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Wykaz najwazniejszych skrétow

ACC - kora zakretu obreczy (ang. Anterior Cingulate Cortex)

ACI — test interpretacji bodzca niejednoznacznego (ang. Ambiguous-Cue Interpretation)
ACTH - hormon adrenokortykotropowy (ang. adrenocorticotropic hormone)
ADH1 — dehydrogenaza alkoholowa 1 (ang. alcohol dehydrogenase 1)

AUD - zaburzenie uzywania alkoholu (ang. Alcohol Use Disorder)

Amy - ciato migdatowate (ang. Amygdala)

DA — dopamina (ang. dopamine)

GABA — kwas y-aminomastowy (ang. y-aminobutyric acid)

L-DOPA — 3,4-dihydroksy-L-fenyloalanina (ang. L-3,4-dihydroxyphenylalanine)
MAO-A — monoaminooksydaza A (ang. monoaminoxidase A)

MAO-B — monoaminooksydaza B (ang. monoaminoxidase B)

mPFC - Srodkowa kora przedczotowa (ang. Medial Prefrontal Cortex)

NAc — jagdro potlezace (ang. Nucleus Accumbens)

OFC — kora oczodotowo-czotowa (ang. Orbitofrontal Cortex)

PFC — kora przedczotowa (ang. Prefrontal Cortex)

PRL — test probabilistycznego przeuczania (ang. Probabilistic Reversal Learning)
SERT — transporter serotoniny (ang. serotonin transporter)

SSRI — selektywny inhibitor wychwytu zwrotnego serotoniny (ang. selective serotonin

reuptake inhibitor)

Trp — tryptofan (ang. tryptophan)

2BC — test wyboru miedzy dwiema butelkami z dostepem przerywanym (ang. intermittent

access two-bottle choice paradigm)

5-HT — serotonina (5-hydroksytryptamina, ang. 5-hydroxytryptamine)



Streszczenie

Zaburzenie uzywania alkoholu (AUD) jest powszechnym zaburzeniem psychicznym,
charakteryzujgcym sie stopniowym nasilaniem konsumpcji alkoholu oraz cyklami remisji
i nawrotow. Chociaz wiele badan koncentruje sie na etiologii AUD, nadal brakuje petnego
zrozumienia czynnikdw poznawczych, ktére moga predysponowaé do rozwoju tego zaburzenia.
W ostatnich dekadach coraz wiecej uwagi poswieca sie roli tendencyjnosci poznawczej jako
istotnemu czynnikowi wptywajgcemu na podatnosé na rézne zaburzenia psychiczne, takie jak
depresja i lek, bedgcych czesto jednym z powoddw siegania po alkohol. W przypadku AUD
wykazano, ze tendencyjno$¢ poznawcza wptywa na sposdb, w jaki osoby uzaleznione od
alkoholu postrzegajg i interpretujg bodZce zwigzane z alkoholem. Badanie zwigzku
przyczynowo-skutkowego miedzy tendencyjnoscig poznawczg a AUD jest jednak utrudnione,

zwitaszcza przed wystgpieniem uzaleznienia.

Aby lepiej zrozumieé te zaleznosé¢, w mojej pracy zastosowatam model zwierzecy, ktory
pozwala na ocene tendencyjnosci poznawczej u szczurdéw przed dtugotrwaty ekspozycjg na
alkohol. Celem badan byto okreslenie roli réznych aspektow tendencyjnosci poznawczej, takich
jak wrazliwos¢ na pozytywne i negatywne informacje zwrotne oraz tendencyjno$¢ oceny,
definiowana jako optymizm i pesymizm, w indywidualnej podatnosci na przejscie od

kontrolowanego uzywania do niekontrolowanego naduzywania alkoholu.

W pierwszych badaniach sprawdzitam, czy wrazliwo$¢ na pozytywne i negatywne
informacje zwrotne, mierzone jako stabilne cechy poznawcze, wptywajg na nabywanie
i utrzymywanie zachowan zwigzanych z poszukiwaniem i spozywaniem alkoholu u szczuréw
Wrazliwos¢ na pozytywne i negatywne informacje zwrotne ocenitam za pomocg serii testow
probabilistycznego przeuczania. Eskalacje konsumpcji alkoholu u szczuréw osiggnetam poprzez
zastosowanie przerywanego swobodnego dostepu do alkoholu. Nastepnie zbadatam wptyw
wrazliwosci na informacje zwrotne na rozwdj kompulsywnego poszukiwania alkoholu
w sytuacji, gdy byto ono karane. Mierzytam takze motywacje do poszukiwania oraz szybkosc¢
wygaszania reakcji instrumentalnej i przywracania zachowan poszukiwawczych alkoholu po
okresie abstynencji. Dodatkowo, wraz ze wspodtpracownikami z Pracowni Farmakologii

Biochemicznej IF PAN zmierzyliSmy poziom mRNA w wybranych regionach mdzgu oraz poziom



kortykosteronu i hormonu adrenokortykotropowego (ACTH) we krwi, aby powigzaé¢ wyniki

behawioralne z mechanizmami biologicznymi.

Wykazatam, ze nizsza wrazliwos¢ na pozytywne informacje zwrotne u szczuréw byta
zwigzana z wiekszg motywacjg do poszukiwania alkoholu po negatywnych doswiadczeniach
z nim zwigzanych. Szczury niewrazliwe na pozytywne informacje zwrotne byty bardziej sktonne
do ponownego poszukiwania alkoholu po okresie abstynencji i miaty wyzszy poziom hormondéw
stresu we krwi, w porownaniu do zwierzat wrazliwych na ten typ informacji. Z kolei wyzsza
wrazliwos¢ na negatywne informacje zwrotne zwigzana byfa z mniejszg podatnoscig na rozwdj
kompulsywnego poszukiwania alkoholu i tendencjg do szybszego wygaszania zachowan
poszukiwawczych, gdy alkohol przestat by¢ dostepny, w poréwnaniu do zwierzat niewrazliwych.
Efekty behawioralne byty powigzane ze zmianami w ekspresji gendw zwigzanych

z funkcjonowaniem réznych uktadéw neurotransmisyjnymi mézgu i metabolizmem etanolu.

Nastepnie przeanalizowatam, jak optymizm i pesymizm mierzone jako stabilne i trwate
cechy poznawcze, wptywajg na zachowania zwigzane ze spozywaniem alkoholu u szczurdow.
Zwierzeta poddatam testom interpretacji bodzZca niejednoznacznego, aby ocenic ich sktonnosci
do optymizmu lub pesymizmu. Stosujgc paradygmat swobodnego dostepu i paradygmaty
instrumentalne, zbadatam u zwierzat zachowania zwigzane z piciem i poszukiwaniem alkoholu.
Wraz ze wspotpracownikami z Pracowni Farmakologii Biochemicznej IF PAN przeprowadzilismy
takze analize ekspresji gendw w wybranych strukturach moézgu oraz okreslilismy gestosc
receptoréw 5-HTia, 5-HT,a i D2 za pomocg analizy autoradiograficznej. Na podstawie
przeprowadzonych eksperymentow, wykazaliémy, ze w warunkach swobodnego dostepu
szczury ,pesymistyczne” spozywaty wiecej alkoholu niz ,optymistyczne”, co wigzato sie

ze zmianami w ekspresji gendw i gestosci receptorow 5-HT,a w jgdrze potlezgcym.

Uzyskane wyniki sugerujg, ze rdzine aspekty tendencyjnosci poznawczej, takie jak
wrazliwos¢ na pozytywne i negatywne informacje zwrotne oraz sktonnos¢ do optymizmu lub
pesymizmu, majg istotny wptyw na indywidualng podatnosé na przejscie od kontrolowanego
do niekontrolowanego naduzywania alkoholu. Te odkrycia mogg pomdc w lepszym zrozumieniu
mechanizmoéw prowadzacych do AUD i przyczyni¢ sie do opracowania nowych strategii

terapeutycznych.



Abstract

Alcohol Use Disorder (AUD) is a common mental disorder characterized by the gradual
escalation of alcohol consumption and cycles of remission and relapse. Although much research
focuses on the etiology of AUD, a comprehensive understanding of the cognitive factors that
may predispose individuals to develop this disorder is still lacking. In recent decades, increasing
attention has been given to the role of cognitive bias as a significant factor influencing
vulnerability to various mental disorders, such as depression and anxiety, which are often
among the reasons for turning to alcohol. In the case of AUD, cognitive bias has been shown to
affect how individuals with alcohol dependence perceive and interpret alcohol-related cues.
However, studying the cause-and-effect relationship between cognitive bias and AUD is

challenging, particularly before the onset of addiction.

To better understand this relationship, | utilized an animal model, which allows for the
assessment of cognitive bias in rats before long-term alcohol exposure. The study aimed to
determine the role of various aspects of biased cognition, such as sensitivity to positive and
negative feedback, as well as judgement bias, defined as optimism and pessimism, in individual

susceptibility to transitioning from controlled alcohol use to uncontrolled alcohol abuse.

In the initial studies, | investigated whether sensitivity to positive and negative feedback,
measured as stable cognitive traits, affects the acquisition and maintenance of alcohol-seeking
and consumption behaviors in rats. Sensitivity to positive and negative feedback was assessed
using a series of probabilistic reversal learning tests. | induced alcohol consumption escalation
in rats through intermittent free access to alcohol. | then examined the interaction of feedback
sensitivity and propensity to the development of compulsive alcohol seeking when it was
punished. Additionally, | measured motivation to seek alcohol, the rate of extinction
of instrumental responses, and the reinstatement of alcohol-seeking behaviors after a period
of abstinence. Furthermore, together with colleagues from the Laboratory of Biochemical
Pharmacology at the Institute of Pharmacology PAS, we measured mRNA levels in selected
brain regions and levels of corticosterone and adrenocorticotropic hormone in the blood to

correlate behavioral results with biological mechanisms.
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| showed that lower sensitivity to positive feedback in rats was associated with
anincreased motivation to seek alcohol after negative experiences related to it. Rats insensitive
to positive feedback were more likely to reinstate alcohol-seeking after a period of abstinence
and had higher levels of stress hormones in their blood compared to rats sensitive to positive
feedback. Conversely, higher sensitivity to negative feedback reduced susceptibility
to compulsive alcohol-seeking and accelerated the extinction of such behaviors when alcohol
was no longer available. These behavioral effects were associated with changes in gene

expression related to various neurotransmitter systems in the brain and ethanol metabolism.

| then analyzed how optimism and pessimism, measured as stable and enduring
behavioral traits, interact with alcohol-related behaviors in rats. The animals underwent
ambiguous-cue interpretation tests to assess their tendencies towards optimism or pessimism.
Using free access and instrumental paradigms, | examined their alcohol-seeking and
consumption behaviors. We also conducted gene expression analysis in selected brain
structures and determined the density of 5-HTia, 5-HT2a, and D, receptors using
autoradiographic analysis. We found that under free access conditions, "pessimistic" rats
consumed more alcohol than "optimistic" rats, which was associated with changes in gene

expression and 5-HT;a receptor density in the nucleus accumbens.

The results suggest that various aspects of biased cognition, such as sensitivity
to positive and negative feedback and tendencies towards optimism or pessimism, significantly
interact with individual susceptibility to transitioning from controlled to uncontrolled alcohol
abuse. These findings may enhance our understanding of the mechanisms underlying AUD and

contribute to the development of new therapeutic strategies.
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Wprowadzenie

Alkohol odgrywat znaczgcg role w historii cztowieka, bedac nie tylko zrédtem rozrywki,
ale takze istotnym elementem kulturowym i spotecznym. Juz okoto 4000 lat p.n.e., kiedy to
starozytne cywilizacje Mezopotamii i Egiptu warzyty piwo i wino, napoje alkoholowe byty
wykorzystywane w ceremoniach religijnych i swietach. Alkohol miat zastosowanie réwniez
w praktyce — pozwalat konserwowaé zywnos$¢, byt wykorzystywany w przemysle, a nawet
medycynie. Chociaz prawie wszyscy dorosli ludzie odczuli konsekwencje spozycia alkoholu
przynajmniej raz w swoim zyciu, wiekszo$¢ oséb nie uzaleznia sie od tej substancji (Grant et al.,
2015). Pomimo to, zaburzenie uzywania alkoholu (ang. Alcohol Use Disorder, AUD) stanowi
jedng z najczestszych i najbardziej $Smiertelnych choréb psychicznych, przyczyniajac sie na
Swiecie do okoto 3 miliondw zgondw rocznie (World Health Organization, 2024). AUD to
choroba przewlekta, o ztozonej symptomatologii, charakteryzujgca sie postepujgcg w czasie
eskalacjg od umiarkowanego do nadmiernego spozycia alkoholu. Czesto opiera sie na cyklach
remisji i nawrotow, co pokazuje trudnosci zwigzane z osiggnieciem i utrzymaniem dfugotrwate;
abstynencji (Schuckit, 2009). AUD ma wptyw na niemal kazdy aspekt zycia jednostki, prowadzac
do negatywnych konsekwencji zdrowotnych i spotecznych, takich jak trudnosci w relacjach
interpersonalnych czy stygmatyzacja w spoteczenstwie, ale takze zawodowych (Room, 2005).
Chroniczne spozywanie alkoholu moze prowadzi¢ do choréb watroby, uktadu sercowo-
naczyniowego i zaburzen neurologicznych (Rehm et al., 2009). Wiaze sie takze ze zwiekszonym
ryzykiem zaburzen psychicznych, emocjonalnych, deficytow poznawczych i zaburzen oceny
sytuacji (Schmidt et al.,, 2016). Te ostatnie mogg skutkowac¢ tendencjg do przeceniania
pozytywnych efektéw spozywania alkoholu i bagatelizowania jego negatywnych konsekwencji,

co z kolei moze prowadzi¢ do utrwalania nawykow zwigzanych z naduzywaniem alkoholu.

W badania nad przyczynami zachorowalnosci na AUD zaangazowanych jest wiele
dyscyplin naukowych, takich jak medycyna, psychologia, socjologia, farmakologia czy
neuropsychologia. Wspodtczesne modele AUD uznajg wzajemne oddziatywanie czynnikéw
biologicznych, spotecznych i psychologicznych w rozwoju i utrzymywaniu sie tego zaburzenia.
Wsrdd czynnikdw biologicznych kluczowag role stanowig predyspozycje genetyczne, ktére mogg
by¢ zaréwno specyficzne dla etanolu (np. zwigzane z jego metabolizmem), jak i niespecyficzne

(np. zwigzane z impulsywnoscig czy samoregulacjg) (Schuckit, 2009; Carvalho et al., 2019).
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Spoteczny aspekt AUD uwzglednia wptyw czynnikéw Srodowiskowych, w tym dynamiki rodziny
i presji rowiesniczej. Dostepnosc alkoholu, status spoteczno-ekonomiczny i kulturowe podejscie
do spozywania alkoholu réwniez odgrywajg istotng role w ksztattowaniu indywidualnych
wzorcow picia (Collins, 2016). Co wiecej, prenatalna ekspozycja na alkohol czy negatywne
doswiadczenia z dziecinstwa mogg wptywac na naduzywanie alkoholu w dorostym zyciu (Dube
et al., 2002; Goldschmidt et al., 2019). Zalezno$¢ miedzy osobowoscig i podatnoscig na rozwo;
AUD jest ztozona. Badania prowadzone w ciggu ostatnich lat nie pozwolity wyodrebnic¢
konkretnego zestawu cech osobowosci, ktory umozliwiatby jednoznacznie determinowad
podatnos$¢ na uzaleznienie od alkoholu. Jednakze rézne aspekty osobowosci, jak np. wysoki
poziom impulsywnosci, zostaty powigzane zardéwno z rozwojem, jak i nawrotem AUD. Teorie
poznawcze podkreslajg role nieadaptacyjnych wzorcéw myslenia, takich jak tendencyjnosé
poznawcza, W utrzymywaniu sie zachowan zwigzanych z piciem. Wrazliwo$¢ na wzmocnienie
wptywaj na powody, dla ktorych ludzie po siegajg po alkohol, takie jak redukcja stresu, radzenie
sobie z negatywnymi emocjami lub wzmocnienie pozytywnego nastroju. Moze wiec stanowic

istotny czynnik w rozwoju i utrzymywaniu sie AUD.

Tendencyjnos¢ poznawcza

Umyst przeksztatca fizyczne witasciwosci Swiata zewnetrznego na uzyteczne jednostki
informacji, tzw. wewnetrzne reprezentacje (Lindsay & Norman, 2013). Proces ten moze zostac
zaktocony m.in. przez fizjologiczne ograniczenia percepcji (Kellogg, 2003), rdznice
indywidualne, w tym przeszte doswiadczenia (Kellogg, 2003), a takze tendencyjnos¢ aparatu
poznawczego, sprawiajgc, ze wewnetrzne reprezentacje nie sg idealnym odzwierciedleniem
zewnetrznego S$wiata (Kellogg, 2003). W mojej pracy skupitam sie na tendencyjnosci
poznawczej. Pojecie to zyskato znaczng uwage dzieki noblowskiej pracy psychologéw Amosa
Tversky'ego i Daniela Kahnemana w latach 70. ubiegtego wieku. Badacze ci wykazali, ze ludzkie
osady czesto znacznie odbiegajg od tego, co jest zgodne z teorig prawdopodobienstwa lub
logikg (Tversky & Kahneman, 1974). Tendencyjnos¢ poznawcza odnosi sie do odchylen od
racjonalnej oceny, kiedy jednostki tworzg subiektywne reprezentacje wewnetrzne w oparciu
o informacje zewnetrze. Znieksztatcenia te czesto wynikajg z przetwarzania informacji za
pomocg heurystyk — uproszczonych regut wnioskowania, ktore mogg prowadzi¢ do powaznych
btedéw w ocenie, znieksztatcen percepcji i, w rezultacie, do niepoprawnych wnioskéw

(Kahneman & Tversky, 1972). Pomimo tego, ze takie przetwarzanie informacji mogtoby sie
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wydawac dezadaptacyjne, jest wrecz przeciwnie. Ludzki umyst zdolny jest do utrzymania uwagi
przez krétki czas, co czyni automatyzmy (heurystyki) idealnym rozwigzaniem, by sprawnie
funkcjonowac stosunkowo niskim kosztem. Niemniej jednak, w przypadkach, gdy problem do
rozwigzania jest bardziej ztozony, to takie szybkie bezrefleksyjne wnioskowanie heurystyczne

obarczone jest btedami.

Wrazliwos¢ na informacje zwrotne

Konsekwencje podjetych decyzji ksztattujg zachowanie zaréwno ludzi, jak i zwierzat.
Wszystkie zachowania ukierunkowane na cel sktadajg sie z dwdéch kluczowych komponentow.
Pierwszym jest proces decyzyjny, ktéry rozpoczyna sie od przedstawienia dostepnych opcji
i prowadzi do wyboru tej o najwyzszej oczekiwanej wartosci. Drugi to proces uczenia sie,
w ktérym kluczowg role odgrywa wrazliwo$¢ na wzmocnienie i informacje zwrotne (Shuell,
1986). Zdolno$¢ do prawidtowego interpretowania reakcji Srodowiska na wykonywane
dziatania ma istotne znaczenie w kontekscie zwiekszenia zyskéw i unikania strat. Bogata
literatura dotyczaca warunkowania instrumentalnego pokazuje, ze pozytywne i negatywne
wzmocnienie skutecznie zmieniajg site i kierunek zachowania, wzmacniajgc lub ostabiajgc
okreslone reakcje (Kirsch et al, 2004). Informacje zwrotne dostarczajg niezbednych
wskazéwek, ktore pomagajg jednostkom zrozumieé konsekwencje swoich dziatan, formujgc
relacje miedzy bodZcem a reakcjg. W efekcie, umiejetnos¢ reagowania na wzmocnienia
w postaci informacji zwrotnych jest kluczowa dla rozwoju efektywnych strategii przetrwania

i funkcjonowania w ztozonym Swiecie.

Zdolno$¢ do prawidtowej interpretacji bodzcow ze srodowiska jest czesto obarczona
btedami za sprawg dysproporcji pomiedzy wrazliwoscia na pozytywne i negatywne
wzmocnienie. W efekcie osoba moze by¢ nadwrazliwa na informacje o popetnionych btedach,
stronnicza w interpretacji niejednoznacznosci czy cechowac sie zawyzonymi lub zanizonymi
oczekiwaniami odnosnie przysztosci. Liczne teorie podkreslajg kluczowg role tendencyjnosci
poznawczej w etiologii i nawrotach zaburzen psychicznych. Na przyktad wedtug Aarona Becka
tendencyjnos¢ poznawcza stanowi jeden z najwazniejszych czynnikow determinujgcych
podatno$¢ na wystgpienie i prawdopodobienstwo nawrotu depresji (Beck, 2002). Jej rola
zostata potwierdzona przez liczne badania, w ktérych testowano przetwarzanie i wrazliwosc na
informacje zwrotne w depresji (Ingram et al., 1983; Elliott et al., 1997; Gollan et al., 2008; Taylor

Tavares et al., 2008). Zaburzenia przetwarzania informacji zaobserwowano takze u pacjentéw

-14 -



cierpigcych na zaburzenia lekowe, schizofrenie i chorobe afektywng dwubiegunowg (Pizzagalli
et al., 2008a; Culbreth et al., 2016). Co wazne, réwniez u pacjentow z AUD wystepuje zaburzone
przetwarzanie informacji, zwtaszcza zwigzanych z alkoholem, co szerzej opisuje w dalszej czesci

rozprawy.

Gdy ludzie wykorzystujg informacje zwrotng do kierowania swoim zachowaniem,
poznawczemu komponentowi tego procesu towarzyszy wzajemne oddziatywanie pozytywnych
i negatywnych reakcji afektywnych, ktére mogg albo poprawié, albo zaktdcié wykonanie
zadania. Pozytywna reakcja emocjonalna moze dziata¢ motywujgco do osiggniecia sukcesu.
Z kolei negatywna reakcja afektywna wynika z nadwrazliwosci na negatywne informacje

zwrotne i czesto skutkuje obnizeniem zdolnosci do wykonania zadania.

