0.045, post hoc: p < 0.001 (MS), p = 0.005
(AFR)) (Supplemental Table 4) (Fig. 4B). Additionally, females showed
greater levels of Cld5 mRNA than males (main effect of sex: p < 0.001)
(Table 4) (Supplemental Table 4) (Fig. 4B).

In the case of Ocln expression in the mPFC of adults, global ANOVA
revealed a statistically significant interaction between all examined
factors (three-way ANOVA, sex x LPS x RC: p = 0.006) (Supplemental
Table 4) (Fig. 4B). Regardless of RC, LPS treatment increased Ocln
expression in the mPFC of both females and males (two-way ANOVA,
main effect of treatment: p < 0.001 (females), p = 0.001 (males))
(Supplemental Table 5) (Fig. 4B). Additionally, basal Ocln mRNA levels
in the mPFC of AFR-VEH females and MS-VEH females were greater than
those in males (AFR: p < 0.001, MS: p < 0.001) (Table 4). In the HP of
adults, LPS triggered an increase in Ocln expression specifically in MS
subjects regardless of sex (three-way ANOVA, LPS x RC: p = 0.010)
(Supplemental Table 4) (Fig. 4B). Additionally, Ocln mRNA levels in the
HP of females were generally greater than those in males (three-way
ANOVA, main effect of sex, p < 0.001) (Table 4) (Supplemental Table 4)
(Fig. 4B). To help to follow the main findings of the study, the stripped-
down summaries of LPS- and MS-triggered effects and sex differences in
the basal levels of studied markers were presented in Tables 2, 3 and 4,
respectively.

3.3. Effects of MS and subsequent LPS-induced immune challenge on the
expression of Icam1 and microglial/macrophage markers Aifl and Itgam
in the brain parenchyma

Next, we investigated whether MS modulates the LPS-induced in-
flammatory response in the brain. Using RT-qPCR, we evaluated the
mRNA expression of certain markers related to this process, such as the
adhesion molecule ICAM-1 and microglial/macrophage markers AIF-1
and ITGAM.

Analysis of Icam1 mRNA levels in the mPFC of juveniles showed a
statistically significant interaction between all studied factors (three-
way ANOVA, sex x LPS x RC: p < 0.001) (Supplemental Table 4)
(Fig. 5A). In juvenile females, LPS increased Icaml expression in AFR
rats and decreased it in MS rats (two-way ANOVA, LPS x RC: p < 0.001,
post hoc: p = 0.005 (AFR), p = 0.005(MS)) (Supplemental Table 5)
(Fig. 5A). Interestingly, the opposite situation was observed in the case
of males, i.e., LPS reduced Icam1 mRNA levels in AFR rats and increased
its levels in MS subjects (two-way ANOVA, LPS x RC: p < 0.001, post hoc:
p = 0.024 (AFR), p = 0.001 (MS)) (Supplemental Table 5) (Fig. 5A).
Additionally, the basal level of Icam1 expression in the mPFC of juvenile
MS males was lower than that in AFR males (pos hoc: p < 0.001)
(Fig. 5A). Moreover, the basal Icaml mRNA level in males was generally
lower than that in females in both RC groups (p < 0.001 (AFR), p < 0.001
(MS)) (Table 4). In the HP of juveniles, global ANOVA of Icaml
expression revealed a significant interaction between all examined fac-
tors (three-way ANOVA, sex x LPS x RC: p = 0.002) (Supplemental
Table 4) (Fig. 5A). LPS treatment generally enhanced Icam1 expression
in the HP of juvenile females (two-way ANOVA, main effect of treat-
ment: p = 0.007) (Supplemental Table 5) (Fig. 5A). In males, only the MS
group showed an LPS-induced increase in Icanl mRNA levels (two-way
ANOVA, LPS x RC: p < 0.001, post hoc: p < 0.001) (Supplemental
Table 5) (Fig. 5A). Additionally, regardless of RC, the basal level of
Icam1 expression in the HP of juvenile females was lower than that in
males (p < 0.001 (AFR),/ p = 0.022 (MS)) (Table 4).

In the case of Aifl expression in juveniles, statistical analysis
revealed that, regardless of sex, LPS upregulated Aif1 mRNA levels in the
mPFC of MS rats but not AFR rats (three-way ANOVA, LPS x RC: p =
0.021, post hoc: p = 0.037 (MS), p = 1.000 (AFR)) (Supplemental
Table 4) (Fig. 5A). In the HP, a general increase in Aifl expression was
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Table 4
Stripped-down summary of sex differences in the basal levels of studied markers in VEH-treated rats.
Marker Sample PND
22 70
AFR MS AFR MS
CORT Serum ? © 3 ? 3 ? A 3 ? A S
IL-1p Serum Q - 3 [} 3 Q - 3 ? < 3
TNF-a Serum Q © 3 ? 3 ? A 3 Q A <)
118 mPFC 9 - 3 Q ) ) o é Q < 8
HP ? Aad 3 ? 3 ? > 3 ? < <)
Tnfa mPFC Q © 3 ? 3 ? A 3 Q © 3
HP ? Aad 3 ? 3 ? > 3 ? And <)
Tlr4 mPFC Q > 3 ? 3 Q < 3 ? © 3
HP ? > 3 Q 3 ? > 3 Q < <)
Icaml mPFC Q > 3 [} 3 Q - 3 ? < 3
HP ? < 3 Q 3 ? > <3 Q > <)
Aifl mPFC Q - 38 Q 3 Q o 3 Q - 3
HP ? And 3 ? 3 ? Aad 3 ? Aad 3
Itgam mPFC Q > 8 9 8 9 - 8 ) - 8
HP Q Rd 3 ? 3 Q © 3 ? © 3
NaF mPFC ? < 3 Q 3 Q © 3 Q © 3
HP Q < 3 ? 3 Q And 3 ? Aad 3
Cld5 mPFC ? > 3 Q 3 Q < 3 Q < <)
HP Q > 3 Q 3 Q > 3 Q > 3
Ocln mPFC Q < 3 Q 3 ? > 3 ? > <)
HP ? > 3 Q 3 Q > 3 Q > 3

observed regardless of sex and RC (three-way ANOVA, main effect of
treatment: p < 0.001) (Supplemental Table 4) (Fig. 5A). Additionally,
MS rats showed greater Aifl mRNA levels than AFR rats (main effect of
RC: p = 0.007) (Supplemental Table 4) (Fig. 5A).

In the mPFC of juveniles, LPS administration enhanced the expres-
sion of Itgam only in females, regardless of RC (three-way ANOVA, sex x
LPS: p = 0.003, post hoc: p < 0.001) (Supplemental Table 4) (Fig. 5A). In
the HP, global ANOVA revealed a statistically significant interaction
between all studied factors (three-way ANOVA, sex x LPS x RC: p =
0.002) (Supplemental Table 4) (Fig. 5A). Both AFR and MS juvenile
females showed upregulation of Itgam mRNA levels in the HP after LPS
treatment (two-way ANOVA, LPS x RC: p = 0.021, post hoc: p < 0.001
(AFR), p = 0.015 (MS)) (Supplemental Table 5) (Fig. 5A). Moreover, the
LPS-triggered increase in Itgam expression was significantly lower in MS
females than in AFR females (p = 0.010) (Fig. 5A). On the other hand, in
males, LPS induced Itgam expression only in the MS group (two-way
ANOVA, LPS x RC: p = 0.049, post hoc: p = 0.001) (Supplemental
Table 5) (Fig. 5A).

In adults, analysis of Icanl mRNA levels in the mPFC revealed a
statistically significant interaction between all examined factors (three-
way ANOVA, sex x LPS x RC: p = 0.001) (Supplemental Table 4)
(Fig. 5B). In females, LPS enhanced Icaml expression only in the AFR
group (two-way ANOVA, LPS x RC: p =0.011, post hoc: p < 0.001 (AFR),
p =0.168 (MS)) (Supplemental Table 5) (Fig. 5B). In males, both MS and
AFR rats showed LPS-triggered increases in Icaml mRNA levels (two-
way ANOVA, LPS x RC: p = 0.031, post hoc: p = 0.002 (AFR), p < 0.001
(MS)) (Supplemental Table 5) (Fig. 5B). In the HP of adults, LPS treat-
ment upregulated Icam1 mRNA levels regardless of sex and RC (three-
way ANOVA, main effect of treatment: p < 0.001) (Supplemental
Table 4) (Fig. 5B). Additionally, adult females in general showed greater
levels of Icam1 expression in the HP than males (main effect of sex: p <
0.001) (Table 4) (Supplemental Table 4) (Fig. 5B).

In the case of Aif1 expression in the mPFC of adults, analysis revealed
a general stimulatory effect of LPS (three-way ANOVA, main effect of
treatment: p < 0.001) (Supplemental Table 4) (Fig. 5B). Moreover, LPS-
triggered upregulation of Aifl mRNA levels was lower in MS rats than in
AFR rats, regardless of sex (three-way ANOVA, LPS x RC: p = 0.002, post
hoc: p < 0.001) (Supplemental Table 4) (Fig. 5B). In the HP of adults, LPS
increased Aifl expression only in AFR rats regardless of sex (three-way
ANOVA, LPS x RC: p < 0.001, post hoc: p < 0.001) (Supplemental
Table 4) (Fig. 5B). Additionally, MS females in general showed lower
levels of Aif1 mRNA compared to AFR females (sex x RC: p < 0.001, post
hoc: p < 0.001) (Supplemental Table 4) (Fig. 5B).

Analysis of Itgam expression in adults showed a stimulatory effect of
LPS regardless of sex and RC in both the mPFC and HP (three-way
ANOVA, main effect of treatment: p < 0.001 (mPFC), p < 0.001 (HP))
(Supplemental Table 4) (Fig. 5B). Furthermore, the LPS-triggered in-
crease in Itgam mRNA levels in the mPFC was lower in MS rats than in
AFR rats, regardless of sex (LPS x RC: p = 0.017, post hoc: p = 0.009)
(Supplemental Table 4) (Fig. 5B).

To help to follow the main findings of the study, the stripped-down
summaries of LPS- and MS-triggered effects and sex differences in
basal levels of studied markers were presented in Tables 2, 3 and 4,
respectively.

3.4. Effects of MS and subsequent LPS-induced immune challenge on the
expression of Tlr4, II-1p, and Tnfa in the brain parenchyma

We continued an investigation of the central effects of LPS injection
and studied the mRNA expression of the LPS-recognizing receptor TLR4
and the proinflammatory cytokines IL-1p and TNF-a, all of which are
highly engaged in the inflammatory response.

Analysis of Tlr4 mRNA levels in juveniles revealed a statistically
significant interaction between all studied factors in both the mPFC and
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Fig. 3. The effect of MS and subsequent LPS treatment in juvenile (A) and adult
rats (B) on the regional brain content of extravasated NaF in the mPFC (left
column) and HP (right column). The data are presented as the mean + SD and
indicate the accumulation of NaF in the brain (in micrograms per gram of wet
tissue). Circles and triangles represent individual data points (n = 6). $p < 0.05:
the effect of sex, *p < 0.05: the effect of treatment, #p < 0.05: the effect of RC.
Lines with a single symbol ¥ and * or # relate to the significance of the main
effects in ANOVA, connectors indicate post hoc comparisons between the spe-
cific groups, and twin symbols ** or ## relate to the effects of significant in-
teractions between two factors in a three-way ANOVA.

HP (three-way ANOVA, sex x LPS x RC: p < 0.001 (mPFC), p = 0.009
(HP)) (Supplemental Table 4) (Fig. 6A). In the mPFC, LPS triggered a
significant increase in Tlr4 expression specifically in AFR females (two-
way ANOVA, LPS x RC: p = 0.003, post hoc: p = 0.042) (Supplemental
Table 5) (Fig. 6A). In contrast, in the mPFC of juvenile males, a stimu-
latory effect of LPS was observed only in the case of MS rats (two-way
ANOVA, LPS x RC: p = 0.012, post hoc: p = 0.005) (Supplemental
Table 5) (Fig. 6A). Additionally, the basal Tlr4 mRNA level in VEH-
treated juvenile females was greater than that in males in both RC
groups (p < 0.001 (AFR), p < 0.001 (MS)) (Table 4). In the HP of juvenile
females, once again, only the AFR group showed LPS-induced
enhancement in TIr4 expression (two-way ANOVA, LPS x RC: p <
0.001, post hoc: p < 0.001) (Supplemental Table 5) (Fig. 6A). Addi-
tionally, MS-VEH females showed lower basal levels of Tlr4 mRNA than
AFR-VEH females (two-way ANOVA, LPS x RC: p < 0.001, post hoc: p =
0.001) (Supplemental Table 5) (Fig. 6A). In the HP of males, LPS did not
affect Tlr4 expression at all (two-way ANOVA, main effect of treatment:
p = 0.469) (Supplemental Table 5) (Fig. 6A). However, MS juvenile
males generally showed greater Tlr4 mRNA levels than AFR males (main
effect of RC: p = 0.014) (Supplemental Table 5) (Fig. 6A). Additionally,
basal Tlr4 expression in the HP of AFR juvenile males was lower than
that in females (p = 0.007) (Table 4) (Fig. 6A). The opposite sex-specific
trend was observed in MS subjects (p = 0.006) (Table 4) (Fig. 6A).

In the case of Il-14 expression in juveniles, global ANOVA revealed a
significant interaction between sex and LPS in both the mPFC (p =
0.014) and HP (p = 0.018) (Supplemental Table 4) (Fig. 6A). Only fe-
males, regardless of RC, showed an LPS-induced increase in II-18 mRNA
levels in both brain regions (post hoc: p < 0.001 (mPFC), p < 0.001 (HP))
(Fig. 6A).

LPS administration had a general stimulatory effect on Tnfa
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expression in the mPFC and HP of juveniles (three-way ANOVA, main
effect of treatment: p = 0.003 (mPFC), p = 0.002 (HP)) (Supplemental
Table 4) (Fig. 6A). Additionally, Tnfa mRNA levels in the mPFC were
greater in MS rats than in AFR rats (main effect of RC: p = 0.007)
(Supplemental Table 4) (Fig. 6A).

Analysis of Tlr4 mRNA levels in the mPFC of adults revealed a sta-
tistically significant interaction between all examined factors and an
identical pattern of changes in the expression of this gene to that
observed in the mPFC of juveniles (three-way ANOVA, sex x LPS x RC:
p < 0.001) (Supplemental Table 4) (Fig. 6B). Namely, LPS triggered a
significant increase in TIr4 expression specifically in AFR females (two-
way ANOVA, LPS x RC: p < 0.001, post hoc: p = 0.003) (Supplemental
Table 5) (Fig. 6B). In contrast, in the mPFC of adult males, a stimulatory
effect of LPS was observed only in the case of MS rats (two-way ANOVA,
LPS x RC: p = 0.031, post hoc: p = 0.006) (Supplemental Table 5)
(Fig. 6B). Additionally, AFR-VEH adult females showed lower basal TIr4
mRNA levels than AFR-VEH males (p = 0.006) (Table 4). Global ANOVA
of Tlr4 mRNA levels in the HP of adults also showed a significant
interaction between all studied factors (three-way ANOVA, sex x LPS x
RC: p = 0.002) (Supplemental Table 4) (Fig. 6B). In females, LPS
administration enhanced Tlr4 expression only in the MS group (two-way
ANOVA, LPS x RC: p = 0.016, post hoc: p = 0.024) (Supplemental
Table 5) (Fig. 6B). Additionally, MS-VEH females had lower levels of
Tlr4 mRNA in the HP than AFR-VEH adult females (post hoc: p < 0.001)
(Fig. 6B). In the HP of adult males, LPS increased Tlr4 expression
regardless of RC (two-way ANOVA, main effect of treatment: p = 0.002)
(Supplemental Table 5) (Fig. 6B). Moreover, MS males generally showed
greater levels of Tlr4 mRNA than AFR males (main effect of RC: p =
0.036) (Supplemental Table 5) (Fig. 6B). Further analysis revealed a
lower basal level of Tlr4 expression in the HP of AFR-VEH males than in
females (p < 0.001) (Table 4). However, the opposite sex-specific trend
was observed in MS-VEH subjects (p < 0.001) (Table 4) (Fig. 6B).

In the case of II-1f expression in adults, statistical analysis revealed a
significant interaction between all examined factors both in the mPFC
and HP (three-way ANOVA, sex x LPS x RC: p = 0.030 (mPFC), p =
0.017 (HP)) (Supplemental Table 4) (Fig. 6B). In males, only a general
stimulatory effect of LPS on II-1j expression was observed both in the
mPFC and HP (two-way ANOVA, main effect of treatment: p < 0.001
(mPFC), p < 0.001 (HP)) (Supplemental Table 5) (Fig. 6B). In the HP of
females, LPS also induced enhancement in Il-1f expression regardless of
RC (two-way ANOVA, main effect of treatment: p < 0.001) (Supple-
mental Table 5) (Fig. 6B). Additionally, MS females showed lower levels
of II-1f mRNA in the HP than AFR females (two-way ANOVA, main ef-
fect of RC: p = 0.048) (Supplemental Table 5) (Fig. 6B). Moreover, the
basal expression of Il-1f in the HP of AFR-VEH females was higher than
that in males (p = 0.012) (Table 4). The opposite sex-specific trend was
observed in MS subjects (p = 0.003) (Table 4) (Fig. 6B). However, in the
mPFC of adult females, LPS triggered an increase in II-1 mRNA levels
only in AFR females (two-way ANOVA, LPS x RC: p = 0.012, post hoc: p
< 0.001) (Supplemental Table 5) (Fig. 6B).

Analysis of Tnfa expression in the mPFC of adults showed only a
general stimulatory effect of LPS regardless of RC and sex (three-way
ANOVA, main effect of treatment: p = 0.012) (Supplemental Table 4)
(Fig. 6B). In the HP, statistical analysis of Tnfa mRNA levels revealed a
significant interaction between all examined factors (three-way ANOVA,
sex x LPS x RC: p = 0.001) (Supplemental Table 4) (Fig. 6B). In the HP
of females, LPS triggered a significant increase in Tnfa mRNA levels
specifically in AFR females (two-way ANOVA, LPS x RC: p = 0.004, post
hoc: p < 0.001) (Supplemental Table 5) (Fig. 6B). However, in males,
LPS administration increased Tnfa expression regardless of RC (two-way
ANOVA, main effect of treatment: p = 0.017) (Supplemental Table 5)
(Fig. 6B). Additionally, MS males showed higher levels of Tnfa mRNA in
the HP than AFR males (two-way ANOVA, main effect of RC: p = 0.020)
(Supplemental Table 5) (Fig. 6B). Further analysis revealed that the
basal expression of Tnfa in the HP was lower in AFR-VEH males than in
females (p = 0.002) (Table 4) (Fig. 6B). To help to follow the main
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levels of studied markers is presented in Table 4.

findings of the study, the stripped-down summaries of LPS- and MS-
triggered effects and sex differences in basal levels of studied markers
were presented in Tables 2, 3 and 4, respectively.

4. Discussion

In the present study, we investigated whether ELS based on the MS
paradigm would condition peripheral, BBB, and parenchymal brain re-
sponses to subsequent environmental factors later in life, such as an
immune challenge. We showed that a single LPS injection at a dose of 1
mg/kg induced a proinflammatory response both in the periphery and
within brain regions, such as the mPFC and HP, in a sex-dependent
fashion. Additionally, MS experience by itself exerted a sex-specific in-
fluence on the LPS-induced effects in both juvenile and adult rats.
Notably, MS increased the neuroinflammatory response to LPS challenge
in males during the juvenile period. However, MS females showed a
blunted central response to LPS, mainly during adulthood.

4.1. LPS-induced immune challenge — general considerations and basic
sex-dependent differences

In animal studies, LPS is widely used as a stimulator of the innate

immune response to model systemic inflammation with concomitant
BBB disruption and changes in microglial reactivity (Varatharaj and
Galea, 2017; Erickson and Banks, 2018). In our study, we were specif-
ically interested in brain inflammatory changes. Therefore, we focused
on LPS-induced effects observed 24 h after an immune challenge, ac-
cording to the concept that the inflammatory response in the brain ini-
tiates later and resolves more slowly than the peripheral inflammatory
response (Erickson and Banks, 2011). Literature data showing late or
prolonged effects of LPS treatment on inflammatory markers in the brain
are very limited (Bay-Richter et al., 2011; Erickson and Banks, 2011). To
the best of our knowledge, our study is the first to examine a wide range
of brain inflammatory markers with simultaneous measurement of BBB
permeability and peripheral inflammatory markers 24 h after an im-
mune challenge in both males and females.

The present study generally demonstrated that systemic adminis-
tration of LPS at a single dose of 1 mg/kg was sufficient to induce an
inflammatory response in the periphery and brain in both juvenile and
adult rats. Twenty-four hours after LPS administration, there was mainly
an increase in proinflammatory cytokines levels in the serum and their
mRNA levels in the brain. The pattern of LPS-induced changes in the
mRNA expression of II-14 and Tnfa in both the mPFC and HP of control
(AFR) animals fully reflected that observed in the serum concentrations
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of IL-1p and TNF-a. Additionally, LPS administration generally
increased the expression of Icam1 and microglial/macrophage markers
Aifl and Itgam in the brain, which may also suggest the occurrence of
neuroinflammation. However, we observed sex differences in the in-
tensities of LPS-triggered effects in both control (AFR) and MS rats.

In general, control juvenile males responded less intensely to LPS
injection than juvenile females. In the case of many markers expressed in
the HP and/or mPFC of control juvenile males, e.g., IL-1f, ICAM1, TLR4,
and microglial/macrophage markers, LPS did not induce any changes in
their mRNA expression. LPS also did not increase IL-1p serum levels in
juvenile males. Against this background, MS-induced intensification of
the LPS-triggered neuroinflammatory response in juvenile males was
clearly visible.

Significant sex differences in the response to LPS challenge were not
observed in adult AFR rats, except for Tlr4 expression. In the mPFC,
males still did not respond to LPS by upregulating the expression of this
gene, in contrast to females. The opposite situation was observed in the
HP. It is worth mentioning that there were some sex differences in basal
levels of inflammatory markers (in VEH-injected animals), mainly in the
brain. Juvenile AFR females showed greater Tlr4 expression in the mPFC
and HP than males. A similar effect was also observed in the HP of adult
females together with increased levels of Icam1, II-14, and Tnfa in this
brain region compared to males.

10

Sex differences in the immune system and immune responses over
the life course are well known (Klein and Flanagan, 2016; Dudek et al.,
2021). It is generally accepted that after puberty, females have more
robust peripheral immune responses than males, which contribute to
faster clearance of pathogens, greater vaccine efficacy, and increased
susceptibility to inflammatory and autoimmune diseases in females
(Schwarz and Bilbo, 2012; Klein and Flanagan, 2016; Dudek et al.,
2021). Knowledge about sex differences in the central immune response
is more inconclusive. Sex differences in microglial colonization,
morphology, and reactivity have been reported in animal studies
(Schwarz et al., 2012; Bollinger et al., 2016). Schwarz et al. (2012)
showed that healthy male rats had more microglial cells in the PFC and
HP in early postnatal time (PND 4) than females. This effect reversed
around PND 30, when females showed a greater number of microglial
cells with thicker and branched processes, which suggests their height-
ened basal reactivity. Similar morphological and physiological features
of reactive microglia were also observed in adult females compared to
males (Schwarz et al., 2012; Bollinger et al., 2016). On the other hand,
transcriptome analysis of isolated microglia from the HP of adult mice
revealed the opposite trend, i.e., under basal conditions, male microglia
had a more inflammatory phenotype, whereas female microglia showed
a neuroprotective phenotype (Villa et al., 2018). Other studies on mice
demonstrated that adult males also had greater and enduring responses
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differences in the basal levels of studied markers is presented in Table 4.

to immune challenge in the HP than females (Tchessalova and Tronson,
2020; Posillico et al., 2021). Our results concerning sex differences in
the healthy and LPS-challenged immune systems of control rats did not
fall into any of the patterns described above. However, in the present
study, we applied only one time point for the analysis. Therefore, we
cannot compare the dynamics of the inflammatory response between
females and males. We cannot rule out that the less pronounced brain
reaction to LPS challenge in juvenile AFR males may be related to a sex-
specific time frame in the onset and resolution of the immune response
and that LPS-induced neuroinflammation resolved earlier in juvenile
males than in females. Nevertheless, our data also suggest that the
prepubertal switch in sex differences in microglial reactivity reported by
Schwarz et al. (2012) may occur earlier than around PND 30 in rats, i.e.,
at least on PND 22. However, we did not have morphological evidence
for that earlier occurrence.

There is a consensus among researchers on the early genesis of sexual
differentiation of the immune system and microglia. Sex differences in
the immune response relate to genetic sex and develop during perinatal
exposure to sex steroids (perinatal sexual differentiation) (Schwarz and
Bilbo, 2012; Klein and Flanagan, 2016; Villa et al., 2018; Dudek et al.,
2021). Nevertheless, gonadal hormones may also strongly modulate the
immune system after puberty (Schwarz and Bilbo, 2012; Klein and
Flanagan, 2016; Dudek et al., 2021). Therefore, the discrepancies in the
reported results concerning immune response in postpubertal animals,
especially females, are not surprising. The levels of sex hormones are not
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routinely measured in studies on the immune response. We also did not
test them in our study and did not check the phase of the estrus cycle in
adult females.

4.2. The effects of ELS and LPS-induced immune challenge on BBB
permeability and the mRNA expression of Cld5 and Ocln

It has been demonstrated that systemic inflammation may contribute
to BBB disruption (Varatharaj and Galea, 2017). However, in our study,
we observed a lack of a consistent relationship between the intensity of
the inflammatory response and changes in BBB permeability after LPS
administration. For example, juvenile males showed increased BBB
permeability 24 h after LPS injections, although only one proin-
flammatory cytokine was elevated in the periphery at this time, and
many brain markers of inflammation were not affected by LPS in control
males. The explanation for that specific discrepancy can be the high
sensitivity of the method applied in our study to measure BBB perme-
ability. The fluorescent tracer NaF used in our experiments is a very
small molecule (376 Da) and is detectable at very low concentrations
(Sun et al., 2021). Therefore, this method detects even slight BBB
breakdown. Additionally, it is worth emphasizing that LPS can also
directly modify TJ proteins, damage endothelial cells and basement
membranes within the BBB by binding to TLR4, and consequently affect
BBB permeability without any need for strong inflammatory compo-
nents (Varatharaj and Galea, 2017; Peng et al., 2021).
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On the other hand, the induction of neuroinflammation does not
always have to be dependent on BBB disruption. LPS may produce
nondisruptive changes in the BBB, e.g., activate brain endothelial cells to
induce cytokines and express ICAM1, and in this way, promote trans-
migration of peripheral immune cells and transmit inflammatory signals
into the brain. This phenomenon could explain the discrepancy between
the LPS-induced increase in the expression of neuroinflammatory
markers and the lack of change in BBB permeability observed in AFR
adult rats. However, we cannot rule out that the lack of a correlation
between the intensity of the inflammatory response and change in BBB
permeability relates to a specific time point chosen for observation and
implies differences in the dynamics of those two processes. Sex differ-
ences should also be considered.

LPS has been demonstrated to affect TJ integrity by altering TJ
protein distribution, turnover, and expression (Varatharaj and Galea,
2017; Peng et al., 2021). Many studies have reported LPS-induced de-
creases in the mRNA and protein levels of TJ proteins that correlate with
BBB leakage (Brooks et al., 2006; Zhou et al., 2014). However, there are
also data showing an increase in the expression of TJ proteins, especially
after a longer elapsed time (48-72 h) after LPS injection (Brooks et al.,
2006). In our study, we mainly observed the latter situation, i.e., an LPS-
triggered elevation in Cld5 and Ocln expression or a lack of any changes.
Moreover, an LPS-induced increase in the mRNA levels of TJ proteins
was observed in the case of both enhanced (e.g., in the HP of juvenile
males) and unchanged BBB permeability (in the mPFC of adults).
Although we did not study the protein expression of TJ proteins or the TJ
ultrastructure, we argued that the obtained results indicated compen-
satory or adaptive mechanisms induced after LPS challenge to protect
BBB integrity. At least in males, it can be related to enhanced serum
CORT levels observed 24 h after LPS injection. Glucocorticoids are well-
known modulators of TJ protein expression and BBB function (Salvador
et al., 2014). It has been shown that both glucocorticoids and systemic
inflammation may increase the expression of TJ proteins in the cells of
the neurovascular unit and in vessel-associated microglia to maintain
BBB integrity, especially during the acute phase of inflammation (Kroll
et al., 2009; Salvador et al., 2014; Haruwaka et al., 2019).

MS experience combined with LPS challenge and regardless of sex
increased BBB permeability in the mPFC and HP of juveniles when
compared to AFR rats. In the mPFC, this effect was accompanied by
enhanced expression of Cld5 and Ocln (only in males). The above-
mentioned changes in BBB function in MS juveniles may be related to
the increased neuroinflammatory response to LPS, but only in males.
Interestingly, in the HP of adults, stimulatory effects of LPS on BBB
permeability and mRNA expression of TJ proteins were observed only in
MS rats. However, BBB permeability in MS-LPS rats altogether resem-
bled that in AFR rats. The magnitude of the LPS effect was rather slight
and mainly related to the lower basal BBB permeability observed in MS-
VEH rats in the HP. This finding may suggest the occurrence of some
kind of adaptive mechanisms within the BBB of MS adult rats that pro-
tect the barrier from enhanced harmful dysregulation in response to
environmental insults.

4.3. Sex-dependent effects of ELS on peripheral and brain responses to
immune challenge

The main finding of the present study is that the MS procedure
modulated the neuroinflammatory response to LPS challenge in a sex-
specific fashion. Simultaneously, we did not observe a significant
impact of MS per se on the basal levels of inflammatory markers when
comparing MS-VEH to AFR-VEH-treated rats, which is in line with many
previous reports (Dutcher et al., 2020). Interestingly, MS females, both
juvenile and adult, showed lower mRNA levels of Tlr4 in the HP than
AFR females.

Notably, MS intensified or prolonged the neuroinflammatory
response to LPS challenge in juveniles. It was especially manifested in
juvenile MS males. LPS enhanced the expression of many inflammatory
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markers, e.g., Icaml, Tlr4, Aifl, and Itgam, specifically in the mPFC or/
and HP of MS but not AFR juvenile males. Moreover, MS generally
increased CORT serum levels in juvenile males. MS-induced elevation in
CORT concentration can be strongly related to a concurrent vulnera-
bility to LPS challenge in accordance with many data showing that prior
exposure to glucocorticoids or stress can sensitize or prime proin-
flammatory responses (Frank et al., 2010; Loram et al., 2011). MS ju-
venile females showed a more diverse pattern of responses to LPS
challenge.

Interestingly, in adulthood, MS rats were less sensitive to LPS action
than AFR rats. This finding was especially evident in females. The
expression of many inflammatory markers, e.g., II-1 or microglial/
macrophage markers, was not triggered at all or was even decreased by
LPS 24 h after its administration. This phenomenon may potentially
relate not only to a less intense response to LPS challenge but also to
faster resolution of neuroinflammation in MS adult females.

Stress and glucocorticoids have been historically regarded as anti-
inflammatory agents (Baxter and Forsham, 1972). However, currently,
a large amount of data accumulated from both animal and human
studies indicate that previous stress and glucocorticoids may prime the
neuroinflammatory response to subsequent proinflammatory challenge
(Frank et al., 2016; Kelly et al., 2018; Barrett et al., 2021). Nevertheless,
the most consistent data on this topic came from studies of stress in
adulthood (Frank et al., 2010; Loram et al., 2011; Kelly et al., 2018;
Barrett et al., 2021). Past results from animal studies that showed the
effects of ELS on subsequent immune challenge later in life were often
inconclusive, probably due to the differences in the ELS procedures, the
regimen of LPS treatment and the small number of inflammatory
markers under study. However, these studies often showed sex differ-
ences in the effects of ELS (Avitsur et al., 2013; Gildawie et al., 2020). It
has been shown that MS intensifies some of the symptoms of sickness
behavior, especially in adult males (Avitsur et al., 2013). A few studies
have focused on the effect of ELS on the morphology of microglial cells
in juveniles and showed that MS juvenile males (PND 15) had more
microglia with large soma and thicker processes in the HP in response to
LPS (Saavedra et al., 2017), and juvenile females (PND 21) with MS
exposure had a greater increase in microglial soma size following LPS
injection in the PFC (Gildawie et al., 2020), which suggests enhanced
microglia reactivity to LPS challenge in MS subjects. To the best of our
knowledge, our study is the first to show a clear pattern of sex-specific
effects of ELS on subsequent neuroinflammatory challenge based on
the analysis of multiple peripheral and central markers of inflammation.
Sex differences in MS-triggered effects were observed in both juvenile
and adult rats and were related to the impact of ELS on the perinatal
phases of sexual differentiation and programming of brain and inflam-
matory functions.

We can only speculate about the functional consequences of MS-
induced intensification or prolongation of the neuroinflammatory pro-
cesses in response to common environmental factors observed in males,
especially juveniles. Such intensification may imply enhanced reactivity
of microglial cells, which are not only engaged in immune defense of the
brain but also play essential roles in postnatal brain maturation and
synaptic plasticity. Microglial cells take part in neurodevelopmental
apoptosis and synapse pruning (Nikodemova et al., 2015). Therefore,
aberrant function of microglia and exacerbated neuroimmune responses
may strongly affect postnatal development of the brain, especially the
mPFC, which shows a prolonged developmental trajectory and un-
dergoes morphological and functional reorganization during the pre-
adolescence period (Brenhouse and Andersen, 2011; Selemon, 2013).
Altogether, such ELS-induced changes may underlie the dysfunctions in
synaptic plasticity, fear memory and innate fear observed previously in
our model in both adolescent and adult males (Chocyk et al., 2014;
Majcher-Maslanka et al., 2019; Solarz et al., 2021b).

It has been postulated that the phenomenon of stress-induced
sensitization of the proinflammatory response may be strongly related
to the predisposition to some psychiatric and neurodegenerative
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disorders (Frank et al., 2016). It is commonly accepted that ELS in-
creases the risk of early-onset mood and anxiety disorders, cognitive
impairments and adult psychopathology (Kessler et al., 2010; Reincke
and Hanganu-Opatz, 2017).

Although there are no clear and consistent differences in vulnera-
bility to the abovementioned pathologies between females and males
subjected to ELS, numerous data have shown that females may be more
resilient to cognitive impairments induced by early-life adversity (Loi
etal., 2017; Reincke and Hanganu-Opatz, 2017). It is interesting that the
present study reported that MS females (especially adults) showed
blunted (or shorter) responses to immune challenge. Thus, in this
context, the immune phenotype of MS females can be considered
beneficial and potentially promotes resilience. In contrast to the hy-
pothesis of stress-induced sensitization of the proinflammatory
response, it has been argued that exposure to moderate amounts of
stressors, especially during the perinatal period, may help to cope with
other environmental challenges later in life. This phenomenon is known
as stress inoculation (Parker et al., 2019; Qin et al., 2019). Our study
indicates that sex may strongly modulate both stress inoculation and
stress sensitization phenomena.

It is worth emphasizing that our present study showed a consistent
regulation of Tlr4 mRNA expression by ELS observed both in juveniles
and adults in response to LPS. Especially in the mPFC, this regulation
had the opposite direction in males and females. MS males responded to
LPS administration with upregulation of Tlr4 expression, in contrast to
AFR males, which did not show such an effect. The opposite situation
was revealed in the mPFC of females, where an upregulation of Tlr4
expression was observed in control but not in MS females. Additionally,
MS males showed generally higher levels of Tlr4 expression in the HP,
whereas females had the opposite trend when compared to AFR subjects.
These phenomena are in line with the observed sex-specific modulation
of neuroinflammatory responses to acute challenge by MS. A large
amount of accumulated preclinical and clinical data have shown a po-
tential role of TLR4 signaling not only in the pathophysiology of mul-
tiple sclerosis, AD, and ischemia but also in depression and anxiety
(Femenia et al., 2018; Nie et al., 2018; Figueroa-Hall et al., 2020).
Upregulation of TLR4 expression has been observed in animal models of
depression based on chronic stress procedures and in postmortem tissue
from major depressive disorder patients (Garate et al., 2011; Figueroa-
Hall et al., 2020; Zhang et al., 2020). TLR4 belongs to the pattern
recognition receptors that specifically recognize Gram-negative bacte-
rial LPS and subsequently initiate the innate immune response. How-
ever, TLR4 may also recognize damage-associated molecular patterns
(DAMPs) released from cells during injury or stress and trigger sterile
inflammation. Well-known examples of DAMPs are heat shock proteins
of 70 kDa (HSP70). We have recently shown that the MS procedure
increased the expression of HSP70 family members in the mPFC and HP
of both juvenile and adult male rats (Solarz et al., 2021b). Altogether,
our results suggest that the regulation of TLR4 signaling in pathogen and
nonpathogen-associated neuroinflammation can be an important
mechanism that affects the susceptibility or resilience to ELS effects in a
sex-specific fashion.

The limitation of our study is that we checked the response to LPS
challenge only at one (late) time point. Therefore, we cannot rule out
that the effects triggered by LPS administration reflect some compen-
satory or adaptive mechanisms, as in the case of LPS-induced upregu-
lation of mRNA expression of TJ proteins. Another limitation is that we
did not perfuse the animals with saline to remove the blood with pe-
ripheral immune cells before brain tissue collection, which could, to
some degree, affect the proper separation of central and peripheral
immune effects in our study. However, recent reports have shown that
the mRNA levels of several cytokines measured in the brain were un-
affected by prior perfusion of the tissue with saline regardless of immune
status (Kvichansky et al., 2019; Walker et al., 2020). Nevertheless, it is
worth underlining that AIF1 and ITGAM are not specific markers of
microglial cells but they are also expressed in peripheral immune cells.
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In conclusion, we showed that MS experience modulated the neu-
roinflammatory response to subsequent immune challenge later in life in
a sex-dependent fashion. Specifically, MS males had increased and fe-
males had decreased central responses to an acute LPS injection. These
results suggest that ELS may precondition individuals to other envi-
ronmental factors and in this way determine their susceptibility or
resilience to mental and/or neurodegenerative diseases.
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Supplementary Table 1. Results of a three-way ANOVA investigating the effects of sex,
lipopolysaccharide (LPS) treatment and rearing conditions (RC) and their interactions on
circulating CORT and proinflammatory cytokines levels in juvenile and adult rats

Source of
PND Serum level variation Fi20 p

22 CORT SEX 1642 <0.001
LPS 5.89 0.020

RC 2.97 0.093

SEX«LPS 4.58 0.039

SEXRC 13.96 <0.001

LPS«RC 2.87 0.098

SEXxRC4LPS 4.38 0.043

IL-18 SEX 3.30 0.077
LPS 29.17 <0.001

RC 3.37 0.074

SEX«LPS  10.63 0.002

SEX«RC 0.78 0.382

LPS«RC 6.93 0.012

SEXxRCLLPS 0.01 0.906

TNFa SEX 0.73 0.399
LPS 2158 <0.001

RC 0.09 0.764

SEX«LPS 1.15 0.290

SEX«RC 0.01 0.935

LPS«RC 0.04 0.848

SEXxRCLLPS 3.19 0.081

70 CORT SEX 0.48 0.492
LPS 31.09 <0.001

RC 253  0.120

SEX,LPS  0.15  0.702
SEXRC 0.7  0.685
LPS,RC  0.00  0.991
SEXXRCLLPS 047  0.496
IL-1B SEX 023  0.635
LPS 57.61 <0.001

RC 016  0.693

SEX,LPS 036  0.553
SEX,RC 250  0.122
LPS,RC  0.03  0.853
SEX,RC,LPS  4.42  0.042




Supp. Tab. 1. continued

Source of
PND Serum level variation Fi20 p
70 TNFa SEX 0.29 0.600

LPS 15142 <0.001

RC 491 0.032

SEX«LPS 2.63 0.112
SEXxRC 3.03 0.089
LPS«RC 1.14 0.293
SEXxRC4LPS 0.28 0.597

Statistically significant effects are given in bold.



Supplementary Table 2. Results of a two-way ANOVA investigating the effects of
lipopolysaccharide (LPS) treatment and rearing conditions (RC) and their interactions on

circulating CORT and IL-1p levels

Females Males

PND Serum level ?/(;Lrji;ct(ieoonf F120 p F120 p
22 CORT RC 291 0.104 1144 0.003
LPS  0.06 0.811 8.00 0.010
RC.PS  10.28 0.004 0.06 0.807
70 IL-18 RC 119 0.289 9.71 0.005
LPS 2038 <0.001 119.09 <0.001
RCALPS 1.59 0222  10.24 0.004

Statistically significant effects are given in bold.



Supplementary Table 3. Results of a three-way ANOVA investigating the effects of sex,
lipopolysaccharide (LPS) treatment and rearing conditions (RC) and their interactions on the
content of extravasated NaF in the mPFC and HP of juvenile and adult rats

PND
Source of 22 70
variation mPFC HP mPFC HP
F1,40 p F1.40 p F1.40 p F1.40 p

SEX 90.01 <0.001 091.13 <0.001 0.13 0.722 0.23 0.631
LPS 51.03 <0.001 28.04 <0.001 040 0529 259 0.112
RC 6.75 0.013 4.82 0.034 0.00 0.948 4.22 0.047
SEXXLPS 3.56 0.066 5.66 0.022 4.35 0.043 114 0.292
SEXxRC 1.90 0.176 2.55 0.118 4.84 0.034 556 0.023
LPSxRC 2.84 0.100 1.59 0.214 276 0104 7.40 0.010

SEX«RC4LPS  0.01 0935 0.72 0403 0.36 0550 214 0.155

Statistically significant effects are given in bold.



Supplementary Table 4. Results of a three-way ANOVA investigating the effects of sex, lipopolysaccharide
(LPS) treatment and rearing conditions (RC) and their interactions on mRNA expression of TJ proteins and

inflammatory response markers in the mPFC and HP of juvenile and adult rats

PND
22 70
mPFC HP mPFC HP
F1.40 p F140 p F1.40 p F1.40 P

Gene Source of variation

Cld5 SEX 6453  <0.001 4.56 0.039 8297 <0.001 26.82  <0.001
LPS 2604 <0.001 2228 <0.001 3234  <0.001 2789  <0.001

RC 3.06 0.088 2.87 0.098 0.74 0.396 9.04 0.005

SEXxLPS 1.96 0.169 3.44 0.071 1460 <0.001 0.40 0.533

SEXxRC 1.14 0.292 0.68 0.415 2496 <0.001 0.03 0.863

LPSxRC 7.15 0.011 2.14 0.151 3.93 0.054 4.30 0.045

SEXxRCXLPS 0.59 0.445 2.10 0.155 9.88 0.003 2.99 0.092

Ocln SEX 10.21 0.003 1845 <0.001 607.14 <0.001 36.95 <0.001
LPS 2724 <0001 2718 <0.001 17.27  <0.001 19.98  <0.001

RC 3.83 0.057 0.10 0.324 0.08 0.787 4.45 0.041

SEXxLPS 2.70 0.108 1.12 0.297 9.08 0.004 1.79 0.188

SEXxRC 4.07 0.050 0.30 0.585 11.05 0.002 0.65 0.425

LPSxRC 2.28 0.139 111 0.297 0.05 0.817 7.29 0.010

SEXxRCXLPS 431 0.044 1.43 0.238 8.51 0.006 0.93 0.342

Icaml SEX 27165 <0.001 4459 <0.001 3.32 0.076 2682 <0.001
LPS 0.14 0.708 2111 <0.001 100.88 <0.001 58.67 <0.001

RC 2049 <0.001 1.00 0.321 2.69 0.109 3.52 0.068

SEXxLPS 0.09 0.767 0.05 0.817 0.02 0.877 2.39 0.130
SEXxRC 0.82 0.370 2.53 0.120 7.19 0.011 2.43 0.151
LPSxRC 12.20 0.001 9.72 0.003 0.75 0.390 1.78 0.190
SEXxRCKLPS 4987 <0.001 11.14 0.002 1329  <0.001 0.93 0.340

Aifl SEX 1.00 0.322 0.05 0.817 0.22 0.642 68.09  <0.001
LPS 15.66 <0.001 40.09 <0.001 138.09 < 0.001 4521 <0.001

RC 2.84 0.100 8.01 0.007 1.34 0.253 45,02 <0.001

SEXxLPS 1.42 0.240 2.13 0.152 0.62 0.436 22.52 <0.001
SEXxRC 3.14 0.084 3.22 0.080 0.76 0.389 53.73  <0.001
LPSxRC 5.81 0.021 0.87 0.356 10.85 0.002 19.26  <0.001

SEXxRCxLPS 3.97 0.053 4.05 0.051 1.27 0.267 3.93 0.054

Itgam SEX 13.28  <0.001 8.09 0.007 221 0.145 0.86 0.358
LPS 2751 <0001 6853 <0.001 19449 <0.001 21863 <0.001

RC 0.572 0.454 0.67 0.419 533 0.026 0.14 0.710
SEXXLPS 9.81 0.003 5.35 0.026 0.98 0.324 0.28 0.601
SEXxRC 2.27 0.140 8.77 0.005 1.14 0.293 0.016 0.900
LPSxRC 0.06 0.800 0.12 0.730 6.18 0.017 0.036 0.852
SEXxRCxLPS 1.74 0.194  10.62 0.002 1.04 0.313 0.02 0.887




Supp. Tab. 4. continued

PND
Gene Source of variation 2 70
mPFC HP mPFC HP
F1.40 p F1,40 p F1.40 p F1,40 p

Tird SEX 10259 <0.001 2462 <0.001 14.48  <0.001 0.09 0.770
LPS 421 0.047 36.43 <0.001 13.48 <0.001 14.43 <0.001
RC 1.60 0.213 4794 <0.001 211 0.154 5.48 0.024
SEXxLPS 0.17 0.682 1650  <0.001 2.75 0.105 0.70 0.407
SEXxRC 9.36 0.004 7355 <0.001 0.26 0.611 28.11 <0.001
LPSxRC 3.07 0.088  11.15 0.002 0.04 0.843 0.41 0.523
SEXxRCxLPS 17.77 <0.001 7.54 0.009 16.95 <0.001 10.84 0.002
11-18 SEX 8.35 0.006 7.01 0.012 1.08 0.305 2.17 0.149
LPS 19.27 <0.001 1711 <0.001 75.14 <0.001 48.76 <0.001
RC 0.02 0.879 0.04 0.834 8.41 0.006 0.34 0.564
SEXxLPS 6.63 0.014 6.03 0.018 2.65 0.112 241 0.128
SEXxRC 1.17 0.285 1.88 0.178 7.09 0.011 7.67 0.008
LPSxRC 0.01 0.906 0.01 0.907 8.51 0.006 0.63 0.430
SEXxRCxLPS 0.59 0.447 2.00 0.164 5.09 0.030 6.17 0.017
Tnfa SEX 8.94 0.005 2.22 0.143 0.24 0.629 36.03 <0.001
LPS 10.21 0.003 11.50 0.002 7.01 0.012 33.06 <0.001
RC 8.07 0.007 0.08 0.781 0.46 0.502 17.35 <0.001
SEXxLPS 0.04 0.847 0.04 0.835 0.38 0.543 12.03 0.001
SEXxRC 0.77 0.384 1.77 0.191 1.76 0.193 33.16 <0.001
LPSxRC 0.02 0.879 0.00 0.975 1.80 0.187 6.93 0.012
SEXxRCxLPS 1.32 0.257 3.68 0.062 1.74 0.194 11.96 0.001

Statistically significant effects are given in bold.



Supplementary Table 5. Results of a two-way ANOVA investigating the effects of lipopolysaccharide (LPS)
treatment and rearing conditions (RC) and their interactions on mRNA expression of TJ proteins and

inflammatory response markers in the mPFC and HP of juvenile and adult rats

mPFC HP
PND Gene Source of variation Female Male Female Male
F120 p F120 p F1.20 p F1,20 p

22 Ocln RC 0.01 0.934 4.54 0.046 - - - -
LPS 2439 <0.001 13.55 0.001 - - - -
RC«LPS 0.61 0.443 3.70 0.069 - - - -

Icam1 RC 8.18 0.010 33.27 <0.001 0.13 0.718 4.67 0.043

LPS 0.01 0.967 1.16 0.294 9.11 0.007 13.18 0.002

RC«LPS  30.89 <0.001 3232 <0.001 0.012 0.892 28.88 <0.001

ltgam RC - - - - 6.94 0.016 2.37 0.139
LPS - - - - 5459  <0.001 1830 <0.001

RCLPS - - - - 6.33 0.021 4.36 0.049

Tird RC 5.84 0.025 4.04 0.058 111.62  <0.001 7.33 0.014

LPS 0.84 0.370 7.61 0.012 47.36 < 0.001 0.54 0.469
RC«LPS  11.12 0.003 7.61 0.012 17.21 <0.001 0.30 0.592

70 Cld5 RC 4742 <0.001 5.23 0.033 - - - -
LPS 4.76 0.041 2753 <0.001 - - - -

RC«LPS  36.36 <0.001 0.41 0.528 - - - -

Ocln RC 1.65 0.217 2.49 0.129 - - - -

LPS 2057 <0.001 13.78 0.001 - - - -

RC4LPS 0.86 0.366 1.93 0.1780 - - - -

Icaml RC 7.27 0.014 0.76 0.394 - - - -

LPS 38.05 <0.001 72.75 <0.001 - - - -

RC4LPS 7.93 0.011 5.39 0.031 - - - -
Tlr4 RC 3.41 0.079 0.31 0.584 25.89 < 0.001 5.03 0.036
LPS 3.58 0.073 9.91 0.005 3.89 0.063 12.32 0.002

RC,LPS 16.43 <0.001 5.35 0.031 6.87 0016  12.32 0.059

1-18 RC 8.75 0.008 0.12 0.735 4.44 0.048 3.26 0.086
LPS 2995 <0.001 107.81 <0.001 28.80 <0.001 20.05 <0.001

RC4LPS 7.56 0.012 0.96 0.338 4.26 0.052 1.94 0.179

Tnfa RC - - - - 27.33 < 0.001 4.19 0.020
LPS - - - - 23.56 <0.001 9.47 0.017
RC4LPS = = = > 10.29 0.004 0.81 0.204

Statistically significant effects are given in bold.
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Abstract—Clinical studies clearly indicate that early-life stress (ELS) may cause physical and mental health prob-
lems later in life. Therefore, the identification of universal biomarkers of ELS-related diseases is very important.
The 70-kDa heat shock proteins (HSP70s), specifically HSPA5 and HSPA1B, have been recently shown to be
potentially associated with occurrence of anxiety, mood disorders, and schizophrenia; thus, we hypothesized that
HSP70s are potential candidate biomarkers of ELS-induced psychopathologies. A maternal separation (MS) pro-
cedure in rats was used to model ELS, and the expression of HSPA5 and HSPA1B was investigated in the blood,
medial prefrontal cortex (mPFC), and hippocampus of juvenile, preadolescent, and adult animals. We also studied
the effects of MS on the long-term potentiation (LTP) and behavioral phenotypes of adult rats. We found that MS
enhanced the expression of HSPA1B mRNA in the blood and mPFC of juvenile and preadolescent rats. This
increase was accompanied by an increase in the HSPA1A/1B protein levels in the mPFC and hippocampus of
juvenile rats that persisted in the mPFC until adulthood. MS juvenile and adult rats showed enhanced HSPA5
mRNA expression in the blood and increased HSPA5 protein expression in the mPFC (juveniles) and hippocam-
pus (adults). Concurrently, MS adult rats exhibited aberrations in LTP in the mPFC and hippocampus and a less
anxious behavioral phenotype. These results indicate that MS may produce enduring overexpression of HSPA1B
and HSPAS in the brain and blood. Therefore, both HSP70 family members may be potential candidate peripheral
and brain biomarkers of ELS-induced changes in brain functioning. © 2021 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: anxiety, early-life stress, HSPA1B, HSPAS5, long-term potentiation, mood disorders.

INTRODUCTION biomarkers of ELS-related diseases to help assess the
risk of these diseases in individuals with early-life trauma
as early as possible.

Based on the literature within the past decade, we

Epidemiological and clinical studies clearly indicate that
early-life stress (ELS) may have a profound and long-

lasting impact on health outcomes. ELS increases the hypothesized that a family of 70-kDa heat shock

riskdpf occulrrencz_ of physical zealth tprgbll_ems, SLijCh as proteins (HSP70s) could be candidate biomarkers of
cardiovascular - diseases  and - melabolic _ syndrome ELS-related diseases. HSP70s are evolutionary

(Manigm et a,l" 2014; Murphy et al,, 2017). ELS is also conserved proteins encoded by 17 genes in humans
associated with appearance of mental health problems, (Brocchieri et al., 2008). These proteins are present in
such as anxiety, mood disorders, addiction, and dementia most cells and tissues The most studied members of

(Green et al., 2010; Donley et al., 2018; Hoeijmakers HSP70s include stress-inducible HSPA1A (also known
etal., 2018). Consequently, ELS-related disorders gener- as HSP70-1) and HSPA1B (also known as HSP70-2) that
ate con_s@erable soqal an.d economic costs. However, are almost identical proteins differing by two amino acids
not all individuals with a history of ELS develop health (Daugaard et al., 2007; Kampinga et al., 2009). These

problems (Teicher and Khan, 2019). Therefore, it may

) . . . proteins are mainly located in the cytosol and nucleus. Ini-
be very important to identify the common and consistent

tially, the expression of these proteins was considered to
be enhanced after heat shock; however, it is now well
- ' known that HSPA1A and HSPA1B are induced in
Corresponding author. t b f . il t lated
E-mail address: chocyk@if-pan.krakow.pl (A. Chocyk). response 1o a num _er ot various cellu a.r stressors re a- e

Abbreviations: AFR, animal facility rearing; ELS, early-life stress; FST, to the accumulation of unfolded/misfolded proteins,
forced swimming test; HP, hippocampus; HSP70s, 70-kDa heat shock hypoxia, hyperglycemia, oxidative stress, and imbalance
proteins; HSPs, heat shock proteins; LTP, long-term potentiation; in calcium levels (Daugaard et al., 2007: Karunanithi

MDD, major depression disorder; mPFC, medial prefrontal cortex; MS, L
maternal separation; PND, postnatal day. and Brown, 2015). HSPAS5 (also known as binding
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immunoglobulin  protein (BiP) or 78-kDa glucose-
regulated protein (GRP78)) is another interesting member
of the HSP70s family. HSPAS is constitutively expressed
in the endoplasmic reticulum (ER). However, the expres-
sion of HSPA5 can be substantially increased under ER
stress and in calcium homeostasis imbalance
(Daugaard et al., 2007; Wang et al., 2017). HSPAS (also
known as HSPC70) is a typical representative of HSP70s
constitutively expressed in the cytosol and nucleus
(Stricher et al., 2013).

The best known role of HSP70s is acting as molecular
chaperones through engagement in (i) protein folding and
refolding, (ii) the degradation of unstable and misfolded
proteins, and (iii) the transport of proteins between
cellular compartments (Daugaard et al., 2007). HSP70s
are very important regulators of cell survival and apopto-
sis (Arya et al., 2007). HSPAS5 is one of the key player
in the regulation of ER stress and unfolded protein
response (UPR), which are essential cellular repair pro-
cesses with strong impact of the cell death/survival deci-
sions (Arya et al., 2007; Wang et al., 2017).