Eksperymentalny pomiar wrazliwosci na wzmocnienia

Skuteczng i powszechnie stosowang metodg do pomiaru wrazliwosci na pozytywne
i negatywne informacje zwrotne, a wiec wrazliwosci na wzmocnienie, jest ocena zachowan
»Wygratem-Zostaje” (ang. Win-Stay) i ,Przegratem-Zmieniam” (ang. Lose-Shift) w tescie
Probabilistycznego Przeuczania (ang. Probabilistic Reversal Learning, PRL) (Ryc. 1).
Wprowadzenie przedklinicznej wersji tego testu w 2010 roku umozliwito badanie wrazliwosci
na informacje zwrotne takze u zwierzat (Bari et al., 2010). Podczas testu, w kazdej prébie
prezentowane sg dwie dZwignie, a zwierzeta, metodg préb i bteddw, uczg sie wybieraé bodziec
prawidtowy (nagradzany w wiekszosci (np. 80%) lub karany/nienagradzany w mniejszosci (np.
20%) préb) i unika¢ nieprawidtowego (karanego/nienagradzanego w wiekszosci (np. 80%))
i nagradzanego w mniejszosci (np. 20%) préb). Nagroda ma zazwyczaj forme pokarmu, a karg
moze byc¢ delikatny szok elektryczny. Badane zwierzeta wykonujg kilka kolejnych serii testow,
a kazda z nich sktada sie z okreslonej liczby préb. Warto$é¢ bodzcow co jakis czas ulega
odwroceniu (zwykle po kilku poprawnych reakcjach), to znaczy, ze bodziec, ktéry w wiekszosci
przypadkow byt nagradzany, staje sie zazwyczaj karany i vice versa. Zmiany te wymagajg od
zwierzat dostosowywania reakcji w celu zmaksymalizowania liczby uzyskanych nagrod
i unikania kar. Zarowno po dokonaniu prawidfowego, jak i nieprawidtowego wyboru,
w niewielkiej liczbie préb (np. 20%), kazdy bodziec skutkuje otrzymaniem, odpowiednio,
fatszywie negatywnej i fatszywie pozytywnej informacji zwrotnej (kary/nagrody).
Wprowadzenie wzmocnienia probabilistycznego zwieksza ztozonos¢ zadania, poniewaz

informacje otrzymane po uprzednio dokonanym wyborze sg niewystarczajgce, aby kierowaé
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zachowaniem. Badane zwierzeta muszg zatem angazowacé wtasne funkcje poznawcze i ich
tendencyjnosc, aby $ledzi¢ historie otrzymanych nagrdod i kar, i wybieraé ten bodziec, ktéry jest
bardziej korzystny. Pozwala to wnioskowac o ich indywidualnej wrazliwosci na wzmocnienia.
Domyslnie zwierzeta muszg nauczy¢ sie ignorowaé sporadyczne wprowadzajgce w btad
fatszywie negatywne i fatszywie pozytywne informacje, ktére wynikajg z probabilistycznego
charakteru testu. Ostatnie badania z naszego laboratorium wykazaty, ze u gryzoni wrazliwos¢
na negatywne i pozytywne informacje zwrotne stanowig stabilne i trwate cechy behawioralne.
Co wazne, cechy te sg od siebie niezalezne, a wrazliwos¢ na pozytywne informacje zwrotne jest
powigzana

z elastycznoscig poznawczg (Noworyta-Sokolowska et al., 2019).

Pozytywne informacje zwrotne [Negatywne informacje zwrotne]
prawdmwe (80%) mylace (20%) prawdziwe (80%)

Probablllstyczne
Wygratem - Zostaje

mylace (20%)

Probabilistyczne J

’ [Przegrafem i Zmlenlam} LPrzegra’fem - Zmieniam

[ Wygratem - Zostaje ’ ‘

prawidtowy wybér nieprawidtowy wybér nieprawidtowy wyhér prawidtowy wybor
Pozytywna Pozytywna Negatywna Negatywna
informacja zwrotna informacja zwrotna informacja zwrotna informacja zwrotna
powtdrzenie wyboru powtdrzenie wyboru zmiana wyboru zmiana wyboru

Rycina 1 Parametry behawioralne mierzone w tescie probabilistycznego przeuczania (PRL). Analiza zachowan
,Wygratem-Zostaje” i ,Przegratem-Zmieniam” oparta jest na analizie decyzji podejmowanych na podstawie
wynikow poprzednich préb. Uwzgledniane sg cztery typy zachowan:

1) prawidtowy wybor skutkujgcy pozytywng informacjg zwrotng, ktory jest powtarzany w kolejnej probie,

2) nieprawidtowy wybor skutkujgcy pozytywng informacjg zwrotng, ktéry jest powtarzany w kolejnej prébie,

3) nieprawidtowy wybdr skutkujgcy negatywng informacjg zwrotng, ktory jest zmieniany w kolejnej prébie,

4) prawidtowy wybor skutkujgcy negatywng informacjg zwrotng, ktory jest zmieniany w kolejnej probie. Proporcja
zachowan ,, Wygratem-Zostaje” stanowi bezposrednig miare wrazliwosci na pozytywne informacje zwrotne i moze
by¢ traktowana jako wskaznik wrazliwosci na pozytywne wzmocnienie. Wrazliwo$¢ na negatywne informacje
zwrotne ocenia sie na podstawie proporcji probabilistycznych zachowan ,Przegratem-Zmieniam” w stosunku do
wszystkich nienagradzanych wybordéw dla danego bodzca. Na podstawie (Rygula et al., 2018).
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Neurochemiczne podfoza wrazliwosci na wzmocnienia

Neurochemiczne mechanizmy determinujgce wrazliwo$¢ na pozytywne i negatywne
informacje zwrotne nie sg dobrze poznane, jednak podejrzewa sie, ze kluczowe w nich sg geny
(i ich produkty biatkowe) zaangazowane w funkcjonowanie roéznych uktadow
neurotransmisyjnych, odgrywajgce istotng role w regulacji emocji, motywacji i uczenia sie
(Wise, 2004; Fischer & Ullsperger, 2017; Wolf et al., 2018). Jednym z najczesciej badanych
neuroprzekaznikdw w kontek$cie wrazliwosci na informacje zwrotne jest dopamina (DA).
W 2004 roku wykazano, ze zmniejszona dostepno$¢ DA, ktdérg mozna zaobserwowac
np. U pacjentdéw z chorobg Parkinsona, wigze sie z lepszym uczeniem na podstawie
negatywnych informacji zwrotnych, w pordéwnaniu do pozytywnych informacji zwrotnych
(Frank et al., 2004). Co wazne, farmakologiczne nasilenie transmisji DA odwracato tg tendencje,
co zwiekszato wrazliwos¢ pacjentdw na pozytywne informacje zwrotne (Frank et al., 2004). Inne
badania farmakologiczne wykazaty, ze aktywacja receptoréw dopaminergicznych D, stymuluje
uczenie sie jedynie na podstawie pozytywnych, a nie negatywnych informacji zwrotnych, co
dodatkowo sugeruje zaangazowanie uktadu DA w uczenie sie na podstawie nagrody
(Pessiglione et al., 2006; Pizzagalli et al., 2008b; Eisenegger et al., 2014). Wykazano réwniez, ze
uczenie sie na podstawie nieoczekiwanych nagrod i kar zalezne jest od poziomu DA w prazkowiu

(Cools et al., 2009).

Coraz wieksza liczba badan wskazuje na role serotoniny (5-HT) w ksztattowaniu
wrazliwosci na informacje zwrotne. Dotychczas opublikowane wyniki sugeruja, ze
farmakologiczna interwencja w neurotransmisje 5-HT, zarowno u ludzi, jak i zwierzat, prowadzi
do zmian we wrazliwosci na negatywne informacje zwrotne (Chamberlain et al., 2006; Cools et
al., 2008; Bari et al., 2010). Wykazano, ze jednorazowe podanie niskiej dawki citalopramu,
nalezgcego do grupy selektywnych inhibitoréw wychwytu zwrotnego 5-HT (ang. selective
serotonin reuptake inhibitors, SSRI), aktywuje presynaptyczne receptory 5-HTia zwiekszajgc
wrazliwos¢ na fatszywie negatywne informacje zwrotne w tescie PRL zaréwno u ludzi, jak
i zwierzat (Chamberlain et al., 2006; Bari et al., 2010). Co ciekawe, podanie wyzszej dawki leku
wywotuje efekt odwrotny. Inne badanie rowniez wykazato, ze u zwierzagt zmniejszenie
wychwytu zwrotnego 5-HT, poprzez podanie innego leku z grupy SSRI, escitalopramu, takze
powoduje zmniejszenie wrazliwosci na negatywne informacje zwrotne (Ineichen et al., 2012).

Z kolei podwyzszenie wrazliwosci na negatywne informacje zwrotne odnotowano po obnizeniu
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poziomu 5-HT przez deplecje jej prekursona — tryptofanu (Trp). (Evers et al., 2005; Cools et al.,
2008). Wyniki wspomnianych badan wskazujg na role uktadéw DA i 5-HT w ksztattowaniu

wrazliwosci na informacje zwrotne.

Rola wrazliwosci na informacje zwrotne w zaburzeniu uzywania alkoholu

Poniewaz spozywanie alkoholu ma dziatanie nagradzajgce (Everitt & Robbins, 2005),
zwiaszcza w poczatkowym okresie picia, liczne badania potwierdzity zwigzek miedzy
wrazliwoscig na pozytywne wzmocnienie a wyzszym spozyciem alkoholu, zwtaszcza w formie
intensywnego picia (ang. binge drinking) (Loxton & Dawe, 2001; Franken & Muris, 2006; Feil &
Hasking, 2008). Osoby o wysokiej wrazliwosci na pozytywne wzmocnienie doswiadczaty
znacznie silniejszego pragnienia picia alkoholu podczas ekspozycji na bodzZce z nim zwigzane niz
osoby o niskiej wrazliwosci (Franken, 2002). Z kolei niska wrazliwo$¢ na wzmocnienie
pozytywne zwigzana byta z negatywnym stanem emocjonalnym, ktéry prowadzit do préb
samoleczenia alkoholem ze wzgledu na jego wifasciwosci anksjolityczne (Heinz et al., 2009;
Veilleux et al., 2014). Pochodng wrazliwosci na wzmocnienie jest rodzaj motywacji do
spozywania alkoholu, zwany piciem dla nagrody (ang. reward drinking) lub ulgi (ang. relief
drinking). Picie dla nagrody polega na spozywaniu alkoholu jako formy dostarczania sobie
przyjemnosci. Z kolei picie dla ulgi odnosi sie do konsumpcji alkoholu jako srodka tagodzacego
stres, lek lub napiecie emocjonalne. Osoby angazujace sie w ten rodzaj picia uzywajg alkohol
jako sposéb radzenia sobie z negatywnymi emocjami i sytuacjami stresowymi. Uzywanie
alkoholu dla nagrody lub ulgi jest zgodne z allostatycznym modelem uzaleznienia. Model ten
zaktada, Ze na poczatku uzaleznienia alkohol jest spozywany dla jego nagradzajgcych
wtasciwosci, natomiast w pdzniejszych etapach uzaleznienia picie motywowane jest gtdwnie
uniknieciem stresu i ztagodzeniem efektdw odstawienia (Koob & Moal, 1997). Podejscie to
moze miec¢ implikacje kliniczne, poniewaz niedawne badania wykazaty, ze osoby, u ktérych picie
jest motywowane nagrodg, odnoszg wieksze korzysci z farmakoterapii naltreksonem, natomiast
u 0sbéb pijacych dla ulgi skuteczniejszy jest akamprozat (Mann et al., 2018; Witkiewitz et al.,
2019).

Zaktada sie, ze osoby cierpigce na AUD sg mniej wrazliwe na negatywne konsekwencje
podejmowanych dziatan i majg mniejsze zdolnosci do wykorzystywania negatywnych informac;ji
zwrotnych do kierowania i dostosowywania swojego zachowania do zmieniajgcych sie

warunkéw otoczenia, co sugeruje deficyty w przetwarzaniu informacji (Bechara et al., 2002).
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Jednak pomimo licznych doniesien tgczgcych AUD z ostabieniem zdolnosci decyzyjnych,
znacznie mniej wiadomo na temat zaburzonego przetwarzania informacji zwrotnych przed
rozwojem alkoholizmu. Jak dotad brakuje danych na temat wptywu zmienionej
(zwiekszonej/zmniejszonej) wrazliwosci na informacje zwrotne na przejscie od rekreacyjnego
uzywania do kompulsywnego naduzywania alkoholu. Gtéwnie dlatego, ze trudno jest uzyskaé
informacje o wrazliwosci na informacje zwrotne u ludzi przed rozwojem uzaleznienia. Pomocne
w tym przypadku sg modele zwierzece, ktére pozwalajg na zmierzenie poziomu wrazliwosci na

pozytywne i negatywne informacje zwrotne przed dtugotrwatg ekspozycjg na alkohol.

Tendencyjnosc oceny (optymizm/pesymizm)

Zainteresowanie tendencyjnoscig oceny w konteksScie zaburzen psychicznych ma swoje
korzenie w dwodch kluczowych odkryciach: po pierwsze, zdrowe osoby s3g zazwyczaj
optymistycznie nastawione do przysztosci (Scheier & Carver, 1985); po drugie, istniejg istotne
roznice w walencji tendencyjnosci oceny pomiedzy osobami zdrowymi a cierpigcymi na
zaburzenia afektywne (Blanchette & Richards, 2010). Tendencyjnos¢ oceny mozna definiowac
jako wzgledng reakcje na niejednoznaczny bodziec, wyrazajgcg sie interpretacjg tego bodzca
i oczekiwaniem na konsekwencje tej reakcji (Boleij et al., 2012; Bateson & Nettle, 2015). Osoby,
ktore reagujg na bodzZce niejednoznaczne podobnie jak na bodziec pozytywny, oczekujg
pozytywnych konsekwencji i sg okreslane jako optymistyczne. Natomiast osoby, ktére na
bodZce niejednoznaczne reagujg podobnie jak na bodZce negatywne, oczekujg negatywnych
konsekwencji i okreslane sg jako pesymistyczne. Pomiar tendencyjnosci oceny
w podejmowaniu decyzji na podstawie sygnatdw niejednoznacznych stanowi stosunkowo nowe
i obiecujgce podejscie do oceny afektu u ludzi. Cho¢ powszechnie tendencyjno$¢ oceny
(optymizm/pesymizm) mierzy sie za pomocg kwestionariuszy, to eksperymentalny pomiar
reakcji na bodziec niejednoznaczny stanowi bardziej rzetelne zrdodto informacji, ze wzgledu brak
subiektywnego charakteru odpowiedzi u o0s6b badanych. Wykazano, ze reakcje
na niejednoznacznos¢ korelujg ze stanem afektywnym (pozytywnym lub negatywnym) (ligaya
et al., 2016). Na przyktad osoby w negatywnych stanach emocjonalnych czesciej dokonuja
negatywnych (,pesymistycznych”) ocen na temat niejednoznacznych wydarzen lub bodzcow

niz osoby doswiadczajgce pozytywnych emocji.
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Eksperymentalne paradygmaty stuzgce do oceny optymizmu/pesymizmu

Zwigzek miedzy tendencyjnoscig oceny a stanem afektywnym u ludzi zainspirowat
badaczy zainteresowanych identyfikacjg poznawczych mechanizmodw lezgcych u podtoza stanu
afektywnego, do opracowania paradygmatow stuzgcych ocenie optymizmu i pesymizmu
u zwierzat. Przetomowym badaniem okazata sie praca Harding i wspdtpracownikow z 2004
roku, w ktorej wykazano, ze tendencyjnos¢ oceny wystepuje takze u zwierzat (Harding et al.,
2004). Opracowany wowczas test interpretacji bodzca niejednoznacznego (ang. Ambiguous-
Cue Interpretation, ACl) stosuje sie obecnie do pomiaru tendencyjnosci oceny u wielu réznych
gatunkow zwierzat, od szympansow, przez owce, psy, az po pszczoty (Bateson et al., 2011;
Burman et al., 2011; Doyle et al., 2011; Bateson & Nettle, 2015). Podstawowa wersja tego testu
opiera sie na treningu zwierzagt tak, aby wykonywaty reakcje na ,pozytywny” bodziec (ton
o okreslonej czestotliwosci) w celu osiggniecia pozytywnego wyniku (np. nagrody w postaci
jedzenia) i powstrzymywaty sie od reakcji na bodziec ,,negatywny” (ton o innej czestotliwosci),
aby unikng¢ kary (np. lekkiego szoku elektrycznego). Gdy zwierzeta prawidtowo rozrdézniaja
sygnaty ,pozytywne” i ,negatywne”, wprowadzany jest dodatkowy bodziec niejednoznaczny
(ton o posredniej czestotliwosci). Tendencyjnos¢ oceny jest okreslana przez sposdb, w jaki
zwierzeta interpretujg ten bodziec. Zwierzeta, ktérych interpretacja bodzca niejednoznacznego
wskazuje na oczekiwanie pozytywnych konsekwencji sg okreslane jako ,optymistyczne”, a te,
ktore reagujg w sposdb sugerujgcy oczekiwanie negatywnych konsekwencji, jako

,pesymistyczne” (Bateson, 2016).

Neurochemiczne podtoza tendencyjnosci oceny (optymizmu/pesymizmu)

Przy pomocy testu ACI w ostatnich latach wykazano, ze tendencyjnoscig oceny zwierzat
mozna manipulowac¢ za pomocg interwencji behawioralnej i farmakologicznej. Szczury,
u ktorych wywotano pozytywne emocje poprzez somatosensoryczng stymulacje, tj. taskotanie
(ang. tickling) wykazywaty optymistyczng tendencyjnos¢ oceny (Rygula et al., 2012). Natomiast
negatywne emocje spowodowane utratg statusu spotecznego przyczyniaty sie do wystgpienia
pesymizmu (Papciak et al., 2013). Inne badania wykazaty, ze nieselektywna stymulacja uktadu
DA za pomocg D-amfetaminy wywotywata u szczuréw ,optymistyczng” tendencyjno$é oceny
(Rygula et al., 2014; Hales et al., 2017). Pdzniejsze badania z wykorzystaniem prekursora

dopaminy 3,4-dihydroksy-L-fenyloalaniny (L-DOPA), przeprowadzone w naszym laboratorium,
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wykazaty, ze wptyw DA na modulacje tendencyjnosci oceny zalezny jest od wyjsciowego

poziomu optymizmu/pesymizmu (Golebiowska & Rygula, 2017).

Inne badania przedkliniczne wykazaty, ze farmakologiczna modulacja uktadu 5-HT
poprzez podawanie lekdw z grupy SSRI moze modyfikowac interpretacje bodzcéw
niejednoznacznych u zwierzat. Udowodniono, ze jednorazowe podanie niskiej dawki
citalopramu istotnie zwiekszato tendencje do negatywnej interpretacji w paradygmacie ACI. Co
ciekawe, podanie wyzszych dawek tego leku wywotywato tendencyjnosc¢ optymistyczng (Rygula
et al.,, 2014). Aby wyjasni¢ te przeciwstawne efekty, zaproponowano, ze tendencyjnosc
pesymistyczna obserwowana po podaniu matej dawki citalopramu wynikata z tymczasowego
wyciszenia aktywnosci uktadu 5-HT poprzez stymulacje autoreceptordow serotoniny 5-HTia
w jadrach szwu (Sprouse & Aghajanian, 1987; Sharp & Foster, 1989). Zgodnie z t3 hipoteza
podawanie wyzszych dawek citalopramu znosi ten mechanizm i umozliwia przesuniecie
tendencyjnosci oceny w strone optymizmu. Podobny wzrost poziomu optymizmu
zaobserwowano w przypadku chronicznych podan innego leku z grupy SSRI — fluoksetyny
(Anderson et al., 2013). Badanie przeprowadzone przez Doyle i wsp. wykazato, ze podanie
p-chlorofenyloalaniny, inhibitora hydroksylazy Trp, enzymu odpowiedzialnego za synteze 5-HT,
wywotuje u owiec pesymistyczng tendencyjnos¢ oceny (Doyle et al., 2011). Podobny efekt

zaobserwowano po deplecji 5-HT w paradygmacie ACI u Swin (Stracke et al., 2017).

Chociaz poczatkowo tendencyjnos¢ oceny postrzegano gtownie jako pochodng
aktualnego stanu afektywnego, podatnego na wptyw srodowiska, ostatnie badania wykazaty,
ze optymizm i pesymizm mozna uznac za wzglednie stabilne i trwate cechy poznawcze (Rygula
et al., 2013; Drozd et al., 2016; Curzytek et al., 2018). Pomimo ze podtoze tych cech wcigz
pozostaje stabo poznane, niedawne badania sugerujg, ze indywidualne rdéznice
w tendencyjnosci oceny sg przynajmniej czesciowo zalezne od ekspresji gendw w madzgu (Fox
et al., 2009; Kloke et al., 2014; Krakenberg et al., 2019; Boddington et al., 2020). Analiza
ekspresji gendw zaangazowanych w funkcjonowanie uktadéw DA i 5-HT w kore przedczotowg
(ang. Prefrontal Cortex, PFC) kur wykazata, ze wyzszy poziom optymizmu u tych zwierzat
zwigzany byt ze zwiekszong ekspresjg receptoréow dopaminy Di, natomiast nizszy poziom
powigzany byt z podwyziszong ekspresjg receptorow 5-HT,a (Boddington et al, 2020).
Dotychczas wykazano takze, ze nosiciele krétkiego allelu genu Sert, kodujgcego transporter

serotoniny (SERT), charakteryzujg sie negatywng tendencyjnoscig oceny (Beevers et al., 2009;
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Fox et al., 2009). Odkrycia te sugerujg udziat wspomnianych uktadéw neurotransmisyjnych

w ksztattowaniu tendencyjnosci oceny.

Rola tendencyjnosci oceny w zaburzeniu uzywania alkoholu

Tendencyjnos¢ oceny odgrywa role w zaburzeniu uzywania alkoholu, wptywajgc na
sposdb, w jaki chorzy postrzegajg i interpretujg sygnaty zwigzane z tg substancjg. Na przyktfad,
osoby cierpigce na AUD mogg wykazywac tendencje do przeceniania pozytywnych efektéw
spozywania alkoholu, takich jak poprawa nastroju czy redukcja stresu, jednoczesnie
bagatelizujgc negatywne konsekwencje, takie jak problemy zdrowotne czy spoteczne
(Noworyta et al., 2022). Tego rodzaju selektywna uwaga i pamie¢ mogg prowadzi¢ do btednych
przekonan i decyzji, ktére utrwalajg nawyki zwigzane z alkoholem. W rezultacie tendencyjnosé
poznawcza moze wzmachia¢ mechanizmy lezgce u podstaw uzaleznienia, utrudniajgc

podejmowanie racjonalnych decyzji dotyczgcych ograniczenia lub zaprzestania picia.

Indywidualne réznice we wrazliwosci na wzmocnienia mogg wptywaé na nabywanie
i utrzymywanie pozytywnych i negatywnych oczekiwan dotyczacych skutkdéw spozywania
alkoholu. Oczekiwania te mogg by¢ definiowane jako wyolbrzymione przekonania
o pozytywnym lub negatywnym wptywie alkoholu na zachowanie, nastréj i emocje (Leigh, 1989)
i odgrywajg kluczowg role w podejmowaniu decyzji dotyczgcych picia alkoholu oraz
w trajektoriach jego uzywania (Jones et al., 2001). Rola optymistycznej i pesymistycznej
tendencyjnosci oceny w AUD byta postulowana od dawna (Brown et al., 1980; Christiansen &
Goldman, 1983; Blume et al., 2003; Blume & Blume, 2014).Tendencyjnos¢ oceny wptywa na
sposdb, w jaki jednostki postrzegajg i reagujg na ryzyko oraz nagrode, potencjalnie zaktdcajac
procesy podejmowania decyzji, faworyzujac krétkoterminowe nagradzajgce skutki spozycia

alkoholu, pomimo znanych negatywnych konsekwencji.