The protective effects of HSP70s in myocardial and
brain ischemia and neurodegeneration have been
clearly demonstrated (Tsuchiya et al., 2003; Leak, 2014;
Santos-Junior et al., 2018; Song et al., 2020). Increased
expression of HSP70s is commonly observed in patients
with heart failure and neurodegenerative disorders
(Leak, 2014; Santos-Junior et al., 2018). In contrast,
decreased levels of HSP70s in the liver were detected
in the animal models of diabetes and insulin resistance
(Kavanagh et al., 2011; Amawi et al., 2019).

Certain HSP70s family members, such as HSPA5 and
HSPAS, are localized not only inside the cells but can also
be detected in the extracellular space (Tytell, 2005;
Casas, 2017). Moreover, active release of these HSPAS8
by the glia and uptake by the axons has been demon-
strated and is associated with cytoprotective and anti-
apoptotic effects of HSP70s in the nervous system (for
review, see: Tytell, 2005). HSP70s, as the regulators of
cell survival or death and stabilizers of cytoskeletal ele-
ments, play a crucial role in cell growth, apoptosis, and
migration during neurodevelopment (Miller and Fort,
2018). HSP70s are also engaged in synaptic plasticity
and memory processes (Ammon-Treiber et al., 2008;
Porto and Alvares, 2019). Inducible HSP70s are present
in the synapses, and synaptic activity and learning tasks
augment their expression (lgaz et al., 2004; Porto et al.,
2018).

Recently, it has been proposed that ER stress and
UPR can be associated with pathophysiology of mood
disorders (Kakiuchiet al., 2005; Le-Niculescu et al.,
2011; Yang et al., 2013; Nevell et al., 2014; Yoshino
and Dwivedi, 2020). Increased expression of UPR-
related genes or proteins, including HSPA5, was
observed in the medial prefrontal cortex (mPFC) and tem-
poral cortex of subjects with major depression disorder
(MDD) who died from suicide and in leukocytes from
patients with MDD and posttraumatic stress disorder
(Bown et al., 2000; Nevell et al., 2014; Yoshino and
Dwivedi, 2020). Moreover, functional polymorphisms of
HSPA5 were shown to have possible association with
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(Kakiuchiet al., 2005).

Recent data have also shown that HSPA1B
polymorphism may be associated with schizophrenia
and suicidal behavior of schizophrenic patients (Pae
et al., 2005; Bosnjak et al., 2020; Kowalczyk et al.,
2020). On the other hand, HSPA1B was identified as
one of the candidate blood and brain biomarkers of anxi-
ety disorders (Le-Niculescu et al., 2011; Yang et al.,
2013).

Surprisingly, the expression of HSP70s has not been
practically studied in animal models of ELS (Coccurello
et al., 2014; Majcher-Maslanka et al., 2019a). These con-
siderations and our experience in ELS modeling (Chocyk
et al., 2013, 2014; Majcher-Maslanka et al., 2018, 2019a)
prompted us to assess whether two representatives of
HSP70s, HSPA5 and HSPA1B, are potential biomarkers
of ELS-induced psychopathology. Initially, we investi-
gated the developmental profiles of the expression of
HSPA5 and HSPA1B mRNAs and proteins in the mPFC
and hippocampus, which are the brain regions highly
implicated in anxiety, mood disorders, and schizophrenia
(McTeague et al., 2020). To the best of our knowledge,
there are no data evaluating the developmental expres-
sion of these specific HSP70s family members in rodents.
Then, we used a maternal separation (MS) procedure in
rats from postnatal day (PND) 1 to 14 to model ELS and
investigated the effects of ELS on HSPA5 and HSPA1B
mRNA levels in the blood and HSPA5 and HSPA1B
mMmRNA and protein expression in the mPFC and hip-
pocampus of juvenile, preadolescent, and adult rats. We
also evaluated the effect of MS on LTP in the mPFC
and hippocampus of adult rats. The behavioral phenotype
of adult rats was also assessed for depressive- and
anxiety-like behavior and dysfunction of sensorimotor gat-
ing, that is typical for schizophrenia (Braff et al., 2001).

Japanese  population

EXPERIMENTAL PROCEDURES
Animals

All experimental procedures were approved by the Local
Ethics Committees for Animal Research in Krakow,
Poland and met the requirements of the Directive
2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of
animals used for scientific purposes. All efforts were
made to minimize animal suffering.

Adult male and female Wistar rats were purchased
from Charles River Laboratories (Sulzfeld, Germany). All
animals were housed under controlled conditions with
an artificial 12 h light/dark cycle (lights on from 07:00 to
19:00), 55% + 10 humidity, and a temperature of 22 °C
+ 2. Food and tap water were freely available. The rats
were mated at the Maj Institute of Pharmacology, PAS,
Krakow Animal Facility. The offspring of primiparous
dams were used in this study. Before delivery, the dams
were housed individually in standard plastic cages
(38 x 24 x 19 cm). The day of birth was designated as
PND 0. On PND 1, the litter size was standardized to
eight pups per litter (four males and four females), and
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the litters were assigned to one of the following rearing
conditions: MS or animal facility rearing (AFR), i.e.,
control condition.

Maternal separation procedure

The MS procedure was performed as described
previously by Majcher-Maslanka et al. (2018, 2019a,
2019b) and Chocyk et al. (2013), Chocyk et al. (2015).
Briefly, on PNDs 1-14, the dams and pups were removed
from the maternity cages for 3 h (09.00-12.00) daily. The
mothers were placed individually in the holding cages
(38 x 24 x 19 cm), while each litter was placed in a plas-
tic container (22 x 16 x 10 cm) lined with fresh bedding
material, and the containers were moved to an adjacent
room and placed in an incubator that was set at a con-
stant temperature of 34 °C mimicking the nest tempera-
ture. After the 3 h separation, the pups and dams were
returned to the maternity cages. The AFR animals were
left undisturbed with their mothers except during the
weekly cage cleaning corresponding to a small amount
of handling. The impact of the MS procedure on specific
maternal and pup behaviors was described previously in
detail by our group (Chocyk et al., 2013). Twenty-four
hours after the last MS, i.e., on PND 15, a part of the ani-
mals was assigned to the experimental groups to investi-
gate the effects of repeated MS in juveniles. The rest of
the animals were weaned on PND 22, sexed, and ran-
domly distributed between subsequent experimental
groups to investigate the long-term effects of repeated
MS. These rats were housed under the controlled condi-
tions (as described above) in standard plastic cages
(57 x 33 x 20 cm) in the same-sex groups of five unre-
lated subjects according to the same treatment protocol
until the preadolescence period (PND 26) or adulthood
(PND 70).

Experimental groups

A total of 95 AFR and 94 MS male rats originating from 24
AFR and 24 MS litters were used in the study. Female
offspring was used in other scientific projects. In the
case of biochemical experiments, the final experimental
groups included the animals that originated from
different litters and were unrelated (n = 5-8). In the
case of behavioral experiments, maximum two subjects
from the same litter were used (n = 9-12). The
separate groups of animals of each age (PND 15, PND
26, and PND 70) were analyzed for i) gene expression
in the brain and blood and ii) protein expression.
Additionally, the separate groups of adult animals were
used for electrophysiological measurements and
behavioral tests.

RT qPCR

The RT gqPCR procedure was performed as described
previously by Majcher-Maslanka et al. (2018, 2019b).
Briefly, on PND 15, PND 26, or PND70, the animals were
sacrificed by decapitation (6 AFR and 6 MS rats in each
age group). Trunk blood was collected and the brain
was immediately removed from the skull. The mPFC (in-

cluding the cingulate cortex 1, prelimbic cortex, and infral-
imbic cortex regions) was dissected from 1 mm thick
coronal sections using a rodent brain matrix (Ted Pella
Inc., CA, USA); whereas, the hippocampus was dissected
freehand. After dissection, the brain tissue was quickly
frozen in liquid nitrogen and stored at —80 °C for later
use. Total RNA from the whole blood and brain tissue
was extracted using the Mouse RiboPure Blood RNA Iso-
lation Kit (Invitrogen) and RNAeasy Mini Kit (Qiagen),
respectively. The total RNA concentration was measured
using an Eon absorbance microplate reader and Gen 5
software (BioTek, Winooski, VT, USA). The RNA was
reverse transcribed using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). gPCR was per-
formed using the QuantStudio 12 K Flex (Applied Biosys-
tems). Gene-specific primers and probes of the TagMan®
Gene Expression Assays (Applied Biosystems) were
used according to the manufacturer's recommendation,
including Rn02532795_s1 for Hspa1b, Rn01435769 g1
for Hspa5, and Rn99999916_s1 for Gapdh
(glyceraldehyde-3-phosphate dehydrogenase). Amplifica-
tion using TagMan Gene Expression PCR Master Mix
(Applied Biosystems) was performed under the following
conditions: 50 °C for 2 min and 95 °C for 10 min followed
by 40 cycles at 95 °C for 15s and 60 °C for 1 min. The
threshold values of the cycles were calculated automati-
cally (QuantStudio 12K Flex Software, Applied
Biosystems). The RNA abundance was calculated theo-
retically according to the following equation: abun-
dance = 2~ (threshold cycle) The results of each individual
sample were normalized to Gapdh expression.

Western blot

Western blot was performed as described previously by
Majcher-Maslanka et al. (2018, 2019b). Briefly, on PND
15, PND 26, or PND 70, the animals were sacrificed by
decapitation (6 AFR and 6 MS rats in each age group),
and the brain was rapidly removed from the skull. The
mPFC (including the cingulate cortex 1, prelimbic cortex
and infralimbic cortex regions) was dissected from
1 mm-thick coronal sections using a rodent brain matrix
(Ted Pella, CA, USA), and the hippocampus was dis-
sected freehand. After dissection, the brain tissue was
quickly frozen in liquid nitrogen and stored at — 80 °C until
further use. The tissue was homogenized (TissuelLyser,
Retsch, Germany) in ice-cold lysis buffer (PathScan®
Sandwich ELISA Lysis Buffer, Cell Signaling). The homo-
genates were then centrifuged for 15 min at 15,000x g at
4 °C. The total protein concentration of the supernatants
was determined using the bicinchoninic acid (BCA)
method (Sigma-Aldrich, USA). Samples with equal pro-
tein concentrations were loaded into each lane, run on
10% sodium dodecyl sulfate—polyacrylamide gels in a
Laemmli buffer system, and transferred onto a nitrocellu-
lose membrane (Bio-Rad, USA). The blots were probed
with diluted primary antibodies as follows: mouse anti-
HSPA1B antibody (1:500, Sigma-Aldrich, SAB1403949),
rabbit anti-BIP antibody (1:1000, Cell Signaling
Technology, #3183), and mouse anti-B-actin (1:500,
Sigma-Aldrich). Then, the blots were incubated with
the appropriate (anti-mouse IgG or anti-rabbit 1gG)
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horseradish peroxidase-conjugated secondary antibodies
(Roche Diagnostics, Basel, Switzerland), and the bands
were visualized by enhanced chemiluminescence (Lumi-
LightPlus Western Blotting Kit, Roche Diagnostics,
Switzerland). The immunoblots were evaluated using a
luminescent image analyzer (LAS-4000, Fuijifilm, USA).
The relative levels of immunoreactivity were quantified
using the Image Gauge software (Fujifilm, USA). B-Actin
immunoreactivity was not influenced by MS. Therefore,
the ratio of the specific protein level to the actin level
was calculated for each sample to normalize for small
variations in loading and transfer.

Ex vivo electrophysiology

The electrophysiological procedure has been described
previously by Majcher-Maslanka et al. (2018). The proce-
dure was performed on adult rats that reached PND 70. A
total of 14 AFR and 14 MS rats were tested in a counter-
balanced alternating order. Rats were anesthetized with
isoflurane (Aerrane, Baxter) and decapitated. The brain
was rapidly removed and immersed in an ice-cold artificial
cerebrospinal fluid (ACSF) of the following composition (in
mM): 130 NaCl, 5 KCl, 2.5 CaCl,, 1.3 MgSOQOy, 1.25 NaH,-
PO4, 26 NaHCO3, and 10 p-glucose; ACSF was bubbled
with a mixture of 95% O, and 5% CO, (pH 7.4). A block of
tissue containing the mPFC or hippocampus, according to
the stereotaxic atlas of the rat brain (Paxinos and Watson,
1998), was dissected and cut into 420 um thick sections
along the coronal plane using a vibratome at 1°C (VT
10008, Leica, Germany). The sections were transferred
into a recording chamber a fluid-gas interface type and
superfused at 2 ml/min with warm (32 + 0.5 °C) modified
ACSF containing (in mM): 130 NaCl, 2 KCI, 2.5 CaCl,, 1.3
MgSOQOy, 1.25 NaH,PO,4, 26 NaHCO3, and 10 D-glucose.
The recordings started 2—4 h after the sections were pre-
pared. The field potentials were evoked using square-
wave stimuli (duration 0.2 ms) applied through a constant
current isolation unit (WPI, Germany) at 0.016 Hz in the
mPFC and 0.033 Hz in the hippocampus via a bipolar
concentric Pt-Ir electrode (FHC, USA). The electrode
was placed in layer ll/Ill or in the Schaffer collaterals for
the recording in the mPFC and hippocampus, respec-
tively. A recording micropipette filled with ACSF (resis-
tance of approximately 2—4 MQ) was placed in the
cortical layer V of the mPFC or the CA1 area of the hip-
pocampus. The responses were amplified (500 x), filtered
(0.1-500 Hz), and acquired at a 10 kHz sampling rate
(EXT 10-C amplifier, NPI, Germany) using a Micro1401
interface and Signal 2 software (CED, Cambridge, UK).
After stabilization of the responses, stimulus/response
(input—output) curves were determined individually for
each section by applying square stimuli of increasing
intensities (duration of 0.0003 s; range of 0-50 pA, step
5 pA; range of 50-100 pA, step 10 pA; applied at 15s
intervals). Then, the stimulation intensity was adjusted
to evoke a response corresponding to 40% of the
maximum amplitude, and the stimulus was applied in
the subsequent LTP experiments. When the signals
became stable over a baseline period of 15 min, LTP
was induced in the mPFC with a sequence of five
stimulus bursts (15 s apart). A single burst consisted of

5 individual square pulses (duration of 0.3 ms, applied
at 100 Hz) that were repeated ten times (0.2 s apart). In
the hippocampus, LTP was induced using a single high-
frequency stimulation burst of 100 square pulses
(duration of 0.2 ms, applied at 100 Hz). The recording
then continued for additional 90 min. The response
amplitude of the individual sections was normalized to
the percent change versus the baseline values. The
amount of LTP was determined by comparing the data
of the baseline recording averaged over the last 15 min
to the data of the posttetanic recording averaged over
the last 15 min.

The light/dark exploration test

On PND 70, separate groups of 12 AFR and 10 MS rats
were subjected to the light/dark exploration test. The
light/dark exploration test was performed as described
previously by Chocyk et al. (2013), Chocyk et al. (2015).
Briefly, each experimental cage included an arena
(45 x 45 x 45 cm) with a light compartment made of clear
acrylic and a dark compartment made of black acrylic.
The black compartment covered 33% of the total cage
area, and the black dividing wall was equipped with a cen-
tral tunnel gate (11 x 8.4 cm). The light compartment was
brightly illuminated (100 Ix), whereas the dark compart-
ment received no light at all. The animals were kept in
total darkness for 30 min prior to the testing, and the
entire experiment was conducted with the room lights
off. The animals were individually tested in single 10 min
trials. The behavioral responses during the test session
were recorded using Fear Conditioning software (TSE,
Bad Homburg, Germany). Specifically, the number of
transitions between the compartments, time spent in each
compartment, and locomotor activity (the distance trav-
eled) were measured.

Sucrose preference test

Sucrose preference was measured in a two-bottle choice
paradigm as described previously by Chocyk et al. (2015).
Briefly, 9 AFR and 10 MS adult rats at PND 70 were singly
housed and habituated to drink water from two bottles for
5 days. Then, the water in one of the bottles was replaced
by 1% sucrose solution for 2 days to avoid neophobia.
The position of the bottles (sucrose left or right) was
reversed every 8 h to prevent the development of place
preference. After habituation, the rats were subjected to
water deprivation for 16 h before performing the sucrose
preference test. During the test, two bottles, one contain-
ing tap water and another containing 1% sucrose solution,
were presented to each rat for 4 h (08.00-12.00). The
positioning of the water and sucrose bottles (left or right)
was balanced between the experimental groups. Sucrose
preference was calculated as the percentage of sucrose
intake versus total liquid intake (water + sucrose) over
the 4 h test period.

Forced swimming test (FST)

A total of 12 AFR and 12 MS adult rats were used in the
test. The rats were placed in cylinders (height: 40 cm,
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diameter: 18 cm) containing 25 cm of water (25 °C). After
15 min exposure in the water, the animals were removed,
dried, and returned to their home cages. Then, 24 h later,
the rats were again placed in the water, and the total
duration of immobility, climbing, and swimming was
measured during a 5 min test (Porsolt et al., 1978). After
the test, the locomotor activity of the rats was examined
as described previously by Majcher-Maslanka et al.
(2019a). Briefly, the locomotor activity of each animal
was recorded for 30 min and analyzed using Opto-
Varimex cages (43 x 44 cm) and Auto-Track software
(Columbus Instruments, OH, USA).

Sensorimotor gating

The efficacy of sensorimotor gating was assessed using a
prepulse-induced inhibition of the acoustic startle
response (PPIl), and startle reactivity was measured
using a startle apparatus (SR-LAB, San Diego
Instruments, San Diego, CA, USA) as described
previously by (Bator et al., 2018). The startle apparatus
included individual soundproof ventilated chambers con-
taining a nonrestrictive plexiglas cylinder (inner diame-
ter = 9cm). A high-frequency loudspeaker inside each
chamber produced a continuous background noise of
65 dB and various acoustic stimuli. Movement of the plex-
iglas cylinder caused by startle response of the animal
was transduced into the analog signals by a piezoelectric
unit attached to the platform. These signals were then dig-
itized and saved on a computer. One hundred readings
were taken at 1 ms intervals starting from the stimulus
onset, and the average amplitude was used to determine
the average amplitude of startle reflex. The amplitude of
the startle response was measured during the 200 ms
recording window.

After habituation (5 min, background white noise,
65 dB), two types of acoustic stimuli were presented to
12 AFR and 12 MS adult rats in a random order: an
acoustic stimulus alone as a pulse [(P), duration 40 ms,
intensity 120 dB] or an acoustic stimulus (P) preceded
by an acoustic prepulse [(PP), duration 20 ms,
intensities: 70, 75, 80, and 85 dB] applied 80 ms before
the stimulus (P). During each experimental session, 20
trials of each type were presented with randomized
interstimulus intervals from 5 to 20s. The amplitudes
were averaged separately for each animal and for both
types of trials (stimulus alone, P; or stimulus preceded
by a prepulse, PP). The degree of PPl was calculated
as a percentage of inhibition (% PPI) as follows: ([(P-
PP)/P] x 100). The final data are presented as % PPI
for each prepulse intensity.

Statistical analysis

Statistical analysis was performed using the Statistica 10
package (StatSoft, Inc., OK, USA). Data were tested for
normal distribution and homogeneity of variances using
Shapiro-Wilk test and Levene’s test, respectively. The
majority of data followed normal distribution and had
equal variances among groups. In these cases,
statistical differences between two groups (AFR vs. MS)
in the analysis of the gene and protein expression and

the most of behavioral data were evaluated by Student’s
t-test. Developmental profile of the gene and protein
expression was evaluated by two-way analysis of
variance (ANOVA) with developmental time and brain
region as the independent variables and Bonferroni post
hoc test. The electrophysiological data were analyzed
by mixed-design ANOVA with rearing conditions as a
between-subject factor and probe (conditions pre- and
posttheta burst stimulation; data averaged over the last
15 min of baseline recording and over the last 15 min
after the tetanization recording) as a within-subject
factor. The data of PPl were evaluated by mixed-design
ANOVA with rearing conditions as a between-subject
factor and prepulse intensity as a within-subject factor.
In the case of data which did not show normal
distribution and homogeneity of variances, statistical
differences between two groups were analyzed by
Mann-Whitney U test. A fixed effects statistical model
was used in the analysis. P values <0.05 were
considered significantly different. The data in the text,
tables and in the line charts are presented as the group
mean and standard deviation (SD).

RESULTS

Developmental profiles of HSPA1B and HSPA5
expression in the mPFC and hippocampus

HSPA1B and HSPA1A genes and proteins are highly
similar (Milner and Campbell, 1990; Kampinga et al.,
2009). However, these two genes have certain differ-
ences in the promoter sequences and completely diver-
gent sequences in 3’-untranslated regions, which enable
to produce a specific tools for studying mRNA expression
of each gene (Milner and Campbell, 1990; Maugeri et al.,
2010). By contrast, any specific antibodies designed to
recognize these proteins cannot distinguish HSPA1B
from HSPA1A in Western blot analysis of the tissue sam-
ples. Therefore, Western blots probed with a mouse anti-
HSPA1B antibody (SAB1403949) used in our study prob-
ably detected the expression of both inducible HSP70s,
HSPA1A and HSPA1B. Consequently, in the present
study, the immunoreactivity of stress-induced HSP70s
was termed HSPA1A/1B.

Statistical analysis of HSPA1B mRNA expression
showed a significant main effect of developmental time
(p < 0.0001) and brain region (p < 0.0001) and a
significant effect of the interaction between these two
factors (p < 0.0001) (Table 1, Fig. 1A). HSPA1B mRNA
expression in the hippocampus at all developmental
time points was higher than that in the mPFC
(p < 0.0001 for each PND) (Fig. 1A). Juvenile (PND 15)
and preadolescent (PND 26) rats showed higher levels
of HSPA1B mRNA in the hippocampus than that in
adults (p < 0.0001 for each PND) (Fig. 1A). However,
an opposite profile of the changes was observed in the
mPFC, i.e., HSPA1B mRNA expression was lower in
juveniles (p < 0.0001) and preadolescents (p < 0.0001)
compared to that in adults (Fig. 1A). Juvenile and
preadolescent rats did not differ in HSPA1B mRNA
levels in the hippocampus (p = 1.00) or mPFC
(p = 1.00).



A. Solarz et al. [ Neuroscience 463 (2021) 238—-253 243

Table 1. Results of two-way ANOVA investigating the effects of developmental time and brain region on HSPA1B and HSPA5 expression in control rats

Parameter Source of variation F p Effect size: 2
HSPA1B mRNA Dev. Time Fa30 = 219.87 <0.0001 0.23
Brain area F130 = 959.04 <0.0001 0.51
Dev. time x brain area Fa30 = 225.01 <0.0001 0.24
HSPA1A/1B protein Dev. time Fz,12 = 4.90 0.028 0.27
Brain area Fi12 = 10.33 0.007 0.28
Dev. time x brain area Fo,42 = 2.05 0.172 0.11
HSPA5 mRNA Dev. time Fa30 = 189.14 <0.0001 0.58
Brain area F130 = 106.90 <0.0001 0.16
Dev. time x brain area F230 = 69.09 <0.0001 0.21
HSPAGS protein Dev. time Fy12 =284 0.098 0.30
Brain area Fi12=0.43 0.523 0.02
Dev. time x brain area F212 = 0.36 0.703 0.04

Statistically significant effects are given in bold. Abbreviations: Dev, developmental.

Analysis of the HSPA1A/1B protein expression
revealed a significant main effect of developmental time
(p = 0.028) and brain region (p = 0.007) (Table 1,
Fig. 1B, Fig. S1A). There was no statistically significant
effect of the interaction between time and brain region
(p = 0.172). Adult rats had a higher level of
HSPA1A/1B proteins than that in juvenile rats on PND
15 (p = 0.046) (Fig. 1B, Fig. S1A). HSPA1A/1B protein
expression was generally higher in the hippocampus
compared with that in the mPFC (Table 1, Fig. 1B,
Fig. S1A).

Statistical evaluation of HSPA5 mRNA expression
levels showed a significant main effect of developmental
time (p < 0.0001) and brain region (p < 0.0001) and a
significant effect of the interaction between these two
factors (p < 0.0001) (Table 1, Fig. 1C). HSPA5 mRNA
expression in juveniles and preadolescent rats was lower
in the hippocampus than that in the mPFC (p < 0.0001 for
both PND 15 and 26) (Fig. 1C). In contrast, HSPA5 mRNA
level was higher in adult rats in the hippocampus than that
inthe mPFC (p = 0.017). A developmental increase in the
level of HSPA5 mRNA in young vs. adult rats was detected
in the hippocampus and mPFC (Fig. 1C) (HP: p < 0.0001
for both PND 15 and 26 vs. PND 70; mPFC: PND 15 vs.
PND 70: p = 0.015; PND 26 vs. PND 70: p = 0.004). In
contrast, juvenile and preadolescent rats did not differ in
the HSPA5 mRNA levels in the hippocampus (p = 1.00)
ormPFC (p = 1.00).

Analysis of HSPAS5 protein expression revealed a lack
of any statistically significant effects (Table 1, Fig. 1D,
Fig. S1B).

The effects of MS on the expression of HSPA1B and
HSPAS5 in the blood, mPFC, and hippocampus of
juvenile, preadolescent, and adult rats

MS procedure increased mRNA expression of HSPA1B in
the blood (p = 0.016) and mPFC (p = 0.041) in juvenile
rats (Table 2, Fig. 2A). There was no change in the
HSPA1B mRNA levels in the hippocampus (p = 0.999)
(Table 2, Fig. 2A). Moreover, MS rats had increased
levels of HSPA1A/1B proteins in the mPFC and

hippocampus compared to that in AFR rats (mPFC:
Uss = 3, p = 0.020, r = 0.67; HP: Uss = 5, p = 0.040,
r = 0.58) (Fig. 2B).

In the case of HSPAS5 expression in juveniles, MS
augmented the HSPA5 mRNA levels in the blood
(p = 0.015) and reduced the HSPA5 mRNA levels in
the hippocampus (p = 0.016) (Table 2, Fig. 2C). There
was no concurrent change in the expression of HSPA5
mRNA in the mPFC (p = 0.199) (Table 2, Fig. 2C).
However, MS rats showed an increase in the HSPA5
protein levels in the mPFC compared to that in AFR rats
(p = 0.039) (Table 2, Fig. 2D). In contrast, there was no
change in the expression of HSPA5 protein in the
hippocampus of juveniles (p = 0.414) (Fig. 2D).

In preadolescent rats, MS increased the mRNA
expression of HSPA1B in the blood (p = 0.045) and
mPFC (p = 0.001) but there was no change in HSPA1B
mRNA level in the hippocampus (p = 0.861) (Table 2,
Fig. 3A). There were no statistically significant effects of
MS on HSPA1A/1B protein expression in the
hippocampus (p = 0.843) or mPFC; however, a trend
toward an increase in the HSPA1A/1B protein level in
the mPFC of MS preadolescent rats was detected
(p = 0.066) (Table 2, Fig. 3B).

MS procedure did not affect HSPA5 mRNA
expression in the blood (p = 0.127), mPFC (p = 0.496)
or hippocampus (p = 0.626) in preadolescent rats
(Table 2, Fig. 3C). Additionally, there were no
differences between MS and AFR rats in the HSPA5
protein levels in the mPFC (p = 0.504) or hippocampus
(p = 0.164) (Table 2, Fig. 3D).

In adult rats, MS did not influence HSPA1B mRNA
expression in the blood (p = 0.618), mPFC (p = 0.657),
or hippocampus (p = 0.077) (Table 2, Fig. 4A).
However, MS adult rats had augmented levels of
HSPA1A/1B proteins in the mPFC compared to that in
AFR rats (p = 0.038) (Fig. 4B). There were no
differences in the HSPA1A/1B protein levels in the
hippocampus between MS and AFR rats (p = 0.072)
(Table 2, Fig. 4B).

In the case of HSPA5 expression in adult rats, MS
increased HSPA5 mRNA levels in the blood
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Fig. 1. Developmental time course of HSP70 family members mRNA (A, C) and protein (B, D) expression in the mPFC and hippocampus (HP) of
control (AFR) rats. The data are presented as the group mean and SD (n = 3-6). *p < 0.05 compared with the mPFC at the corresponding time
points. ¥p < 0.05 compared with PND 70. #p < 0.05 compared with PND 15. ®p < 0.05 vs. the mPFC, the main effect of brain region.

(p = 0.044); however, no changes were observed in
HSPA5 mRNA expression in the mPFC (p = 0.937) or
hippocampus (p = 0.182) (Table 2, Fig. 4C).
Additionally, MS adult rats had augmented HSPAS5
protein levels in the hippocampus (p = 0.011). There
was no difference in the expression of HSPAS5 protein in
the mPFC between AFR and MS rats (p = 0.121)
(Table 2, Fig. 4D).

The effects of MS on LTP in the mPFC and
hippocampus of adult rats

Statistical analyses of LTP in the mPFC showed
significant effects of tetanization (p < 0.0001) and the
interaction between rearing conditions and tetanization
(p = 0.002) on the field potential amplitude (Table 3,
Fig. 5A). Moreover, the tetanic stimulation resulted in
LTP in the mPFC of AFR rats but not in the MS rats
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Table 2. Results of ¢ statistic investigating the effects of MS on HSPA1B and HSPAS5 expression in juvenile (PND 15), preadolescent (PND 26) and

adult (PND 70) rats

PND Parameter Tissue Mean + SD t statistic Effect size
AFR MS t df P Cohen’s d
15 HSPA1B mRNA WB 0.013440 + 0.004197 0.022117 + 0.005970 2.91 10 0.016 1.7
mPFC 0.000006 + 0.000002 0.000010 + 0.000004 2.44 8 0.041 1.3
HP 0.010302 + 0.000475 0.010302 + 0.000536 0.001 10 0.999 0.0
HSPA5 mRNA WB 0.121701 + 0.019435 0.148028 + 0.010568 2.91 10 0.015 1.7
mPFC 0.198379 + 0.013772 0.187995 + 0.012351 1.37 10 0.199 0.8
HP 0.005211 + 0.001364 0.003131 + 0.001105 2.90 10 0.016 1.7
HSPAS protein mPFC 1.482068 + 0.544990 2.055043 + 0.233225 2.37 10 0.039 1.4
HP 1.248734 + 0.149504 1.317162 + 0.127778 0.85 10 0.414 0.5
26 HSPA1B mRNA WB 0.004551 + 0.003130 0.009282 + 0.003653 2.32 9 0.045 1.4
mPFC 0.000141 + 0.000031 0.000226 + 0.000037 4.36 10 0.001 2.0
HP 0.011038 + 0.001632 0.010868 + 0.001636 0.18 10 0.861 0.1
HSPA1A/1B protein mPFC 0.851191 + 0.154285 1.056956 + 0.189658 2.06 10 0.066 1.2
HP 5.841367 + 1.054763 5.986220 + 1.393591 0.20 10 0.843 0.1
HSPA5 mRNA WB 0.204825 + 0.044135 0.161279 + 0.041130 1.68 9 0.127 1.0
mPFC 0.227392 + 0.011945 0.240719 + 0.044624 0.71 10 0.496 0.4
HP 0.093412 + 0.012814 0.101065 + 0.034995 0.50 10 0.626 0.3
HSPADS protein mPFC 0.319844 + 0.082117 0.284359 + 0.094896 0.69 10 0.504 0.4
HP 1.254411 £+ 0.119212 1.124680 + 0.175003 1.50 10 0.164 0.9
70 HSPA1B mRNA WB 0.009390 + 0.004593 0.011125 + 0.006553 0.52 9 0.618 0.3
mPFC 0.000095 + 0.000030 0.000087 + 0.000028 0.46 10 0.657 0.3
HP 0.000322 + 0.000091 0.000237 + 0.000054 1.97 10 0.077 1.1
HSPA1A/1B protein mPFC 0.302945 + 0.064052 0.386947 + 0.057637 2.39 10 0.038 1.4
HP 0.486782 + 0.050557 0.436416 + 0.034618 2.01 10 0.072 1.2
HSPA5 mRNA WB 0.014335 + 0.001052 0.016556 + 0.002038 2.34 9 0.044 1.4
mPFC 0.162172 + 0.007128 0.161836 + 0.007170 0.08 10 0.937 0.04
HP 5.964062 + 0.503036 6.486474 + 0.736125 1.43 10 0.182 0.8
HSPAD5 protein mPFC 2.343803 + 0.218356 2.048353 + 0.367613 1.69 10 0.121 0.9
HP 0.390454 + 0.096401 0.621727 + 0.155253 3.10 10 0.011 1.8

Data (mean and SD) show relative mRNA and protein values and are presented in arbitrary units. Statistically significant effects are given in bold. Abbreviations: HP,

hippocampus; PND, postnatal day, WB, whole blood.

(AFR: 150.76 + 39.05% potentiation vs. baseline
amplitude, t30 = 4.40, p = 0.0001, d = 1.5; MS: 121.33
+ 40.70% potentiation, t3p = 1.60, p = 0.119, d = 0.6)
(Fig. 5A). During the last 15 min of recording, AFR rats
showed higher field potential amplitude than that in MS
rats (t3p = 2.09, p = 0.04, d = 0.7) (Fig. 5A).

Analyses of LTP in the hippocampus revealed
significant effects of tetanization (p < 0.0001) and the
interaction between rearing conditions and tetanization
(p = 0.011) on the field potential amplitude (Table 3,
Fig. 5B). Moreover, tetanic stimulation resulted in LTP in
the hippocampus of both rearing conditions groups
(AFR:  153.91 + 48.43%  potentiation, t, = 3.34,
p = 0.002, d = 1.4; MS: 187.50 + 24.12% potentiation,
tr, = 11.06, p < 0.0001, d = 2) (Fig. 5B). MS rats had
a higher magnitude of potentiation than that in AFR rats
(tro = 2.15, p = 0.04, d = 0.9) (Fig. 5B).

The effects of MS on adult rat behavior

Statistical analysis of anxiety-like behavior in the
light/dark exploration test revealed that MS rats traveled
a greater distance in the light compartment (p = 0.005)
and spent more time in the light compartment than AFR
rats (p = 0.049) (Table 4, Fig. 6A, B). However, there
was no difference in the number of transitions between

the light and dark compartment (p = 0.115) (Table 4,
Fig. 6C). There was also no difference in the total
distance traveled by AFR and MS rats during the test
(p = 0.170) (Table 4).

Analysis of depressive-like behaviors in the sucrose
preference test showed no difference between the
experimental groups (p = 0.841) (Table 4, Fig. 7A).
However, during the FST, MS rats showed longer
immobility time (p = 0.022) and shorter swimming time
(p = 0.035) than those of the AFR rats (Table 4,
Fig. 7B, C). There was no difference in climbing time
between the studied groups of rats (p = 0.717)
(Fig. 7D). Analysis of the locomotor activity measured
after FST revealed no differences between the studied
groups of rats (p = 0.527) (Table 4).

Statistical analysis of the data on the efficiency of
sensorimotor gating measured in the PPI test indicated
that MS did not influence the PPI level at any of the
tested prepulse intensities (Table 3, Fig. 8).

DISCUSSION

The most important finding of the present study is that MS
had a long-lasting impact on HSPA1B and HSPA5
expression in the mPFC, hippocampus, and blood.
Specifically, MS caused the upregulation of HSPA1B
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et al.,, 2010), and the induction of
anxiety-like behaviors (Le-
Niculescu et al., 2011), have been
demonstrated to influence HSP70s
expression.

Second, due to the high level of
similarity between HSPA1B and
HSPA1A (99%) (Milner and
Campbell, 1990; Kampinga et al.,
2009), we were unable to investi-
gate the specific expression of

WB mPFC HP ' WB mPFC HP the HSPA1B protein in our Wes-
tern blot analyses, and we proba-
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Fig. 2. The effects of MS on HSP70 family members mRNA (A, C) and protein (B, D) expression in
the whole blood (WB), mPFC, and hippocampus (HP) of juvenile rats (PND 15). The data are

substantially  different in the
mPFC and hippocampus during
development. A higher level of
HSPA1B mRNA was observed in

presented as box plots and expressed as the fold-change (MRNA) or percentage (protein) relative to

the values of the AFR rats. In the box plots, the box depicts the 25th and 75th quartiles, the horizontal
line corresponds to the median, and the whiskers correspond to the minimum and maximum of the
data. Black or white circles represent individual data points (n = 5-6). *p < 0.05 compared with AFR

rats.

mRNA expression in the blood and mPFC of juvenile and
preadolescent rats. This upregulation was accompanied
by an increase in HSPA1A/1B protein levels in the
mPFC and hippocampus of MS juveniles that persisted
in the mPFC until adulthood. Concurrently, MS juveniles
exhibited an increase in HSPA5 mRNA in the blood and
an upregulation of HSPA5 protein expression in the
mPFC. Adult MS rats continued to show elevated levels
of HSPA5 mRNA in the blood and showed an
upregulation of HSPAS5 protein expression in the
hippocampus. Additionally, MS adult rats exhibited
aberrations in LTP in the mPFC and hippocampus and
a less anxious behavioral phenotype.

Our study has several limitations that should be
addressed. First, different types of measurements
(mRNA vs. protein expression or biochemical vs.
behavioral data in adult animals) were performed in
different cohorts of rats. Therefore, we cannot directly
correlate biochemical changes observed at the level of
HSP70 mRNA or protein  expression  with
electrophysiological and  behavioral data. We
intentionally used separate groups of rats for the
measurement of HSP70s expression and behavior
because many different behavioral paradigms, including
the FST (Jiang et al., 2008), fear conditioning (Sirri

the hippocampus than in the
mPFC. The opposite phe-
nomenon was observed for
HSPA5, at least during the
juvenile and preadolescent
periods. These results suggest

that HSPA1B and HSPAS5 are likely to play different
roles during the development of the studied brain
regions. In most cases, the level of HSP70s expression
was higher in adults than in young animals. To the best
of our knowledge, there are no other studies evaluating
the developmental expression of these specific HSP70
family members.

Our study also demonstrated an ELS-induced
increase in HSP70s mRNA and/or protein levels on
PND 15, PND 26, and PND 70, i.e., 24 h, 12 days, and
56 days, respectively, after the termination of the
prolonged repeated MS procedure. Limited data in the
literature have shown that acute and chronic stress in
adult and adolescent animals can enhance HSPA1A/1B
immunoreactivity and the mRNA and protein expression
of HSPA5 (GRP78) and other proteins related to UPR
activation (Li et al., 2006; Ishisaka et al., 2011; Han
et al., 2013; Huang et al.,, 2013; Timberlake and
Dwivedi, 2015). For example, upregulation of HSPA5
was observed in the hippocampus 15 days after exposure
to the learned helplessness paradigm (Timberlake and
Dwivedi, 2015) and in the hippocampus and PFC 21 days
after chronic social defeat stress (Huang et al., 2013). To
the best of our knowledge, our study is the first to show
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activation (Abravaya et al., 1992).
The HSPA1A/1B proteins also bind
to their own mRNAs and contribute
to their degradation as a self-
limiting mechanism of the regula-
tion of HSPA1A/1B expression
(Balakrishnan and De, 2006).

The expression of HSPAS is
mainly regulated by ER stress
and the UPR induced by the
accumulation of unfolded/
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misfolded proteins, hypoxia and
redox and calcium imbalance
(Wang et al., 2017; Casas, 2017).
The promoter of the HSPA5 gene
contains a conserved ER stress
response element (ERSE). Tran-
scription factors related to the
UPR bind to the ERSE and other
elements in the HSPA5 promoter
and enhance mRNA synthesis
and translation (Wang et al.,
2017; Casas, 2017). There is some
evidence that prolonged overex-
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Fig. 3. The effects of MS on HSP70 family members mRNA (A, C) and protein (B, D) expression in
the whole blood (WB), mPFC, and hippocampus (HP) of preadolescent rats (PND 26). The data are The
presented as box plots and expressed as the fold-change (mMRNA) or percentage (protein) relative to
the values of the AFR rats. In the box plots, the box depicts the 25th and 75th quartiles, the horizontal
line corresponds to the median, and the whiskers correspond to the minimum and maximum of the
data. Black or white circles represent individual data points (n = 5-6). *p < 0.05 compared with AFR

rats.

prolonged stress-induced changes in HSP70s expression
occurring at various stages of postnatal development.
Generally, we observed discrepancies between the
effect of developmental time or MS on HSP70s mRNA
and protein expression. For example, the basal protein
levels of HSP70s at specific developmental time points
were not considerably different compared with the
developmental profile of mRNA levels. Additionally, the
MS-triggered upregulation of HSP70s proteins observed
in our study was not accompanied by an increase in the
mRNA levels in most cases. There are many potential
explanations for these differences. First, we must
consider the methodological limitations discussed at the
beginning. Second, the abundance and activity of
HSP70s are tightly regulated initially at the transcription
level and subsequently by many posttranscriptional and
posttranslational mechanisms that influence the stability
of mRNA and proteins, respectively (for review see:
Wang et al., 2017; Casas, 2017; Nitika et al., 2020).
The expression of stress-inducible HSP70s is regulated
by a specific transcription factor, namely, a heat shock
factor (HSF) (Abravaya et al., 1992). HSPA1A/1B pro-
teins are direct negative regulators of their own transcrip-
tion that bind and interact with HSF and block its

mPFC
AFR AFR MS MS AFR AFR MS MS

T e e g S - HOPAS

T — — — —— v v [$-ACIN

HP pression of HSPA5 can inhibit ER
stress transducers and the UPR
and thus indirectly negatively regu-
late  HSPA5 mRNA synthesis
(Bertolotti et al., 2000; Casas,
2017).

above-described
phenomenon of negative and/or
self-limiting regulation of
HSPA1A/1B and HSPA5
expression is one of the possible
explanations  for  MS-induced
upregulation of HSP70s proteins
and concurrent no change in their
MRNA levels observed in our study. Alternatively, the
results suggest enhanced stability or slower turnover of
HSP70 proteins due to specific posttranslational
modifications (Mao et al., 2013). Many well-known post-
translational modifications, including phosphorylation,
acetylation, ubiquitination, and ADP-ribosylation, regulate
the specific activity, location, turnover, and stability of
HSP70 proteins (Concannon et al., 2005; Dai et al.,
2010; Nitika et al., 2020). A vast array of posttranslational
modifications enables the fulfilment of a number of vari-
ous chaperone functions without the need for de novo
protein synthesis of HSP70s.

The results of our study strongly suggest that MS may
influence ER stress and the UPR throughout
development. The UPR generally enhances the
expression of HSPA5 and other chaperones, e.g.,
HSPA1A/1B (Almanza et al., 2019). Further studies are
needed to validate this interesting hypothesis in the
future. Recently, it has been shown that ER stress and
UPR can be associated with the pathophysiology of mood
disorders (Kakiuchiet al., 2005; Le-Niculescu et al., 2011;
Yang et al.,, 2013; Nevell et al., 2014; Yoshino and
Dwivedi, 2020). On the other hand, specific changes in
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Fig. 4. The effects of MS on HSP70 family members mRNA (A, C) and protein (B, D) expression in
the whole blood (WB), mPFC, and hippocampus (HP) of adult rats (PND 70). The data are presented
as box plots and expressed as the fold-change (MRNA) or percentage (protein) relative to the values
of the AFR rats. In the box plots, the box depicts the 25th and 75th quartiles, the horizontal line
corresponds to the median, and the whiskers correspond to the minimum and maximum of the data.
Black or white circles represent individual data points (n = 5-6). *p < 0.05 compared with AFR rats.

HSPA1B expression have been potentially linked with
schizophrenia (Pae et al., 2005; Bosnjak et al., 2020;
Kowalczyk et al., 2020) and anxiety (Le-Niculescu et al.,
2011; Yang et al., 2013).

Results demonstrating the functional and behavioral
consequences of ELS in animal models are very often
inconsistent between laboratories, mainly due to the
differences in ELS procedures (Tractenberg et al.,
2016). On the other hand, neuroimaging studies in human
subjects with a history of early-life trauma clearly show
that although such trauma usually induces changes in

— — —— — ----B"Mﬁn

MS procedure impaired LTP in
the mPFC of adult rats. We previ-
ously showed a similar effect of
MS in adolescents (Chocyk et al.,
2013; Majcher-Maslanka et al.,
2018). Aberrations in synaptic
plasticity within the mPFC may
underlie cognitive and emotional
dysfunctions observed in animals
subjected to ELS (Baudin et al.,, 2012; Yang et al.,
2017). To the best of our knowledge, a very limited num-
ber of studies have focused on the effects of ELS on LTP
in the mPFC (Baudin et al., 2012; Chocyk et al., 2013;
Majcher-Maslanka et al., 2018). In contrast to our results,
Baudin et al. (2012) revealed MS-induced enhancement
of LTP in the hippocampal-mPFC pathway in adult rats.
The above effect was accompanied by MS-induced cogni-
tive deficits in mPFC-dependent tasks (Baudin et al.,
2012).

Table 3. Results of mixed-design ANOVA investigating the effects of MS on LTP and efficiency of sensorimotor gating (PPI) in adult rats

Parameter Source of variation F P Effect size: #?
Field potential amplitude in the mPFC RC Fi30 = 1.58 0.219 0.037
Tetanization F130 = 69.72 <0.0001 0.221
RC x Tetanization Fi30 = 11.62 0.002 0.037
Field potential amplitude in the HP RC Fi120 = 2.39 0.136 0.035
Tetanization F1,, = 136.97 <0.0001 0.613
RC x Tetanization Fi20=7.73 0.011 0.035
PPI RC Fi22 = 0.89 0.355 0.024
Prepulse intensity Fs66 = 59.23 <0.0001 0.381
RC x prepulse intensity F366 = 0.08 0.969 0.001

Statistically significant effects are given in bold. Abbreviations: HP, hippocampus; RC, rearing conditions.
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Fig. 5. The effects of MS on LTP in the mPFC (A) and hippocampus
(B) of adult rats. The data are presented as the group mean (circle)
and SD (shadow) (n = 12 for the hippocampus (HP) and n = 16 for
the mPFC; number of brain sections from 6 and 8 animals,
respectively). The data are expressed as percentage of the baseline
amplitude values for each time point. *p < 0.05 compared with the
last 15 min of pretetanization recording (for values averaged over the
last 15 min of recording); *p < 0.05 compared with AFR animals (for
values averaged over the last 15 min of recording). Arrows indicate
time of delivery of tetanic stimulation.
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On the other hand, the present study revealed that MS
enhanced LTP in the hippocampus of adults. Our results
are in line with the results of other laboratories (Derks
et al., 2016; Wang et al., 2018). However, there are also
studies that demonstrate ELS-induced impairment or no
change in LTP in the hippocampus (Brunson et al.,
2005; Cao et al., 2014). Interestingly, transgenic mice
with lifelong overexpression of inducible HSP70s have
increased LTP in the hippocampus (Ammon-Treiber
et al., 2008). Generally, HSP70s are known to be involved
in synaptic plasticity and memory processes (Porto and
Alvares, 2019). We can only speculate whether MS-
induced changes in LTP are related to the increased pro-
tein expression of HSPA1A/1B and HSPA5 observed in
MS adults.

Clinical studies have shown that ELS increases the risk
of anxiety and mood disorders (Green etal., 2010). Numer-
ous animal studies have demonstrated that ELS influences
anxiety-like behavior in many different tests (Millstein and
Holmes, 2007; Uchida et al., 2010; Llorente-Berzalet al.,
2011; Kember et al., 2012; Wang et al., 2020). The most
common behavioral outcome observed in ELS models is
an enhancement in anxiety levels (Uchida et al., 2010;
Kember et al., 2012; Cui, et al., 2020; Wang et al., 2020).
We previously showed that our MS procedure increased
anxiety-like behavior in adolescents (Chocyk et al., 2013;
Majcher-Maslanka et al., 2019a). In contrast, the present
study and our previous results in adult rats consistently
showed reduced anxiety-like behaviors in MS rats
(Chocyketal., 2015). Changes in anxiety level are the most
reproducible and persistent behavioral effects observed in
our ELS model. MS-induced anxiolytic-like behaviors were
also observed by others and can be associated with
enhanced novelty-seeking and risk-taking behaviors
(Millstein and Holmes, 2007; Llorente-Berzal et al., 2011;
Kember et al., 2012). Interestingly, Huttenrauch et al.
(2016) showed thatreduced anxiety in mice isaccompanied
by enhanced expression of HSPA1B mRNA in the brain
(especially in the mPFC). Moreover, Bobkova et al. (2015)
demonstrated that intranasal administration of exogenous
HSP70s (HSPA1A/1B) decreases anxiety and increases
curiosity in aging mice. HSPA1B was recently proposed as
one of the possible candidate brain and blood biomarkers
of anxiety disorders (Le-Niculescu et al., 2011; Yang et al.,
2013).

Table 4. Results of ¢ statistic investigating the effects of MS on anxiety- and depressive-like behavior of adult rats

Parameter Mean + SD t statistic Effect size
AFR MS t df P Cohen’s d
Total distance traveled (cm) 6166.436 + 1009.367 6953.913 + 1567.716 1.42 22 0.170 0.6
Distance in light (cm) 2135.067 + 663.159 3147.356 + 835.832 3.17 20 0.005 1.3
Time in light (s) 151.833 + 62.320 205.706 + 57.088 2.10 20 0.049 0.9
Number of transitions 8.906 + 2.644 11.100 + 3.604 1.65 20 0.115 0.7
Sucrose preference (%) 77.011 + 20.880 75.200 + 17.787 0.20 17 0.841 0.1
Immobility time in FST (s) 74.000 + 31.351 117.583 + 52.785 2.46 22 0.022 1.0
Swimming time in FST (s) 133.250 + 52.917 91.727 + 35.947 2.25 22 0.035 0.9
Climbing time in FST (s) 92.750 + 51.498 84.667 + 56.203 0.37 22 0.717 0.1
Distance traveled after FST (cm) 3388.167 + 1231.562 3139.792 + 525.979 0.64 22 0.527 0.2

The first four parameters relate to rat behavior in light/dark exploration test. Statistically significant effects are given in bold.
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swimming time in the FST, which

g ?nFSR may indicate depressive-like symp-

20 toms in MS adults. However, it was
recently argued that animal behav-

154 ior in the FST (swimming vs. immo-
104 ﬁ bility) should instead be considered
a behavioral adaptation or switch

59 L from active to passive coping
i strategies in the face of an ines-

capable acute stressor, which pro-
motes survival (Molendijk and de
Kloet, 2019). In summary, our MS
adult rats did not show an unam-

box plots. In the box plots, the box depicts the 25th and 75th quartiles, the horizontal line corresponds

to the median, and the whiskers correspond to the minimum and maximum of the data. Black or white
circles represent individual data points (n = 10-12). *p < 0.05 compared with AFR rats.
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Fig. 7. The effects of MS on depressive-like behaviors in the sucrose
preference test (A) and forced swim test (B—D) in adult rats. The data
are presented as box plots. In the box plots, the box depicts the 25th
and 75th quartiles, the horizontal line corresponds to the median and,
the whiskers correspond to the minimum and maximum of the data.
Black or white circles represent individual data points (n = 9-12).
*p < 0.05 compared with AFR rats.

Chronic stress, including ELS, is known to induce
depressive-like behaviors in animals (Willner, 2016; Cui,
etal., 2020). However, not all studies in ELS models show
this trend (Millstein and Holmes, 2007; Bogdanova et al.,
2013; Goodwill et al., 2019). Anhedonia, which is mea-
sured by the sucrose preference test, is considered a sen-
sitive indicator of depressive-like behaviors in animals
(Liu et al., 2018). The present study showed that MS
did not influence sucrose preference in adult rats. More-
over, we previously observed similar effects in adoles-
cents (Majcher-Maslanka et al., 2019a). On the other
hand, MS increased immobility time and decreased

biguous depressive-like behavioral

phenotype.
Animal studies within the last
two decades have not

conclusively shown whether ELS
produces the deficits in sensorimotor gating that are
typical of schizophrenia (Lehmann et al.,, 2000;
Ellenbroek et al., 2004; Garner et al., 2007; Niwa et al.,
2011). The present study joins many other studies that
have shown a lack of effect of MS on the efficiency of sen-
sorimotor gating, as evaluated using the PPl test
(Lehmann et al., 2000; Niwa et al., 2011).

In conclusion, we found that MS produced long-lasting
upregulation of HSPA1B and HSPAS5 in the brain and
blood. Additionally, MS affected synaptic plasticity and
induced anxiolytic-like behavior in adult rats. The results
suggest that both HSP70 family members can be
potential candidate peripheral and brain biomarkers of
ELS-related changes in brain functioning. However,
further studies are needed to confirm this hypothesis
and extend the search to other organs and health
problems related to ELS.
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Fig. 8. The effects of MS on the process of sensorimotor gating in
adult rats. The data are presented as box plots and expressed as the
percentage of prepulse-induced inhibition (PPI) of acoustic startle
response for each prepulse intensity. In the box plots, the box depicts
the 25th and 75th quartiles, the horizontal line corresponds to the
median, and the whiskers correspond to the minimum and maximum
of the data. Black or white circles represent individual data points
(n = 12). Mixed-design ANOVA revealed no significant effect of the
rearing conditions.
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Fig. S1. Original blots presenting HSPA1A/1B (A) and HSPAS (B) expression during postnatal development
(upper panels) and respective B-actin blots as control of gel loading and transfer (lower panels). Each lane was
loaded with a sample of equal protein concentration (8 pg). Samples of the mPFC and hippocampus were loaded
according to the same pattern. After a transfer the blots were cut into pieces slightly above the level of 50 kDa
molecular weight standard to separately evaluate HSPA70s and corresponding -actin immunoreactivity from the
same samples. The blots of mPFC, HP and molecular weight standards were exposed together; therefore they
constitute one image for each protein.
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Abstract

Background Early-life stress (ELS) affects brain development and increases the risk of mental disorders associated with the
dysfunction of the medial prefrontal cortex (mPFC). The mechanisms of ELS action are not well understood. Endoplasmic
reticulum (ER) stress and the unfolded protein response (UPR) are cellular processes involved in brain maturation through
the regulation of pro-survival or proapoptotic processes. We hypothesized that ER stress and the UPR in the mPFC are
involved in the neurobiology of ELS.

Methods We performed a maternal separation (MS) procedure from postnatal days 1 to 14 in rats. Before each MS, pups
were injected with an inhibitor of ER stress, salubrinal or a vehicle. The mRNA and protein expression of UPR and apop-
totic markers were evaluated in the mPFC using RT-qPCR and Western blot methods, respectively. We also estimated the
numbers of neurons and glial cells using stereological methods. Additionally, we assessed behavioral phenotypes related to
fear, anhedonia and response to psychostimulants.

Results MS slightly enhanced the activation of the UPR in juveniles and modulated the expression of apoptotic markers in
juveniles and preadolescents but not in adults. Additionally, MS did not affect the numbers of neurons and glial cells at any
age. Both salubrinal and vehicle blunted the expression of UPR markers in juvenile and preadolescent MS rats, often in a
treatment-specific manner. Moreover, salubrinal and vehicle generally alleviated the behavioral effects of MS in preadoles-
cent and adult rats.

Conclusions Modulation of ER stress and UPR processes may potentially underlie susceptibility or resilience to ELS.