Osoby optymistyczne mogg zaniza¢ ryzyko zwigzane z nadmiernym spozywaniem
alkoholu, jednoczesdnie przeceniajgc swojg zdolno$¢ do samokontroli przy jego wysokiej
dostepnosci (Fromme & D'Amico, 2000; Blume et al.,, 2003). Z drugiej strony, pesymizm,
objawiajacy sie przez zwiekszone skupienie na negatywnych bodzZcach i emocjach, moze
podtrzymywac uzywanie alkoholu jako strategie radzenia sobie z problemami (Veilleux et al.,
2014). Badania na modelach zwierzecych dostarczyty dodatkowych dowoddéw na role
optymistyczneji pesymistycznej tendencyjnosci oceny w zaburzeniach psychicznych. Niedawne

badania przeprowadzone w naszym laboratorium wykazaty, ze u szczurdw poziom optymizmu

-22 -



przewiduje podatnos¢ zwierzat na anhedonie (Rygula et al.,, 2013) i deficyty motywacyjne
(Drozd et al., 2017) wywotane stresem. Inne badania pokazaty, ze tendencyjnos$¢ oceny jest
zwigzana z roznicami w motywacji do zdobywania nagrody (Rygula et al., 2015), wrazliwoscia
na negatywne informacje zwrotne (Rygula & Popik, 2016), zachowaniami ryzykownymi (Drozd
et al., 2016) oraz profilem immunologicznym (Curzytek et al., 2018) — wszystkie te czynniki

mogg by¢ zwigzane z roznymi aspektami AUD.

Zrozumienie roli opisanych aspektow tendencyjnosci poznawczej dostarcza istotnych
wskazéwek wyjasniajacych, dlaczego niektdre jednostki rozwijajg i utrzymujg AUD, a takze

zidentyfikowac potencjalne nowe kierunki terapeutyczne.
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Cel badan

Zaburzenia zwigzane z uzywaniem alkoholu stanowig jedno z gtdwnych wyzwan zdrowia
publicznego w XXI wieku, majgc istotne konsekwencje spoteczne. Naduzywanie alkoholu
prowadzi do licznych problemdéw zdrowotnych, zaréwno fizycznych, jak i psychicznych, aktéw
przemocy oraz zachowan ryzykownych, co dodatkowo obcigza systemy opieki zdrowotne;.
Z uwagi na ztozong etiologie AUD, zrozumienie czynnikdw odpowiedzialnych za rozwdj,
utrzymywanie i nawracanie tego zaburzenia jest niezbedne do opracowania skutecznych
strategii prewencji i terapii. W kontekscie coraz czesciej postulowanej roli indywidualnych cech
w podatnosci na naduzywanie alkoholu, niniejsza praca miatfa na celu zgtebienie roli wybranych
aspektow tendencyjnosci poznawczej w przejsciu od kontrolowanego uzywania do
niekontrolowanego naduzywania alkoholu w modelu zwierzecym. Poprzez analize aspektow
zaréwno behawioralnych, jak i biochemicznych zwigzanych z tendencyjnoscia poznawczg
i spozywaniem alkoholu u szczurdéw, przedstawione badania dazyty do lepszego zrozumienia tej

ztozonej problematyki.

Szczegbtowe zadania badawcze obejmowaty:

1) Okreslenie wptywu wrazliwosci na pozytywne informacje zwrotne, jako stabilnej
i trwatej cechy behawioralnej, na zachowania zwigzane z konsumpcjg alkoholu, jego
kompulsywnym poszukiwaniem, motywacjg do spozywania alkoholu oraz
wygaszaniem i przywracaniem zachowan poszukiwawczych u szczuréw (publikacja

1; Ryc. 2).
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PRL PODZIAL
KOHORTY

2BC

Pomiar ZWIERZAT - Eskalacja
wrazliwosci na A= spozycia
pozytywne alkoholu

informacje
zwrotne

POBRANIE
TKANEK

ANALIZY BIOCHEMICZNE/
MOLEKULARNE

Analiza poziomu

hormondw stresu we krwi
Western blot

Mikromacierze matej skali qd
z sondami Tagman

OCENA ZACHOWAN
ZWIAZANYCH

Z POSZUKIWANIEM
ALKOHOLU

Rycina 2 Schemat eksperymentu. Zwierzeta byly trenowane i testowane w serii testéw probabilistycznego
przeuczania (PRL) w celu okreslenia wrazliwosci na pozytywne informacje zwrotne. Na jej podstawie dokonano
podziatu kohorty zwierzat na grupe pijagca alkohol lub wode (kontrolng). W procedurze swobodnego wyboru
miedzy dwoma butelkami (2BC), z dostepem przerywanym, zmierzono spozycie ptyndéw u zwierzat. Ocena
zachowan zwigzanych z poszukiwaniem alkoholu obejmowata trening na dzwignie ,nagradzajaca” (ang. taking
lever) i, poszukiwawczg” (ang. seeking lever), pomiar motywacji, pomiar zachowan kompulsywnego poszukiwania
w obliczu kary, a nastepnie wygaszanie zachowan poszukiwawczych alkoholu i ich przywrécenie po 30 dniach
abstynencji. Po zakonczeniu badarn behawioralnych pobrano tkanke mdzgu oraz krew i wykonano analizy
biochemiczne.

2) Badanie roli wrazliwosci na negatywne informacje zwrotne, jako stabilnej i trwatej
cechy behawioralnej, w rozwoju kompulsywnego poszukiwania alkoholu
u szczurow, eskalacji spozycia alkoholu, motywacji do jego poszukiwania oraz
wygaszania i przywracania zachowan zwigzanym z poszukiwaniem alkoholu

u szczurow (publikacja 2 i 3; Ryc. 3).

PRL PODZIAL 2BC
KOHORTY

Pomiar ZWIERZAT Eskalacja

wrazliwosci na spozycia

negatywne alkoholu

informacje
zwrotne

ANALIZY BIOCHEMICZNE/ POBRANIE OCENA ZACHOWAN
MOLEKULARNE TKANEK ZWIAZANYCH
Western blot Z POSZUKIWANIEM

ALKOHOLU

Mikromacierze matej skali
z sondami Tagman

Rycina 3 Schemat eksperymentu. Zwierzeta byly trenowane i testowane w serii testéw probabilistycznego
przeuczania (PRL) aby oceni¢ ich wrazliwos¢ na negatywne informacje zwrotne. Podziatu kohorty zwierzat na grupe
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pijaca alkohol lub wode (kontrolng) dokonano w oparciu o zmierzong wrazliwos¢ na negatywne informacje
zwrotne. W procedurze swobodnego wyboru miedzy dwoma butelkami (2BC), z dostepem przerywanym,
zmierzono spozycie ptyndw u zwierzat. Testy mierzace zachowania poszukiwawcze alkoholu obejmowaty trening
na dzwignie ,nagradzajgcg” (ang. taking lever) i ,poszukiwawcza” (ang. seeking lever), pomiar motywacji, ocene
zachowan kompulsywnego poszukiwania w obliczu kary, a nastepnie wygaszanie zachowan zwigzanych
z poszukiwaniem alkoholu i ich przywrécenie po 30 dniach abstynencji. Po zakonczeniu badan behawioralnych
pobrano tkanke mézgowa do pomiaru poziomu mRNA i biatka w wybranych strukturach mézgu szczuréw.

3) Badanie relacji pomiedzy optymistyczng i pesymistyczng tendencyjnoscig oceny,
a zachowaniami zwigzanymi ze spozywaniem alkoholu u szczurdw, a takze rozwojem
zachowan zwigzanych z jego poszukiwaniem. Zachowania te obejmowaty
motywacje do poszukiwania alkoholu, jego kompulsywne poszukiwanie w obliczu
kary oraz wygaszanie i przywracanie tego zachowania po okresie abstynencji

(publikacja 4; Ryc. 4).

ACI PODZIAL 2BC
KOHORTY L i .
. ZWIERZAT o Eskalacja
Pomiar THyey = spozycia
tendencyjnosci ' alkoholu
oceny

ANALIZY BIOCHEMICZNE/ POBRANIE OCENA ZACHOWAN
MOLEKULARNE TKANEK ZWIAZANYCH
Z POSZUKIWANIEM

Autoradiografia
receptorowa

ALKOHOLU

Mikromacierze matej skali
z sondami Tagman

Rycina 4 Schemat eksperymentu. Zwierzeta trenowano i testowano w serii testow interpretacji bodzca
niejednoznacznego (ACI) w celu zbadania tendencyjnosci oceny. Na podstawie oceny poziomu optymizmu
i pesymizmu dokonano podziatu kohorty zwierzat na grupe pijaca alkohol lub wode (kontrolng). Nastepnie
u zwierzat zmierzono spozycie ptyndw w procedurze swobodnego wyboru miedzy dwoma butelkami (2BC),
z dostepem przerywanym. Testy mierzace zachowania poszukiwawcze alkoholu obejmowaty trening na dZzwignie
,nagradzajgcg” (ang. taking lever) i ,poszukiwawczg” (ang. seeking lever), pomiar motywacji, ocene zachowan
kompulsywnego poszukiwania w obliczu kary, a nastepnie wygaszanie zachowan poszukiwawczych alkoholu i ich
przywrécenie po 30 dniach abstynencji. Po zakonczeniu badan behawioralnych pobrano tkanke do analizy
poziomu mRNA i gestosci receptoréw w wybranych strukturach moézgu szczuréow.
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Przeprowadzone badania

Najnowsze badania z ostatniej dekady podkreslajg znaczenie badania korelatéw
ludzkich cech osobowosci w modelach zwierzecych jako wartosciowej metody identyfikac;ji
markerow poznawczych zwigzanych z réznymi zaburzeniami psychicznymi (Anderson et al.,
2013; Hales et al., 2017; Stracke et al., 2017; Rygula et al., 2018). Badania stanowigce podstawe
niniejszej pracy doktorskiej skupione byty na zrozumieniu roli wybranych cech behawioralnych
w indywidualnej podatnosci na powstawanie, utrzymywanie sie i nawracanie zaburzen
psychicznych, takich jak zaburzenie uzywania alkoholu. Trudnosci w gromadzeniu danych na
temat tendencyjnosci poznawczej u pacjentéw przed zdiagnozowaniem AUD w praktyce
uniemozliwiajg prowadzenie badan podtuznych na ludziach. Badania opisane w mojej
rozprawie doktorskiej, wykorzystujgce model zwierzecy, pozwolity wnioskowaé o zwigzku
przyczynowo-skutkowym miedzy wybranymi aspektami tendencyjnosci poznawczej, takimi jak
wrazliwos¢ na pozytywne i negatywne informacje zwrotne oraz tendencyjnos$é oceny,
definiowana jako optymizm i pesymizm, mierzonymi jako stabilne cechy poznawcze, a roznymi
aspektami uzaleznienia od alkoholu. Zastosowanie zaawansowanych testéw behawioralnych
pozwolito okresli¢ kierunek i intensywnos$é tendencyjnosci poznawczej u szczuréw. Nastepnie,
korzystajagc z kompleksowego zestawu testéw do badania zachowan zwigzanych ze
spozywaniem i poszukiwaniem alkoholu, oceniono, jak wptywa ona na przejscie od
kontrolowanego do kompulsywnego picia alkoholu u szczurdow. Poniewaz otrzymane wyniki
zostaty juz obszernie przedyskutowane w zaftgczonych publikacjach, ponizej przedstawitam
najwazniejsze wnioski ptyngce z przeprowadzonych eksperymentéw, w celu podsumowania

badan sktadajgcych sie na niniejszg prace doktorska.

Wptyw wrazliwosci na pozytywne informacje zwrotne na zachowania zwigzane z

piciem alkoholu

Badania opublikowane w publikacji pt. ,Trait sensitivity to positive feedback is
a predisposing factor for several aspects of compulsive alcohol drinking in male rats:
behavioural, physiological, and molecular correlates” autorstwa Cieslik-Starkiewicz A, Noworyta
K, Solich J, Korlatowicz A, Faron-Gdérecka A, Rygula R. opublikowanej w Psychopharmacology
(2024b) skupione byty na okresleniu, w jaki sposdb wrazliwo$¢ na pozytywne informacje

zwrotne, mierzona jako stabilna cecha poznawcza, wptywa na poziom picia alkoholu,
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motywacje do spozywania alkoholu, ale takze rozwdj zachowan zwigzanych z jego
kompulsywnym poszukiwaniem, a w koncu wygaszanie i przywracanie tych zachowan.
Wykazatam, ze u szczuréw szczepu Sprague Dawley, w warunkach swobodnego dostepu,
nastepowata istotna eskalacja ilosci spozywanego alkoholu. Wzrost ten jednak nie byt zalezny
od wrazliwosci na pozytywne informacje zwrotne. W instrumentalnych paradygmatach
poszukiwania i spozywania alkoholu wykazatam, ze u szczurdw niska wrazliwosc na pozytywne
informacje wigzata sie z podwyzszonym poziomem motywacji do poszukiwania alkoholu po
doswiadczeniu negatywnych konsekwencji tego zachowania, to znaczy po serii testéw,
w ktorych poszukiwanie alkoholu byto karane szokiem elektrycznym. Otrzymane wyniki
ujawnity réwniez, ze zwierzeta niewrazliwe na pozytywne informacje zwrotne szybciej
przywracaty zachowania zwigzane z poszukiwaniem alkoholu po okresie wymuszonej
abstynencji, tzn. potrzebowaty mniej testéw, aby przywrdcié instrumentalng odpowiedz

zwigzang z poszukiwaniem alkoholu do poziomu bazalnego.

Jak juz wspominano powyzej, duza zmienno$¢ AUD u ludzi czesto zwigzana jest
z roznicami w motywacji do siegania po alkohol. Na podstawie przedstawionych badan mozna
whnioskowac, ze picie w celu uzyskania nagrody oraz picie dla ulgi, réwniez, do pewnego stopnia,
obserwowane jest u zwierzat laboratoryjnych. Wyniki zaprezentowane w publikacji Cieslik-
Starkiewicz i wsp. (2024b) sugerujg, ze u szczuréw niewrazliwych na pozytywne informacje
zwrotne wyzsza motywacja do poszukiwania alkoholu po nieprzyjemnym doswiadczeniu kary
w odpowiedzi na poszukiwanie alkoholu, moze by¢ interpretowana jako picie dla ulgi. Podobnie,
awersyjny okres abstynencji mogt nasili¢ negatywny afekt u szczuréw. Aby go zniwelowad,
zwierzeta niewrazliwe intensywniej poszukiwaty alkoholu, w pordéwnaniu do zwierzat
wrazliwych. Ponadto, u zwierzat niewrazliwych na pozytywne informacje zwrotne
zaobserwowaliSmy  podwyzszony  poziom hormondéw  stresu,  tzn. hormonu
adrenokortykotropowego (ACTH) i kortykosteronu, we krwi po zakonczeniu badan
behawioralnych , w poréwnaniu do szczurdw, ktére spozywaty wode, sugerujac wyzszy poziom
stresu w tej grupie. Warto wspomnie¢, ze rosngca liczba badan tgczy zaburzone przetwarzanie
informacji z symptomatologig zaburzen psychicznych zwigzanych ze stresem (Robinson et al.,
2012; Homan et al, 2019; Roberts et al, 2022), do ktérych, jak potwierdzitam

w przedstawionych badaniach, moze naleze¢ AUD.
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Efekty behawioralne zwigzane wrazliwoscig na pozytywne informacje zwrotne i piciem
alkoholu u szczurow byty powigzane takze z réznicami w ekspresji gendw i biatek w regionach
korowych i podkorowych mdézgu. U zwierzat niewrazliwych na pozytywne informacje zwrotne,
w jgdrze potlezagcym (ang. Nucleus Accumbens, NAc), wykazaliSmy wyzszy poziom ekspres;ji
genodw zwigzanych z Htrla, Gabbr2, Grm2 i Slc6a3, a takze Npy, ktéry w przypadku Gabbr2
zostat zweryfikowany rowniez na poziomie biatka GABAgR,. Dla Htr2a i Slc6a4 w NAc poziom
MRNA byt wyzszy u zwierzat z grupy kontrolnej, niewrazliwych na pozytywne informacje
zwrotne, w porownaniu do szczurow niewrazliwych pijgcych alkohol. Dla Htr2a rdznice
wykazaliémy takze na poziomie biatka 5-HT2a. Z kolei w korze zakretu obreczy (ang. Anterior
Cingulate Cortex, ACC) poziom ekspresji byt wyzszy u szczuréw niewrazliwych na pozytywne
informacje zwrotne w poréwnaniu do ich wrazliwych odpowiednikéw dla Drd1, Grial i Htr3a,
w srodkowe] korze przedczotowe] (ang. Medial Prefrontal Cortex, mPFC) dla Cat, a w ciele
migdatowatym (ang. Amygdala, Amy) dla Maob. W przypadku Maob rdznice zaobserwowalismy
réwniez na poziomie biatka monoaminooksydazy B (MAO-B). Wykazalismy takze, ze poziom
Adhl w mPFC i Gabbrl w Amy byt wyzszy w grupie szczurdw pijgcych alkohol i niewrazliwych
na pozytywne informacje zwrotne w poréwnaniu ze szczurami niewrazliwymi z grupy kontrolnej
i wrazliwymi na pozytywne informacje zwrotne z grupy pijacej alkohol. Analiza ujawnita rowniez
istotne interakcje miedzy wptywem wrazliwosci na pozytywne informacje zwrotne i piciem
alkoholu w przypadku Tph2 i Drd2 w Amy oraz Adhl w korze oczodotowo-czotowej (ang.
Orbitofrontal Cortex, OFC). Ponadto wykazaliSmy istotny wptyw dtugotrwatej ekspozycji na
alkohol na ekspresje réznych gendw, przy czym poziom mRNA byt wyzszy w grupie pijacej
alkohol w poréwnaniu z grupg pijacg wode, w przypadku Comt i Maoa w ACC, Adh1, Cati Comt
w MPFC, Gadl i Drd2 w Amy, dla Cat, Gad2 i Htrla w OFC oraz dla Adhl w NAc. W przypadku
Slc6a4 w NAc poziom mRNA byt nizszy u szczurdw pijgcych alkohol w poréwnaniu do szczurow
pijacych wode. Ponadto dla dehydrogenazy alkoholowej 1 (ADH1) zaobserwowalismy istotne

roznice w mPFC i NAc miedzy grupami pijgcymi alkohol i wode.

Wptyw wrazliwosci na negatywne informacje zwrotne na zachowania zwigzane z

piciem alkoholu

Wyniki opisane w pracy pt. ,Trait sensitivity to negative feedback determines the

intensity of compulsive alcohol seeking and taking in male rats” autorstwa Cieslik A, Noworyta
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K, Rygula R. opublikowanej w Journal of Psychiatry and Neuroscience (2022) réwniez
potwierdzity, ze u szczurdow szczepu Sprague Dawley nastepuje wzrost ilosci alkoholu,
spozywanego w warunkach swobodnego dostepu. Réwnoczesnie stwierdzitam brak istotnych
roznic w konsumpcji alkoholu miedzy zwierzetami zaklasyfikowanymi jako mniej i bardziej
wrazliwe na negatywne informacje zwrotne. Wykazatam takze, ze zwiekszona wrazliwo$é na
negatywne informacje zwrotne obnizata podatnos$é¢ szczuréow na rozwdj kompulsywnego
poszukiwania alkoholu w sytuacji, gdy zachowanie to byto karane. Przeprowadzone przeze mnie
badania ujawnity rowniez szybsze wygaszenie zachowan zwigzanych z poszukiwaniem alkoholu,
po zaprzestaniu jego dostepnosci, u zwierzat bardziej wrazliwych na negatywne informacje
zwrotne. Na podstawie wspomnianej wczesniej teorii wyjasniajgcej motywacje do spozywania
alkoholu, u szczuréw o wyzszej wrazliwosci na negatywne informacje zwrotne mozna by sie
spodziewac zwiekszonego spozywania alkoholu w celu zniwelowania negatywnych standow
afektywnych. Przeciwnie, w przeprowadzonych badaniach zwiekszona wrazliwos¢ na
negatywne informacje zwrotne mogta mie¢ dziatanie protekcyjne wobec rozwoju zachowan
zwigzanych z niekontrolowanym spozywaniem alkoholu. Faktycznie, zwiekszona wrazliwos¢ na
negatywne konsekwencje podejmowanych dziatan, takich jak kara podczas poszukiwania
alkoholu, powodowata tatwiejsze zaniechanie zachowan poszukiwawczych. Wynik ten
dodatkowo podkresla wykazang wczesdniej niezaleznos¢ cech wrazliwosci na pozytywne

i negatywne informacje zwrotne (Noworyta-Sokolowska et al., 2019).

Ponadto w publikacji pt. “Identification of genes regulated by trait sensitivity to negative
feedback and prolonged alcohol consumption in rats” autorstwa Cieslik-Starkiewicz A,
Noworyta K, Solich J, Korlatowicz A, Faron-Gérecka A, Rygula R opublikowanej
w Pharmacological Reports (2024a) wykazatam, ze opisane powyzej efekty behawioralne
zwigzane byty z réznicami w ekspresji gendw zwigzanych z przekaZznictwem DA, 5-HT,
glutaminianergicznym czy GABAergicznym (kwas y-amiomastowy). Wykazalismy, ze w ACC
szczury, ktore byly bardziej wrazliwe na negatywne informacje zwrotne, miaty nizszy poziom
ekspresji Gad2 oraz wyzszy poziom ekspresji Drd2 i Slc6a4, w porownaniu do zwierzat mniej
wrazliwych. Podobnie w mPFC i OFC, szczury bardziej wrazliwe na negatywne informacje
zwrotne miaty nizszy poziom ekspresji Maoa niz mniej wrazliwe. Co wiecej, w OFC poziom
ekspresji Grial i Htr3a, byt nizszy u szczuréw bardziej wrazliwych na negatywne informacje

zwrotne. Potwierdzilismy réwniez, ze dtugotrwata ekspozycja na alkohol prowadzi do istotnych
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zmian w ekspresji gendw w roznych zbadanych obszarach moézgu szczuréw. W ACC szczury
pijgce alkohol miaty istotnie wyzsze poziomy ekspresji Comt i Maoa w poréwnaniu do szczurow
niepijagcych. W mPFC poziomy Comt i Htr2b byty wyzsze u zwierzat pijgcych alkohol
w poréwnaniu z grupg kontrolng. Szczury poddane dtugotrwatej ekspozycji na alkohol miaty
w NAc znaczgco wyzszy poziom Adh1, i nizszy poziom ekspresji Sic6a4. W OFC szczurdw pijgcych
alkohol wykazalismy wyzszy poziom ekspresji Gad2 i nizszy poziom Htrla w poréwnaniu ze
szczurami kontrolnymi. Stwierdzilismy takze, ze w ACC poziomy ekspresji Gabral, Gabbr2,
Grin2a, Grin2b i Grm3 oraz Grin2a w OFC sg istotnie zalezne zaréwno od wrazliwosci na
negatywne informacje zwrotne, jak i dtugotrwatej ekspozycji na alkohol. Dla enzymdw
monoaminooksydazy A (MAO-A) w mPFCi ADH1 w mPFCi NAc, réznice udato sie wykazac takze

na poziomie biatka.