Keywords Endoplasmic reticulum stress - Unfolded protein response - Maternal separation - Apoptosis, Salubrinal - Medial
prefrontal cortex
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mPFC Medial prefrontal cortex
MS Maternal separation

PLC Prelimbic cortex

PND Postnatal day

SAL Salubrinal

SAL-MS MS with salubrinal injections
SD Standard deviation

UPR Unfolded protein response
VEH-MS MS with vehicle injections
Introduction

Clinical and epidemiological studies have clearly indicated
that early-life stress (ELS) increases the risk of mental health
problems, such as mood and anxiety disorders, substance
use disorder and cognitive deficits. Moreover, ELS acceler-
ates the early onset of the abovementioned mental disorders
in children and adolescents [1]. Thanks to animal studies
and advances in neuroimaging techniques in humans, it
is evident that ELS interferes with brain development [2,
3]. Although psychobiological consequences of ELS have
been extensively explored in the past decade (for review
see: [3-5]), the specific mechanisms of ELS action on brain
development and maturation are still poorly understood and,
thus, require intensive study.

One of the widely used and popular model of ELS and
human psychopathology with a high construct validity is
the repeated maternal separation procedure (MS) in rodents
during the first two weeks of life [6, 7]. Our previous stud-
ies based on such MS procedure in rats have shown that
this early-life experience affects the process of neurodevel-
opmental apoptosis in the midbrain and medial prefrontal
cortex (mPFC) in males [8—10]. Specifically, we observed a
sustained increase in the survival of midbrain neurons and
a specific delay in neuronal apoptosis during adolescence in
the mPFC, manifested as an increase in the number of neu-
ronal cells, which could potentially affect proper neuronal
network building and functioning [8, 10].

One of the key cellular processes affecting the decision
of cells to survive or die in response to different environ-
mental insults is endoplasmic reticulum (ER) stress and,
closely related to it, the unfolded protein response (UPR)
[11]. The ER governs the synthesis, folding, modification
and transport of over one-third of cellular proteins and, thus,
plays a central role in maintaining protein homeostasis (pro-
teostasis). Many conditions, such as nutrient deprivation,
hypoxia, loss of redox and calcium balance and increased
protein load, may disturb proteostasis and lead to accumu-
lation of unfolded or misfolded proteins and, consequently,
to the induction of ER stress and the UPR [11, 12]. These
processes, in general protective and adaptive, act to restore
ER homeostasis by attenuating general translation, inducing
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chaperones and eliminating misfolded proteins. However,
if cellular stress exceeds the pro-survival capability of the
UPR, the ER induces cell death pathways through the proa-
poptotic component of the UPR [13, 14].

ER stress is sensed by three ER transmembrane proteins,
i.e., inositol-requiring enzyme 1 (IREla), RNA-activated
protein kinase (PKR)-like endoplasmic reticulum kinase
(PERK) and activating transcription factor 6 (ATF6).
Under resting conditions, these UPR sensors are bound to
heat shock 70 kDa protein A 5 (HSPAS), also known as
glucose-regulated protein 78 (GRP78). Upon ER stress and
accumulation of unfolded or misfolded proteins, HSPAS dis-
sociates from these sensor molecules and allows their activa-
tion. During activation, IREla, also known as endoplasmic
reticulum to nucleus signaling 1 and encoded by the Ernl
gene, undergoes autophosphorylation at serine 724 and then
induces cleavage of X box-binding protein 1 (XBP1) mRNA
and production of spliced XBP1 mRNA and protein. The
spliced XBP1 protein is a highly active transcription factor
that regulates genes involved in the UPR. Release of HSPAS
from ATF6 induces its translocation to the Golgi appara-
tus, where it is cleaved (activated). Active forms of ATF6
migrate into the nucleus, where they act as transcription fac-
tors that are also engaged in the regulation of UPR-related
genes. The third sensor, PERK, also known as eukaryotic
translation initiation factor 2 alpha kinase 3 and encoded by
the Eif2ak3 gene, undergoes autophosphorylation at threo-
nine 980 during its activation. Next, PERK phosphorylates
(at serine 51), and in this way inactivates eukaryotic transla-
tion initiation factor 2« (eIF2a, encoded by the Eif2a gene),
which causes an inhibition of general protein synthesis.
Concurrently, some specific mRNA translation is allowed
to further regulate UPR processes [11, 14, 15].

ER stress and UPR processes have been implicated in
the pathophysiology of numerous diseases, such as cancer,
diabetes, atherosclerosis and autoimmune and neurodegen-
erative diseases [15, 16]. However, in recent years, there
has been an accumulation of data showing the involvement
of ER stress and the UPR in the mechanisms of mental dis-
orders [17-22]. Increased expression levels of UPR-related
genes or proteins have been observed in the mPFC and
temporal cortex of subjects with major depressive disor-
der (MDD) who died from suicide and in leukocytes from
patients with MDD and posttraumatic stress disorder [20,
21, 23]. In contrast, an impaired ER stress response was
observed in leukocytes from patients with bipolar disorder
(BD) [24-26]. Additionally, functional polymorphisms in
the promoter regions of XBP1 and HSPAS5 were shown to
have a possible association with BD in a Japanese population
[17,25]. Enhanced ER stress and activation of the UPR have
also been observed in animal models of depression based on
chronic restraint and chronic social defeat stress paradigms
[27-29]. Surprisingly, although ELS is considered a relevant
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factor in the etiology of mental and neurodegenerative disor-
ders, ER stress and UPR processes in the brain have not been
well studied in animal models of ELS. We have recently
shown that the repeated MS procedure in rats produces
long-lasting upregulation of HSPAS and another chaperone
belonging to the 70-kDa heat shock protein family, HSPA1B,
in the brain and blood, which suggests that ELS may influ-
ence ER stress and UPR processes throughout development
[30]. Dynamic regulation of the UPR has been implicated in
cell fate acquisition, cortical neurogenesis, cell maturation,
apoptosis and neuritogenesis during prenatal development
of the central nervous system [31]. However, the role of ER
stress and UPR processes in postnatal brain maturation is
poorly explored. Therefore, in the present study, we inves-
tigated whether MS enhances ER stress and the UPR and
consequently affects cell fate, particularly the pro-survival
or apoptotic processes during postnatal maturation of the
mPFC. We focused on this specific brain region because the
mPFC shows a prolonged developmental trajectory, charac-
terized by waves of postnatal neurodevelopmental apoptosis
and intensive structural and functional reorganization dur-
ing preadolescence and adolescence periods, which makes it
especially vulnerable to the effects of stress [32-35]. Moreo-
ver, the mPFC is highly implicated in the pathophysiology of
mood and anxiety disorders [36]. Simultaneously, to further
evaluate the potential role of ER stress and the UPR in the
mechanisms of ELS, we also studied the short- and long-
term effects of transient early-life inhibition of ER stress
processes by salubrinal (SAL), a selective inhibitor of elF2a
dephosphorylation, on MS-induced biochemical changes
and behavioral phenotypes related to anxiety, fear memory,
anhedonia and response to psychostimulants.

Materials and methods
Animals

All experimental procedures were approved by the Local
Ethics Committees for Animal Research in Krakow, Poland
(permit no. 186/2018 issued 07/06/2018 and 136/2019
issued 27/06/2019) and met the requirements of the Direc-
tive 2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of animals
used for scientific purposes. All efforts were made to mini-
mize animal suffering.

Adult male and female Wistar rats were purchased from
Charles River Laboratories (Sulzfeld, Germany). All ani-
mals were housed under controlled conditions with an arti-
ficial 12-h light/dark cycle (lights on from 07:00 to 19:00),
55% + 10 humidity, and a temperature of 22 °C 2. Food
and tap water were freely available. The rats were mated at
the Maj Institute of Pharmacology, PAS, Krakow Animal

Facility. The offspring of primiparous dams were used in this
study. Before delivery, the dams were housed individually
in standard plastic cages (38 X24 x 19 cm). The day of birth
was designated as postnatal day (PND) 0. On PND 1, the lit-
ter size was standardized to eight pups per litter (four males
and four females), and the litters were randomly assigned
to one of the following early-life treatment: animal facility
rearing (AFR), i.e., control condition, MS procedure, MS
with salubrinal injections (SAL-MS) or MS with vehicle
injections (VEH-MS).

Repeated maternal separation and salubrinal
injections

The MS procedure was performed as described previ-
ously by Solarz et al. and Chocyk et al. [8, 9, 30, 37-41].
Briefly, on PNDs 1-14, the dams and pups were removed
from the maternity cages for 3 h (09.00-12.00) daily. The
mothers were placed individually in the holding cages
(38X24x 19 cm), while each litter was placed in a plastic
container (22X 16 X 10 cm) lined with fresh bedding mate-
rial, and the containers were moved to an adjacent room
and placed in an incubator that was set at a constant tem-
perature of 34 °C mimicking the nest temperature (a basic
MS group). Additionally, before each daily separation, the
pups from SAL-MS group received a single injection of
salubrinal (1 mg/kg/5 ml sc, PNDs 1-14, Tocris), whereas
VEH-MS group was injected with respective vehicle, i.e.,
2.5% dimethyl sulfoxide (DMSO) in PBS (5 ml/kg, sc,
PNDs 1-14, Sigma). SAL dose was chosen based on the
data from literature which showed that SAL in a dose of
1 mg/kg can modulate ER stress processes in the brain and
promotes neuroprotection [42, 43]. Moreover, such dose of
SAL in repeated injections has been also safely administered
to juvenile mice [44].

After the 3-h separation, the pups and dams were returned
to the maternity cages. The AFR animals were left undis-
turbed with their mothers except during the weekly cage
cleaning corresponding to a small amount of handling.
Twenty-four hours after the last MS, i.e., on PND 15, a part
of the animals was assigned to the experimental groups to
investigate the effects of repeated MS and SAL in juve-
niles (Fig. 1). The rest of the animals were weaned on PND
22, sexed, and randomly distributed between subsequent
experimental groups to investigate the long-term effects of
repeated MS and SAL. These rats were housed under the
controlled conditions (as described above) in standard plas-
tic cages (57 %33 X 20 cm) in the same-sex groups of five
unrelated subjects according to the same treatment proto-
col until the preadolescence period (PND 26) or adulthood
(PND 70) (Fig. 1). An exception was made in the case of
sucrose preference test, when animals were singly housed in
plastic cages (38 X24 x 19 cm) from PND 22 to PND 26. The
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Fig. 1 Scheme of the experimental paradigm applied in the study. On
PNDs 1-14, the dams and pups were separated for 3 h daily. Before
each daily separation, the pups from SAL-MS group received a single
injection of salubrinal (SAL, 1 mg/kg sc), whereas VEH-MS group
was injected with respective vehicle (2.5% DMSO in PBS, 5 ml/
kg sc). On PND 26 and PND 70, behavioral phenotype of rats was
assessed in the battery of tests, such as, the light/dark exploration,
fear conditioning, sucrose preference and novelty- and amphetamine-

body weights of animals were measured daily from PND 1
to PND 15 and on PND 26 and PND 70 with a Kerm PCB
electronic precision scale (Balingen, Germany).

Experimental groups

A total number of 291 male rats were used in the study: 80
AFR, 68 MS, 71 VEH-MS and 72 SAL-MS rats. Female
offspring was used in other scientific projects. In the case
of biochemical experiments, the final experimental groups
included the animals that originated from different litters and
were unrelated (n=>5-6). In the case of behavioral experi-
ments, maximum two subjects from the same litter were
used (n=9-15). The separate groups of animals were ana-
lyzed for (1) gene expression (on PND 15 and PND 26),
(2) protein expression (on PND 15 and PND 26), and (3)
different behavioral test (part of animals from that cohort
was also used for immunohistochemistry and gene expres-
sion on PND 70).

RT-qPCR
The RT-qPCR procedure was performed as described previ-

ously by Solarz et al. [30, 40, 41]. Briefly, on PND 15, PND
26, or PND70, the animals were sacrificed by decapitation
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induced locomotor activity. On PNDs 15, 26 and 70, the mPFC sam-
ples were also collected for biochemical analyses. Included photomi-
crograph shows a cresyl violet-stained rat brain section with marked
subregions of the mPFC. AFR animal facility rearing, Cg/ cingulate
cortex 1, ILC infralimbic cortex, MS maternal separation, mPFC
medial prefrontal cortex, PLC prelimbic cortex, PND postnatal day,
SAL salubrinal, VEH vehicle

(6 rats in each treatment and age group) and the brain was
immediately removed from the skull. The mPFC (includ-
ing the cingulate cortex 1 (Cgl), prelimbic cortex (PLC),
and infralimbic cortex (ILC) regions) was dissected from
1 mm thick coronal sections using a rodent brain matrix
(Ted Pella Inc., CA, USA). After dissection, the brain tissue
was quickly frozen in liquid nitrogen and stored at — 80 °C
for later use. Total RNA from the brain tissue was extracted
using the RNAeasy Mini Kit (Qiagen). The total RNA con-
centration was measured using an Eon absorbance micro-
plate reader and Gen 5 software (BioTek, Winooski, VT,
USA). RNA was reverse transcribed using a High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific, MA). Quantitative real-time PCR was performed in
duplicate with TagMan® Gene Expression Assays (Thermo
Fisher Scientific, MA; Table 1) using TagMan™ Universal
Master Mix II, no UNG (Thermo Fisher Scientific, MA)
and the QuantStudio 12 K Flex System (Thermo Fisher
Scientific, MA). Real-time PCR was conducted under the
following conditions: 50 °C for 2 min and 95 °C for 10 min
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
The abundance of RNA was calculated according to the
following equation: abundance =2~ (threshold exele) (4571 The
results were normalized to glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) expression levels.
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Table 1 The list of TagMan®

. . Gene product Gene name Assay ID

Gene Expression Assays used in

the study Heat shock protein family A member 5 Hspa5 Rn01435769_gl
alias: glucose-regulated protein GRP 78kD
Endoplasmic reticulum to nucleus signaling 1 Ernl Rn01471008_m1
alias: inositol-requiring enzyme 1(IREla)
Eukaryotic translation initiation factor 2 a kinase 3 Eif2ak3 Rn00581002_m1
alias: RNA-activated protein kinase (PRK)-like
endoplasmic reticulum kinase (PERK)
Activating transcription factor 6 Atf6 Rn01490844_m1
Eukaryotic initiation factor 2 Eif2a Rn01494813_m1
Caspase-12 Caspl2 Rn00590440_m1
Caspase-9 Casp9 Rn00581212_m1
Caspase-3 Casp3 Rn00563902_m1
Apoptosis regulator Bcl2 Bcl2 Rn99999125_m1
Apoptosis regulator Bax Bax Rn01480161_gl
Glyceraldehyde-3-phosphate dehydrogenase Gapdh Rn99999916_s1

Western blot Table 2 List of primary antibodies used in the study

Western blot was performed as described previously by
Majcher-Maslanka et al. [46, 47] and Solarz et al. [30].
Briefly, on PND 15 or PND 26, the animals were sacri-
ficed by decapitation (6 rats in each treatment and age
group), and the brain was rapidly removed from the
skull. The mPFC (including Cgl, PLC and ILC regions)
was dissected from 1 mm thick coronal sections using a
rodent brain matrix (Ted Pella, CA, USA). After dissec-
tion, the brain tissue was quickly frozen in liquid nitro-
gen and stored at — 80 °C until further use. The tissue
was homogenized (TissueLyser, Retsch, Germany) in
ice-cold lysis buffer (PathScan® Sandwich ELISA Lysis
Buffer, Cell Signaling). The homogenates were then cen-
trifuged for 15 min at 15,000 g at 4 °C. The total protein
concentration of the supernatants was determined using
the bicinchoninic acid (BCA) method (Sigma-Aldrich,
USA). Samples with equal protein concentrations were
loaded into each lane, run on 10% sodium dodecyl sul-
fate—polyacrylamide gels in a Laemmli buffer system,
and transferred onto a nitrocellulose membrane (Bio-Rad,
USA). The blots were probed with diluted primary anti-
bodies listed in Table 2. Then, the blots were incubated
with the appropriate (anti-mouse IgG or anti-rabbit IgG)
horseradish peroxidase-conjugated secondary antibodies
(Roche Diagnostics, Basel, Switzerland), and the bands
were visualized by enhanced chemiluminescence (Lumi-
LightPlus Western Blotting Kit, Roche Diagnostics,
Switzerland). The immunoblots were evaluated using a
luminescent image analyzer (LAS-4000, Fujifilm, USA).
Immunoblot images were acquired using exposure time
increment option. Representative, unprocessed images
were presented in Online Resource ESM_11-14. The rela-
tive levels of immunoreactivity were quantified using the

Specificity Host  Dilution Supplier Product #

GRP78/HSPAS Rabbit 1:1000 Cell Signaling 3183
Tech

IREla Rabbit 1:1000 Abcam ab37073

p-IREla (S724)  Rabbit 1:1000 Abcam ab48187

PERK Rabbit 1:1000 Cell Signaling 3192
Tech

p-PERK (Thr980) Rabbit 1:1000 Cell Signaling 3179
Tech

ATF6 Rabbit 1:1000  Proteintech 24169-1-AP

elF2a Rabbit 1:2000 Cell Signaling 5324
Tech

p-elF2a (S51) Rabbit 1:1000 Cell Signaling 3398
Tech

Bax Mouse 1:500 Santa Cruz sc-7480
Biotech

Bcel2 Mouse 1:500 Santa Cruz sc-7382
Biotech

Caspase-3 Rabbit 1:500 Cell Signaling 9661

(cleaved) Tech

Caspase-9 Mouse 1:500 Cell Signaling 9508
Tech

Caspase-12 Rabbit 1:500 Abcam ab62484

NeuN Mouse 1:1000 Millipore MAB377

GFAP Goat  1:250 Santa Cruz sc-6170
Biotech

IBA1 Rabbit 1:500 Proteintech 10904-1-AP

Image Gauge software (Fujifilm, USA). The ratio of the
specific protein level to the actin level was calculated for
each sample to normalize for small variations in loading
and transfer.
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Immunohistochemistry

Immunohistochemistry was performed as previously
described by Chocyk et al. [8, 39] and Majcher-Maslanka
et al. [10]. Briefly, on PND 26 and PND 70, the animals (6
rats in each treatment and age group) were deeply anesthe-
tized and transcardially perfused with saline followed by
4% paraformaldehyde in 0.1 M PBS (pH 7.4). The brains
were removed from the skulls, postfixed in 4% paraform-
aldehyde in PBS for 24 h at 4 °C, and sectioned using a
vibratome (VT1000S, Leica, Wetzlar, Germany) into 50-pm
thick coronal slices at the level of the mPFC (Bregma=3.70
to 2.20 mm) according to a stereotaxic atlas of the rat brain
[48]. Every fourth section was preserved for further process-
ing (10-11 sections from each subject).

Free-floating sections were washed in 0.01 M PBS (pH
7.4) and incubated for 30 min in PBS containing 0.3% H,0,
and 0.2% Triton X-100. The sections were then rinsed and
transferred to a blocking buffer (5% solution of appropriate
normal serum (goat, horse or rabbit) in 0.2% Triton X-100 in
PBS) for 1 h. After the blocking procedure, the sections were
incubated for 48 h at 4 °C with a mouse anti-NeuN antibody
(1:1000; Millipore), a goat anti-glial fibrillary acidic pro-
tein (GFAP) antibody (1:250; Santa Cruz Biotechnology),
or a rabbit anti-ionized calcium-binding adapter molecule
(IBA1), also known as allograft inflammatory factor 1 (AIF-
1), antibody (1:500; Proteintech) (Table 2). The antibodies
were diluted with 3% normal serum and 0.2% Triton X-100
in PBS. After being washed in PBS, the sections were incu-
bated for 1 h with an appropriate solution of biotinylated
secondary antibodies (goat anti-rabbit, horse anti-mouse or
rabbit anti-goat IgG, 1:500; Vector Laboratories), followed
by a I h incubation with an avidin-biotin-peroxidase com-
plex (1:200, 1 h; Vectastain ABC Kit, Vector Laboratories).
The immunochemical reaction was developed in a diamin-
obenzidine (DAB)-nickel solution containing 0.02% DAB,
0.01% H,0, and 0.06% NiCl, in TBS, which stained the
immunoreactive material black. The sections were mounted
onto gelatin-coated slides, air-dried and coverslipped using
Permount (Fisher Scientific) as the mounting medium.

Cell counting

The number of immunoreactive (IR) cells was estimated
by unbiased stereological methods [49], as described pre-
viously by Chocyk et al. [8, 39] and Majcher-Maslanka
et al. [10]. Briefly, every fourth section, selected by sys-
tematic random sampling along the rostrocaudal axis of
the mPFC, was chosen for analysis (10-11 sections per
animal). Optical fractionator sampling was performed
using a Leica DM 6000 B microscope equipped with a
motorized stage (Ludl Electronic Products, Hawthorne,
NY, USA) connected to a controller (MAC 5000, Ludl)

@ Springer

and a digital camera (MBF C x 9000, Williston, VT,
USA). Sampling was performed using Stereo Investigator
8.0 software (MBF Bioscience, Williston, VT, USA) by
experimenters unaware of treatment group allocation to the
specific slides. The studied regions of the mPFC, i.e., the
Cgl, PLC and ILC, were outlined under low magnifica-
tion (2.5%) according to a stereotaxic atlas of the rat brain
[48] (Fig. 1). Sampling was performed bilaterally under
high magnification (63X, oil-immersion objective) using
counting frames with areas of 2500 um?* and heights of
15 um. The sampling parameters resulted in the mean of
1277 NeuN-IR cell counted (range 724-2161), 471 IBA1-
IR cells counted (range 228-723) and 642 GFAP-IR cells
counted (range 397-995) in each subregion of the mPFC.
The total number of immunoreactive (IR) cells per region
was estimated from the number of cells sampled within
the optical dissectors and calculated by multiplying the
numerical density of the cells (the number of IR cells/
mm?) by the regional volume occupied by the cells within
the studied region. The regional volumes of the studied
mPFC areas in each animal were determined using the
Cavalieri method [50]. The final results are presented as
the estimated total number of cells within the specific
regions.

The light/dark exploration test

On PND 26, separate groups of rats (10 rats per experi-
mental group) were subjected to the light/dark explora-
tion test to assess anxiety-like behaviors. The light/dark
exploration test was performed as described previously by
Chocyk et al. [8, 37] and Solarz et al. [30]. Briefly, each
experimental cage included an arena (45X 45 %45 cm)
with a light compartment made of clear acrylic and a dark
compartment made of black acrylic. The black compart-
ment covered 33% of the total cage area, and the black
dividing wall was equipped with a central tunnel gate
(11x 8.4 cm). The light compartment was brightly illu-
minated (100 Ix), whereas the dark compartment received
no light at all. The animals were kept in total darkness for
30 min prior to the testing, and the entire experiment was
conducted with the room lights off. The animals were indi-
vidually tested in single 10 min trials. Six weeks later, the
same groups of rats were retested for anxiety-like behav-
iors when they approached adulthood (PND 70), together
with additional 5 AFR, 2 VEH-MS and 2 SAL-MS adult
rats. The behavioral responses during the test sessions
were recorded using Fear Conditioning (FC) software
(TSE, Bad Homburg, Germany). Specifically, the number
of transitions between the compartments, time spent in
each compartment, and locomotor activity (the distance
traveled) were measured.
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Fear conditioning

Behavioral tests were performed and analyzed using a com-
puter-controlled FC system (TSE, Bad Homburg, Germany)
as described previously by Chocyk et al. [38] and Bialon
et al. [51]. Each FC unit consisted of sound-attenuating
housing with a loudspeaker, camera, ventilation fan and 4
symmetrically mounted lamps in the ceiling construction
and test box. The test box comprised the test arena and a
base construction containing integrated infrared animal
detection sensors in the X, Y (horizontal) and Z (vertical)
axes. The sensor frames along the axes were equipped with
32 sensor pairs mounted 14 mm apart. All sensors were
scanned at a sampling rate of 100 Hz, i.e., the position of
the animal was checked 100 times per second. Several pilot
experiments were run that compared automatic and manual
scoring of freezing behavior; the data obtained from each
method were highly correlated.

During the experimental procedure, the animals were
tested in two different arenas and contexts (A and B). For
the first context (Context A), the arena (46 X 46 X47 cm)
was made of transparent acrylic and had a floor made up of
stainless steel rods (4 mm in diameter) spaced 8.9 mm apart
(center to center). The floor was connected to a shocker-
scrambler unit for delivering shocks of defined duration and
intensity. The arena was cleaned with 1% acetic acid solu-
tion. A ventilation fan provided background noise (65 dB),
and lamps provided uniform illumination of 60 Ix inside the
fear conditioning housing. During tests in Context A, the
room lights remained on. Animals were transported to this
context with transparent plastic boxes. Experimenters wore
white clothes and gloves.

For the second context (Context B), the arena
(46 x46 x47 cm) was made of black acrylic (permeable
to infrared light) with a gray plastic floor. The arena was
cleaned with 70% ethanol solution and faintly illuminated
(4 1x). The tests in Context B were conducted with the room
light off. Animals were transported to this context with black
plastic boxes. Experimenters wore blue clothes and gloves.

Fear conditioning (FC) and memory were assessed using
the Pavlovian paradigm. The schedule of FC procedures is
presented in Table 3. On day 1 of experiment (PND 26),
the animals (14 AFR rats and 10 rats in each other treat-
ment group) were subjected to FC procedure in Context
A (acquisition/training). Animals were placed in Context
A and allowed to habituate for 180 s. Next, the animals
received five tone-shock pairings in which the tone (ampli-
tude: 80 dB; frequency: 2 kHz; duration: 10 s) was co-ter-
minated with foot shock (intensity: 0.7 mA; duration: 1 s).
The intertrial interval was 60 s. Animals were removed from
Context A 60 s after the last trial.

On day 2, all animals were once again exposed to Con-
text A and were left undisturbed for 6 min (expression of

Table 3 A schedule of FC procedures

PND Procedure
26 FC acquisition/training (Context A)
27 CFC expression (Context A)
AFC expression (Context B)
70 CFC memory test (recall) in adulthood (Context A)
71 AFC memory test (recall) in adulthood (Context B)
77 FC retraining in adulthood (Context A)
78 CFC expression after retraining in adulthood (Context A)

AFC expression after retraining in adulthood (Context B)

AFC auditory fear conditioning, CFC contextual fear conditioning,
FC fear conditioning, PND postnatal day

contextual fear conditioning, CFC), then returned to their
home cages. Two hours later, the animals were placed in
a new context (Context B) and, after 180 s of habituation,
received five presentations of tone-alone with 61-s intertrial
intervals (expression of auditory fear conditioning, AFC).
Animals were removed from Context B 60 s after the last
trial.

Six weeks after the FC training (on PND 70), the same
animals were once again tested in both Context A and B
for recall of fear memories. First, they were placed and left
undisturbed for 6 min in Context A, and 24 h later, they
were exposed to five presentations of tone-alone in Context
B (Table 3). Seven days later, all animals were subjected to
a session of retraining of fear conditioning in Context A;
retraining followed the same procedure as training during
preadolescence (Day 1). On the following day, fear memory
was tested both in Context A and B (the same sessions as on
Day 2 during preadolescence) (Table 3).

Behavioral responses during all sessions were recorded
and automatically analyzed using FC software (TSE, Bad
Homburg, Germany). Freezing (i.e., immobility) was taken
as the behavioral measure of fear and was defined as the
absence of all non-respiratory movements for at least 2 s.
The cumulative duration of freezing was calculated for each
session and expressed as percentage of entire session time,
excluding habituation time.

Sucrose preference test

To assess anhedonic-like behavior, a sucrose preference was
measured in a two-bottle choice paradigm as described pre-
viously by Chocyk et al. [8] and Solarz et al. [30]. Briefly,
on PND 22 separate groups of rats (10 rats per experimental
group) were singly housed and habituated to drink water
from two bottles for 2 days. Then, the water in one of the
bottles was replaced by 1% sucrose solution for 2 days to
avoid neophobia. The position of the bottles (sucrose left or
right) was reversed every 8 h to prevent the development of
place preference. After habituation, the rats were subjected
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to water deprivation for 16 h before performing the sucrose
preference test. During the test, two bottles, one containing
tap water and another containing 1% sucrose solution, were
presented to each rat for 4 h (from 8 a.m. to 12 p.m.). The
positioning of the water and sucrose bottles (left or right)
was balanced between the experimental groups. Six weeks
later, the same groups of rats were retested for anhedonic-
like behavior when they approached adulthood (PND 70).
Sucrose preference was calculated as the percentage of
sucrose intake versus total liquid intake (water + sucrose)
over the 4-h test period.

Measurement of novelty-
and amphetamine-induced locomotor activity

On PND 26, a separate group of animals was subjected to
the locomotor activity test (n=9-12). Locomotor activity
was recorded and analyzed individually for each animal
using Opto-Varimex cages (43 xX44 cm) and Auto-Track
software (Columbus Instruments, OH, USA), as described
previously by Majcher-Maslanka et al. [10, 52]. The rats
were placed into the test cages without previous habituation
and were free to explore the environment for 20 min (nov-
elty-induced locomotion, session 1). Next, the rats received
vehicle injections (saline, 1 ml/kg sc) and were left in test
cages for 50 min (session 2). Finally, the same rats were
injected with amphetamine (1 mg/kg) and left in test cages
for another 50 min (session 3). Six weeks later, the same
groups of rats were retested for locomotor activity when
they approached adulthood (PND 70). Locomotor activity
of the animals was recorded for each session separately. The
data are presented as the average distance traveled over the
entire session.

Statistical analysis

Statistical analysis of the data was performed using Statis-
tica 13.3 software (TIBCO Software Inc., USA). Initially,
data were tested for normal distribution and homogene-
ity of variances using Shapiro—Wilk test and Levene’s
test, respectively. In the case of data that followed normal
distribution and had equal variances among groups, they
were further analyzed by one-way analysis of variance
(ANOVA) with early-life treatment (AFR, MS, VEH-
MS and SAL-MS) as independent variable followed by
Tukey’s HSD post hoc test. Amphetamine-induced loco-
motor activity was specifically analyzed by mixed-design
ANOVA with early-life treatment as a between-subject
factor and saline and amphetamine injections as within-
subject factor. In the case of data which did not show nor-
mal distribution and homogeneity of variances, statistical
differences between experimental groups were analyzed by
Kruskal-Wallis test followed by Dunn’s test for multiple
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comparisons. P values <0.05 were considered signifi-
cantly different. The data are presented as the group mean
and standard deviation (SD, parametric statistics) or as
the median and interquartile range (IQR, nonparametric
statistics).

Results

The effects of MS and early-life SAL/VEH injections
on body weight

To examine whether specific early-life treatment, such as
repeated MS and SAL/VEH injections, affected the body
weight of juvenile rats, a body weight gain index between
PND 1 and PND 15 was calculated. Statistical analysis
revealed that early-life treatment significantly affected
body weight gain in juvenile rats (Fj; 5,0 =5.21, p=0.002,
one-way ANOVA followed by Tukey’s test). Specifically,
VEH-MS rats showed a slightly higher body weight gain
index in comparison to AFR and MS rats (Fig. 2).

Body weight was also assessed during the preadoles-
cence and adulthood periods. However, Kruskal-Wallis
test did not show any significant differences between the
experimental groups (PND 26: H;=2.64, N, =31, N, =29,
N, =26, N,=30, p=0.450; PND 70: H;=1.46, N, =34,
N,=25, N;=25, N,=26, p=0.690) (Table 4).
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Fig.2 The effects of MS and early-life SAL/VEH injections on
a body weight gain in juvenile rats. The data are presented as the
mean=+SD (n=48—-64) and expressed as a body weight gain index
calculated as the body weight difference between PND 15 and PND
1. Connectors indicate statistically significant differences between
specific experimental groups (one-way ANOVA followed by Tukey’s
HSD post hoc analysis). AFR animal facility rearing, MS maternal
separation, SAL salubrinal, VEH vehicle
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Table 4 The effects of MS and

i PND Group Body weight
early-life SAL/VEH treatment

on body weight of preadolescent 26 AFR 90.0 (11.5)
and adult rats MS 925 (13.8)
VEH-MS 93.2 (15.0)
SAL-MS  93.0 (19.1)

70 AFR 440.5 (63.0)

MS 449.0 (26.0)

VEH-MS 442.0 (82.0)
SAL-MS 449.5 (87.0)

Data are presented as the
median (IQR) (n=25-34) and
expressed in grams. AFR animal
facility rearing, IQR interquar-
tile range, MS maternal separa-
tion, PND postnatal day, SAL
salubrinal, VEH vehicle

The effects of MS and early-life SAL/VEH injections
on ER stress and UPR processes in juvenile rats (PND
15)

To study the early effects of repeated MS and SAL/VEH
injections on ER stress and UPR processes, we examined the
gene and protein expression of ER stress and UPR markers
in the mPFC of rats on PND 15, which was 24 h after the
last MS procedure.

Statistical analysis of Hspa5 mRNA expression in the
mPFC showed a significant effect of early-life treatment
(Kruskal-Wallis test, H;=17.02, N,_, =6, p=0.0007). Spe-
cifically, VEH-MS rats had lower Hspa5 mRNA levels than
AFR and MS rats (Dunn’s test) (Fig. 3A).

The analysis of HSPAS5 (GRP 78) protein levels in the
mPFC of juveniles also revealed a significant effect of early-
life treatment (one-way ANOVA, F; 5,=3.35, p=0.039). In
this case, MS rats showed enhanced expression of HSPAS
protein in comparison to AFR rats (Tukey’s test) (Fig. 3B).

Next, we examined the effect of MS and SAL/VEH on
the mRNA and protein expression of the ER stress sensors
Eif2ak3 (PERK), Ernl (IREla) and ATF6 in the mPFC.

In the case of all ER stress sensors, analysis of their
mRNA expression showed no significant differences
between experimental groups (one-way ANOVA, Online
Resource ESM_1: Table S1; ESM_2: Fig. S1A) (Fig. 4A,
D). Moreover, we did not observe an effect of MS and SAL/
VEH on the total protein levels of PERK, IREla and ATF6
(one-way ANOVA, Table S1) (Fig. 4B, E; ESM_2: Fig.
S1B). However, we did find a significant effect of early-life
treatment on activation by phosphorylation of PERK at resi-
due Thr980 (F; ,,=35.93, p=0.005, one-way ANOVA fol-
lowed by Tukey’s test). Specifically, VEH-MS rats showed
increased levels of p-PERK (Thr980) protein in comparison
to AFR rats (Fig. 4C). A similar trend was also observed
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Fig.3 The effects of MS and early-life SAL/VEH injections on
HSPA5 mRNA (A) and protein (B) expression in the mPFC of
juvenile rats. The data are presented as the median and IQR (A) or
mean=+SD (B) and were analyzed by Kruskal-Wallis test or one-
way ANOVA, respectively (n=6). Circles represent individual
data points. Connectors indicate statistically significant differences
between specific experimental groups in Dunn’s post hoc test (A)
or Tukey’s HSD post hoc test (B). AFR animal facility rearing, MS
maternal separation, PND postnatal day, SAL salubrinal, VEH vehicle

in the case of the MS group, though it did not reach statis-
tical significance (p =0.051). Nevertheless, when a single
comparison between AFR and MS groups was performed,
the effect was observed to be statistically significant (U=2,
N,,=6, p=0.013, Mann—Whitney U test). Analysis of the
phosphorylation of IREla at residue S724 also showed a
significant effect of early-life treatment (one-way ANOVA,
F30=3.88, p=0.024). In this case, MS increased the phos-
phorylation of IREla at S724 in comparison to AFR rats
(Tukey’s test) (Fig. 4F).

Because SAL acts as an inhibitor of eI[F2a dephospho-
rylation at residue S51, we also investigated how repeated
MS and SAL/VEH injections impacted the expression
and phosphorylation of eIF2a in the mPFC of juveniles.
We observed that SAL-MS rats showed lower levels of
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Eif2a mRNA than MS and AFR rats (H;=18.83, N, ,=6, by Tukey’s test) (Fig. 5B). However, one-way ANOVA of
p=0.003, Kruskal-Wallis test followed by Dunn’s test)  elF2a phosphorylation did not reveal any differences in the
(Fig. 5A). We also observed a similar effect in total pro-  level of p-elF2a (S51) between the experimental groups
tein of elF2a (F3,,=6.10, p=0.004, ANOVA followed (F30=4.97, p=0.050) (Fig. 5C).
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Fig.5 The effects of MS and early-life SAL/VEH injections on »

mRNA expression (A) and protein expression and phosphorylation
(B-C) of elF2a in the mPFC of juvenile rats. The data are presented
as the median and IQR (A) or mean+SD (B, C) and were analyzed
by Kruskal-Wallis test or one-way ANOVA, respectively (n=6).
Circles represent individual data points. Connectors indicate statisti-
cally significant differences between specific experimental groups in
Dunn’s post hoc test (A) or Tukey’s HSD post hoc test (B). The same
immunoblot of B-Actin was used for normalization of both p-eIF2a
(C) and p-IREla immunoblots (Fig. 4F). After protein electrotrans-
fer the blots were horizontally cut into two pieces to separately evalu-
ate p-elF2a and p-IREla protein levels from the same samples. Next,
after membrane stripping procedure, appropriate blot was reprobed
with p-Actin antibody. AFR animal facility rearing, MS maternal sep-
aration, PND postnatal day, SAL salubrinal, VEH vehicle

The effects of MS and early-life SAL/VEH injections
on apoptotic processes in the mPFC of juvenile rats
(PND 15)

Since ER stress and UPR processes are known to affect
cell death and survival decisions, the next goal of our study
was to examine the gene and protein expression of the main
apoptotic markers in the mPFC.

Statistical analysis showed that early-life MS and SAL/
VEH treatment affected the mRNA expression of a few apop-
totic markers but not their protein levels (Online Resource
ESM_1: Table S1; ESM_2: Fig. S2; Fig. S3) (Fig. 6). Nota-
bly, we observed that MS rats subjected to SAL treatment
had lower levels of caspase-9 mRNA in comparison to that
of VEH-MS and AFR rats (F;,,=5.11, p=0.009, one-
way ANOVA followed by Tukey’s test) (Fig. 6A). A trend
toward reduced expression of caspase-9 was also observed
in the SAL-MS group compared to MS rats, though it did
not reach statistical significance (p =0.051). On the other
hand, we did not observe any differences between the experi-
mental groups in caspase-3 mRNA expression, a key effec-
tor caspase involved in a mitochondrial pathway of apop-
tosis (Kruskal-Wallis test, H;=7.13, N, ,=6, p=0.068)
(Fig. 6B).

Interestingly, our study also revealed a statistically signifi-
cant effect of early-life treatment on the mRNA expression
of caspase-12, a specific caspase that is localized in the ER
membrane and engaged in the ER stress-induced pathway
of apoptosis (one-way ANOVA, Fj;,,=5.36, p=0.007).
The MS procedure increased caspase-12 mRNA expression
compared to that in the AFR group (Fig. 6C). Moreover,
VEH-MS rats had a significantly lower level of caspase-12
mRNA than MS rats (Tukey’s test).

As described above, we did not observe a statistically
significant effect of early-life treatment on procaspase-9 or
procaspase-12 protein expression or cleaved (active) cas-
pase-9, -12 or cleaved caspase-3 protein levels (one-way
ANOVA, Table S1) (ESM_2: Fig. S2). Nevertheless, in
the case of cleaved caspase-9, when a single comparison
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between AFR and MS groups was performed using a Stu-
dent’s t-test, statistical significance was observed, and MS
rats showed increased cleaved caspase-9 protein levels in the
mPFC (t,,=2.56, p=0.023) (Fig. S2B).
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Next, we examined Bax and Bcl2 expression and the
Bax/Bcl2 ratio and observed a significant effect of early-life
treatment on Bax mRNA levels (F; ,,=15.34, p<0.0001,
ANOVA) and the Bax/Bcl2 mRNA ratio (F5,,=11.29,
p<0.0001) (Fig. 6D-F). Specifically, both SAL- and VEH-
injected MS rats showed lower levels of Bax mRNA com-
pared to MS and AFR rats (Tukey’s test) (Fig. 6D). The Bax/
Bcl2 mRNA ratio was decreased in SAL-MS and VEH-MS
rats compared to AFR rats only (Tukey’s test) (Fig. 6F).
There was no statistically significant effect of early-life treat-
ment on the protein expression of Bax or Bcl2 or the Bax/
Bcl2 protein ratio (one-way ANOVA, ESM_1: Table S1;
ESM_2: Fig. S3). Nevertheless, in the case of Bax protein
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expression, when a single comparison between AFR and MS
groups was performed using a Student’s ¢-test, statistical sig-
nificance was observed, and the MS rats showed increased
Bax protein levels in the mPFC (¢,,=3.08, p=0.012) (Fig.
S3A).

The effects of MS and early-life SAL/VEH injections
on ER stress and UPR processes in preadolescent
rats (PND 26)

Preadolescence and adolescence are crucial periods in
mPFC postnatal maturation. During the preadolescence
period, neurodevelopmental apoptosis starts to progress.
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The next goal of our study was to determine whether early-
life MS and SAL/VEH treatment affect ER stress and UPR
processes specifically in preadolescent rats (on PND 26)
and in this way influence neurodevelopmental apoptosis
in the mPFC.

Statistical analysis showed that in preadolescent rats,
early-life treatment only affected mRNA expression of
Hspa5 (F3,,=11.23, p<0.0001) and two ER stress sen-
sors, Ernl (F;3 50=11.15, p=0.0002) and Atf6 (F; 5y =4.42,
p=0.015) (one-way ANOVA) (Fig. 7). We did not observe
differences between experimental groups in protein expres-
sion or activation (phosphorylation) of any of the ER stress
or UPR markers we examined (ESM_1: Table S1) (ESM_3:
Fig S4; Fig S5). Post hoc analysis of mRNA expression
showed that both SAL- and VEH-injected MS rats had
lower levels of Hspa5 mRNA compared to MS and AFR
rats (Tukey’s test) (Fig. 7A). A similar effect of early-life
treatment was also observed in the case of Ernl (Fig. 7C).
However, analysis of Atf6 mRNA levels showed that only
SAL-injected MS rats had reduced Atf6 mRNA expression
compared to MS and AFR (Tukey’s test) (Fig. 7D).

Next, we examined Eif2a mRNA and protein expression
and elF2a phosphorylation at residue S51. Statistical analy-
sis revealed a lack of any significant differences between
experimental groups in all these parameters (Table S1)
(ESM_3: Fig. S5).

The effects of MS and early-life SAL/VEH
injections on apoptotic processes in the mPFC
of preadolescent rats (PND 26)

Statistical analysis of the mRNA expression of the analyzed
caspases showed a significant effect of early-life treatment
on caspase-3 (H;=10.82, N, ,=6, p=0.013, Kruskal-Wal-
lis test) and caspase-12 (F5 50=>5.26, p=0.008, ANOVA) but
not caspase-9 mRNA levels (H;=6.76, N,_,=6, p=0.080)
(Online Resource ESM_1: Table S1) (Fig. 8). VEH-injected
MS rats showed a lower level of caspase-3 mRNA than AFR
rats (Dunn’s test) (Fig. 8B). Both MS and MS-VEH rats
showed reduced caspase-12 mRNA expression compared
to AFR rats (Tukey’s test) (Fig. 8C). However, statistical
analysis did not reveal any significant differences between
experimental groups in protein levels of procaspase-12 or -9
or cleaved forms of caspase-12, -9 or -3 (Table S1) (ESM_3:
Fig. S6A-E).

Next, we investigated the effects of MS and SAL/VEH
injections on the expression of Bcl-2 family members. Statis-
tical analysis revealed that early-life treatment significantly
affected Bcl2 mRNA expression (£ 50=12.02, p=0.0001,
ANOVA) and the Bax/Bcl2 mRNA ratio (H;=16.61,
N, 4,=6, p=0.0009) but not Bax mRNA levels (H;=1.32,
N,_,=6, p=0.724, Kruskal-Wallis test) (Fig. 8). Specifi-
cally, MS increased Bcl2 mRNA expression compared to
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Fig.8 The effects of MS and
early-life SAL/VEH injections
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that in AFR rats, and this effect was prevented in MS rats by
both VEH and SAL injections (Tukey’s test) (Fig. 8E). On
the other hand, post hoc analysis of the Bax/Bcl2 mRNA
ratio revealed that this parameter was similar in AFR and
MS rat, but both VEH- and SAL-injected MS rats showed
an increased Bax/Bcl2 mRNA ratio compared to MS rats
(Dunn’s test) (Fig. 8F). However, analysis of the Bax/Bcl2
protein ratio revealed a different effect, namely that both
MS and VEH-MS rats showed a lower level of this param-
eter compared to AFR rats (Kruskal-Wallis test, H;=11.29,
N,_,=6, p=0.010, followed by Dunn’s test) (ESM_3: Fig.
S7C). No change in the protein levels of Bax and Bcl2 was
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observed between the treatment groups (Online Resource
ESM_1: Table S1) (Fig. STA-B).

Finally, we investigated whether repeated MS and SAL/
VEH treatment affected the number of neurons and glial
cells in specific subregions of the mPFC in preadolescent
rats. Statistical analysis revealed that early-life treatment
did not have any significant impact on the number of neu-
rons (NeuN-IR), astrocytes (GFAP-IR) or microglial cells
(IBA1-IR) in the mPFC of preadolescent rats (results and
statistics are presented in Table 5). Representative photomi-
crographs showing neuronal and glial cells in the subregions
of the mPFC of preadolescent rats are presented in Online
Resource ESM_5-7.
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Table 5 The effects of MS and

. Cell marker mPFC region Group Number of IR cells Statistic
early-life SAL/VEH treatment
on the ﬂumbzr of neurl9nls " NeuN Cegl AFR 685,481.1 +£59,206.6 F315=0.20, p=0.896
iyt nd il 1 MS smossis
rats VEH-MS 681,216.5+28,241.7
SAL-MS 684,556.8 +35,757.5
PLC AFR 1,250,600.6 + 132,051.7 F;13=0.27,p=0.844
MS 1,281,136.8+57,292.6
VEH-MS 1,252,841.1+64,980.4
SAL-MS 1,291,928.6+103,713.6
ILC AFR 288,312.2 (35,984.3) H;=0.88, p=0.830
MS 275,936.1 (29,923.8)
VEH-MS 275,092.7 (7595.9)
SAL-MS 281,630.6 (24,893.4)
GFAP Cgl AFR 204,453.6+29,435.2 F33=0.80,p=0.510
MS 200,720.3 +37,443.2
VEH-MS 189,177.3+11,617.8
SAL-MS 181,914.7+26,710.8
PLC AFR 374,166.3 +67,722.5 F3,3=0.48, p=0.700
MS 359,114.3+34,219.7
VEH-MS 347,362.8 +46,345.4
SAL-MS 338,200.3+55,135.5
ILC AFR 120,888.7 +18,295.7 F313=0.47, p=0.704
MS 118,740.8 +17,268.8
VEH-MS 114,362.4 +18,440.6
SAL-MS 108,330.1+21,168.5
IBA1 Cgl AFR 212,681.4+26,186.8 F313=0.61,p=0.616
MS 202,346.7 +13,552.4
VEH-MS 197,790.9 +19,641.8
SAL-MS 200,501.6+15,313.6
PLC AFR 319,342.3+29,654.3 F313=023,p=0.872
MS 323,430.3+31,567.8
VEH-MS 310,514.0+46,495.7
SAL-MS 326,914.1+30,180.7
ILC AFR 73,607.2+9470.6 F313=0.19, p=0.902
MS 76,013.2 +6420.1
VEH-MS 73,424.5+5295.1
SAL-MS 73,042.3+6925.9

Data indicate the numbers of IR cells per region estimated by stereological method (the mean+SD or
median (IQR), n=5-6). AFR animal facility rearing, Cg/ cingulate cortex, ILC infralimbic cortex, IQR
interquartile range, /R immunoreactive, mPFC medial prefrontal cortex, MS maternal separation, PLC pre-
limbic cortex, PND postnatal day, SAL salubrinal, VEH vehicle

The effects of MS and early-life SAL/VEH injections
on the anxiety-like behavior of preadolescent
and adult rats in the light/dark box test

The next goal of our study was to investigate the effects of
early-life MS and SAL/VEH treatment on the behavioral
phenotypes of both preadolescent and adult rats. We started
by assessing anxiety-like behaviors in the light/dark box
test. The experimental procedure for the light/dark explo-
ration applied in the present study has been previously

tested in adolescent (PND 35) [10] and adult rats [30].
Nevertheless, this specific procedure when performed on
PND 26 in preadolescent rats induced a very high level of
anxiety in the light compartment. For example, preadoles-
cent AFR rats on average spent only 2.4% of a trial time
(14.5 s) in the light compartment, and the distance trave-
led in the light compartment represented only 5.7% of the
total distance traveled during the entire session (Fig. 9A-B).
The average number of transitions between dark and light
compartments was 2.6 for AFR rats (Fig. 9C). However,
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Kruskal-Wallis test followed by Dunn’s test revealed that
VEH- and SAL-injected MS rats were significantly less fear-
ful during this light/dark exploration procedure than AFR
rats (Online Resource ESM_1: Table S2) (Fig. 9). Specifi-
cally, VEH-MS and SAL-MS preadolescent rats spent more
time in the light compartment than AFR rats (H;=11.97,
N, ,=10, p=0.007) (Fig. 9A). Additionally, they traveled
a longer distance in the light compartment than the AFR rats
(H3;=12.87,N,_,=10, p=0.005) (Fig. 9B). There was also
a trend toward a greater number of transitions between light
and dark compartments for VEH-MS rats compared to AFR

Fig.9 The effects of MS and A
early-life SAL/VEH injections
on anxiety-like behavior of

PND 26

30 p=0.038

CJAFR EHVEH-MS D
EmMS [CISAL-MS

rats (H;=28.58, N, ,=10, p=0.035, post hoc: p=0.084)
(Fig. 9C).

In adulthood, statistical analysis also revealed a signifi-
cant effect of early-life treatment on the time spent in the
light compartment (£ 45s=4.51, p=0.007, ANOVA) and
the distance traveled in the light compartment (H;=12.83,
p=0.005) but not on the number of transitions between com-
partments (H;=6.0, N;=15, N,=10, N; ,=12, p=0.112,
Kruskal-Wallis test) (Fig. 9D-F). Adult MS rats showed
a trend toward less fearful behavior during the light/dark
exploration test than AFR rats (Fig. 9D-E), which is in
agreement with our previous studies [8, 30]. However, in
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this experiment we did not observe statistical significance
in a post hoc analysis (for the time in light: p =0.093; for the
distance traveled: p=0.082). Nevertheless, we did observe
a statistically significant effect when we performed a single
comparison between the AFR and MS groups (for the time in
light: ,,=2.65, p=0.014; for the distance traveled: U=31,
N, =15, N,=10, p=0.016). Interestingly, both VEH-MS
and SAL-MS adult rats showed more fearful behavior com-
pared to MS rats but not AFR rats. Notably, they spent less
time in the light compartment than MS rats (Tukey’s test)
(Fig. 9D). They also traveled a shorter distance in the light
compartment than the MS rats (Dunn’s test) (Fig. 9E).

The effects of MS and early-life SAL/VEH injections
on fear conditioning and memory in preadolescent
and adult rats

On PND 26, preadolescent rats underwent the FC proce-
dure. Statistical analysis of freezing behavior during the
acquisition/training session (Day 1, context A) revealed a
lack of a significant effect of early-life treatment (one-way
ANOVA, F; 4,=1.82, p=0.160) (Online Resource ESM_1:
Table S2) (Fig. 10A). However, when the expression of CFC
was analyzed (Day 2, context A), we observed that MS rats
showed reduced freezing in response to context A compared
to AFR rats (F; 49=4.20, p=0.011, ANOVA followed by
Tukey’s test) (Fig. 10B). The behavior of VEH-MS and
SAL-MS rats did not differ significantly from MS rats (for
VEH-MS: p=0.162; for SAL-MS: p=0.654) or AFR rats
(for VEH-MS: p=0.689; for SAL-MS: p=0.156, Tukey’s
test). Additionally, there was no significant effect of early-
life treatment on the expression of AFC (Day 2, context B) in
preadolescent rats (H;=2.91, N, =14, N, ,=10, p=0.405,
Kruskal-Wallis test) (Fig. 10C).

Six weeks after the FC training, the same animals were
once again tested in both contexts A and B for the recall of
fear memories in adulthood (Table 3). Statistical analysis of
freezing behavior revealed a lack of a significant effect of
early-life treatment on CFC (H;=4.14, p=0.246) and AFC
memory recall in adult rats (H;=1.63, N, =14, N, ,=10,
p=0.653, Kruskal-Wallis test) (Online Resource ESM_4:
Fig. S8A-B).

Seven days later, all animals underwent a session of
retraining of FC in context A. Retraining followed the same
procedure as training during preadolescence (Day 1 of
experiment) (Table 3). On the following day, fear memory
was tested both in contexts A and B (the same sessions as on
Day 2 during preadolescence). One way ANOVA of freezing
behavior during retraining of FC did not show any differ-
ences between experimental groups (F3 40=0.99, p =0.406)
(Fig. 10D). Interestingly, in our analysis of the CFC expres-
sion after retraining in adulthood we observed that MS
rats showed increased freezing in response to context A

compared to AFR rats (F;40=3.28, p=0.031, ANOVA
followed by Tukey’s test) (Table S2) (Fig. 10E). Addition-
ally, VEH injections significantly reduced freezing behavior
in MS rats. The SAL-MS rats did not differ significantly
from the MS rats (p=0.115), VEH-MS (p =0.979) or AFR
rats (p =0.996) in their CFC expression after retraining in
adulthood (Tukey’s test) (Fig. 10E). Additionally, there was
no significant effect of early-life treatment on the expres-
sion of AFC after retraining in adulthood (in context B)
(F340=1.92, p=0.141, ANOVA) (Fig. 10F).

The effects of MS and early-life SAL/VEH injections
on sucrose preference in preadolescent and adult
rats

To study anhedonic-like behaviors, we first applied the
sucrose preference test in preadolescent rats, and then, six
weeks later, the same animals were retested for sucrose pref-
erence when they approached adulthood (PND 70).

Statistical analysis of sucrose preference during the pre-
adolescence period revealed a significant effect of early-life
treatment (one-way ANOVA, F; 3=3.82, p=0.018) (Online
Resource ESM_1: Table S2). Specifically, MS rats showed
reduced sucrose preference compared to AFR rats (Fig. 11A)
(Tukey’s test). The behavior of VEH-MS and SAL-MS
rats did not differ significantly from MS rats (for VEH-
MS: p=0.770; for SAL-MS: p=0.743) or AFR rats (for
VEH-MS: p=0.117; for SAL-MS: p=0.129, Tukey’s test)
(Fig. 11A). There was no difference in sucrose preference
between the treatment groups in adulthood (Kruskal-Wallis
test, H;=0.21, N,_,=10, p=0.996) (Fig. 11B).

The effects of MS and early-life SAL/VEH injections
on novelty- and amphetamine-induced locomotor
activity in preadolescent and adult rats

The next goal of the study was to determine whether early-
life treatment affected the locomotor activity of rats in
response to novelty and amphetamine injections. Analysis
of novelty-induced locomotion in preadolescent rats revealed
that VEH-injected MS rats traveled a greater distance than
MS rats (F336= 2.91, p=0.047, ANOVA followed by Tuk-
ey’s test) (Online Resource ESM_1: Table S2) (Fig. 12A).
A mixed-design ANOVA of amphetamine-induced locomo-
tion during preadolescence showed the significant effects of
early-life treatment (F; 3¢=3.53, p=0.024) and ampheta-
mine injection (F 3=338.20, p <0.0001) on PND 26 and
a significant interaction between these factors (F; 3= 3.68,
p=0.021). In all experimental groups, amphetamine injec-
tion enhanced locomotor activity compared to VEH injec-
tion (Tukey’s test) (Fig. 12B). Moreover, MS rats showed
greater amphetamine-induced locomotor activity than AFR
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Fig. 10 The effects of MS and A
early-life SAL/VEH injections

on fear conditioning and mem- 60—
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rats, and this effect was prevented by early-life VEH and
SAL treatment (Tukey’s test) (Fig. 12B).