Wyniki badan opublikowanych w publikacjach 1 i 2 pozwalajg na lepsze zrozumienie
mechanizmow zwigzanych z konsumpcja alkoholu dla nagrody i dla ulgi (Cieslik et al., 2022;
Cieslik-Starkiewicz et al., 2024b). Odkrycia sugerujg, ze ocena wrazliwosci na pozytywne
i negatywne informacje zwrotne moze stanowi¢ kluczowy element w opracowywaniu
przedklinicznych modeli odpowiadajgcym dwém wyzej wymienionym wzorcom picia alkoholu.
Te z kolei mogtyby byé nastepnie wykorzystane do planowania nowych strategii

terapeutycznych lub prewencyjnych do walki z uzaleznieniem od alkoholu.

Wptyw tendencyjnosci oceny na ksztattowanie zachowan zwigzanych z piciem

alkoholu u szczurdow

Jedng z cech osobowosci moggcych modulowaé zachowania zwigzane ze spozywaniem
alkoholu jest tendencyjnos¢ oceny, a zatem optymizm i pesymizm. Przyktadowo, u ludzi
optymizm moze uposledza¢ zdolnos¢ do doktadnej oceny ryzyka i korzysci, prowadzac do
przeceniania nagradzajgcych efektow alkoholu i niedoceniania jego negatywnych konsekwencji
(Blume iin. 2003; Leemaniin. 2009). Jednakze do tej pory nie byto wiadomo czy tendencyjnosc¢
oceny, jako stabilna i trwata cecha poznawcza, moze determinowad indywidualng podatnos¢
na przejscie od rekreacyjnego do kompulsywnego picia. W publikacji pt. ,Unveiling the power
of optimism: exploring behavioral and neuromolecular correlates of alcohol seeking and
drinking in rats with biased judgment” Cieslik-Starkiewicz A, Piksa M, Noworyta K, Solich J,
Pabian P, Latocha K, Faron-Gorecka A, Rygula R zaakceptowanej do publikacji w Progress in

Neuro-Psychopharmacology & Biological Psychiatry (2024c), stanowigcej ostatni filar niniejszej
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pracy doktorskiej, wykazatam ze szczury scharakteryzowane jako ,,optymistyczne” pity znaczgco
mniej alkoholu niz ich ,pesymistyczni” odpowiednicy. To zwiekszone spozycie alkoholu
u pesymistow widoczne byto wytgcznie w paradygmacie swobodnego dostepu do alkoholu i nie
przektadato sie na istotne rdoznice w rozwoju kompulsywnego poszukiwania alkoholu i picia
alkoholu, szybkosci wygaszania reakcji instrumentalnej ani nawrotu zachowan

poszukiwawczych alkoholu po okresie abstynencji.

Biorgc pod uwage, ze tendencyjnos¢ oceny moze odzwierciedla¢ stan emocjonalny
jednostki, gdzie osoby w negatywnym stanie afektywnym majg sktonnos$é do pesymizmu,
a osoby w pozytywnym stanie afektywnym do optymizmu, zwiekszone spozycie alkoholu
zaobserwowane u szczurow ,pesymistycznych” moze odzwierciedlaé jeden ze wspomnianych
wczesniej wzorcow picia u ludzi, mianowicie ,picia dla ulgi” (Grodin et al., 2024). Ten wzorzec
spozycia alkoholu jest charakterystyczny dla oséb, ktére pijg, aby ztagodzi¢ negatywne emocje
lub stres. Analogicznie u ,,pesymistycznych” szczuréw, zwiekszone spozycie alkoholu mogto by¢
zwigzane z prébg fagodzenia negatywnego stanu afektywnego. Opierajac sie na tym zatozeniu,
brak zauwazalnego wptywu tendencyjnosci oceny w bardziej zaawansowanym paradygmacie
poszukiwania i picia alkoholu mozna przypisa¢ do wspomnianego negatywnego stanu
afektywnego, ktory prawdopodobnie skutkowat obnizong motywacjg u szczuréw do
wykonywania instrumentalnej reakcji naciskania na dzwignie. Reasumujac, efekty pesymizmu
byty najbardziej widoczne podczas spontanicznych sesji picia, poniewaz wymagaty one od
szczurdw mniejszego zaangazowania poznawczego i koniecznosci podejmowania decyzji. Taki
scenariusz sugeruje, ze w warunkach obnizonego wysitku poznawczego, wrodzona
pesymistyczna tendencyjnos¢ oceny ma bardziej wyrazny wptyw na zachowanie zwigzane
z piciem alkoholu u szczuréw. Na poziomie molekularnym nizsze spozycie alkoholu
obserwowane u ,optymistycznych” szczuréw byto zwigzane ze zmianami w ekspresji gendw
zaangazowanych w przekaznictwo 5-HT, glutaminianergiczne, DA, GABAergiczne
i w metabolizm alkoholu. U zwierzat pijgcych alkohol zaobserwowalismy wyzszg ekspresje
genow Grin2a i Slcla2 w mPFC oraz Drd2 w OFC, w poréwnaniu ze zwierzetami pijgcymi wode.
Natomiast ekspresja takich gendw jak Grm2 w ACCi Amy oraz Grin2b w NAc byta nizsza w grupie
pijacej alkohol, w poréwnaniu do grupy kontrolnej. Ponadto wykazaliémy, ze poziom ekspres;ji
Maoa, byt wyzszy w mPFC szczurdw ,pesymistycznych” w poréwnaniu do ich

,optymistycznych” odpowiednikow. Zaobserwowalismy takze, ze poziom ekspresji Htr2b w OFC
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oraz Grm2 w Amy byt nizszy u szczurow ,pesymistycznych” w pordéwnaniu do zwierzat
zaklasyfikowanych jako , optymistyczne” Istotne interakcje miedzy wptywem tendencyjnosci
oceny i dtugotrwatej ekspozycji na alkohol zaobserwowalismy w ekspresji Sic6a4, Gabbr2 i Adh1
w mMPFC; Slcla2 i Slcéa4 w NAc; Maoa w OFC; i Grm3 w Amy. Co wiecej, iloSciowa
autoradiografia receptordéw ujawnita zmniejszong gestos$é receptoréw serotoninowych 5-HTa
u ,pesymistycznych” szczuréw pijgcych alkohol, w pordéwnaniu do ,optymistycznych”
osobnikow z tej samej grupy oraz zwierzat ,pesymistycznych” z grupy kontrolnej, w skorupie i

rdzeniu NAc (Cieslik-Starkiewicz et al., 2024c).

Molekularne podtoze relacji miedzy tendencyjnoscig poznawczg a zachowaniami

zwigzanymi z piciem alkoholu u szczurow

Aby zrozumie¢ molekularne podstawy ztozonych interakcji miedzy tendencyjnoscia
poznawczg a zachowaniami zwigzanymi z poszukiwaniem i spozywaniem alkoholu,
w przeprowadzonych eksperymentach, wraz ze wspotpracownikami z Pracowni Farmakologii
Biochemicznej, przeanalizowatam poziom mRNA wybranych gendw w pieciu obszarach mdzgu:
trzech regionéw korowych (mPFC, ACC i OFC) oraz dwdéch podkorowych (NAc i Amy).
Na podstawie doktadnej analizy literatury, wybraliSmy okoto 30 gendw, podzielonych na pie¢

grup:

1) geny zwigzane z funkcjonowaniem i regulacjg uktadu 5-HT
2) geny kodujace biatka zwigzane z neurotransmisjg DA

3) geny zwigzane z uktadem glutaminanergicznym i

4) GABAergicznym

5) geny kodujace biatka uczestniczgce w metabolizmie alkoholu

Wyniki przedstawione w publikacjach Cieslik i wsp. (2022) oraz Cieslik-Starkiewicz i wsp.
(2024a i c) ujawnity istotne roznice w ekspresji gendw oraz, w niektérych przypadkach biatek,
w roznych obszarach mézgu, ktére mogg wptywaé na indywidualng podatnos¢ na rozwdj
zachowan zwigzanych z poszukiwaniem i spozywaniem alkoholu. Analiza poziomu mRNA miata
charakter przesiewowy, majacy na celu wyodrebnienie gendw zaangazowanych
w ksztattowanie tendencyjnosci poznawczej i/lub podatnosci na przejscie od kontrolowanego

uzywania do niekontrolowanego naduzywania alkoholu. W rzeczywistosci, sposréd licznych
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zbadanych gendw, udato sie wyodrebni¢ jeden, ktéry tgczy wszystkie trzy badane aspekty
tendencyjnosci poznawczej z podatnoscig na zwiekszong konsumpcje alkoholu i stanowi

potencjalny wspdlny element molekularnego mechanizmu tych zaleznosci.

Roznice w ekspresji genu Slc6a4, kodujgcego SERT, zaobserwowatam w NAc zaréwno
w doswiadczeniach dotyczacych wrazliwosci na pozytywne informacje zwrotne, negatywne
informacje zwrotne, jak i tendencyjnosci oceny. Dla Sic6a4 w NAc wsrdd zwierzat niewrazliwych
na pozytywne informacje zwrotne poziom mMRNA byt wyzszy u w grupie kontrolnej
w porownaniu do szczurdw pijgcych alkohol. Z kolei na poziomie biatka zaobserwowalismy, ze
poziom SERT byt wyzszy u zwierzat niewrazliwych na pozytywne informacje zwrotne,
w poréwnaniu do zwierzgt wrazliwych. Wykazalismy takze, ze u zwierzat bardziej wrazliwych
na negatywne informacje zwrotne poziom ekspresji byt wyzszy w pordwnaniu ze zwierzetami
mniej wrazliwymi, niezaleznie od historii spozycia alkoholu. Ponadto, u zwierzat
,pesymistycznych” z grupy kontrolnej poziom mRNA Slc6a4 byt wyzszy w pordwnaniu ze
szczurami ,,optymistycznymi” w tej samej grupy i z ,,pesymistycznymi” pijgcymi alkohol. Jednak
najbardziej intrygujgce réznice w ekspresji tego genu zaobserwowalismy miedzy zwierzetami
L,optymistycznymi” i ,pesymistycznymi” w mPFC. Poziom ekspresji byt wyzszy u szczurow
,optymistycznych” z grupy kontrolnej w poréwnaniu do zwierzat ,pesymistycznych”. Z kolei
w grupie pijagcej alkohol byto odwrotnie — poziom ekspresji byt wyzszy u szczuréw
,pesymistycznych” niz u ,optymistycznych”. Ponadto zwierzeta ,optymistyczne” z grupy
kontrolnej miaty wyzszy poziom ekspresji w poréwnaniu do ich odpowiednikdw z grupy pijace;
alkohol. Sugeruje to, ze wptyw dtugotrwatego spozycia alkoholu na ekspresje genu Sic6a4 jest

zalezny od wyjsciowego poziomu optymizmu i pesymizmu.

Nasze wyniki sugerujg, ze zarowno gen Slc6a4, jak i biatko SERT mogg stanowié
molekularng podstawe mechanizmu tgczgcego tendencyjnos¢ poznawczg z zachowaniami
zwigzanymi z piciem alkoholu u zwierzat. Wptyw alkoholu na poziom mRNA SERT zostat
potwierdzony w roznych zwierzecych modelach spozycia alkoholu i uzaleznienia. Ekspozycja na
alkohol powodowata podwyzszony poziom ekspresji SERT w regionach zwigzanych z uktadem
nagrody, takich jak NAc, czy przetwarzaniem informacji, takich jak mPFC (Chen et al., 2023;
Diehl & Redish, 2023). Ponadto kilka badan wykazato, ze genetyczne lub farmakologicznie

obnizona ekspresja SERT prowadzi do nizszej wrazliwosci na negatywne informacje zwrotne,
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cechy skorelowanej z pesymistyczng tendencyjnoscig oceny (Ineichen et al., 2012; den Ouden

et al., 2013; Rygula & Popik, 2016).

Postuluje sie, ze niski poziom zewngtrzkomorkowej 5-HT wigze sie ze zwiekszonym
spozyciem alkoholu, a zatem zwiekszenie poziomu 5-HT moze zmniejszaé spozycie alkoholu
(Sellers et al., 1992). Faktycznie, badania wykazaty, ze picie alkoholu i zachowania zwigzane
Z jego spozywaniem mozna zmniejszy¢ poprzez usuniecie genu kodujgcego SERT. Myszy
pozbawione genu kodujgcego SERT (ang. SERT knockout) spozywaty istotnie mniej alkoholu
w warunkach swobodnego wyboru w poréwnaniu do zwierzat typu dzikiego (Boyce-Rustay et
al., 2006; Lamb & Daws, 2013). Inne badania wykazaty, ze obnizenie zewngatrzkomorkowego
poziomu 5-HT, poprzez usuniecie genu Tph2 kodujgcego hydroksylaze Trp 2, enzymu
odpowiedzialnego za synteze 5-HT, skutkowato zwiekszonym spozyciem alkoholu u myszy
(Zaniewska et al., 2022). Ponadto poziom zewngtrzkomorkowej 5-HT mozna zwiekszy¢
farmakologicznie, blokujgc SERT za pomocg SSRI. Wykazano, ze chroniczne podania SSRI
zmniejszajg ilos¢ spozywanego alkoholu (Murphy et al., 1988; Gardell et al., 1997; Lamb &
Jarbe, 2001). Otrzymane przeze mnie wyniki rowniez potwierdzity istotng role uktadu 5-HT
w ksztattowaniu zachowan zwigzanych z piciem alkoholu. Co najwazniejsze, po raz pierwszy
pokazaty, ze uktad ten zaangazowany jest w molekularny mechanizm tgczacy badane aspekty
tendencyjnosci poznawczej z indywidualng podatnosciag na niekontrolowane spozywanie

alkoholu.

Podsumowujgc, otrzymane w ramach pracy doktorskiej wyniki sugerujg, ze rdzine
aspekty tendencyjnosci poznawczej mogg modulowac podatnos$é na rozwdj i utrzymywanie sie
uzaleznienia od alkoholu. Cho¢ obszar ten wymaga dalszych badan, udato sie wskazaé

potencjalne molekularne cele, ktdre mogg by¢ zaangazowane w ksztattowanie tej zaleznosci.
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Podsumowanie

Badania przeprowadzone w ramach mojej rozprawy doktorskiej wykazaty, ze rdzine
aspekty tendencyjnosci poznawczej, takie jak wrazliwos¢ na pozytywne i negatywne informacje
zwrotne oraz tendencyjno$¢ oceny, definiowana jako optymizm i pesymizm, wptywajg na
podatno$¢ zwierzat na przejscie od kontrolowanego uzywania do niekontrolowanego
naduzywania alkoholu. Wykazatam, ze obnizona wrazliwos¢ na pozytywne informacje zwrotne
zwieksza motywacje do poszukiwania alkoholu po doswiadczeniu negatywnych konsekwencji
zwigzanych z tym zachowaniem. Przyspiesza ona rowniez nawrdt zachowan zwigzanych
z poszukiwaniem alkoholu po okresie wymuszonej abstynencji. Ponadto wyniki moich badan
ujawnity, ze u szczuréw zwiekszona wrazliwos¢ na negatywne informacje zwrotne zmniejszata
ich podatnos¢ na rozwdj kompulsywnego poszukiwania alkoholu, utrzymywanego pomimo
ryzyka kary. Cecha ta byta réwniez zwigzana z szybszym wygaszaniem poszukiwania alkoholu,
gdy ten nie byt juz dostepny. W ostatnim badaniu wykazatam, Zze szczury ,pesymistyczne”
spozywaty znacznie wiecej alkoholu niz zwierzeta sklasyfikowane jako ,,optymistyczne”. Jednak
roznice te widoczne byty tylko w sytuacji swobodnego dostepu do alkoholu, a zanikaty
w zadaniach wymagajacych wiekszego zaangazowania poznawczego (tj. podejmowania
decyzji). Uzyskane wyniki sugeruja, ze badane aspekty tendencyjnosci poznawczej moga
przyczyni¢ sie do ustanowienia nowych poznawczych markerdow podatnosci na rozwdj

uzaleznienia od alkoholu.

Whnioski ptyngce z badan stanowigcych podstawe niniejszej pracy doktorskiej
ograniczone sg przez fakt, ze wszystkie opisane wyniki zostaty uzyskane na podstawie
doswiadczen przeprowadzonych jedynie na samcach szczuréw. U ludzi, réznice piciowe we
wzorcach spozywania alkoholu, takich jak czestotliwosc, ilo$¢ czy motywacja do picia, ale tez
rdznice zwigzane z samym metabolizmem etanolu, sg szeroko udokumentowane (Ashley et al.,
1977; King et al., 2003; Diehl et al., 2007; Hartwell & Ray, 2013; Erol & Karpyak, 2015). Istniejgce
badania wskazujg na wystepowanie roznic zaleznych od ptci takze w modelu zwierzecym, m.in.
wykazano, ze samice spozywajg wiecej alkoholu niz samce (Cailhol & Mormede, 2001;
Maldonado-Devincci et al., 2010), a pte¢ moze by¢ takie czynnikiem determinujgcym
skutecznos¢ stosowanej farmakoterapii (Moore & Lynch, 2015; Matzeu et al., 2018). Dlatego

tez okreslenie, czy rozne aspekty tendencyjnosci poznawczej ksztattujg zachowania zwigzane
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ze spozywaniem alkoholu takze u samic oraz czy wzorce tych interakcji sg zalezne od pfci,

wydaje sie wysoce istotnym zadaniem, ktére nalezy uwzglednic¢ w dalszych badaniach.

Jako Ze analiza poziomu mRNA miata charakter przesiewowy, nie pozwolita precyzyjnie
wskaza¢ molekularnych mechanizmow, ktére tgczg tendencyjnosé poznawcza z indywidualng
podatnoscig na przejscie od kontrolowanego uzywania do niekontrolowanego naduzywania
alkoholu. Ponadto sama obserwacja zmian w ekspresji gendw nie dostarcza informacji na temat
dynamiki tych proceséw ani o tym, jak rézne mechanizmy wspdtpracujg ze sobg w czasie,
prowadzgc do okreslonych zachowan. Chociaz cze$é réznic w ekspresji gendw udato sie
zweryfikowac na poziomie biatka (Cieslik-Starkiewicz et al., 2024a; b), nie byto to mozliwe
w przypadku wszystkich transkryptow z uwagi na niedostepnos¢ specyficznych przeciwciat
skierowanym przeciwko badanym biatkom. Dlatego, cho¢ przedstawione powyzej wyniki
stanowig drogowskaz do dalszego poszukiwania molekularnych markeréw indywidualnej
podatnosci na AUD, potrzebne sg dalsze badania, aby w petni zrozumieé¢ mechanizmy lezgce
u podstaw interakcji cech osobowosci z rozwojem uzaleznienia. Takie dalsze, bardziej
szczegdtowe badania mogg juz by¢ skoncentrowane na konkretnych szlakach biologicznych
i wykorzystywac np. genetyczne modele zwierzece pozbawione zidentyfikowanych przez nas

genow lub pomiar poziomu konkretnych neuroprzekaznikow we wskazanych regionach mozgu.
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Abstract

Introduction Alcohol use disorder (AUD) is one of the most common psychiatric disorders and a leading cause of mortal-
ity worldwide. While the pathophysiology underlying AUD is relatively well known, the cognitive mechanisms of an indi-
vidual’s susceptibility to the development of alcohol dependence remain poorly understood. In this study, we investigated the
theoretical claim that sensitivity to positive feedback (PF), as a stable and enduring behavioural trait, can predict individual
susceptibility to the acquisition and maintenance of alcohol-seeking behaviour in rats.

Methods Trait sensitivity to PF was assessed using a series of probabilistic reversal learning tests. The escalation of alcohol
intake in rats was achieved by applying a mix of intermittent free access and instrumental paradigms of alcohol drinking. The
next steps included testing the influence of sensitivity to PF on the acquisition of compulsive alcohol-seeking behaviour in the
seeking-taking punishment task, measuring motivation to seek alcohol, and comparing the speed of extinction and reinstate-
ment of alcohol-seeking after a period of abstinence between rats expressing trait insensitivity and sensitivity to PF. Finally,
trait differences in the level of stress hormones and in the expression of genes and proteins in several brain regions of interest
were measured to identify potential physiological and neuromolecular mechanisms of the observed interactions.

Results We showed that trait sensitivity to PF in rats determines the level of motivation to seek alcohol following the
experience of its negative consequences. They also revealed significant differences between animals classified as insensi-
tive and sensitive to PF in their propensity to reinstate alcohol-seeking behaviours after a period of forced abstinence. The
abovementioned effects were accompanied by differences in blood levels of stress hormones and differences in the cortical
and subcortical expression of genes and proteins related to dopaminergic, serotonergic, and GABAergic neurotransmission.
Conclusion Trait sensitivity to PF can determine the trajectory of alcohol addiction in rats. This effect is, at least partially,
mediated via distributed physiological and molecular changes within cortical and subcortical regions of the brain.

Keywords Feedback Sensitivity - Animal model - Alcohol - Rat

Introduction

Alcohol use disorder (AUD) is a chronic disease that is char-
acterized by gradual escalation of alcohol consumption over
time and a compulsive alcohol-seeking behaviour persisting
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fun-seeking, and higher alcohol intake (Feil and Hasking
2008; Franken and Muris 2006; Loxton and Dawe 2001). On
the other hand, decreased sensitivity to positive reinforce-
ment was associated with the presence of negative affectiv-
ity, resulting in alcohol self-medicating as a way to alleviate
negative emotional states (Heinz et al. 2009; Stewart et al.
2011; Veilleux et al. 2014). While many different approaches
have been used to probe sensitivity to positive reinforce-
ment, very few of them have tested it in the complex cogni-
tive context, and even fewer have allowed for translational
comparisons between humans and animal models.

One of the most effective, ecologically valid, and fully
translational methods of measuring an individual’s sensi-
tivity to positive reinforcement is the assessment of “win-
stay” behaviour in a probabilistic reversal learning (PRL)
task (Cools et al. 2002; Paulus et al. 2002, 2003). The PRL
involves adapting behaviour to changing stimulus-reward
and stimulus-punishment contingencies to maximize reward
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and minimize punishment under conditions of uncertainty
(Rygula et al. 2018). This behavioural paradigm has been
successfully applied in research focused on neurochemical
and neuroanatomical correlates of reinforcement sensitivity
in healthy subjects as well as detecting cognitive deficits
in a wide array of pathological states and animal models
(Rygula et al. 2018). Recent studies from our laboratory
demonstrated that in rodents, sensitivity to positive feedback
(PF) is a stable and enduring behavioural trait (Noworyta-
Sokolowska et al. 2019) that can affect the sensitivity of
rats to the effects of pharmacological treatment (Noworyta
and Rygula 2021). Another study revealed that sensitivity
to negative feedback can determine the propensity of rats to
compulsively drink alcohol (Cieslik et al. 2022).

In the current study, we combined this advanced behav-
ioural technique allowing the determination of sensitivity to
PF in rats as a stable and enduring trait, with the examination
of the impact of this trait on individual susceptibility to the
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«Fig. 1 The experimental schedule and parameters measured in ani-
mals classified as insensitive and sensitive to positive feedback (PF)
and in water- (H,O) and alcohol-drinking (EtOH) groups during
feedback sensitivity screening, intermittent access two-bottle choice
(2BC) sessions, and tests examining alcohol-seeking and taking
behaviours. A To determine the effects of insensitivity/sensitivity to
PF on the transition from controlled use to uncontrollable alcohol
abuse, a cohort of rats was trained and tested in a series of PRL tests,
and based on this “PF sensitivity screening”, each rat was classified
as insensitive or sensitive to PF. The cohort was further divided into
alcohol (EtOH) and water (H,O) drinking groups. To induce alcohol
drinking behaviour and to measure progression in the amount of con-
sumed alcohol, the rats were tested in the 2BC intermittent access
paradigm. Subsequently, following the initial training in the taking
and seeking-taking (ST) tasks, the rats’ motivation to seek alcohol
was measured using the progressive ratio schedule of the reinforce-
ment (PRSR) paradigm. In the next steps, the influence of insensitiv-
ity/sensitivity to PF on alcohol-seeking behaviour was measured in
the instrumental seeking-taking punishment (STP) task, following
which the animals’ motivation to seek alcohol was evaluated again
using PRSR. Following rebaseline measurements of the seeking-
taking behaviour, the effects of trait insensitivity/sensitivity to PF
on alcohol-seeking behaviour were evaluated following termination
of alcohol availability (extinction phase) and following 1 month of
abstinence (reinstatement). At the end of the experiment, the animals
were sacrificed, and the effects of prolonged alcohol consumption and
its withdrawal on gene expression, protein levels, and blood levels
of stress hormones were compared between PF-insensitive and PF-
sensitive animals. B Average proportion of win-stay behaviours fol-
lowing a reward in rats classified as PF-insensitive (light blue circles)
and PF-sensitive (dark blue circles) across all 10 screening Probabil-
istic Reversal Learning (PRL) tests; C Average number of reversals
made by animals classified as PF-insensitive (light blue circles) and
PF-sensitive (dark blue circles) during the 10 screening PRL tests;
D Average daily fluid intake during all 15 2BC sessions in H,O
(white circles) and EtOH (red circles) groups; E Average alcohol
intake (g/kg b.w./24 h) during all 15 2BC sessions in PF-insensitive
(light blue circles) and PF-sensitive (dark blue circles) rats from the
EtOH group. An asterisk indicates a significant (p <0.05) difference
in average (for all rats in the EtOH group) alcohol consumption on
a given 2BC session compared to the first 2BC session; F Average
water intake (g/24 h) during all 15 2BC sessions in PF-insensitive
(light blue circles) and PF-sensitive (dark blue circles) rats from H,O
group; G the effects of PF sensitivity on motivation to seek alcohol.
The break point in the PRSR tests conducted before and after the STP
sessions in rats classified as PF-insensitive (light blue dashed bars)
and PF-sensitive (dark blue dashed bars). A double asterisk indi-
cates a significant (p<0.01) difference between the PF-insensitive
and PF-sensitive groups; H, I daily and averaged number of seeking
responses during 10 ST tests following a 30-day abstinence interval.
A single asterisk indicates a significant (p <0.05) difference between
the PF-insensitive and PF-sensitive groups. Data are presented as the
mean +SEM

acquisition and maintenance of alcohol-seeking behaviour.
The escalation of ethanol intake in rats was achieved by
applying a mix of intermittent free access and instrumen-
tal paradigms of alcohol drinking, such as the intermittent
access two-bottle choice (2BC) (Cieslik et al. 2022) and
seeking-taking (ST) tasks (Giuliano et al. 2018). The next
steps included testing the influence of sensitivity to PF on
the acquisition of compulsive alcohol-seeking behaviour in
the seeking-taking punishment (STP) task and measuring

motivation to seek alcohol in the progressive ratio schedule
of reinforcement (PRSR) task. Finally, we measured how
trait sensitivity to PF affected the extinction and reinstate-
ment of alcohol-seeking after a period of abstinence. To
identify potential physiological and neuromolecular mecha-
nisms of the observed interactions between trait sensitivity
to PF and the acquisition of compulsive alcohol drinking, we
measured trait differences in the levels of stress hormones
and the expression of genes and proteins in several brain
regions of interest.

Materials and methods
Ethical statement

All experiments were conducted in accordance with the
European Union guidelines for the care and use of labora-
tory animals (2010/63/EU). Experimental protocols were
reviewed and approved by the 2nd Local Institutional Ani-
mal Care and Use Committee, Institute of Pharmacology
Polish Academy of Sciences in Krakow. The authors attest
that all efforts were made to minimize the number of animals
used and their suffering.

Subjects and housing

We used 40 male Sprague—Dawley rats (Charles River,
Germany) weighing 176-200 g upon arrival. Rats were
group-housed (four animals per cage) in an enriched envi-
ronment (plastic pipes 25 cm long and wooden blocks)
under controlled temperature (21 +1 °C) and humidity
(40-50%) under a 12-h light/dark cycle (lights on at 7:00
AM). Throughout the experiment, rats were mildly food
restricted to 85% of their free-feeding weight (according
to the normal growth curve recommended by the labora-
tory rodent supplier—Charles River Research Models and
Services Catalogue) by providing 15 g of food pellet/rat/
day (standard laboratory chow). Water was always available
ad libitum. All behavioural procedures were performed dur-
ing the light phase of the light/dark cycle.

Experimental apparatus

The PRL tests were conducted in operant conditioning
chambers (Med Associates; St Albans, Vermont, USA)
enclosed within a sound-attenuating box. Each chamber was
equipped with a fan, house light, speaker, a food dispenser
set to deliver a sucrose pellet (Dustless Precision Pellets,
45 mg; Bio-Serv, New Jersey, USA), fluid receptacle, and
two retractable levers located at the sides of the feeder.
Tests examining alcohol-seeking and taking behaviours
were conducted in the same operant chambers, except that
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the levers were located on the wall opposite to the liquid
dispenser, to create a new experimental environment that
would not interfere with habits the animals acquired during
sensitivity screening.

Experimental schedule

The experimental schedule is summarized in Fig. 1A.
Measuring sensitivity to PF using the PRL test
Initial training

During the initial stage of training, one of the levers (left/
right levers counterbalanced) was extended. Each press on
this lever resulted in sugar pellet delivery, with a fixed ratio 1
(FR1) schedule of reinforcement. After each press, the lever
retracted for 3 s (inter-trial interval (ITI)) before the next
trial began. If the lever was not pressed within 10 s, it was
considered an omission. The criterion of less than 20% omis-
sions had to be met before progressing to the second stage
of the training. There was no pre-determined limit on the
number of trials, and each training session lasted for 30 min.

The second stage of training involved random presenta-
tions of either the left or right lever. The rats were required
to press each lever at least 30 times within 30-min training
session. To avoid side bias during the PRL task, animals
had to respond with similar frequency on both levers. This
was achieved by ensuring that they made less than 7.5%
omissions on each lever (i.e., less than 15% total omissions
but equally distributed between the levers) for 3 consecutive
training days. Once this criterion was met, the animals were
ready to be tested in the PRL procedure.

PRL training

Each training session consisted of 200 trials, of which each
lasted for a maximum of 22 s. The start of a trial was sig-
nalled by the house light, which remained on until the end
of the trial. Two seconds after the trial started, both levers
were presented, and one of them was randomly assigned as
the “correct” lever, which delivered a reward (one sucrose
pellet) 80% of the times it was pressed. Pressing on this
lever was followed by 5 s ITI. A press on the other, “incor-
rect” lever would result in a rewarding outcome only 20%
of the times it was pressed. A failure to respond within 10 s
triggered the 5 s ITI and was counted as an omission. Dur-
ing the ITI, both levers were retracted, and the house light
was turned off. The same ITI directly followed a punishing
outcome i.e. no reward on 20% of the “correct” and 80% of
the “incorrect” lever presses. The use of probabilistic rein-
forcement increased the complexity of the task in such a way
that the information from any given choice was insufficient
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to guide future behaviour, and subjects must engage cogni-
tive functions to track the reward history for both stimuli
to determine the stimulus that was more beneficial overall.

After every 8 consecutive “correct” lever presses
(regardless of the outcome), the criterion for the reversal
of the outcome probabilities was reached. The previously
“correct” lever now became “incorrect” and vice versa.
This pattern was followed until the end of the session. The
PRL training phase was repeated daily until the individual
animals achieved sufficient performance levels. The cri-
teria to be met were a minimum of 3 reversals completed
during 3 consecutive training sessions, with less than 15%
omissions per session.

Parameters measured in the PRL test

To measure rats’ sensitivity to PF, all rewarded out-
comes (true and misleading) followed by a decision to
stay with the lever that delivered them (win-stays) were
counted jointly for the “correct” and “incorrect” levers
and expressed as a ratio of all rewarded outcomes on that
lever. Additionally, the number of reversals completed
during the experimental session served as a measure of
the general performance of the animals on the task and as
a measure of cognitive flexibility.

PF sensitivity screening

After achieving a stable performance in the PRL (a mini-
mum of 3 reversals and less than 15% omissions in three
consecutive sessions), the rats were tested in 10 consecutive
PRL tests conducted over 10 consecutive days. Based on
this “PF sensitivity screening”, the animals were divided
into PF-insensitive and PF-sensitive groups using a median
split. The division was made based on the average ratio of
pressing the same lever (win-stays) following both true and
misleading rewards across all 10 screening tests.

Intermittent access to alcohol in the 2BC paradigm

To induce drinking behaviour and to determine the level of
alcohol consumption in the EtOH group, 15 sessions of the
2BC procedure were conducted every second day. During
the 2BC tests, animals were separated into individual cages
for 24 h, where they were presented with either one bottle
of 10% EtOH (w/w) and one bottle of water or two bot-
tles of water for the EtOH and H,O groups, respectively. To
avoid potential effects of side preferences in drinking, the
position of the bottles was changed after 12 h. The bottles
were weighed before and after each session to determine
total fluid intake for both groups (g/24 h) and alcohol con-
sumption in the EtOH group (g EtOH/kg of body weight
(b.w.)/24 h). The volume of liquids consumed was calculated
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as the difference in bottle weights at the beginning and the
end of each session, subtracting the volume lost due to drip-
ping from bottles on an empty cage.

Acquisition of alcohol-seeking behaviour: taking
task

The rats were trained to associate the pressing of the tak-
ing lever with the alcohol or water (in the case of water
drinking control groups) delivery under a FR1 schedule
of reinforcement. Each trial started with the insertion of
the randomly assigned taking lever and a house light on
(left/right levers counterbalanced). Pressing on the lever
resulted in dipper presentation on the opposite side of the
box, delivery of 0.1 ml of 15% EtOH (w/w) or water for
the EtOH and H,O groups, respectively, and simultaneous
retraction of the taking lever. No response in 10 s triggered
the 10 s ITT and was counted as an omission. Regardless of
the result, each trial was followed by an ITI during which
the levers were retracted and alcohol/water was not avail-
able. Rats were limited to a maximum of 60 rewards for a
30-min training session. After achieving the performance
criterion of a minimum of 20 taking responses in three con-
secutive sessions, the animals were shifted to the ST task.

Acquisition of alcohol-seeking behaviour: ST task

During this task, each trial started with the insertion of the
seeking lever, opposite to the randomly assigned taking
lever, which remained retracted. The seeking lever response
started the randomly applied interval of 1 to 15 s (RI 1-15 s),
after which the taking lever was extended. Pressing of the
taking lever under FR1 resulted in the presentation of the
dipper on the opposite side of the box, delivery of 0.1 ml
of 15% EtOH (w/w), and simultaneous retraction of both
levers. Each trial was followed by a 10-s ITI during which
both levers were retracted and alcohol was not available. If
the animal did not press the seeking lever, the lever remained
extended until the end of the session. Rats were limited to
a maximum of 100 rewards for 45 min sessions. When ani-
mals performed a minimum of 20 responses in 3 consecutive
sessions, their motivation to seek alcohol was tested in the
PRSR task.

Measuring motivation to seek alcohol using
the PRSR

Each trial started with the extension of the seeking lever,
pressing on which resulted in taking lever extension after
RI 1-15 s. The number of seeking lever presses required to
produce this effect increased progressively with each suc-
cessive taking lever response and EtOH delivery. The steps
of the exponential progression used in our study were the

same as those previously developed by Roberts and Bennet
(Roberts and Bennett 1993) and previously used by Rygula
and colleagues (Rygula et al. 2015b) and were based on the
following equation: response ratio = (5eX(0.2 X taking lever
response number)) — 5, rounded to the nearest integer. Thus,
the values of the steps were 1, 2, 4, 6, 9, 12, 15, 20, 25, 32,
40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492,
603, etc. Each trial was followed by 10 s ITI when both
levers were retracted. Sessions lasted 30 min. The maximum
number of lever presses a subject was willing to exert to
obtain a reward was referred to as break point and served as
the measure of motivation for alcohol.

Acquisition of alcohol-seeking behaviour: STP task

After the PRSR test, we measured the persistence of seeking
behaviour in the face of aversive consequences using the
STP task. In this paradigm, each trial started as described
for the ST task, with the insertion of the seeking lever.
Seeking lever response resulted either in a 1 s electric shock
(0.10-0.50 mA), administered through a grid floor, or the
extension of the taking lever after a random interval (RI
1-15 s). During each session, rats were limited to a maxi-
mum of 25 trials, of which 17 (70%) were reinforced by
EtOH delivery following the lever response, and 8 (30%)
were punished with foot shock. The intensity of the shock
increased in daily sessions according to the following pat-
tern: 0.10, 0.20, 0.30, 0.30, 0.40, 0.40, 0.50, and 0.50 mA.
Although punishment occurred randomly in each session,
never more than two consecutive trials resulted in a foot
shock, and the first trial of the session was always reinforced.
Upon completion of the STP task, rats were challenged again
in the PRSR test and rebaselined in 5 ST test sessions.

Extinction and reinstatement of alcohol-seeking
and taking behaviours

After the rebaseline procedure, all animals underwent
between 5 and 20 (AVG =12) daily 15 min extinction ses-
sions, during which the seeking lever response under RI
1-15 s resulted in taking lever extension; however, the tak-
ing lever presses had no programmed consequences, and
alcohol was not available. After reaching the extinction cri-
terion (less than 5 seeking responses in 3 consecutive ses-
sions), the rats were alcohol deprived and not tested for the
following 30 days. This abstinence interval was chosen to
more naturally reflect condition of relapse in humans after a
longer period of time (Moe et al. 2022).

After 30 days of abstinence, the rats underwent a series of
ST tests to measure how quickly they reinstate their alcohol-
seeking behaviour and bring their performance up to the
basal level. The animals were tested until they reached the
criterion of an average number of seeking responses from 5
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tests equal to or higher than the average number of seeking
responses from the 5 rebaseline ST tests.

Tissue collection

At the end of the behavioural part of the experiment, the sac-
rificed rats were decapitated, and 5 brain structures were col-
lected for biochemical analyses: 3 cortical (medial prefrontal
cortex (mPFC), anterior cingulate (ACC), and orbitofrontal
cortex (OFC)) and 2 subcortical areas (nucleus accumbens
(Nacc) and amygdala (Amy)). All the above-mentioned brain
areas have been previously demonstrated to be involved in
the mediation of sensitivity to feedback (Clarke et al. 2014;
Cools et al. 2002, 2009; Cservenka 2016; Dalton et al. 2014;
Golebiowska and Rygula 2017b). Tissue was taken based
on the “Rat Brain Atlas” of Paxinos & Watson (Paxinos and
Watson 1998) and according to Achterberg and colleagues
(Achterberg et al. 2015). The structures were frozen on dry
ice and stored at — 70° C for further analysis.

Gene selection

The effects of trait sensitivity to PF and alcohol drinking on
gene expression within selected brain regions were assessed
using TagMan Low Density Arrays (TLDA, described
below). The predesigned TLDA allowed for the screening
of 32 genes (29 candidate genes, 2 reference genes, and 1
endogenous gene control), which were potentially involved
in mediating the effects of PF on alcohol-seeking and drink-
ing in rats. Based on an extensive literature search and analy-
sis of the effects of various genetic and pharmacological
manipulations on sensitivity to feedback, 4 groups of genes
were chosen. (1) Genes involved in the functioning and regu-
lation of the serotonin (5-HT) system (e.g., serotonin recep-
tors: 5S-HT1A, 5-HT2A, serotonin transporter (SERT) and
tryptophan hydroxylase). Indeed, it has been demonstrated
in humans (Chamberlain et al. 2006; Cools et al. 2008; den
Ouden Hanneke et al. 2013), nonhuman primates (Rygula
et al. 2015a) and rodents (Bari et al. 2010; Golebiowska
and Rygula 2017a; Ineichen et al. 2012; Rygula et al. 2014)
that acute and permanent manipulations of the activity of
the 5-HT system affect sensitivity to feedback. (2) Because,
along with 5-HT, dopamine (DA) is the second neurotrans-
mitter critically implicated in learning from feedback (Cools
et al. 2009; Klein et al. 2007; Pessiglione et al. 2006), the
second group of screened genes was chosen among those
involved in dopaminergic neurotransmission (e.g., dopa-
mine receptors: D1, D2, D4, dopamine transporter (DAT),
tyrosine hydroxylase, monoaminooxidase (MAO) A and B,
and catechol-O-methyltransferase (COMT)). (3) Because
changes in brain DA neurotransmission often result from
secondary neuroadaptations in other neurotransmitter sys-
tems, such as glutamate (Kauer and Malenka 2007) and
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y-aminobutyiric acid (GABA) (Volkow et al. 2010), genes
associated with these 2 neurotransmitter systems, e.g., the
ionotropic glutamate receptors NMDA and AMPA, the
metabotropic glutamate receptors mGLU2, mGLU3, and
mGLUS, glutamate decarboxylase (GAD), and GABAA and
GABAB receptors, constituted the third analyzed group. (4)
The fourth group included genes involved in EtOH metabo-
lism, such as catalase and alcohol dehydrogenase (Hipolito
et al. 2007). (5) Last but not least, ribosomal protein L.32
(Rpl32) and peptidylprolyl isomerase A (Ppia) were used as
reference genes as described previously (Gaska et al. 2012).

Isolation of RNA from the brain structures

Total RNA was isolated from collected tissues using the
RNeasy Plus Mini Kit (Qiagen, Germantown, MD, US)
according to the manufacturer’s instructions. The samples
(8-11 per group) were homogenized with 600 ul of RTL
Plus buffer with -mercaptoethanol for 4 min at 50 Hz with
TissueLyser LT (Qiagen, Germantown, MD, US). Then,
gDNA Eliminator spin columns were used. Then, 600 pl of
70% ethanol was added to each sample and transferred to
the RNeasy spin column. After washing the column, 30 pl
of RNase-free water was added to the column for RNA elu-
tion. The quality and quantity of the isolated total RNA
were evaluated by a NanoDrop ND-1000 (Thermo Fisher
Scientific) and an Experion microcapillary electrophoresis
system (Bio-Rad, Hercules, California, USA). Samples that
passed the quality threshold (RIN > 8.0) were used for fur-
ther experiments.

Isolation of protein from the brain structures

During RNA isolation, the protein was obtained using the
cold acetone precipitation method. For this, 800 ul of cold
acetone was added to 100 pl of flow-through acquired after
RNA binding to the RNeasy spin column. The protein was
precipitated for 1.5 h at -20 °C and centrifuged for 15 min
at 14,000 rpm at 4 °C. The pellet was dissolved in a buffer
containing 7 M urea, 2 M thiourea, 40 mM Tris, 4% CHAPS,
65 mM DTT, and protease inhibitor cocktail (Thermo Fisher
Scientific) and stored at — 20 °C for future analysis.

Determination of mRNA expression by TagMan gene
expression array cards

The isolated RNAs were used to synthesize cDNA tran-
scripts according to the manufacturer’s protocol of the
High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). The amount of RNA was equalized for
all samples depending on the structure. The obtained cDNA
was mixed with TagMan Universal PCR Master Mix, No
AmpErase UNG (Thermo Fisher Scientific) to perform the
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RT-qPCRs. qPCRs were carried out simultaneously using
Custom TagMan Gene Expression Array Cards (Thermo
Fisher Scientific). The 29 genes that are potentially involved
in the mediation of the effects of feedback sensitivity and
alcohol-seeking and drinking in rats were placed on one
Array Card. One Array Card was used to examine the mRNA
expression of four samples in triplicate. The RT-qPCRs were
run on a QuantStudio 12 K Flex System (Applied Biosys-
tems, Waltham, Massachusetts, US). Data were further
analysed with QuantStudio 12 K Flex Software (Applied
Biosystems). A Ct value above 34 was considered unde-
tectable. The same threshold equal to 0.20 was set for all
samples for comparison. Then, the data were analysed with
qBasePLUS 3.1 software (Biogazelle, Zwijnaarde, Belgium)
(Hellemans et al. 2007), which uses a generalized model of
the delta-delta-Ct approach, thereby supporting the use of
gene specific amplification efficiencies and normalization
with multiple reference genes. Rpl32 and Ppia were selected
for normalization.