After six weeks, the same groups of rats were retested for
locomotor activity when they approached adulthood (PND 70)
(Fig. 12C). A mixed-design ANOVA of amphetamine-induced
locomotion during adulthood also revealed statistically sig-
nificant effects of early-life treatment (F5 34="7.17, p=0.0007)
and amphetamine injection (F| 3,=203.27, p <0.0001) as well
as a significant interaction between these factors (/5 3=7.96,
p=0.0003). In all experimental groups, amphetamine injec-
tion enhanced locomotor activity compared to VEH injection
(Tukey’s test) (Fig. 12C). Additionally, MS and VEH-MS rats
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showed greater amphetamine-induced locomotion than AFR
rats. Moreover, SAL injections reduced amphetamine-trig-
gered locomotor activity in MS rats (Tukey’s test) (Fig. 12C).

A search for a permanent imprint of MS
and early-life SAL/VEH treatment on ER stress,
the UPR and apoptosis in the mPFC

To determine whether MS and early-life SAL/VEH treat-
ment left a permanent imprint on the expression of ER
stress, UPR and apoptosis markers in the mPFC, we meas-
ured expression levels of relevant mRNA in adult rats.
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Fig. 11 The effects of MS and early-life SAL/VEH injections on
sucrose preference in preadolescent (A) and adult rats (B). The data
are presented as the mean=+SD (A) or median and IQR (B) and were
analyzed by one-way ANOVA or Kruskal-Wallis test, respectively
(n=10). Circles represent individual data points. Connector indi-
cates statistically significant difference between specific experimental
groups in Tukey’s HSD post hoc test. AFR animal facility rearing, MS
maternal separation, PND postnatal day, SAL salubrinal, VEH vehicle

Statistical analysis revealed that among ER stress and
UPR markers, only the expression of Eif2a was signifi-
cantly affected by early-life treatment (one-way ANOVA:
F350=4.07, p=0.021) (all results and statistics are pre-
sented in Table 6). Specifically, SAL-injected MS rats
showed lower Eif2a mRNA levels than AFR rats. A similar
trend was also observed in VEH-injected MS rats, though
it was not statistically significant (p =0.059) (Tukey’s test)
(Table 6).

Analysis of the effect of early-life treatment on the expres-
sion of apoptotic markers showed statistical significance
only in the case of caspase-9 (F;5,=4.20, p=0.019) and
Bcl2 mRNA expression (F3,0=4.71, p=0.012, ANOVA)
(Table 6). Specifically, both SAL- and VEH-injected MS rats
had greater levels of caspase-9 mRNA compared to AFR rats
(Tukey’s test). Additionally, SAL-MS rats showed increased
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Fig. 12 The effects of MS and early-life SAL/VEH injections on locomo-
tor activity: novelty-induced locomotion in preadolescents (A), ampheta-
mine (AMP)-induced locomotor activity in preadolescents (B) and adults
(C). The data are presented as the mean+SD (n=10-14) and expressed
as distance traveled during the specific session. Results were analyzed by
mixed-design ANOVA. Circles represent individual data points. *p <0.01
vs. AMP in corresponding early-life treatment group (Tukey’s HSD post
hoc test). Connectors indicate other statistically significant differences
between specific experimental groups in Tukey’s test. AFR animal facility
rearing, AMP amphetamine, DT distance traveled, MS maternal separa-
tion, PND postnatal day, SAL salubrinal, VEH vehicle
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Table 6 The effects of MS and early-life SAL/VEH treatment on
mRNA expression of ER stress, UPR and apoptosis markers in the
mPFC of adult rats

Gene Group Relative mRNA level  Statistic

Hspa5  AFR 0.1622+0.0071 F3,0=1.74,p=0.190
MS 0.1618+0.0072
VEH-MS 0.1534+0.0134
SAL-MS  0.1512+0.0127

Eif2ak3 AFR 0.0222+0.0019 F3,,=3.00, p=0.055
MS 0.0206+0.0012
VEH-MS 0.0211+0.0016
SAL-MS  0.0231+0.0014

Ernl AFR 0.00420 (0.0005) H;=3.99, p=0.262
MS 0.00440 (0.0004)
VEH-MS  0.00404 (0.0004)
SAL-MS  0.00463 (0.0008)

Atf6 AFR 0.0312 (0.0074) H;=4.73,p=0.193
MS 0.0305 (0.0015)
VEH-MS 0.0307 (0.0022)
SAL-MS  0.0324 (0.0032)

Eif2a AFR 0.0116+0.0010 F350=4.07,p=0.021
MS 0.0106+0.0009
VEH-MS  0.0091+0.0013
SAL-MS  0.0088 +0.0025*

Casp9  AFR 0.0161+0.0011 F3,50=4.20,p=0.019
MS 0.0175+0.0009
VEH-MS 0.0181+0.0018%
SAL-MS  0.0182+0.0005%*

Casp3  AFR 0.00105 (0.0002) H;=3.85,p=0.278
MS 0.00093 (0.0004)
VEH-MS 0.00093 (0.0001)
SAL-MS  0.00104 (0.0001)

Caspl2 AFR 0.00010 (0.00011) H;=5.93,p=0.115
MS 0.00010 (0.00003)
VEH-MS 0.00008 (0.00002)
SAL-MS  0.00015 (0.00012)

Bax AFR 0.0506 (0.0028) H;=17.43, p=0.069
MS 0.0474 (0.0018)
VEH-MS  0.0406 (0.0048)
SAL-MS  0.0463 (0.0040)

Bcl2 AFR 0.0042 +0.0002 F35=4.71,p=0.012
MS 0.0043 +0.0004
VEH-MS  0.0039 +0.0004
SAL-MS  0.0046 +0.0002

The mRNA expression was determined by RT-qPCR and presented
as relative values of mRNA levels in arbitrary units. The data are pre-
sented as the mean=+ SD or median (IQR), n==6. Statistically signifi-
cant effects are given in bold. *p <0.05 vs. AFR, #»<0.05 vs. VEH-
MS (Tukey’s HSD post hoc test). AFR animals facility rearing, ER
endoplasmic reticulum, /QR interquartile range, mPFC medial pre-
frontal cortex, MS maternal separation, SAL salubrinal, UPR unfolded
protein response, VEH vehicle

@ Springer

Bcl2 expression compared with VEH-MS rats (Tukey’s test)
(Table 6).

Finally, we analyzed the effect of early-life MS and SAL/
VEH treatment on the number of neurons and glial cells in
the mPFC of adult rats. Representative photomicrographs
showing NeuN-IR neurons, GFAP-IR astrocytes and IBA1-
IR microglial cells in the subregions of the mPFC of adult
rats are presented in Online Resource ESM_8-10. Statisti-
cal analysis revealed that early-life treatment significantly
affected the number of microglial cells but not the other
populations of analyzed cells (all results and statistics are
presented in Table 7). Notably, SAL-injected MS rats had
a lower number of IBA1-IR microglial cells than MS and
AFR rats in the PLC region (F; ,0=4.01, p=0.022, one-way
ANOVA followed by Tukey’s test). Moreover, in the Cgl
region of the mPFC, SAL-MS rats also had a lower number
of microglial cells than AFR rats (F;,,=3.47, p=0.035,
ANOVA followed by Tukey’s test) (Table 7).

Discussion

The main goal of the present study was to investigate
whether ER stress and UPR processes are affected by the
MS procedure and thereby underlie the cellular and behav-
ioral consequences of ELS. We found that MS enhanced
the activation of the UPR in juveniles to a small degree and
modulated the mRNA expression of a few apoptotic mark-
ers in the mPFC of juveniles and preadolescents but not in
adults. However, MS did not affect the numbers of neurons
or glial cells in the mPFC at any age. Both early-life SAL
and VEH injections (often in a treatment-specific manner)
affected the expression of UPR and apoptotic markers, espe-
cially in juvenile and preadolescent MS rats, and in some
cases prevented MS-induced effects at the biochemical level.
Moreover, SAL/VEH generally mitigated the behavioral
effects of MS.

The effects of MS procedure on ER stress and UPR
processes and apoptosis in the mPFC

Enhanced expression and activation of ER stress and UPR
markers have been observed in animal models of depression
based on chronic stress procedures in adults [27-29] and in
different acute stress models [53, 54]. Moreover, the infusion
of tunicamycin, an activator of the UPR, into the hippocam-
pus produces a depressive-like phenotype in rats [55]. We
have recently shown that MS produces long-lasting upregu-
lation of chaperones HSPAS5 and HSPA1B in the brain and
blood, which suggests that ELS may influence ER stress and
UPR processes throughout development [30]. To the best
of our knowledge, the present study is the first to compre-
hensively examine the role of ER stress and UPR processes
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Table 7 The effects of MS and

. Cell marker mPFC region Group Number of IR cells Statistic
early-life SAL/VEH treatment
on the ﬂumbzr of neurl<?nls " NeuN Cel AFR 610,968.1 +29,926.0 Fyq0=1.54, p=0.236
iyt nd il MS o smoniasodens
VEH-MS 573,422.1+28,788.9
SAL-MS 585,200.9 £24,677.5
PLC AFR 1,164,797.7+77,242.8 F3,,=1.06,p=0.386
MS 1,148,378.2+69,778.6
VEH-MS 1,123,820.5+48,786.8
SAL-MS 1,100,882.2 +66,967.7
ILC AFR 225,567.6+11,134.5 F350=0.94, p=0.442
MS 221,745.4+13,552.3
VEH-MS 215,989.6 +16,123.5
SAL-MS 214,057.7+12,151.9
GFAP Cgl AFR 173,806.4 (22,206.7) H;=6.31,p=0.097
MS 175,147.5 (57,261.2)
VEH-MS 208,999.4 (50,311.9)
SAL-MS 177,485.1 (22,710.1)
PLC AFR 350,950.1 (46,224.9) H;=3.39,p=0.335
MS 387,533.7 (126,461.1)
VEH-MS 379,827.4 (77,912.9)
SAL-MS 373,984.3 (33,948.9)
ILC AFR 104,831.6+10,104.6 F;3,50=2.88, p=0.061
MS 118,909.7+18,272.5
VEH-MS 124,738.9+13,458.0
SAL-MS 107,309.7+11,342.5
IBA1 Cgl AFR 103,190.2+5918.0 F350=3.47,p=0.035
MS 98,219.3+7121.3
VEH-MS 94,696.7 +£9686.7
SAL-MS 88,517.6+9156.4%*
PLC AFR 175,265.5+7211.8 F3,50=4.01,p=0.022
MS 173,557.7 +16,899.1
VEH-MS 165,775.0+12,457.6
SAL-MS 154,006.0 + 8281.9%#
ILC AFR 40,693.6 +£3630.7 F3,0=3.06, p=0.052
MS 40,061.2 +3470.1
VEH-MS 37,174.0+4103.3
SAL-MS 35,219.0+3023.6

Data indicate the numbers of IR cells per region estimated by stereological method (the mean+SD or
median (IQR), n=6). Statistically significant effects are given in bold. "p <0.05 vs. AFR, *» <0.05 vs. MS
(Tukey’s HSD post hoc test). AFR animal facility rearing, Cg/ cingulate cortex, /LC infralimbic cortex,
IQR interquartile range, /R immunoreactive, mPFC medial prefrontal cortex, MS maternal separation, PLC
prelimbic cortex, PND postnatal day, SAL salubrinal, VEH vehicle

in ELS-induced effects. We once again confirmed that MS
increased the protein expression of HSPAS in the mPFC of
juveniles on PND 15, which is 24 h after the last MS. MS
also increased the phosphorylation (activation) of one of the
ER stress sensors, IREla, in juveniles. These effects were
temporal, and we generally did not observe any MS-induced
changes in the expression of ER stress or UPR markers in
the mPFC of preadolescents and adults. Concurrently, in this
study, we observed subtle changes in the mRNA expression

of apoptotic markers in MS juveniles and preadolescents
but not in adults. Specifically, the expression of Casp12 was
increased in juveniles and decreased in preadolescent MS
rats. Casp12 is a specific caspase that is localized in the ER
membrane and engaged in the ER stress-induced pathway of
apoptosis [56]. We also observed an MS-induced increase
in the mRNA expression of Bcl2 in preadolescents. These
subtle changes in the expression of UPR and apoptotic mark-
ers were not accompanied by any changes in the numbers
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of neurons, astrocytes or microglial cells in the mPFC of
preadolescent or adult MS rats. These results are in contrast
to our previous observations in adolescent rats (on PND
35), in which we found a clear delay in neurodevelopmental
apoptosis, manifested as increased numbers of neurons in the
mPFC and antiapoptotic trends in the expression and acti-
vation of apoptotic markers [10]. Thus, our results suggest
that adolescence is a developmental period that specifically
unveils the effects of ELS on neurodevelopmental apopto-
sis of the mPFC [10, 37]. This is not surprising, because
during adolescence, the mPFC undergoes intensive struc-
tural and functional reorganization [32, 34]. Nevertheless,
we expected that the effects of MS would be manifested
even earlier, in preadolescence period, but our biochemi-
cal results did not support that hypothesis. However, in the
present study we did observe some behavioral effects of MS
in the preadolescence period, such as a decrease in sucrose
preference (anhedonia-like behavior) and an impairment in
CFC expression. Moreover, MS-triggered enhancement of
the locomotor response to psychostimulant drugs, a typi-
cal behavioral phenotype observed in ELS models [39, 57,
58], was also observed in preadolescents. This behavioral
effect was the only enduring effect observed also in adult
MS rats. Additionally, MS rats showed an increased CFC
expression after retraining in adulthood. It is worth noting
that the mPFC is highly implicated both in the expression of
FC [59] and psychostimulant-induced hyperlocomotion [60].
Taken together, the results showed that, although we did
not detect a strong impact of MS on ER stress, the UPR and
apoptosis in the mPFC of juveniles and preadolescents, MS
did produce long-lasting functional consequences observed
at behavioral level even during preadolescence period. Our
study implicates that MS procedure may influence ER stress
and the UPR in an age-specific manner and manifest its
strongest effects on the abovementioned processes in dif-
ferent developmental time points than that chosen for the
present experiment. However, we should bear in mind that
the studied behaviors are also regulated by many other cel-
lular mechanisms and brain regions.

The effects of early-life modulation of ER stress
and the UPR by SAL/VEH treatment on biochemical
and behavioral phenotype of MS rats

To modulate ER stress and UPR processes in MS rats,
we applied repeated early-life treatment with SAL before
each MS procedure. SAL is a small-molecule inhibitor
of elF2a phosphatases that prolongs elF2a phosphoryla-
tion at residue S51 and thereby its inactivation, which
causes an inhibition of general protein synthesis. SAL has
been shown to reduce cell death and have neuroprotective
properties in animal models of neurodegenerative disor-
ders [13, 61], cerebral ischemia [43] and traumatic brain
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injury [42, 62]. In the present study, we also used con-
ventional solvent/vehicle injections (VEH) to adequately
control experimental conditions. Interestingly, early-life
VEH treatment by itself affected the studied parameters
and sometimes produced similar effects to SAL treatment.
This phenomenon greatly complicated understanding and
interpretation of the results. Both VEH and SAL treat-
ments prevented some MS-induced effects. For example,
SAL treatment decreased Bcl2 mRNA levels in preado-
lescent rats and dampened amphetamine-induced hyper-
locomotion in preadolescents and adults (SAL-MS vs. MS
rats). VEH injections prevented the effects of MS at the
level of Casp12 and Bcl2 transcription in juveniles and
preadolescents, respectively. At behavioral level, VEH
treatment also reduced amphetamine-triggered locomotor
activity in preadolescent MS rats and CFC expression in
MS adult rats (VEH-MS vs. MS rats). In many cases, when
MS rats resembled AFR rats at the biochemical level, SAL
or VEH significantly modulated the mRNA expression of
ER stress, UPR and apoptosis markers especially in juve-
nile and preadolescent MS rats. For example, SAL- and/
or VEH-MS rats generally showed reduced mRNA expres-
sion of many ER stress and UPR markers when compared
to MS rats. The results suggest that both VEH and SAL
treatment exerted inhibitory influence on ER stress and
UPR processes in MS rats.

At the behavioral level, in sucrose preference or CFC
tests, SAL- and VEH-MS preadolescent rats exhibited inter-
mediate behavioral phenotypes between AFR and MS rats
(not significantly different from either AFR and MS rats),
and those phenotypes turned out to be advantageous in the
specific experimental conditions of this study.

The effect of SAL/VEH on anxiety-like behaviors in the
light/dark box test is also worth noting. Interestingly, pre-
adolescent SAL-MS and VEH-MS rats were less anxious
than AFR rats. On the other hand, in adulthood, SAL and
VEH normalized the behavior of MS rats, which showed a
statistically insignificant trend toward less fearful (impul-
sive-like) behavior. However, when a single comparison
between the AFR and MS groups was performed, the analy-
sis revealed that MS significantly enhanced impulsive-like
behavior in adults, which is in line with our previous stud-
ies [8, 30]. Interestingly, Logstdon et al. reported that SAL
treatment reduced impulsive-like behaviors in adult rats sub-
jected to traumatic brain injury [42, 62]. Whereas, Jangra
et al. showed that other ER stress inhibitor, the chemical
chaperone sodium phenylbutyrate, abrogated anxiety- and
depressive-like behaviors in adult mice subjected to chronic
restraint stress [27]. It is worth emphasizing that, in contrast
to the abovementioned studies, we injected SAL/VEH dur-
ing the early-life period, and the behavioral consequences of
that treatment were observed at later developmental stages,
even in adulthood.
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Our results concerning SAL/VEH action in our experi-
mental paradigm lead to the question of whether SAL treat-
ment exerted a specific biological effect as an inhibitor of
elF2a dephosphorylation, promoting the inhibition of global
translation. Some data evidently supported the specific
action of SAL in our experiment. Namely, 24 h after the last
separation in juveniles, the mRNA and protein expression
of elF2a was significantly lower in SAL-MS rats than in MS
rats. These results may indicate that some kind of compen-
sation or adaptation to repeated SAL injections and to an
inhibition of elF2a activity occurred. Interestingly, in adult-
hood, SAL-MS rats still showed low levels of Eif2a expres-
sion, though this effect was statistically significant only
when compared to AFR rats. Although we did not observe
an increase in elF2a phosphorylation after SAL treatment
in MS juveniles, this result was not surprising because MS
by itself did not induce activation/phosphorylation of PERK
or e[F2a. However, it is important to note that PERK is not
the only kinase that phosphorylates eIF2a [63]. Additionally,
although elF2a phosphorylation attenuates general trans-
lation, it simultaneously promotes translation of specific
proteins, such as activating transcription factor 4 (ATF4).
ATF4 is known to activate the transcription of the regula-
tory subunit of protein phosphatase 1, also known as growth
arrest and DNA damage-inducible protein GADD34, to gen-
erate active elF2a phosphatase and initiate a feedback loop
to dephosphorylate eIF2a and consequently restore general
protein synthesis. This feedback loop in the regulation of
elF2a phosphorylation is the main concern associated with
the use of SAL and other e[F2a phosphatase inhibitors in
the clinic and in animal models because it limits the duration
of their action [13]. Searching for another evidence for the
specific action of SAL, it is worth noting a decrease in the
number of microglial cells in the PLC of SAL-MS adult rats
compared to MS and AFR rats. This interesting observation
needs further studies. It is well known that ER stress and
the UPR are key regulators of inflammation and function of
immune cells in the periphery and brain [11, 14, 15]. Early-
life SAL treatment could potentially influence the rate of
postnatal proliferation and/or apoptosis of microglial cells.

Enduring biological action of early-life VEH
injections: a pitfall and challenge for controlling
of experimental conditions

It is well known that routine laboratory procedures such as
animal handling and injections involve some level of mild
to moderate physical and psychological stress. Acute pro-
cedures usually activate the hypothalamic—pituitary—adre-
nal axis and increase the levels of glucocorticoids, whereas
chronic interventions lead to a desensitization of this
response with time [64—66]. Therefore, in pharmacologi-
cal studies, solvent/vehicle injections are commonly used

to control experimental conditions. However, growing
amount of data has accumulated and shown that both acute
and chronic VEH injections not only modulate serum glu-
cocorticoids levels but also affect animal behavior [64, 65,
67]. For example, single ip injections of saline produced
anxiogenic effect in mice [66]. A recent study also demon-
strated that repeated saline injections for 6 weeks (starting
during the adolescent period) increased anxiety-like behav-
iors, decreased systemic inflammation, and increased corti-
costerone reactivity and microglial activation in the dentate
gyrus of the hippocampus [67]. However, when saline treat-
ment was combined with additional stress (social isolation),
it did not worsen and even improved some effects produced
by chronic stress [67]. A similar trend was observed in our
study. It has been argued that exposure to moderate but not
minimal or substantial amounts of stressors, especially dur-
ing the perinatal period, may facilitate coping with other
environmental challenges later in life. This phenomenon is
known as stress inoculation [68, 69]. In the case of our study,
we have a combination of two early-life stressors (MS and
VEH/SAL injections) that turned out to be beneficial for MS
rats and produced a more resilient phenotype in preadoles-
cents and adults. Our study suggests that a modulation of ER
stress and UPR processes may underlie the injection-trig-
gered changes in animal behavior, especially when injections
are applied during a critical period of early-life development.
However, it is worth underlining that we studied the effects
of VEH treatment only in stressed subjects and not in control
(AFR) animals.

We cannot also overlook in our discussion a potential bio-
logical action of the solvent/vehicle used in our experiments,
2.5% DMSO diluted in PBS and given in a dose of 0.125 ul
of DMSO per gram of body weight. We chose DMSO as a
vehicle for SAL based on a large amount of previous data in
the literature [42, 43, 70]. DMSO is routinely used in bio-
logical research as a solvent and a cryopreservative in bone
marrow and organ transplants. However, data have accumu-
lated showing that DMSO may produce both adverse and
beneficial effects on brain tissue [71-75]. A small dose of
0.2 ul/g given for 5 days to juvenile rats has been shown to
lead to global changes in the brain metabolome and increase
oxidative stress and proteolysis markers. However, only
higher doses of DMSO (2 and 4 pl/g) have been shown to
affect rat behavior, i.e., decreased social habits [75]. Another
group demonstrated that DMSO (0.3-10 pl/g) produced
widespread apoptosis in the developing brain [73]. Never-
theless, in the above-cited studies, DMSO was injected in
undiluted form (~ 100%) and at higher doses than our VEH
treatment. On the other hand, DMSO has also been shown to
have neuroprotective and procognitive properties in animal
models of ischemia, cerebral hypoperfusion and Alzheimer’s
disease [71, 72, 74]. It has been argued that the neuroprotec-
tive effects of DMSO may be linked to its anti-inflammatory
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and free radical scavenging activities [72, 76]. To the best of
our knowledge, only one study showed that DMSO modu-
lated (increased) the expression of UPR genes, including
Hspa$, though in mouse embryos and in the context of the
cytotoxic effects of DMSO [77].

Unfortunately, based on the results presented in our study,
we cannot explicitly determine whether the effects produced
by VEH/SAL treatments in MS rats are specifically related
to the action of SAL or DMSO or the procedure of repeated
injections during the early-life period. The results show how
unpredictable the effects of repeated VEH injections can
be in the early-life period. However, we can at least state
that early-life VEH/SAL treatment modulated ER stress and
UPR processes in MS rats to some extent. Although, SAL/
VEH treatment did not leave a permanent imprint on the
expression of ER stress and UPR markers in the mPFC of
MS adults, it promoted resilience at the behavioral level in
both preadolescent and adult rats.

Recently, it has been argued that ER stress and the UPR,
next to oxidative stress and hormonal regulation, may
play a role in mediating inter- and intraspecific variations
in response to different environmental conditions and, in
this way, may shape susceptibility or resilience to stressors
[78]. ER stress and the UPR are evolutionarily conserved
and heritable cellular processes. There are also consider-
able individual variations in ER stress and UPR phenotypes
in humans and nonhuman animals, suggesting that these
phenotypes can be subjected to natural selection [78, 79].
Strong individual variations in ER stress and UPR pheno-
types may be, to some degree, responsible for the relatively
small changes in the expression of ER stress and UPR mark-
ers observed in our experimental paradigm, which involved
Wistar outbred rats. Nevertheless, these small changes may
better reflect the situation in naturally existing populations.

The main limitation of the present study was that we did
not include female subjects in the whole experiment and
analysis and not explore sex differences in ER stress and
UPR signaling. However, our pilot study of the mRNA
expression of UPR and apoptotic markers showed that
females were less affected by MS procedure and early-life
SAL/VEH treatment than males. It is generally in line with
our previous reports showing that in many aspects female
rats are more resilient to MS procedure conducted in our
laboratory [8, 9, 40].

The role of ER stress and UPR signaling
in the pathophysiology of ELS-related diseases:
potential clinical implications

Epidemiological and clinical studies clearly show that ELS
not only increases the risk of mental disorders but also
physical health problems, such as metabolic syndrome that
may lead to cardiovascular diseases and type 2 diabetes [80,
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81]. Recently, broadscale attempts to identify causative
mechanisms linking ELS to psycho-cardio-metabolic mul-
timorbidity have been started [82]. We hypothesize that ER
stress and UPR processes may potentially represent shared
molecular pathways and mechanisms by which ELS affects
both mental and physical health. ER stress and UPR signal-
ing acts in most cells and tissues and has been implicated in
the pathophysiology of numerous diseases, such as cancer,
diabetes, atherosclerosis, neurodegenerative diseases [15,
16, 83], as well as MDD and BD [17-22]. Interestingly, all
the above mentioned diseases have evident inflammatory
components and ER stress and UPR processes are known to
regulate inflammatory response [11, 14, 15, 84-86]. In the
present study we applied a systemic SAL administration,
therefore this inhibitor of ER stress could potentially affect
not only the brain but also other organs and systems. Fur-
ther multiorgan studies are needed to confirm the hypothesis
that ER stress and UPR signaling can be implicated in the
pathophysiology of ELS-related diseases or the phenomenon
of resilience.

Many pharmacological strategies targeting different
components of UPR signaling for disease intervention have
been tested in preclinical and clinical studies [12, 87]. They
include chemical chaperones and small-molecule activators
or inhibitors of the UPR, such as SAL [13, 87] The most
promising strategies concern the treatment of cancer and
cardiovascular and neurodegenerative disorders [87, 88].
However, UPR-targeting drugs are non-selective and their
potential administration to the patients with a history of ELS
and multimorbidity is rather unlikely. Nevertheless, the key
players in ER stress and the UPR can be at least potential
candidate biomarkers of ELS-related changes, measured
in blood or peripheral organ biopsy samples and help to
diagnose ELS-induced multimorbidity [12]. UPR biomark-
ers have been already used to monitor progression of can-
cer, kidney disease, neurodegenerative diseases [12, 89].
It is worth mentioning that we previously showed that MS
procedure caused enduring upregulation of Hspa5 expres-
sion in the blood that was accompanied by impulsive- and
depressive-like behavior in male adult rats [30].