Western blot analysis

The concentration of proteins was determined using the
Bradford Reagent (Sigma—Aldrich, Saint Louis, MO, USA)
following the manufacturer’s protocol. Equal concentra-
tions of proteins were mixed with 4X Bolt® LDS Sample
Buffer (Invitrogen, Waltham, MA, USA) and 10X Bolt®
Sample Reducing Agent (Invitrogen) and then denatured at
70 °C for 10 min. Samples were separated on Bolt™ 4-12%
Bis—Tris Plus Gels (Invitrogen) under reducing conditions
in 20X Bolt® MES SDS Running Buffer (Invitrogen),
incubated in 20% ethanol for 10 min, and transferred to
immunoblot nitrocellulose membranes (iBlot® 2 Transfer
Stacks, nitrocellulose, Invitrogen, Waltham, MA, USA)
in accordance with the manufacturer’s protocol. Primary
and secondary antibodies were suspended in an iBind™
Solution Kit followed by membrane incubation on iBind™
Cards using the iBind™ Western Device (SLF1000, Inv-
itrogen, Waltham, MA, USA) for 2.5 h or overnight. The
following concentrations of primary antibodies were used
to determine protein levels: 1:200 for MAO-B (mouse, cat.
number: sc-515354; Santa Cruz Biotechnology), 1:2000 for
ADHI (rabbit, cat. number PAS- 8730, Invitrogen), 1:1000
for DRDI (rat, cat. number: D2944, Sigma—Aldrich), 1:50
for GABABR2 (mouse, cat. number: sc-393286, Santa Cruz
Biotechnology), 1:2000 for 5-HT1A (rabbit, cat number:
PAS-77,745 Invitrogen), 1:1000 for 5-HT2A (rabbit, cat.
number: ab216959, Abcam), 1:1000 for 5-HT3A (rabbit,
cat. number: bs-2126R Bioss antibodies), 1:200 for CAT
(mouse, cat. number: sc-271803) and 1:2000 for SERT (rab-
bit, cat. number: PA5-80,032, Invitrogen). The secondary
anti-mouse (cat. number: A9044, Sigma Aldrich) and anti-
rabbit (cat. number: ab6721, Abcam) antibodies were used

at concentrations of 1:20 000. Anti-rat antibodies were used
at a concentration of 1:1000 (cat. number: HAF005, Bio-
techne). As a loading control, f-actin (monoclonal anti-p-
actin antibody produced in mouse, A5441, Sigma—Aldrich,
Saint Louis, MO, USA) was applied at a concentration of
1:20 000, and its corresponding secondary antibody (anti-
mouse IgG, A9044, Sigma—Aldrich, Saint Louis, MO, USA)
was applied at a concentration of 1:20 000. The electropho-
retic bands were detected using the Clarity™ Western ECL
Substrate (Bio-Rad, Hercules, CA, USA) and FUJIFILM
LAS-4000 (Fujifilm Life Science, USA) device. Blot anal-
ysis was performed using ImageJ 1.53e software (Wayne
Rusband and NIH, USA). Due to limited gel spots, a mini-
mum of three samples from different groups were included
in each blot.

Measurement of blood stress hormone levels

To assess whether trait sensitivity to PF interacts with the
effects of prolonged alcohol consumption on the level of
stress hormones, on the day after the last behavioural pro-
cedure (between 09:00 am and 12:00 pm), the rats from the
EtOH and H,O groups were sacrificed and tested for blood
concentrations of adrenocorticotropic hormone (ACTH)
and corticosterone (CORT) using a Merck Rat Stress Hor-
mone Magnetic Bead Panel. For all animals, the blood
was collected, after clotting, centrifuged at 1500 X g at
4 °C for 10 min. The obtained serum was stored at — 80 °C
and analysed for ACTH and corticosterone concentrations
according to the manufacturer’s instructions.

Statistics

The data were analysed using SPSS (version 25.0, SPSS
Inc., Chicago, IL, USA). The normality of the sensitiv-
ity to feedback data was verified using the Kolmogo-
rov—Smirnov test. Nonparametric data were normalized
by square rooting and, where appropriate, removing outli-
ers. The physiological and molecular data were analysed
using 2-way ANOVA. When the data could not be normal-
ized, the Kruskall Wallis test was used. The screening,
2BC, ST, STP, extinction, and reinstatement data were
analysed using two-way repeated-measures ANOVAs
with the within-subject factor of test day/session and the
between-subject factor of sensitivity to PF.

The differences between the PF-insensitive and PF-
sensitive groups of rats in the average quantity of alcohol
consumed and the number of tests needed to achieve extinc-
tion and reinstatement criteria were analysed using t tests or,
for nonparametric data, using Mann— Whitney U tests. For
pairwise comparisons, we adjusted the values using Sidak’s
correction for multiple comparisons (Howell 1997). All
tests of significance were performed at @ =0.05. We tested
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the homogeneity of variance using Levene’s test, and for
repeated-measures analyses, we confirmed sphericity using
Mauchly’s test. The data are presented as the mean + SEM.

Results
PRL training and testing

All animals fulfilled the PRL training criteria and quali-
fied for PRL screening. On average, the animals reached
the criteria after 6.78 +0.42 PRL tests. The PF-insensitive/
PF-sensitive rats did not differ significantly in the number
of PRL tests needed to reach the criterion (Mann— Whitney:
p=0.631, Figure S1).

PF sensitivity screening

The average proportion of win-stay behaviours in the ani-
mals classified as PF-insensitive (N=20) ranged from 0.662
to 0.738, with an average of 0.706 +0.005. The average pro-
portion of win-stay behaviours in the animals classified as
PF-sensitive (N=20) ranged from 0.745 to 0.892, with an
average of 0.806+0.011. The difference in sensitivity to
PF between both subgroups (F(; 35)=70.90, p <0.001) was
stable across the screening period (not significant effect of
screening day (Fg345)=1.369, p=0.201) and not signifi-
cant sensitivity X screening day interaction (F g 34,y =1.021,
p=0.422)). The average number of reversals made by
the animals classified as PF-insensitive was significantly
lower than that for animals classified as PF-sensitive
(F(1.35y=35.800, p<0.001). This difference in the reversal
performance between both subgroups was stable across the
screening period (not significant effect of screening day
(F(9.342)=0.555, p=0.833) and not significant sensitiv-
ity X screening day interaction (F g 345, =0.617, p=0.782)).
Individual data (proportion of win-stay and reversal perfor-
mance across all 10 screening PRL tests) of all 40 animals
are presented in figures S2A and S2B respectively.

As only 15 out of the 20 EtOH rats achieved the criteria
of taking and ST tests (described in the next sections), and
19 out of the 20 H2O rats (because of the mistake in the
treatment) were analysed further, the screening data for these
34 animals were as follows:

The average proportion of win-stay behaviours in the
animals classified as PF-insensitive (N=16) ranged from
0.662 to 0.738, with an average of 0.705+0.007. The aver-
age proportion of win- stay behaviours in the animals clas-
sified as PF-sensitive (N=18) ranged from 0.745 to 0.892,
with an average of 0.805+0.012. The difference in sensitiv-
ity to PF between both subgroups (F; 3,)=51.61, p<0.001;
Fig. 1B) was stable across the screening period (not sig-
nificant effect of screening day (F(q,g5)=1.449, p=0.167)
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and not significant sensitivity X screening day interaction
(Fga88)=1.188, p=0.302)).

The average number of reversals made by the animals
classified as PF-insensitive was significantly lower than
that for animals classified as PF-sensitive (F, 35, =27.27,
p <0.001; Fig. 1C). This difference in the reversal per-
formance between both subgroups was stable across the
screening period (not significant effect of screening day
(F(9.288)=0.494, p=0.878) and not significant sensitiv-
ity X screening day interaction (Fg 554y =0.778, p=0.637)).

Cohort division

Based on PF sensitivity screening, the animals were clas-
sified into two groups: PF-insensitive (N=20) and PF-
sensitive (N=20). Then, according to the applied treat-
ment, they were further randomly divided into four
subgroups: EtOHPF-insensitive (N= 9)’ EtOHPF-sensitive (N: 1 1)’
HZOPF—insensitive (N= 11)’ and HZOPF—sensitive (N= 9) animals.

Because, as mentioned above, only 34 out of 40 initially
trained animals completed all experimental procedures, ulti-
mately, the groups analyzed in the present experiment were
as follows: EtOHPF—insenSilive (N= 5)’ EtOHPF—sensitive (N= 10)’
HzoPF—insensitive (N= 1 1)’ and HzOPF—sensitive (N= 8) animals.

Induction of drinking behaviour

During the 15 2BC sessions, rats from the EtOH group
consumed more fluids than their conspecifics from the H,O
group (significant main effect of treatment (F; 35,=11.000,
p=0.002); Fig. 1D). Moreover, they significantly (p <0.05)
increased their alcohol intake with an average from the first
test of 3.47 +0.58, reaching an average of 5.20+0.32 g/
kg/24 h in the last session (significant main effect of ses-
sion (F(14 157,=2.613, p=0.002, Fig. 1E). We did not
observe significant differences in alcohol consumption
between PF-insensitive/PF-sensitive animals (nonsignifi-
cant effect of sensitivity (F(; 3,=0.103, p=0.329), non-
significant session X sensitivity interaction (F(y,, 57,=0.456,
p=0.953, Fig. 1E). There was no significant difference in
water consumption between PF-insensitive/PF-sensitive
rats from the H,O group (nonsignificant sensitivity effect
(F4,17)=0.573, p=0.460; no sensitivity X session interac-
tion (F 14 234)=0.805, p=0.663, Fig. 1F)).

One rat from the control group (PF-sensitive) was
removed from the analysis and further experiments due to
a mistake in the applied treatment. As only 15 out of the 20
rats achieved the criteria of taking and ST tests described
in the next section, only these 15 animals were analysed
regarding their consumption of alcohol in 2BC sessions and
subsequent experimental steps.



Psychopharmacology

Acquisition of alcohol-seeking behaviour in rats

In the next step, the animals from the EtOH and H,O groups
were trained to associate the pressing of the taking lever
with the alcohol or water delivery under FR1. As mentioned
above, only 15 out of the 20 rats from the EtOH group
achieved the criteria for taking and ST tests. None of the
rats from the H,O group met the criteria.

After reaching the ST criterion, the rats were tested in
the STP task. As the shock intensity increased from 0.10
to 0.50 mA during consecutive sessions, all rats gradually
decreased the number of trials completed compared to the
initial session (main shock intensity effect (F; 9;,=15.990,
p <0.001, Figure S3A). We did not observe significant dif-
ferences in the number of trials completed between the PF-
insensitive and PF-sensitive groups of rats (nonsignificant
effect of sensitivity to PF (F(; 3,=0.011, p=0.919) and
nonsignificant sensitivity to PF X shock intensity interaction
(Fg, 104y=0.471, p=0.853)).

Motivation to seek alcohol before and after the
introduction of punishment

Additionally, to measure the impact of punishment in the
STP task on rats’ motivation for alcohol-seeking, we con-
ducted two PRSR tests. In the first one, executed before STP
tests, the rats’ average break point was 18.33 +1.66, while
in the second one, performed after the STP test, the average
break point was 15.67 +3.36.

PF sensitivity had no significant effect on the break
point of rats tested before the STP. Interestingly, how-
ever, the animals classified as PF-insensitive reached a
significantly higher break point during the PRSR test per-
formed after the STP tests than their PF-sensitive con-
specifics (significant sensitivity effect (F(; ,3,=8.532,
p=0.012) and significant sensitivity X test interaction
(F(1.13=06.185, p=0.027); Fig. 1G).

Extinction and reinstatement of alcohol-seeking
behaviour

After the second PRSR test, all animals underwent 5 addi-
tional ST tests. Following the rebaseline, rats were tested
under ST extinction conditions, during which alcohol was
not available. The number of sessions needed to achieve the
extinction criterion ranged from 5 to 20, with an average of
12.07 £ 1.29. Sensitivity to PF had no significant impact on
the length of extinction (t test; p=0.808, Figure S3B).

The effects of PF sensitivity on the reinstatement of
alcohol-seeking were assessed following 30 days of forced
abstinence. Throughout 10 tests, most of the animals rein-
stated their preextinction level of seeking responses. PF-
sensitive animals showed a significantly lower number of

seeking responses, with an average of 34.18 +6.00, than PF-
insensitive rats, with an average of 57.96 +5.44 (main effect
of sensitivity (F(L 13)=6.4OO, p=0.025, Fig. 1H, I) and a
nonsignificant sensitivity X test interaction (Fg 1,7,=0.403,
p=0.931). There was no significant difference in the num-
ber of tests needed to achieve the criterion between the PF-
insensitive and PF-sensitive groups (Mann—Whitney test,
p=0.445). Two animals (PF-sensitive) did not meet the
reinstatement criterion.

The effects of PF sensitivity and alcohol
consumption on gene expression levels

Statistical analysis of the effects of trait sensitivity to PF
on the expression of genes revealed statistically significant
intergroup differences in all investigated regions of interest
except the OFC. In the ACC, the mRNA level was higher
in the PF-insensitive rats compared to their PF-sensitive
conspecifics, for Drdl (F a, 29)=4.556, p=0.041), Grial
(F (1,30)=4.809, p=0.036), and Htr3a (F (; 30,=5.855,
p=0.022) (Fig. 2A); in the mPFC for Cat (F | 3p,=9.431,
p=0.005) (Fig. 2B) and in the Amy for Maob (F
(1. 28)=5.804, p=0.023) (Fig. 2C). In the Nacc, the mRNA
level was higher in PF-insensitive animals for Gabbr2 (F
(1,29)=6.557,p=0.016), Grm2 (F | ,9,=4.863, p=0.036),
Htrla (F (; 30, =6.452, p=0.017), Htr2a (F (| 30,=4.367,
p=0.045), Npy (F | 30,=10.02, p=0.004), and Slc6a3 (F
(1.30)=93.166, p=0.030) (Fig. 2E).

The analysis also revealed significant interactions
between the effects of trait sensitivity to PF and alcohol
drinking on the expression of Adhl (F (1, 29)=5.048,
p=0.032) in mPFC and Gabbrl (F ; ,7,=9.466, p=0.005)
in the Amy with mRNA level higher in EtOHpg i censitive
group Compared to HZOPF-insensitive and to EtOHPF—sensitive
groups (Fig. 2B, C). For Tph2 (F (| ,5,=4.732, p=0.033),
and Drd2 (F (; ,4)=6.200, p=0.019) in the Amy, and
for Htr2a, (F (;, 30y=4.606, p=0.040), and Slc6a4 (F
(1,29=4.977, p=0.034) in the Nacc,the mRNA level was
higher in HZOPF—insensitive animals Compared to HZOPF—sensitive
and EtOHpp j,censitive groups (Fig. 2C, E). We also revealed
significant intergroup differences in the Adhl expression
within the OFC (Kruskal—Wallis test: p=0.038).

The significant effects of alcohol drinking (treat-
ment) were observed, with mRNA level higher in the
EtOH group compared to H,O-drinking ones, for Comt
(F (1,30)=5.223, p=0.030) and Maoa (F | ,9=4.732,
p=0.038) in the ACC (Fig. 2A), for Adhl (F (j 59,=5.072,
p=0.032), Cat (F 4 30,=7.312, p=0.011) and Comt (F
«1.30)= 18.320, p<0.001) in the mPFC (Fig. 2B), for Gadl
(F (1, 28=4.338, p=0.047) and Drd2 (F (| 55 =5.092,
p=0.032) in the Amy (Fig. 2C), for Cat (F (| 30,=5.351,
p=0.028), Gad2 (F ( 33,=6.329, p=0.018) and Hirla
(F (1,30)=6.362, p=0.017) in the OFC (Fig. 2D), and for
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Fig.2 Molecular and physiological differences associated with high
and low sensitivity to positive feedback (PF) and alcohol drinking in
rats. A—E Heatmaps and bar graphs demonstrating statistically sig-
nificant differences in the relative normalized expression of the genes
of interest in PF-insensitive (light blue bars) and PF-sensitive animals
(dark blue bars) belonging to H,O (open bars) and EtOH (dashed
bars) drinking groups in A anterior cingulate cortex (ACC), B medial
prefrontal cortex (mPFC), C amygdala (Amy), D orbitofrontal cortex
(OFC), and E nucleus accumbens (Nacc). A single asterisk indicates
significant (p<0.05) difference between PF-insensitive and PF-sen-
sitive groups. # indicates a significant (p <0.05) difference between
the EtOH and H,O groups. F Venn diagram illustrating genes altered
by sensitivity to PF and/or treatment in the brain structures studied
using a TagMan Array Card. G-J Protein to p-actin ratio for proteins
selected based on the gene expression analysis in PF-insensitive (light

Adhl (F 1 ,7,=38.590, p=0.007) in the Nacc (Fig. 2E). For
Slc6ad (F (1 29,=6.895, p=0.014) in the Nacc the mRNA
level was lower in the EtOH-drinking rats compared to the
H,O-drinking ones (Fig. 2E).

The results of statistical analysis of the effects of trait
sensitivity to PF and its interactions with alcohol drinking
on the expression of all investigated genes in all inves-
tigated brain regions are demonstrated in Table S1. The
genes with significantly different expression in the inves-
tigated regions of interest are additionally presented in a
Venn diagram (Fig. 2F).
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blue bars) and PF-sensitive animals (dark blue bars) belonging to
H,0 (open bars) and EtOH (dashed bars) groups in G mPFC, H Amy,
I OFC, and J Nacc; A single asterisk indicates significant (p <0.05)
difference between PF-insensitive and PF-sensitive groups. A number
sign indicates significant (p <0.05) difference between PF-sensitive
animals belonging to H,O and EtOH groups. K) Blood ACTH con-
centration in PF-insensitive (light blue bars) and PF-sensitive (dark
blue bars) animals in EtOH (dashed bars), and H,O groups (open
bars). A single asterisk indicates a significant (p <0.05) difference
between EtOH and H,O groups. A number sign indicates a signifi-
cant (p <0.05) difference between the PF-insensitive and PF-sensitive
groups. L) Blood corticosterone concentration in PF-insensitive (light
blue bars) and PF-sensitive animals (dark blue bars) in the EtOH
(dashed bars) and H,O groups (open bars). Data are presented as the
mean + SEM

To determine how various RNA expression levels
affect protein levels, we performed Western blot analy-
ses on protein products identified by TagMan Gene
Expression Array cards. Statistical analysis of the effects
of trait sensitivity to PF on the protein levels revealed
statistically significant intergroup differences, with
the level of GABA-B receptor subunit 2 (GABABR2,
gene: Gabbr2) (F( ,4,=5.422, p=0.027) and seroto-
nin receptor 2A (5-HT2A, gene: Htr2a) (F; 35,=6.689,
p=0.015) higher in PF-sensitive rats compared to PF-
insensitive group in the Nacc (Fig. 2J).
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The analysis also revealed significant interactions
between the effects of trait sensitivity to PF and alcohol
drinking on the expression of monoamine oxidase B (MAO-
B, gene: Maob) (F(1,31):7.650, p=0.010; Fig. 2H) in the
Amy, with protein level higher in the EtOHpg_ (. qitive COM-
pared to HyOpg_gepgitive 2rOUP-

The effect of alcohol consumption itself (treatment)
was statistically significant for alcohol dehydrogenase 1
(ADHLI, gene: Adhl) in the mPFC (F; ,9,=9.059, p=0.005;
Fig. 2G), OFC (F; 30,=4.753, p=0.037; Fig. 2I) and Nacc
(F(1,30)=7.287, p=0.011; Fig. 2J) with the protein level
higher in the EtOH group compared to the H,O rats.

The table with the results of statistical analysis of the
effects of trait sensitivity to PF and its interactions with alco-
hol drinking on levels of selected proteins, the expression of
which was significantly affected by PF and/or alcohol drink-
ing in all investigated brain regions (Table S2) and original
western blot images used for quantification of protein levels
are included in Supplemental material.

The effects of PF sensitivity and alcohol
consumption on stress hormone levels

After the reinstatement of alcohol-seeking and taking,
all animals were sacrificed and tested for stress hormone
levels in the blood. Analysis of the ACTH level data
revealed a significant treatment X PF sensitivity interac-
tion (F (1 59)=9.132, p=0.005) with nonsignificant effects
of treatment (F(; ,9,=0.325, p=0.573) and sensitivity
(F(l, 20)= 1.014, p=0.322; Fig. 2K). The ACTH level in
the HyO prinsensitive ZrOUp Was significantly lower than that
in the EtOH pg_ jyensitive group (P =0-044). Additionally, in
the EtOH group, the ACTH level in PF-sensitive rats was
significantly lower than that in their PF-insensitive conspe-
cifics (p=0.027). There were no statistically significant
differences (p =0.237) between the PF-insensitive and PF-
sensitive animals in the H,O group.

Analysis of the corticosterone level data (Fig. 2L)
revealed statistically nonsignificant but observable at the
level of statistical trend, higher blood concentrations of cor-
ticosterone in PF-insensitive groups of animals compared
to their PF-sensitive conspecifics (effect of PF sensitivity
F(y.25y=3.378, p=0.078) regardless of the treatment (non-
significant effect of treatment (F; ,5 =1.457, p=0.239)
and nonsignificant treatment X sensitivity interaction
(F(1.25y=1.929, p=0.177).

Discussion
The results of the present study showed that trait sensitivity

to PF in rats determines the level of motivation to seek alco-
hol following the experience of its negative consequences.

Our findings also revealed significant differences between
animals classified as insensitive and sensitive to PF in their
propensity to reinstate alcohol-seeking behaviours after the
period of forced abstinence. The abovementioned effects
were accompanied by differences in blood levels of stress
hormones and differences in the cortical and subcortical
expression of genes and proteins related to dopaminergic,
serotonergic, and GABAergic neurotransmission.

Over the past decade, a growing number of studies have
demonstrated that the assessment of cognitive correlates of
human personality traits in animals could be very useful in
searching for potential cognitive biomarkers of various psy-
chiatric disorders. For instance, a study by Rygula and col-
leagues, using a rodent model, suggested that trait pessimism
can serve as a cognitive biomarker of susceptibility to the
development of stress-induced anhedonia — a core symptom
of depression (Rygula et al. 2013). A few years later, stud-
ies by Noworyta and Rygula demonstrated that sensitivity
to feedback, measured as a stable and enduring behavioural
trait, can determine the effects of acute administration of
antidepressant drugs (Noworyta-Sokolowska et al. 2019). In
a recent study from our laboratory, Cieslik and colleagues
showed that trait sensitivity to negative feedback predicts
the vulnerability of rats to the acquisition of compulsive
alcohol-seeking and consumption in a situation when these
behaviours are being punished (Cieslik et al. 2022). They
also showed significant differences between animals classi-
fied as less sensitive and more sensitive to negative feedback
in their propensity to extinguish alcohol-seeking behaviours
after the termination of alcohol availability. The effects of
trait sensitivity to PF, described here, are in concert with
and complement these recent observations, supporting at
the same time the importance of the role that sensitivity to
feedback plays in alcohol addiction.

One of the most influential types of classification of vari-
ability within AUD in humans is reward and relief drinking,
or the extent to which individuals seek alcohol to enhance
positive experiences (reward drinking) versus the extent
to which individuals seek alcohol to relieve negative emo-
tional and somatic states (relief drinking). Despite promising
findings within this domain (linking reward/relief drinking
phenotypes with responding to different pharmacological
treatments), the lack of preclinical models of reward/relief
drinking may hinder efforts to understand these phenomena
on neurobiological, molecular and physiological levels. The
pattern of results observed in our current study may help to
implement such a model that could be based on measuring
sensitivity to PF.

Indeed, insensitivity to PF might suggest decreased sen-
sitivity to reward or even anhedonia, reflecting a negative
affective state that can be relieved by drinking alcohol. Fol-
lowing this lead, the higher motivation to seek alcohol after
the unpleasant and frustrating experience of punishment
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observed in PF-insensitive rats (Fig. 1G) might also be
interpreted as relief drinking. A similar interpretation can
be applied to the increased alcohol-seeking observed in the
animals insensitive to PF following a stressful and frustrat-
ing period of abstinence (Fig. 1H, I). This interpretation of
behavioural patterns observed in the animals insensitive
to PF is supported by the analysis of stress hormones in
the blood, which demonstrated significantly higher level of
ACTH (Fig. 2K) and nonsignificantly (statistical trend) ele-
vated corticosterone (Fig. 2L) compared to the PF-sensitive
animals, suggesting a higher level of stress in this group.
Importantly, elevated level of ACTH was observed only
in animals drinking alcohol and were absent in the control
group. Additionally, the elevated level of stress hormones
in the PF-insensitive animals, which resulted from alcohol-
HPA axis interaction, could have also contributed per se to
the enhanced motivation to seek and drink alcohol through
activation of mesocorticolimbic reward circuitry (Piazza and
Le Moal 1997). Indeed, several studies demonstrated that the
administration of CORT increases alcohol consumption and
adrenalectomy acts in the opposite way (Fahlke and Eriksson
2000; Fahlke et al. 1996).

One could also speculate that the protracted alcohol with-
drawal applied in our study resulted in an elevation of reward
threshold and increased negative affectivity in animals show-
ing reduced hedonic capacity i.e. insensitivity to PF. Indeed,
a stronger behavioural response to forced abstinence dem-
onstrated by the PF-insensitive rats, which was manifested
by the higher number of seeking lever presses in the ST task
during reinstatement of the instrumental response, seems
to support this claim. Since PF-insensitive animals are less
sensitive to reward by their nature, alterations in reward
threshold and sensitivity caused by prolonged alcohol
consumption and withdrawal (Koob et al. 1998; Schulteis
et al. 1995) were stronger and more evident in this group.
It is worth mentioning that a growing number of studies
link hyposensitivity to PF/altered processing of positively
valanced information with the symptomatology of stress-
triggered psychiatric and mood disorders (Robinson et al.
2012), one of which may be AUD.

The above-described differences at the behavioural and
physiological levels were also associated with the differ-
ences in the expression of genes and proteins in several brain
regions of interest. The main locus of differences between
PF-insensitive and PF-sensitive rats was the Nacc, where dif-
ferences in gene expression related to serotonergic (Htrla,
Htr2a, and Slc6a4), GABAergic (Gabbr2), glutamatergic
(Grm2), and dopaminergic (Slc6a3) neurotransmission, as
well as NPY neuromodulation, were revealed, and in some
cases (5-HT2A and GABABR?2) were also confirmed at the
protein level. Considering the important role of serotonin in
the mediation of impulsive actions observed in addiction, the
differences in the components of the 5-HT system were not
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surprising. Indeed, preclinical research has shown that mod-
ulating activity at 5-HT2A receptors may block the expres-
sion of alcohol self-administration (Serra et al. 2022) and
may also decrease the amount of alcohol intake (Berquist
and Fantegrossi 2021). To our knowledge, however, this is
the first study showing that differences in the expression of
the 5-HT2A receptor can be associated with sensitivity to
PF and, indirectly, with various aspects of alcohol addiction.

Similarly, the difference observed in the expression of
the GABAB?2 receptor, which in a number of previous stud-
ies was demonstrated to regulate alcohol sensitivity at the
molecular and cellular levels, was not surprising (Farokhnia
et al. 2018; Liang et al. 2006; Maccioni et al. 2010). Indeed,
alterations in GABA signalling through pharmacological
activation or deactivation of GABABRs were also shown
to regulate behaviour and brain reward processes, as well as
the reinforcing effects of drugs of abuse, including alcohol
(Vlachou and Markou 2010). Analogous to 5-HT2A, the
lower level of GABAB?2 receptors in PF- insensitive animals
suggests that decreased GABA signalling is linked to hypo-
sensitivity to PF and stronger motivation to drink alcohol as
well as proneness to reinstate drinking following a period
of abstinence.

The second locus of the differences between the PF-
insensitive and PF-sensitive rats was the Amy, where dif-
ferences in the expression of genes related to dopaminergic
(Maob) and GABAergic (Gabbrl) neurotransmission were
revealed, and in the case of MAO-B, also confirmed at the
protein level. Analyses of the intergroup differences in the
level of MAO-B revealed a significant interaction between
the effects of PF sensitivity and alcohol drinking. In ani-
mals sensitive to PF, the level of this enzyme was signifi-
cantly higher in rats that consumed alcohol than in those
that consumed water. Although MAO-B activity has been
extensively investigated in alcoholism, there is a consider-
able inconsistency in the results. The finding of significantly
higher MAO-B availability in PF-sensitive, alcohol-drinking
animals is in line with some previous studies, which reported
an increase in MAO-B levels and activity following chronic
ethanol exposure (Ou et al. 2011; Zimatkin et al. 1997), but
not with others, reporting no effects of alcohol consumption
on MAO-B activity in rats (Della Corte et al. 1994; Sherif
et al. 1993). Moreover, MAO-B has been believed to be
involved in dopamine degradation, which supports the idea
that the increased levels of this enzyme can be attributed
to a decrease in extracellular dopamine concentration and
enhanced sensitivity to rewarding feedback. However, the
exact nature of the interaction between the level of MAO-B,
PF sensitivity, and alcohol drinking should be unveiled by
further studies.

Last but not least, significant, and confirmed at the protein
level, differences in the expression of the Adhl gene were
detected in the mPFC, and NAcc, where animals from the
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alcohol drinking group demonstrated significantly higher
levels of this enzyme compared to their water drinking con-
specifics. This result seems to validate the applied alcohol
drinking procedure at the molecular level. Indeed, mamma-
lian Adhs play a key role in alcohol metabolism and in the
interindividual differences it exerts on the body (Edenberg
2007). Chronic alcohol abuse has been demonstrated to lead
to Adh induction, increasing alcohol metabolism; thus, ele-
vated levels of this enzyme in EtOH drinking groups confirm
efficient exposure to chronic alcohol in our animal model.

Conclusions and limitations

Based on the results of the present experiments, it seems
that using rodent-based models, such as the preclinical
PRL, can help to reveal neurobiological processes linked
with reinforcement-based cognitive biases and their role
in AUD. Although we hope this research has provided
enough evidence to support the validity of the claim that
sensitivity to PF can determine the trajectories of alcohol
addiction, there are still a number of outstanding issues
that future research will need to address. First, we still do
not know the degree of the causal relationship between
increased/decreased sensitivity to PF and vulnerability
to AUD. Further development of translational preclini-
cal tests of sensitivity to PF should help to elucidate this
issue and may help to design personalized treatments
based on these cognitive variables. Second, although we
have demonstrated that there are distributed changes in
physiological and molecular variables within multiple
regions of the brain that occur over the course of alcohol
use in rats and can persist into periods of abstinence,
further studies looking at neurochemical correlates of
altered feedback sensitivity in this context are needed.
Although the WB method is one of the most reliable
techniques for protein identification and quantification,
its application is limited by the availability of high-qual-
ity specific primary antibodies against a given protein.
For this reason, we were not able to confirm changes
at the protein level in the expression of certain genes
(Comt, Drd2, Grial, Tph2, Grm2, and Npy), which could
provide additional valuable insights into the changes
induced by PF- sensitivity x alcohol interactions.

We also need more detailed pharmacological studies
using drugs with known profiles in humans to understand
the value of targeting PF sensitivity in AUD. It will be
highly desirable to use voltammetry, optogenetics, or other
biosensors and electrophysiological measures to character-
ize neuronal pathways and to elucidate the exact function
and dynamic balance between cortical and subcortical
regions involved in the interaction between PF sensitiv-
ity and AUD. Finally, further conceptual and empirical
development is required to provide an integrated account

of the role of PF sensitivity in the aetiology, development,
and recurrence of AUD.
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Figure S3. The effects of trait sensitivity to positive feedback (PF) on the alcohol-seeking in
face of electric shock punishment (A), and on the length of alcohol-seeking extinction (B) in
rats. A) As the shock intensity increased, the rats significantly decreased the number of
completed trials. There were no significant differences in the number of trials completed
between the PF-insensitive (N = 5) and PF-sensitive (N = 10) groups of animals. B) Following
the seeking-taking punishment procedure, the rats underwent 5 baseline seeking-taking tests
and were subsequently subjected to the extinction phase, during which seeking responses did
not result in alcohol delivery. There was no statistical difference in length of extinction
between PF-insensitive (N = 5) and PF-sensitive (N = 10) rats. Data are presented as the mean
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Table S1. The effects of trait sensitivity to PF and alcohol drinking on gene expression.
Statistically significant effects and interactions are bolded.



Structure Gene name N Interaction Treatment Sensitivity
ACC F (1,28 = 0.988 (1,28 = 3.627 F (1, 28 = 0.019
Adhl 32
p=0.329 p =0.067 p =0.890
F (1,30) = 0.019 F (1,30) = 1.185 F (1,30) = 0.035
Cat 34
p =0.890 p =0.285 p =0.854
F (1,30) = 0.387 F (1,30)= 5.223 F (1,30) = 0.020
Comt 34
p=0.534 p =0.030 * p =0.888
F (1,29)= 3.969 (1,299 =0.761 F (1,20= 4.556
Drd1 33
p = 0.056 p = 0.390 p =0.041 *
F 1,30 =0.282 F1,30=1.521 F (1,30 = 0.349
Drd2 34
p = 0.600 p=0.227 p = 0.559
F (1,300=0.165 F (1,30 = 2.581 F(1,30=1.213
Gabbr1 34
p = 0.688 p=0.119 p =0.280
F (1,30) = 0.001 F (1,30) = 0 673 F (1,30) = 0.052
Gabbr2 34
p=0.979 p=0.416 p=0.821
F(1, 30) = 0.899 F(l, 30) = 0.512 F (1, 3o)=0.611
Gabral 34
p=0.351 p = 0.480 p = 0.440
F (1,30) = 0.369 F (1,30) = 0.752 F (1,30) = 0.369
Gad1 34
p = 0.548 p =0.393 p = 0.548
F (1,30) = 0.467 (1,30) = =0.230 F (1,30) = 0.343
Gad2 34
p = 0.500 p =0.635 p = 0.562
F (1,30) = 0.265 (1,30) = =0.143 F (1,30)= 4.809
Grial 34
p=0.611 p=0.708 p =0.036 *
F (1,30) = 0.899 (1,30) = =0.512 F (1,30) = 0.611
Grin2a 34
p=0.351 p = 0.480 p =0.441




F (1,30 =0.143 (1,30=0.199 F (1,30 =0.033
Grin2b 34
p=0.708 p =0.660 p =0.857
F (1,30) = 0.396 (1,30) = =0.031 F (1,30) = 3.754
Grm2 34
p=0.534 p=0.861 p =0.062
F (1,30 =0.026 (1,30)= 0.385 F (1,30 <0.001
Grm3 34
p=0.873 p=0.539 p =0.985
F (1,30) = 0074 F (1,30) = 1 217 F (1,30) = 2077
Grm5 34
p=0.788 p=0.279 p =0.160
F (1,30) = 0.053 F (1,30) = 2.300 F (1,30) = 1.634
Htrla 34
p=0.820 p=0.140 p=0.211
F (1,30=1.209 F (1,30=0.012 F (1,30)= 1.607
Htr2a 34
p=0.280 p=0.912 p=0.215
Htr2b -
F (1,30 =0.104 F (1,30=0.126 F (1,30 = 5.855
Htr3a 34
p =0.749 p=0.725 p =0.022 *
Npy 34 Kruskal-Wallis test: p = 0.395
F (1,29) = 0.458 F (1,29)= 4,732 F (1,29) = 0.231
Maoa 33
p = 0.504 p =0.038 * p =0.635
F (1,30) = 1.643 (1,30) = 1.510 F (1,30) = 0.371
Maob 34
p=0.210 p=0.229 p = 0.547
F (1,30) = 1.064 (1,30) = =0.014 F (1,30) = 0.019
Slcla2 34
p=0.311 p = 0.907 p = 0.892
Slc6a3 -
F (1,28) = 2.125 (1,28) = =0.088 F (1,28) = 0.539
Slc6a4 32
p=0.156 p=0.769 p = 0.469




F (1,30) = 0.235 F (1,30) = 1.553 F (1,30) = 0.773
Th 34
p=0.631 p=0.222 p =0.386
Tph2 34 Kruskal-Wallis test: p = 0.081
mPFC F (1,29) = 5.048 F (1,29)= 5.072 F (1,29) = 3.423
Adh1 33
p=0.032 * p=0.032 * p =0.075
F (1,30) = 0037 F (1,30)= 7.312 F (1,30) = 9.431
Cat 34
p =0.849 p=0.011 * p = 0.005 **
F (1,30) = 0.447 F (1,30) = 18.320 F (1,30)= 2.791
Comt 34
p = 0.509 p < 0.001 *** p=0.105
F(1,30=0.033 F(1,30=1.779 F(1,30=0.958
Drd1 34
p = 0.856 p=0.193 p=0.336
F(1,200=0.194 F (1,290=0.517 F(1,20=0.336
Drd2 34
p = 0.663 p=0.478 p = 0.567
F(1, 30) = 0.002 F (1,30) = 0 993 F (1,30)= 2.292
Gabbr1 34
p =0.965 p =0.327 p=0.141
Gabbr2 34 Kruskal-Wallis test: p = 0.609
F (1,30) = 1.029 F (1,30) = 0.001 F (1,30) = 2.779
Gabral 34
p=0.318 p=0.975 p=0.106
F (1,30) = 0.266 (1,30) = 1 918 F (1,30) = 2.092
Gad1 34
p=0.610 p=0.176 p=0.158
F (1,30) = 0.108 (1,30) = 0 790 F (1,30) = 2.224
Gad2 34
p=0.745 p=0.379 p =0.146
F (1,30) = 0.001 (1,30) = 0 702 F (1,30) = 0.154
Grial 34
p =0.981 p = 0.409 p =0.698
Grin2a 34 Kruskal-Wallis test: p = 0.092




F (1,30) = 0.195 (1,30) = =0.452 F (1,30) = 0.456
Grin2b 34
p =0.662 p =0.506 p =0.505
F (1,30) = 0.056 (1,30) = =0.386 F (1,30)= 4,144
Grm2 34
p =0.815 p =0.539 p =0.051
F (1,300= 0.084 (1,30)=0.001 F (1,30)= 0.405
Grm3 34
p=0.774 p=0.974 p=0.530
Grm5 34 Kruskal-Wallis test: p = 0.989
F (1,30) = 0.066 (1,30) = =0.314 F (1,30) = 0.315
Htrla 34
p=0.799 p = 0.580 p=0.579
F (1,300=0.010 F (1,30=0.032 F (1,30=2.933
Htr2a 34
p=0.921 p = 0.859 p =0.097
F (1,25)= 0.885 F(1,25)=1.594 F,25=1171
Htr2b 29
p =0.356 p=0.218 p =0.290
F (1,30) = 0.676 F (1,30) = 0 716 F (1,30) = 0.828
Htr3a 34
p=0.4174 p = 0.404 p =0.370
F (1,30) = 0.806 F (1,30) = 3.297 F (1,30) = 1.166
Npy 34
p=0.376 p =0.079 p =0.289
F (1,30) = 0.002 F (1,30) = 0.518 F (1,30) = 1.151
Maoa 34
p =0.968 p=0.477 p=0.292
F (1,30) = 0.010 (1,30) = =4.052 F (1,30) = 3.084
Maob 34
p=0.919 p =0.053 p = 0.089
F (1,30) = 0.005 (1,30) = 1.438 F (1,30) = 3.653
Slcla2 34
p = 0.946 p =0.240 p = 0.066
F (1,15) = 0.103 (1,15) = =0.010 F (1,15) = 0.530
Slc6a3 19
p=0.753 p=0.921 p=0.478




F (1,30) = 0.001 (1,30) = =0.012 F (1,30) = 1.105
Slc6a4 34
p=0.972 p=0.914 p =0.302
F (1,30) = 0018 (1,30) = 0 227 F (1,30) = 0373
Th 34
p =0.895 p =0.637 p =0.546
F (1,29)=0.633 F(1,29=1.428 F(1,20=1.136
Tph2 33
p=0.433 p=0.242 p=0.295
Amy Adhl 32 Kruskal-Wallis test: p=0.124
F (1,27) = 0.019 (1,27)= =0.842 F (1,27)= 0.650
Cat 31
p =0.891 p =0.367 p =0.427
Comt 32 Kruskal-Wallis test: p = 0.274
F (1,28)= 0.680 F (1,28)= 0.008 F (1,28)= 1.007
Drd1 32
p=0.417 p =0.932 p=0.324
F (1,28)= 6.200 F (1,28)= 5.092 F (1,28) = 0.991
Drd2 32
p =0.019 * p=0.032 * p=0.328
F (1,27)= 9.466 F1,27=3.727 F@27=1761
Gabbri 31
p = 0.005 ** p = 0.064 p=0.196
F (1,28) = 0.043 F (1,28) = 0.474 F (1,28) = 0.886
Gabbr2 32
p = 0.837 p = 0.497 p =0.355
F (1,28) = 0.187 (1,28) = 0 118 F (1,28) = 1.525
Gabral 32
p =0.669 p=0.734 p=0.227
F (1,28) = 0.017 F (1,28)= 4.338 F (1,28)= 1.216
Gad1 32
p = 0.897 p = 0.047 * p =0.280
F (1,28) = 0.902 (1,28) = 3 643 F (1,28) = 2.088
Gad2 32
p =0.350 p = 0.067 p=0.160
Grial 32 F (1,28) = 1.170 (1,28) = =0.274 F (1,28)= 0.707




p =0.287 p =0.605 p =0.408
F (1,28) = 0.022 F (1,28) = 1.490 F (1,28) = 0.125
Grin2a 32
p=0.884 p=0.232 p=0.727
F (1,28) = 0.144 (1,28) = =0.197 F (1,28) = 0.217
Grin2b 32
p =0.707 p=0.661 p =0.645
F (1,28) = 1.206 (1,28) = =0.423 F (1,28) = 2.257
Grm2 32
p=0.282 p=0.521 p=0.144
F (1,27) = 0.055 (1,27)= =0.003 F (1,27)= 2.095
Grm3 31
p=0.816 p =0.955 p =0.159
F (1,28)= 0.664 F(1,28)=2.104 F(1,28)=0.201
Grm5 32
p=0.422 p=0.158 p =0.657
F (1,28)=0.109 F (1,28)=2.959 F (1,28)=0.073
Htrla 32
p=0.743 p = 0.096 p=0.790
F (1,28) = 1.209 F (1, 28) =0.012 F (1,28) = 1.607
Htr2a 32
p =0.280 p=0.912 p=0.215
F (1,22) = 0.363 F(1, 22) = 2.826 F(1, 22) = 2.376
Htr2b 26
p =0.553 p=0.107 p=0.138
F (1,28) = 0.274 F (1,28) = 3.046 F (1,28) = 2.541
Htr3a 32
p = 0.605 p = 0.092 p=0.122
F (1,28) = 0.393 (1,28) = 0 622 F (1,28) = 1.464
Npy 32
p=0.536 p = 0.437 p=0.236
Maoa 32 Kruskal-Wallis test: p = 0.523
F (1,28) = 0.347 (1,28) = =0.583 F (1,28)= 5.804
Maob 32
p =0.561 p =0.451 p =0.023 *
Slcla2 32 F (1,28) = 0.238 (1,28) = 1.004 F (1,28)= 2.490




p=0.630 p=0.325 p=0.126
Slc6a3 -
F (1,28) = 0.424 (1,28) = =0.720 F (1,28) = 3.774
Slc6a4 32
p=0.520 p =0.403 p =0.062
Th 32 Kruskal-Wallis test: p = 0.086
F (1,28)= 4.732 F (1,28) = 2.625 F (1,28) = 0.989
Tph2 32
p =0.038 * p=0.116 p=0.329
OFC Adh1 34 Kruskal-Wallis test: p = 0.038 *
F (1,30) = 0.029 F (1,30)= 5.351 F (1,30) = 0.916
Cat 34
p =0.867 p=0.028 * p = 0.346
F (1,300=0.001 F (1,30=1.396 F (1,30 =0.387
Comt 34
p=0.972 p = 0.247 p =0.538
F (1,28) = 0.077 F (1,28) = 1.024 F (1,28) = 0.236
Drd1 32
p=0.784 p=0.320 p=0.631
F (1,29) = 0.219 F (1,29) = 0.787 F (1,29) = 2.284
Drd2 33
p = 0.643 p =0.382 p=0.142
F (1,30) = 0.230 F (1,30) = 0.050 F (1,30) = 0.846
Gabbr1 34
p =0.635 p=0.824 p =0.365
F (1,30) = 2.565 (1,30) = 1.091 F (1,30) = 1.394
Gabbr2 34
p=0.120 p =0.305 p =0.247
F (1,30) = 0.249 (1,30) = 0 054 F (1,30) = 1.224
Gabral 34
p=0.621 p=0.818 p=0.277
F (1,30) = 1.199 (1,30) = 3 242 F (1,30) = 2.275
Gad1 34
p=0.282 p = 0.082 p=0.142
Gad2 34 F (1,30)= 0.708 F (1,30)= 6.329 F (1,30)= 2.448




p = 0.407 p=0.018 * p=0.128
F (1,300=0.361 F (1,30 = 2.001 x 10~ F(1,30=0.273
Grial 34
p=0.553 p=1.00 p =0.606
F (1,30) = 0.516 (1,30) = =0.163 F (1,30)= 1.719
Grin2a 34
p=0.478 p=0.690 p =0.200
F (1,30) = 0032 (1,30) = 0 377 F (1,30) = 0416
Grin2b 34
p =0.860 p=0.544 p=0.524
F (1,30 =0.707 (1,30= 0.116 F (1,30 = 2.909
Grm2 34
p = 0.407 p=0.736 p = 0.098
F (1,300=0.026 F (1,30=0.385 F (1,30)=0.0003
Grm3 34
p=0.873 p = 0.540 p = 0.985
F(1,30=0.161 F(1,30=3.220 F (1,30 =3.073
Grm5 34
p=0.691 p =0.083 p = 0.090
F (1,30) = 0.115 F (1,30)= 6.362 F (1,30) = 2.551
Htrla 34
p=0.737 p=0.017 * p=0.121
F (1,30) = 0.694 F (1,30) = 0.424 F (1,30) = 3.298
Htr2a 34
p=0.411 p=0.520 p =0.079
F (1,25) = 0.542 F (1,25) = 2.634 F (1,25) = 0.265
Htr2b 29
p =0.468 p=0.117 p=0.611
F (1,30) = 0.004 (1,30) = 2.734 F (1,30) = 0.763
Htr3a 34
p =0.953 p =0.109 p =0.390
F (1,29) = 0.244 (1,29) = =0.563 F (1,29) = 0.739
Npy 33
p=0.625 p =0.459 p =0.397
F (1,30) = 1.889 (1,30) = 1.091 F (1,30) = 3.852
Maoa 34
p=0.180 p = 0.305 p = 0.060