Conclusions

We found that MS did not exert a strong impact on ER stress
and UPR processes or apoptosis at developmental stages
under study. However, both early-life SAL and VEH treat-
ment (often in an injection-specific manner) influenced the
expression of UPR and apoptotic markers, especially in juve-
nile and preadolescent MS rats, and in some cases prevented
MS-induced effects at the biochemical level. Moreover, SAL
and/or VEH alleviated some behavioral effects of MS in both
preadolescent and adult rats. These results suggest that a
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regulation of ER stress and UPR processes may play a poten-
tial role in the mechanisms of susceptibility or resilience to
ELS and other environmental factors. Further multiorgan
studies are needed to validate this interesting hypothesis in
future.
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Table S1. Results of one-way ANOVA or Kruskal-Wallis test investigating the effects of MS
and early-life SAL/VEH treatment on mRNA and protein expression of ER stress, UPR and
apoptosis markers in the mPFC of juvenile and preadolescent rats

Parameter PND 15 PND 26
Statistic Statistic
Hspa5 mRNA Hs =17.02, p = 0.0007 Fs20=11.23, p <0.0001

HSPADS protein

Eif2ak3 mRNA
PERK protein
p-PERK (Thr980) protein

Ernl mRNA
IREla protein
p-IREla (S724) protein

Atf6 mRNA
ATF protein

Eif2a mRNA
elF2a protein
p-elF2a (S51) protein

Casp9 mRNA
Caspase-9 protein
Cleaved caspase-9 protein

Casp3 mRNA
Cleaved caspase-3 protein

Caspl2 mRNA
Caspase-12 protein
Cleaved caspase-12 protein

Bax mRNA
Bax protein

Bcl2 mRNA
Bcl2 protein

Bax/Bcl2 mRNA
Bax/Bcl2 protein

F320=3.35, p = 0.039

F320=1.78, p =0.183
Fz20=1.47,p=0.253
F320=5.93, p = 0.005

F320=1.70, p = 0.200
F320=10.52, p=0.672
Fs20=3.88, p=0.024

Fz20=1.49, p =0.248
Fs20=1.57, p=0.229

Hs = 18.83, p = 0.003
Fs20=6.10, p = 0.004
F320=4.97, p =0.050

Fs20=5.11, p = 0.009
Fz20=1.59, p=0.222
F320=2.09, p =0.135

Hsz=7.13, p =0.068
F320=1.06, p =0.389

F320=5.36, p = 0.007
F320=0.62, p=0.061
F320=0.52, p=0.670

F320=15.34, p < 0.0001

F320=2.72,p=0.072

Fs20=2.67, p =0.075
Fs20=1.60, p=0.221

Fs20=11.29, p < 0.0001

F320=10.51, p=0.679

Hs3=0.99, p =0.803

Fz20=1.51,p=0.242
F320=0.26, p = 0.850
Hz=0.67, p =0.879

Fs20=11.15, p = 0.0002
Hs =3.18, p = 0.365
F320=2.88, p=0.061

Fs20=4.42,p =0.015
F320=0.90, p = 0.459

Hz=1.67,p =0.643
F320=1.10, p = 0.373
Hz=1.63, p =0.652

Hz =6.76, p = 0.080
F320=0.56, p = 0.647
F320=10.49, p =0.693

Hs =10.82, p=0.013
Hs =9.53, p = 0.0500

F320=5.26, p = 0.008
Fs20=0.47, p=0.708
F320=0.36, p=0.785

He=1.32,p=0.724
Fs20=1.79,p=0.189

Fs20=12.02, p = 0.0001
Fs20=1.91, p=0.160

Hs = 16.61, p = 0.0009
Hs=11.29, p = 0.010




Statistically significant differences are given in bold. Abbreviations: mPFC, medial prefrontal
cortex; MS, maternal separation; PND, postnatal day; SAL, salubrinal; VEH, vehicle.

Table S2. Results of ANOVA or Kruskal-Wallis test investigating the effects of MS and early-
life SAL/VEH treatment on behavioral phenotype of preadolescent and adult rats

Parameter

PND 26

Statistic

PND 70

Statistic

Light/dark box:
% Time in light
% Distance traveled in light
Transitions (N)

Fear memory:
FC acquisition
CFC expression
AFC expression
CFC recall
AFC recall

Sucrose preference

Novelty-induced locomotion

Hs = 11.97, p = 0.007
Hs = 12.87, p = 0.005
Hs =8.58, p = 0.035

Fs40=1.82, p= 0.160
Fs40=4.20, p = 0.011
H;=2.91, p=0.405
N.A.

N.A.

Fs36=3.82,p=0.018

Fs36 =2.91, p=0.047

Faas=4.51, p = 0.007
Hs = 12.83, p = 0.005
Hs = 6.0, p = 0.112

F3,4o= 099, p= 0.406
Fs40 =3.28, p = 0.031
Fs40 =192, p=0.141
H:;=4.14,p = 0.246
Hs = 1.63, p = 0.653

Hs = 0.21, p = 0.996

N/A

Amphetamine-induced locomotion:
Effect of early-life treatment

Effect of amphetamine

Effect of early-life x amphetamine

F33 = 3.53, p =0.024
F1,3 = 338.20, p < 0.0001
F3,35 = 3.68, p= 0.021

Fs3=7.17, p = 0.0007
F136 =203.27, p < 0.0001
F336 = 7.96, p= 0.0003

Statistically significant differences are given in bold. Abbreviations: AFC, auditory fear
conditioning; CFC, contextual fear conditioning; FC, fear conditioning; MS, maternal
separation; N/A; not assessed; PND, postnatal day; SAL, salubrinal; VEH, vehicle.
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Fig. S1. The effects of MS and early-life SAL/VEH injections on mRNA (A) and protein expression (B) of ER stress sensor ATF6
in the mPFC of juvenile rats. The data are presented as the mean + SD (n = 6) and were analyzed by one-way ANOVA.

Circles represent individual data points. Statistical analysis showed no significant differences between experimental groups.
Abbreviations: AFR, animal facility rearing; MS, maternal separation; PND, postnatal day; SAL, salubrinal; VEH, vehicle.



>

CJAFR ERVEH-MS
PND 15 pmMs 3 SAL-MS

@)

T 0.50— < 0.4+
3 3 °
.GEJ o K= o
o & o o o g 037 o
o o
$ 0.25- i b 024 |7
g )i 4 5
o

n Q.
8 ) ®
2 o o 917
& 2
&> «

0.00 Z 00

Casp9 wes s s — Caspl2 WS W=y ==y S=—
P-ACHN w— — — — - B-ACtin W— — —

B

0.20 0.15—

o
0.15

0.10

0.10

0.05-
0.05-

0.00-
cl-Casp9 T -3 cl-Casp12 - . -

B-Actin == W - -

o

o

S
|

Relative cl-caspase-12 protein level J

Relative cl-caspase-9 protein level

FACIN v e e e

m

% 2.4
= o
£
9
o
2 1.6
o2
) (o)
n
©
o
8
© 0.8
©
o
=
©
& 0.0- -
cl-Casp3 S & S . !'.'f

B-Actin e— c— — —

Fig. S2. The effects of MS and early-life SAL/VEH injections on protein expression and cleavage of caspase-9 (A-B),

caspase-12 (C-D) and cleavage of caspase-3 (E) in the mPFC of juvenile rats. The data are presented as the mean £ SD (n = 6)
and were analyzed by one-way ANOVA. Circles represent individual data points. Statistical analysis showed no significant
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The same immunoblot of B-Actin was used for normalization of both Bcl2 (B) and ATF6 immunoblots (Fig. S1B). After protein
electrotransfer the blots were horizontally cut into appropriate pieces to separately evaluate ATF, B-Actin and Bcl2 protein levels
from the same samples. Abbreviations: AFR, animal facility rearing; MS, maternal separation; PND, postnatal day; SAL, salubrinal;
VEH, vehicle.
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Fig. S4. The effects of MS and early-life SAL/VEH injections on protein expression and activation of ER stress markers

in the mPFC of preadolescent rats. (A) HSPA5, (B-C) PERK and p-PERK, (D) ATF6, (E-F) IRE1a and p-IRE1a. The data

are presented as the mean + SD (B, D, F) or median and IQR (A, C, E) and were analyzed by one-way ANOVA or Kruskal-Wallis
test, respectively (n = 6). Circles represent individual data points. Statistical analysis showed no significant differences between
experimental groups. Abbreviations: AFR, animal facility rearing; IQR, interquartile range; MS, maternal separation;

PND, postnatal day; SAL, salubrinal; VEH, vehicle.
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Fig. S5. The effects of MS and early-life SAL/VEH injections on mRNA expression (A) and protein expression and phosphorylation
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and were analyzed by Kruskal-Wallis test or one-way ANOVA, respectively (n = 6). Circles represent individual data points.
Statistical analysis showed no significant differences between experimental groups. The same immunoblot of 3-Actin was used
for normalization of both p-elF2a (C) and p-PERK immunoblots (Fig. S4C). After protein electrotransfer the blots were horizontally
cut into two pieces to separately evaluate p-elF2a and p-PERK protein levels from the same samples. Next, after membrane
stripping procedure, appropriate blot was reprobed with 3-Actin antibody. Abbreviations: AFR, animal facility rearing; IQR,
interquartile range; MS, maternal separation; PND, postnatal day; SAL, salubrinal; VEH, vehicle.
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immunoblots, respectively (membrane cutting after protein transfer, stripping and reprobing with B-Actin antibody). Abbreviations:
AFR, animal facility rearing; IQR, interquartile range; MS, maternal separation; PND, postnatal day; SAL, salubrinal; VEH, vehicle.
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Fig. S7. The effects of MS and early-life SAL/VEH injections on Bax (A) and Bcl2 (B) protein levels and Bax/Bcl2 protein ratio (C)
in the mPFC of preadolescent rats. The data are presented as the mean + SD (A, B) or median and IQR (C) and were analyzed

by one-way ANOVA or Kruskal-Wallis test, respectively (n = 6). Circles represent individual data points. Connectors indicate
statistically significant difference between specific experimental groups in Dunn’s test post hoc analysis, p < 0.05. B-Actin blots
presented in A and B served also for normalization of PERK (Fig. S4B) and p-IRE1a (Fig. S4F) immunoblots, respectively
(membrane cutting after protein transfer and separate evaluation of specific proteins expression from the same samples).
Abbreviations: AFR, animal facility rearing; IQR, interquartile range; MS, maternal separation; PND, postnatal day; SAL, salubrinal;
VEH, vehicle.
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Fig. S8. The effects of MS and early-life SAL/VEH injections on the recall of contextual (A) and auditory (B) fear memories

in adulthood. The data are presented as the median and IQR (n = 10-14) and expressed as a percentage of the session time.
Circles represent individual data points. Kruskal-Wallis test showed no significant differences between experimental groups.
Abbreviations: AFC, auditory fear conditioning; AFR, animal facility rearing; CFC, contextual fear conditioning; IQR, interquartile
range; MS, maternal separation; PND, postnatal day; SAL, salubrinal; VEH, vehicle.
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ESM_5. Representative photomicrographs showing NeuN-IR neurons in the subregions of the mPFC (columns) of preadolescent
rats. Photomicrographs of the specific experimental groups are presented in rows. Abbreviations: AFR, animal facility rearing;
Cg1, cingulate cortex 1; ILC, infralimbic cortex; IR, immunoreactive; MS, maternal separation; mPFC, medial prefrontal cortex;
PLC, prelimbic cortex; PND, postnatal day; SAL, salubrinal; VEH, vehicle. Scale bar: 20 pm.
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ESM_ 6. Representative photomicrographs showing GFAP-IR astrocytes in the subregions of the mPFC (columns) of preadolescent
rats. Photomicrographs of the specific experimental groups are presented in rows. Abbreviations: AFR, animal facility rearing; Cg1,
cingulate cortex 1; GFAP, glial fibrillary acidic protein; ILC, infralimbic cortex; IR, immunoreactive; MS, maternal separation; mPFC,
medial prefrontal cortex; PLC, prelimbic cortex; PND, postnatal day; SAL, salubrinal; VEH, vehicle. Scale bar: 20 ym.
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ESM_7. Representative photomicrographs showing IBA1-IR microglial cells in the subregions of the mPFC (columns)

of preadolescent rats. Photomicrographs of the specific experimental groups are presented in rows. Abbreviations: AFR, animal
facility rearing; Cg1, cingulate cortex 1; IBA1, ionized calcium-binding adapter molecule, ILC, infralimbic cortex; IR, immunoreactive;
MS, maternal separation; mPFC, medial prefrontal cortex; PLC, prelimbic cortex; PND, postnatal day; SAL, salubrinal; VEH, vehicle.
Scale bar: 20 um.



NeuN - PND 70

ESM_8. Representative photomicrographs showing NeuN-IR neurons in the subregions of the mPFC (columns) of adult rats.
Photomicrographs of the specific experimental groups are presented in rows. Abbreviations: AFR, animal facility rearing; Cg1,
cingulate cortex 1; ILC, infralimbic cortex; IR, immunoreactive; MS, maternal separation; mPFC, medial prefrontal cortex; PLC,
prelimbic cortex; PND, postnatal day; SAL, salubrinal; VEH, vehicle. Scale bar: 20 um.
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ESM_9. Representative photomicrographs showing GFAP-IR astrocytes in the subregions of the mPFC (columns) of adult rats.
Photomicrographs of the specific experimental groups are presented in rows. Abbreviations: AFR, animal facility rearing; Cg1,
cingulate cortex 1; GFAP, glial fibrillary acidic protein; ILC, infralimbic cortex; IR, immunoreactive; MS, maternal separation; mPFC,
medial prefrontal cortex; PLC, prelimbic cortex; PND, postnatal day; SAL, salubrinal; VEH, vehicle. Scale bar: 20 ym.
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ESM_10. Representative photomicrographs showing IBA1-IR microglial cells in the subregions of the mPFC (columns) of adult
rats. Photomicrographs of the specific experimental groups are presented in rows. Abbreviations: AFR, animal facility rearing; Cg1,
cingulate cortex 1; IBA1, ionized calcium-binding adapter molecule; ILC, infralimbic cortex; IR, immunoreactive; MS, maternal
separation; mPFC, medial prefrontal cortex; PLC, prelimbic cortex; PND, postnatal day; SAL, salubrinal; VEH, vehicle. Scale bar:

20 ym..
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Fig. S9. Original blots presenting HSPA5 (A) and elF2a (B) expression in juvenile rats and B-Actin immunoreactivity as control

of gel loading and transfer (C). After a transfer, two distinct blots (1 and 2) were cut into pieces (a and b) slightly above the level

of 50 kDa to separately evaluate HSPA5 (1a, 2a) and elF2a (1b, 2b). Next, after membrane stripping, blots 1b and 2b were
reprobed with anti-B-Actin antibody. The blots 1a, 2a and 1b, 2b, respectively, were exposed together, therefore they constitute one
image. Molecular weight standards were matched only with blot 1a and 2b (B), respectively. Abbreviations: A (AFR), animal facility
rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S10. Original blots presenting p-IRE1a (A) and p-elF2a (B) expression in juvenile rats and B-Actinimmunoreactivity as control

of gelloading and transfer (C). After atransfer, two distinctblots (1 and 2) were cutinto pieces (a and b) slightly above the level

of 50 kDa to separately evaluate p-IRE1a (1a, 2a) and p-elF2a (1b, 2b). Next, after membrane stripping, blots 1b and 2b were reprobed
with anti-B-Actin antibody. The blots 1a, 2a and 1b, 2b, respectively, were exposed together, therefore they constitute one image.
Molecular weight standards were matched only with blot 1a and 2b (B), respectively. Red arrows indicate the band subjected to

the analysis. Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL,
salubrinal; VEH, vehicle.
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Fig. S11. Original blots presenting IRE1a expression (A) in juvenile rats and B-Actin immunoreactivity as control of gel loading
and transfer (B). After a transfer, two distinct blots (1 and 2) were cut into pieces (a and b) slightly above the level of 50 kDa

to separately evaluate IRE1a (1a, 2a) and B-Actin (1b, 2b). The blots 1a, 2a and 1b, 2b, respectively, were exposed together,
therefore they constitute one image. Molecular weight standards were matched only with blot 2a and 2b, respectively. Red arrows
indicate the band subjected to the analysis. Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM
(VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S12. Original blots presenting PERK expression (A) in juvenile rats and pB-Actin immunoreactivity as control of gel loading
and transfer (B). After a transfer, two distinct blots (1 and 2) were cut into pieces (a and b) slightly above the level of 50 kDa

to separately evaluate PERK (1a, 2a) and p-Actin (1b, 2b). The blots 1a, 2a and 1b, 2b, respectively, were exposed together,
therefore they constitute one image. Molecular weight standards were matched only with blot 1a and 2b, respectively.
Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH,

vehicle.
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Fig. S13. Original blots presenting p-PERK expression (A) in juvenile rats and B-Actin immunoreactivity as control of gel loading
and transfer (B). After a transfer, two distinct blots (1 and 2) were cut into pieces (a and b) slightly above the level of 50 kDa

to separately evaluate p-PERK (1a, 2a) and B-Actin (1b, 2b). The blots 1a, 2a and 1b, 2b, respectively, were exposed together,
therefore they constitute one image. Molecular weight standards were matched only with blot 1a and 2b, respectively. Red arrows
indicate the band subjected to the analysis. Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM
(VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S14. Original blots presenting ATF6 (A) and Bcl2 (B) expression in juvenile rats and pB-Actin immunoreactivity as control

of gel loading and transfer (C). After a transfer, two distinct blots (1 and 2) were cut into pieces (a, b and c) slightly above the level
of 50 kDa and below 37 kDa to separately evaluate ATF6 (1a, 2a), Bcl2 (1b, 2b) and B-Actin (1c, 2c). The blots 1a, 2a and 1b, 2b
and 1c, 2c, respectively, were exposed together, therefore they constitute one image. Molecular weight standards were matched

only with blot 1a and 2b. Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-
MS); SAL, salubrinal; VEH, vehicle.
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Fig. S15. Original blots presenting Bax expression (A) in juvenile rats and B-Actin immunoreactivity as control of gel loading

and transfer (B). After a transfer, two distinct blots (1 and 2) were cut into pieces (a and b) slightly below the level of 37 kDa

to separately evaluate Bax (1a, 2a) and B-Actin (1b, 2b). The blots 1a, 2a and 1b, 2b, respectively, were exposed together,
therefore they constitute one image. Molecular weight standards were matched only with blot 2a. Abbreviations: A (AFR), animal
facility rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S16. Original blots presenting caspase-9 expression in juvenile rats (A). After membrane stripping, blots 1 and 2 were
reprobed with anti-B-Actin antibody to control gel loading and transfer (B). The blots 1, 2 were exposed together, therefore they
constitute one image. Lower image in A (1°, 2’) was subjected to a higher exposure time than upper image (the same blots) to
evaluate cl-caspase levels. Red arrows indicate the bands subjected to the analysis. Abbreviations: A (AFR), animal facility rearing;
cl, cleaved; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.



A 1 A A MMVYMVMSMSM A M VM SM kDa

— —75
o —50
ProCaspase —— s s s s s s s s S St Sy Sy — 37
Caspase-12 2
2 M M AA SMSMVM VMM A SMVM
kDa
B B I o b e e i Gt —75
Procaspase_).._._._-—-———-———---—-_50
——g}/
—25
T - kDa
T e e SR ST S TR TR W e e w— - — 75
o —50
WEwwERwwwwYy |
cl-caspase —>
' —25
il = Caspase-12 —
2 = e —
—. kDa
T g g TN T Em e e e Sy ey
— — ————————— — " — 75
g——50
T g S P T S — S — —
cl-caspase —> - 37
P R —— = —25
1 AAMMVMVMSMSM A M VM SM
T —————— — — —
B-Actin
2 ---—-'-—-—_-.--

M MA ASMSMVMVM M A SM VM

Fig. S17. Original blots presenting caspase-12 expression in juvenile rats (A). After membrane stripping, blots 1 and 2 were
reprobed with anti-B-Actin antibody to control gel loading and transfer (B). The blots 1, 2 were exposed together, therefore they
constitute one image. Lower image in A (1’, 2’) was subjected to a higher exposure time than upper image (the same blots) to
evaluate cl-caspase levels. Red arrows indicate the bands subjected to the analysis. Abbreviations: A (AFR), animal facility rearing;
cl, cleaved; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.



A

kDa '
50 ‘' ‘ cl-Caspase-3 .' -

37— @ A A M M VMVM SM SM .
250 . .
i . « % U

20— > S
s : . . - y
: M T~ "R A SMSM Vi Vi 9
L —
: CITSTIL T I
SM SMVMVM. M M A A 3
% '. - -
i
i -t - - .
B-Actin
A A MM VMVM SM SM .
kDa
B — M M A A SMSM VM VM
37 — s S
25
20 —
SM SMVMVM M M A A .

T— S— — — — — —

Fig. S18. Original blots presenting cl-caspase-3 expression in juvenile rats (A). After membrane stripping, blots 1, 2 and 3 were
reprobed with anti-B-Actin antibody to control gel loading and transfer (B). The blots 1, 2, 3 were exposed together, therefore they
constitute one image. Red arrows indicate the band subjected to the analysis. Molecular weight standards were matched only with

blot 1 (A) and 2 (B). Abbreviations: A (AFR), animal facility rearing; cl, cleaved; M (MS), maternal separation; VM (VEH-MS); SM
(SAL-MS); SAL, salubrinal; VEH, vehicle,
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Fig. S19. Original blots presenting HSPA5 expression (A) in preadolescent rats and B-Actin immunoreactivity as control of gel
loading and transfer (B). After a transfer, two distinct blots (1 and 2) were cut into pieces above the level of 50 kDa

to separately evaluate HSPAS5, caspase-12 and finally B-Actin (after membrane stripping), therefore B-Actin blot served also for
normalization of caspas-12 blot (Fig. S27). The blots 1 and 2, respectively, were exposed together, therefore they constitute one

image. Molecular weight standards were matched only with blot 1 (A). Abbreviations: A (AFR), animal facility rearing; M (MS),
maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S20. Original blots presenting IRE1a expression (A) in preadolescent rats and B-Actin immunoreactivity as control of gel
loading and transfer (B). After a transfer, two distinct blots (1 and 2) were cut into pieces above the level of 50 kDa

to separately evaluate IRE1a, caspase-9 and finally B-Actin (after membrane stripping), therefore B-Actin blot served also for
normalization of caspas-9 blot (Fig. S26). The blots 1 and 2, respectively, were exposed together, therefore they constitute one
image. Molecular weight standards were matched only with blot 1 (A). Red arrows indicate the band subjected to the analysis.

Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH,
vehicle.
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Fig. S21. Original blots presenting p-IRE1a (A) and Bcl2 (B) expression in preadolescent rats and -Actin immunoreactivity as
control of gel loading and transfer (C). After a transfer, two distinct blots (1 and 2) were cut into pieces (a, b and c) slightly above
the level of 50 kDa and below 37 kDa to separately evaluate p-IRE1a (1a, 2a), Bcl2 (1b, 2b) and B-Actin (1c, 2c). The blots 1a, 2a
and 1b, 2b and 1c, 2c, respectively, were exposed together, therefore they constitute one image. Molecular weight standards were
matched only with blot 1a and 2b. Red arrows indicate the band subjected to the analysis. Abbreviations: A (AFR), animal facility
rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S22. Original blots presenting PERK (A) and Bax (B) expression in preadolescent rats and p-Actin immunoreactivity as control
of gel loading and transfer (C). After a transfer, two distinct blots (1 and 2) were cut into pieces (a, b and c) slightly above the level
of 50 kDa and below 37 kDa to separately evaluate PERK (1a, 2a), Bax (1b, 2b) and B-Actin (1c, 2c). The blots 1a, 2a and 1b, 2b
and 1c, 2c, respectively, were exposed together, therefore they constitute one image. Molecular weight standards were matched

only with blot 1a, 2b and 1c . Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM (VEH-MS); SM
(SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S23. Original blots presenting p-PERK (A) and p-elF2a (B) expression in preadolescent rats and B-Actin immunoreactivity

as control of gel loading and transfer (C). After a transfer, two distinct blots (1 and 2) were cut into pieces (a and b) slightly above

the level of 50 kDa to separately evaluate p-PERK (1a, 2a) and p-elF2a (1b, 2b). Next, after membrane stripping, blots 1b and 2b
were reprobed with anti-p-Actin antibody. The blots 1a, 2a and 1b, 2b, respectively, were exposed together, therefore they
constitute one image. Molecular weight standards were matched only with blot 1a and 2b (B), respectively. Red arrows indicate
the band subjected to the analysis. Abbreviations: A (AFR), animal facility rearing; M (MS), maternal separation; VM (VEH-MS);
SM (SAL-MS); SAL, salubrinal; VEH, vehicle.



1 AA MMVMVMSMSM A MVM SM

elF2a kDa
\L —75
—50
M M A A SMSMVMVM M A SM VM
—25

1 AA MMVMVMSMSM A M VM SM

— — — — — — — — — — ——

f

B-Actin

'

— . . — — — — — — — — ——

M M A ASM SMVM VM M A SM VM

Fig. S24. Original blots presenting elF2a expression in preadolescent rats (A). After membrane stripping, blots 1 and 2 were
reprobed with anti-B-Actin antibody to control gel loading and transfer (B). The blots 1 and 2 were exposed together, therefore they
constitute one image. Molecular weight standards were matched only with blot 2 (A). Abbreviations: A (AFR), animal facility rearing;
M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S25. Original blots presenting ATF6 expression in preadolescent rats (A) and B-Actin immunoreactivity as control of gel
loading and transfer (B). After a transfer, two distinct blots (1 and 2) were cut into pieces (a and b) slightly above the level of 50
kDa to separately evaluate ATF6 (1a, 2a) and B-Actin (1b, 2b). The blots 1a, 2a and 1b, 2b, respectively, were exposed together,
therefore they constitute one image. Molecular weight standards were matched only with blot 1a. Abbreviations: A (AFR), animal
facility rearing; M (MS), maternal separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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Fig. S26. Original blots presenting caspase-9 expression in preadolescent rats (A). After membrane stripping, blots 1 and 2

were reprobed with anti-B-Actin antibody to control gel loading and transfer (B). The blots 1, 2 were exposed together, therefore
they constitute one image. Lower image in A (1°, 2’) was subjected to a higher exposure time than upper image (the same blots)

to evaluate cl-caspase levels. Molecular weight standards were matched only with blot 2. Red arrows indicate the bands subjected

to the analysis. Abbreviations: A (AFR), animal facility rearing; cl, cleaved; M (MS), maternal separation; VM (VEH-MS); SM (SAL-
MS); SAL, salubrinal; VEH, vehicle.
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Fig. S27. Original blots presenting caspase-12 expression in preadolescent rats (A). After membrane stripping, blots 1 and 2

were reprobed with anti-B-Actin antibody to control gel loading and transfer (B). The blots 1, 2 were exposed together, therefore
they constitute one image. Lower image in A (1°, 2’) was subjected to a higher exposure time than upper image (the same blots) to
evaluate cl-caspase levels. Molecular weight standards were matched only with blot 2. Red arrows indicate the bands subjected to
the analysis. Abbreviations: A (AFR), animal facility rearing; cl, cleaved; M (MS), maternal separation; VM (VEH-MS); SM (SAL-
MS); SAL, salubrinal; VEH, vehicle.
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Fig. S28. Original blots presenting cl-caspase-3 expression in preadolescent rats (A) and B-Actin immunoreactivity as control of gel
loading and transfer (B). After a transfer, three distinct blots (1, 2, 3) were cut into pieces (a and b) at the level of 25 kDa

to separately evaluate cl-caspase-3 (1a, 2a, 3a) and pB-Actin (1b, 2b, 3b). The blots 1a, 2a, 3a and 1b, 2b, 3b were exposed
together, therefore they constitute one image. Red arrows indicate the band subjected to the analysis. Molecular weight standards

were matched only with blot 3a and 1b, respectivelly. Abbreviations: A (AFR), animal facility rearing; cl, cleaved; M (MS), maternal
separation; VM (VEH-MS); SM (SAL-MS); SAL, salubrinal; VEH, vehicle.
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