F (1,30 =0.070 1,30 =0.320 F (1,30=0.099
Maob 34
p=0.794 p=0.576 p=0.755
F (1,30) = 0.080 (1,30) = =0.858 F (1,30)= 1.532
Slcla2 34
p=0.780 p=0.362 p=0.225
F (1,29) = 0.909 (1,29) = =0.123 F (1,29) = 0.136
Slc6a3 33
p=0.384 p=0.728 p=0.715
F (1,29) = 0.223 F (1,29) = 1.130 F (1,29) = 0.036
Slc6a4 33
p=0.641 p =0.297 p=0.851
F (1,30) = 2.040 (1,30) = =0.146 F (1,30) = 1.342
Th 34
p=0.164 p =0.705 p=0.256
F (1,30=0.170 F (1,300=0.001 F (1,30)=0.652
Tph2 34
p=0.683 p=0.981 p=0.426
Nacc F (1,27)= 1.814 F (1,27)= 8.590 F (1,27)= 4,137
Adh1 31
p=0.189 p = 0.007 ** p = 0.052
F (1,30) = 0.409 F (1,30) = 0.005 F (1,30) = 0.819
Cat 34
p =0.527 p = 0.946 p=0.373
F (1,30) = 0.314 F (1,30) = 0.839 F (1,30) = 0.458
Comt 34
p = 0.580 p=0.367 p = 0.504
F (1,30) = 0.271 (1,30) = =0.030 F (1,30) = 0.151
Drd1 34
p = 0.607 p=0.864 p=0.701
F (1,30) = 0.046 (1,30) = =0.1174 F (1,30) = 0.538
Drd2 34
p =0.832 p=0.734 p =0.469
F (1,30) = 0.126 (1,30) = =0.003 F (1,30) = 0.966
Gabbrl 34
p=0.725 p = 0.960 p=0.333
Gabbr2 33 F (1,29) = 2.290 (1,29) = =0.589 F (1,29) = 6.557




p=0.141 p = 0.449 p=0.016 *
F (1,30) = 3.502 (1,30) = =0.268 F (1,30) = 1.199
Gabral 34
p=0.071 p =0.609 p=0.282
F (1,30) = 0079 (1,30) = 0 402 F (1,30) = 0013
Gad1 34
p=0.781 p=0.531 p =0.909
F (1,30) = 0460 F (1,30) = 1 212 F (1,30) = 0786
Gad? 34
p = 0.503 p =0.280 p =0.382
F (1,30 = 0.057 (1,30 = 0.048 F (1,30 = 0.143
Grial 34
p=0.812 p =0.829 p=0.708
F(1,30=1.472 F (1,30)= 0.045 F (1,300=1.308
Grin2a 34
p=0.235 p =0.833 p=0.262
F (1,30=0.434 F (1,30=0.467 F (1,30=1.145
Grin2b 34
p=0.515 p = 0.500 p=0.293
F(1,29=1.724 F(1,209=0.184 F (1,29)= 4.863
Grm2 33
p =0.200 p=0.671 p = 0.036 *
F (1,30) = 0.219 F (1,30) = 0.125 F (1,30) = 0.458
Grm3 34
p = 0.643 p=0.726 p = 0.504
F(1, 30) = 1.366 F(l, 30) = 0.263 F (1, 3o)=0.271
Grm5 34
p=0.252 p=0.612 p = 0.607
F (1,30) = 0.585 (1,30) = =0.031 F (1,30)= 6.452
Htrla 34
p = 0.450 p =0.863 p=0.017 *
F (1,30)= 4.606 (1,30) = 2.248 F (1,30)= 4.367
Htr2a 34
p =0.040 * p=0.144 p=0.045 *
F (1,19) = 1.425 (1,19) = 0 643 F (1,19) = 0.063
Htr2b 23
p =0.247 p =0.433 p =0.804




F (1,30) = 0.012 (1,30) = =0.082 F (1,30) = 0.574
Htr3a 34
p=0.913 p=0.776 p =0.455
F (130 = 0.793 (1,30)= 0.063 F (1, 30= 10.020
Npy 34
p =0.380 p=0.804 p =0.004 **
Maoa 34 Kruskal-Wallis test: p = 0.972
F (1,30=0.182 (1,30 = 0.502 F (1,30 = 0.0004
Maob 34
p=0.673 p=0.484 p =0.983
F (1,30 = 0.009 (1,30 = 0.002 F (1,30 = 0.061
Slcla2 34
p=0.926 p =0.965 p = 0.807
F (1,30 =0.973 F (1,30 = 2.639 F (1,30 = 5.166
Slc6a3 34
p=0.332 p=0.115 p =0.030 *
F (1,200=4.977 F (1,20)= 6.895 F(1,29=0.134
Slc6a4 33
p=0.034 * p =0.014 * p=0.717
F (1,29) = 0.027 F (1,29) = 0.411 F (1,29) = 1.548
Th 33
p=0.871 p=0.527 p=0.223
F (1,30) = 0.174 F (1,30) = 0.020 F (1,30) = 0.013
Tph2 34
p = 0.680 p = 0.890 p = 0.908

Abnormalities in the gene expression readings were detected in certain samples on the RT-
PCR card, and these results were not included in the analysis.




Table S2. Western blot analysis. Statistically significant effects and interactions are bolded

Structure Protein N Interaction Treatment Sensitivity
ACC DRD1 27 Fis,23= 0.384 Fia,23) = 2.454 Fs,23 = 1.364
p = 0.542 p=0.131 p =0.255
5-HT3A 34 F1, 30) = 0.009 F(,30) = 1.495 F(1,30) = 0.08
p=0.925 p=0.231 p=0.778
mPFC ADH1 33 F(1,29) = 1.333 F(1,29)= 9.059 F(1, 209y = 0.569
p=0.258 p =0.005 ** p =0.457
CAT 33 F(1,209) = 0.051 F(1, 209)= 0.005 F(1, 200 =0.113
p=0.822 p =0.945 p=0.739
Amy MAO-B 34 F(1,30) = 7.650 F(1,30)=0.104 F(1,30)=0.135
p =0.010 ** p=0.750 p=0.716
OFC ADH1 34 F(,30)=0.063 F(1,30) = 4.753 F(1, 30 = 0.906
p =0.803 p=0.037 * p=0.349
Nacc ADH1 34 F(1,30)=3.572 F(1,30) = 7.287 F(,30) = 0.015
p =0.069 p=0.011* p=0.904
GABABR2 32 F(1,28) = 0.084 F(1,28) = 3.136 F(1, 28) = 5.422
p=0.774 p =0.088 p=0.027 *
5-HT1A 33 F(1,29) = 0.017 F(1,29)= 2.306 F(, 200 = 0.358
p =0.896 p=0.140 p=0.554
5-HT2A 34 F(,30) = 3.495 F(1,30) = 2.384 F(1,30) = 6.689
p=0.071 p=0.133 p=0.015*

Some protein bands were unsuitable for quantification due to a technical error.




Original Western blot images used for quantification of protein levels

Legend:

I: PF-insensitive, S: PF-sensitive, bands that have not been quantified due to technical
reasons are marked with an arrow.
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Research Paper

Trait sensitivity to negative feedback determines
the intensity of compulsive alcohol seeking
and taking in male rats

Agata Cieslik, MSc; Karolina Noworyta, PhD; Rafal Rygula, PhD

Background: Alcohol use disorder is one of the most common psychiatric disorders, and it is a leading cause of mortality worldwide. It
has been demonstrated previously that people with alcohol use disorder are less sensitive to the negative outcomes of their actions and
less able to use negative feedback to guide and adjust their ongoing behaviour. However, far less is known about the aberrant processing
of negative feedback before the onset of alcohol use disorder. In this study, we investigated the theoretical claim that sensitivity to nega-
tive feedback — as a stable and enduring behavioural trait — can predict vulnerability to the development of compulsive alcohol consump-
tion in rats. Methods: We trained and tested rats in a series of probabilistic reversal learning tests, and based on this “negative feedback
sensitivity screening,” we classified each rat as more or less sensitive to negative feedback. Then, in the intermittent-access 2-bottle
choice paradigm, we measured alcohol consumption in the animals classified above. In the next step, using the instrumental second-order
chained schedule of alcohol reinforcement task, we examined the influence of sensitivity to negative feedback on the development of com-
pulsive alcohol seeking behaviour. Finally, we measured how trait sensitivity to negative feedback affected the extinction and reinstate-
ment of alcohol seeking after a period of abstinence. Results: Trait sensitivity to negative feedback predicted the vulnerability of rats to
the development of compulsive alcohol seeking and consumption. We also found significant differences between the more sensitive and
less sensitive groups in their propensity to extinguish alcohol seeking behaviours when the alcohol was no longer available. Limitations:
The findings from our study did not answer the question of whether individual differences in sensitivity to negative feedback have a genetic
basis or develop in response to postnatal experiences. Conclusion: The results of our study suggest that negative feedback sensitivity

screening could be used to evaluate individual vulnerability to the development and maintenance of alcohol use disorder.

Introduction

Alcohol use disorder is one of the most common psychiatric
disorders, and it is a leading cause of mortality worldwide,
contributing to 3 million deaths each year, and to disabil-
ities and comorbidities.! It is a chronic, complex, relapsing
disease, characterized by progressive escalation from moder-
ate to excessive alcohol consumption and accompanied by
cognitive, social and occupational impairments. According to
the Diagnostic and Statistical Manual for Mental Disorders,* al-
cohol use disorder is a pattern of alcohol consumption with
co-occurring symptoms such as high alcohol intake, uncon-
trollable seeking of alcohol and drinking despite adverse
consequences. The latter symptom, a hallmark phenotypic
characteristic of alcohol use disorder, is thought to be asso-
ciated with deficient processing of negative feedback. In-
deed, accumulating experimental evidence supports this

idea. Several studies have demonstrated that people af-
fected by chronic alcoholism recurrently make decisions
that favour drinking, even in the face of mounting adverse
consequences.®®

It has been hypothesized that people with alcohol use dis-
order are less sensitive to the negative outcomes of their ac-
tions® and less able to use negative feedback to guide and ad-
just their ongoing behaviour,® suggesting a deficient feedback
processing system.” However, despite an abundance of data
linking alcohol use disorder to impaired decision-making, far
less is known about the aberrant processing of negative feed-
back before the onset of alcohol use disorder. In fact, no
study thus far has directly shown that biased sensitivity to
feedback affects the transition from recreational to compul-
sive alcohol abuse, largely because it is difficult to obtain in-
formation about people’s sensitivity to feedback before they
develop an addiction.
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Trait sensitivity to negative feedback and alcohol seeking in rats

In humans, sensitivity to feedback can be investigated
using a framework of neurophysiological*'’ and neuropsy-
chological measures.'"'> One measure that offers an effective
and fully translational way of assessing an individual’s sensi-
tivity to feedback is the probabilistic reversal learning test.'®
In this behavioural paradigm, participants are presented with
2 (and sometimes more) stimuli in each trial; using trial-and-
error feedback after each response, they learn to select the
stimulus that is usually correct (i.e., rewarded in more trials
or unrewarded in fewer trials) and to avoid the stimulus that
is usually incorrect (i.e., unrewarded in more trials or re-
warded in fewer trials). This rule reverses intermittently, so
that the stimulus that was usually rewarded becomes unre-
warded, and vice versa, and responses must be adjusted to
make favourable choices. Lose-shifts (i.e., unrewarded out-
comes followed by a decision to change the choice) constitute
a measure of sensitivity to negative feedback. Win-stay ratios
(number of rewarded outcomes after which the subject re-
peated the choice divided by the total number of rewarded
trials on a given stimulus) represent a measure of sensitivity
to positive feedback. The use of probabilistic reinforcement
increases the complexity of the task so that the information
from any given choice is insufficient to guide future behav-
iour; participants must engage their cognitive function to
track the outcome history for both types of stimuli to deter-
mine the stimulus that is more beneficial overall.'®

The probabilistic reversal learning paradigm has been ap-
plied successfully in a number of studies that investigated the
neuroanatomical and neurochemical correlates of reinforce-
ment sensitivity in humans and animals.''¢'7 It has also been
used to demonstrate that sensitivity to feedback can be meas-
ured in animals as a stable and enduring cognitive trait.">*
These studies have opened a new and fascinating avenue of
preclinical research that provides an opportunity to investi-
gate the interplay between sensitivity to feedback and other
cognitive processes and mental disorders. However, none of
these studies has investigated sensitivity to feedback in the
context of vulnerability to alcohol use disorder.

One of the main challenges in modern studies of alcohol
addiction is the development of animal models that can be
characterized by high ethanol intake and mimic the transition
from controlled alcohol use to excessive alcohol abuse that
occurs in human alcohol use disorder. A common method of
achieving voluntary alcohol consumption in rats involves in-
termittent access to alcohol in the intermittent-access 2-bottle
choice paradigm. Exposure to repeated cycles of free choice
between 2 bottles (ethanol solution and water) and subse-
quent withdrawal causes a gradual increase in preference
and voluntary alcohol consumption, reaching levels of
3-9 g/kg body weight per 24 hours, depending on the strain
used (reviewed by Carnicella and colleagues®).

However, this procedure does not reflect all of the motiva-
tional and reinforcement processes responsible for alcohol
seeking and consumption in humans. Therefore, animal mod-
els of high ethanol intake achieved through repeated cycles of
alcohol intake and withdrawal must be complemented by
procedures that involve instrumental training, such as the re-
cently developed instrumental second-order chained schedule

of alcohol reinforcement (ISOCSAR) task described by Giuliano
and colleagues.” This model allows for measurement of the
hallmark symptoms of alcohol use disorder, such as compul-
sive preparatory and consummatory behaviours, motivation
for alcohol and persistence of alcohol intake in the face of
aversive consequences.”

Because relapse is one of the important components of al-
cohol use disorder, it is also important to address an indi-
vidual’s predisposition to reinstating alcohol seeking be-
haviour after a period of forced abstinence. Although
current animal models do not mimic self-imposed absti-
nence, the use of periods of forced abstinence followed by
restoration of the alcohol-related environment has been
shown to reflect the relapse observed in humans.

In the present study, we investigated the theoretical claim
that sensitivity to negative feedback — as a stable and endur-
ing behavioural trait — can predict subsequent vulnerability
to the development of compulsive alcohol consumption in
rats. For this purpose, we initially trained and tested the ani-
mals in a series of probabilistic reversal learning tests. Based
on this “feedback sensitivity screening,” we classified each
rat as more or less sensitive to negative feedback. Then, using
the 2-bottle choice paradigm, we measured alcohol consump-
tion in the animals classified above. In the next step, using
the ISOCSAR task,” we examined the influence of sensitivity
to negative feedback on the development of compulsive alco-
hol seeking behaviour. Finally, we measured how trait sensi-
tivity to negative feedback affects the extinction and re-
instatement of alcohol seeking after a period of abstinence.

Methods
Animals and housing

We used 20 male Sprague Dawley rats (Charles River)
weighing 176-200 g upon arrival at our facility. The rats were
group-housed (4 animals per cage) in an enriched environ-
ment with controlled temperature (21 + 1°C) and humidity
(40%-50%) and using a 12-hour light—-dark cycle (lights on at
7:00 am). Throughout the experiment, rats were mildly food-
restricted to 85% of their free-feeding weight (according to
the normal growth curve recommended by the laboratory ro-
dent supplier) by providing 15 g of food pellets per rat per
day (standard laboratory chow). Water was available ad libi-
tum. All behavioural procedures and tests were performed
during the light phase of the light-dark cycle.

Apparatus

The probabilistic reversal learning tests were conducted in
operant conditioning chambers (Med Associates) enclosed
in sound-attenuating boxes. Each chamber was equipped with
a fan (which also served to eliminate extraneous noise), a
house light, a speaker, a food dispenser set to deliver a sucrose
pellet (Dustless Precision Pellets, 45 mg; Bio-Serv), a fluid re-
ceptacle and 2 retractable levers at the sides of the feeder.

Tests examining alcohol seeking behaviour in the seeking-
taking task were conducted in the same operant chambers,
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except that the levers were on the wall opposite to the liquid
dispenser to create a new experimental setup that would not
interfere with any habits the animals had acquired in the
probabilistic reversal learning paradigm.

Measuring sensitivity to negative feedback with the
probabilistic reversal learning test

After the initial instrumental training described in detail else-
where,”” and upon reaching the initial training criterion of
fewer than 7.5% omissions on each lever (i.e., fewer than 15%
total omissions but equally distributed between the 2 levers)
for 3 consecutive training days, the rats were trained in the
probabilistic reversal learning paradigm.

Briefly, each probabilistic reversal learning training session
lasted until the completion of 200 trials, and each trial lasted
for a maximum of 22 seconds. The start of a trial was sig-
nalled by the house light, which remained on until the end of
the trial. Two seconds after the trial had started, both levers
were presented; 1 lever was randomly assigned as the
“correct” one, which delivered a reward (1 sucrose pellet)
80% of the times it was pressed. A press on the other lever
(the “incorrect” lever) would result in a rewarding outcome
only 20% of the times it was pressed. If the rat made no re-
sponse in 10 seconds, the intertrial interval was triggered and
the trial was counted as an omission. During the intertrial
interval, both levers remained retracted and the house light
was turned off. The same intertrial interval directly followed
an unrewarded outcome (i.e., no reward on 20% of the “cor-
rect” and 80% of the “incorrect” lever presses). After every
8 consecutive “correct” lever presses (regardless of outcome),
the criterion for the reversal of the outcome probabilities was
reached; at that point, the previously “correct” lever became
the “incorrect” lever, and vice versa. This pattern was fol-
lowed until the end of the session. The probabilistic reversal
learning training phase was repeated daily until the rats
achieved sufficient performance levels (i.e., a minimum of
3 reversals in 3 consecutive training sessions, with fewer than
15% omissions per session).

Parameters measured in the probabilistic reversal learning test

To measure rats’ sensitivity to negative feedback (as their
ability to ignore an infrequent and misleading lack of
reward), we monitored their decisions trial by trial. Un-
rewarded outcomes for the “correct” lever that were fol-
lowed by the animal’s decision to switch levers (probabilistic
lose-shifts) were scored and expressed as a ratio of all un-
rewarded outcomes for that lever.

To measure rats’ sensitivity to positive feedback, all rewarded
outcomes (true and misleading) followed by a decision to stay
with the lever that delivered them (win-stays) were counted
jointly for the “correct” and “incorrect” levers and expressed as
a ratio of all rewarded outcomes for that lever. This means of
analyzing sensitivity to positive feedback follows the method
described by Bari and colleagues"” and was dictated by the fact
that win-stay behaviours after misleading rewards on the incor-
rect lever were too uncommon to undergo robust analysis.

We used the number of reversals completed during the test
as a measure of the animal’s performance.

Feedback sensitivity screening

After the rats had achieved stable performance in the prob-
abilistic reversal learning test (a minimum of 3 reversals in
3 consecutive sessions, with fewer than 15% omissions per
session), they were then tested in 10 consecutive probabilis-
tic reversal learning tests over 10 days. Based on this “sen-
sitivity screening,” the rats were classified (using the
median as a cut-off) as more or less sensitive to negative
feedback. We made the classification based on each ani-
mal’s average ratio of lever changes after misleading un-
rewarded outcomes (probabilistic lose-shifts) across all
10 screening tests. The results of our previous studies
clearly indicated that a dichotomous categorization based
on median split was well suited for investigating negative
feedback sensitivity as a stable and enduring cognitive trait
in rats;'®2! therefore, we extended this means of data analy-
sis to the present study.

Intermittent-access 2-bottle choice paradigm

To induce drinking behaviour and determine the level of al-
cohol consumption in the rats, we conducted 18 sessions of
the intermittent-access 2-bottle choice test every second day.
During the 2-bottle choice test, rats were separated into indi-
vidual cages for 24 hours, where they were presented with
1 bottle of 10% ethanol (wt/wt) and 1 bottle of water. We
chose the percentage of the ethanol solution based on the
findings of Giuliano and colleagues.” To avoid the potential
effects of a side preference, we changed the position of the
bottles after 12 hours. We weighed the bottles before and
after each session to determine alcohol consumption (g etha-
nol per kg body weight). We calculated the volume of liquids
consumed as the difference in bottle weights from the begin-
ning and end of each session, subtracting volume lost as a re-
sult of dripping from bottles in empty cages.

Characterization of compulsive alcohol seeking behaviour

Taking task

Initially, the rats were trained to associate the pressing of the
taking lever with alcohol delivery under a fixed-ratio-1
schedule of reinforcement. Each trial began with insertion of
the randomly assigned taking lever and the house light on.
Pressing on the lever resulted in presentation of the dipper
on the opposite side of the box, delivery of 0.1 mL of 15%
ethanol (wt/wt) and retraction of the taking lever. We chose
the percentage of the ethanol solution based on the findings
of Giuliano and colleagues.” Failure to respond to the lever
within 10 seconds was considered an omission. Regardless
of the result, each trial was followed by a 10-second inter-
trial interval, during which the taking lever was retracted
and alcohol was not available. Rats were limited to a maxi-
mum of 60 rewards for a 30-minute training session. After
they had achieved the performance criterion of at least
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20 taking responses in 3 consecutive sessions, the animals were
shifted to the seeking-taking phase of the training. The posi-
tion of the taking lever was counterbalanced across animals.

Seeking-taking task

During this task, each trial began with insertion of the seeking
lever next to the previously assigned taking lever (which re-
mained retracted). Pressing on the seeking lever led to the ex-
tension of the taking lever after a random interval of
1-15 seconds. Pressing on the taking lever resulted in presenta-
tion of the dipper on the opposite side of the box, delivery of
0.1 mL of 15% ethanol (wt/wt) and retraction of both levers.
Each trial was followed by a 10-second intertrial interval, dur-
ing which both levers were retracted and alcohol was not avail-
able. Rats were limited to a maximum of 100 rewards for a
45-minute session. After they had achieved the performance cri-
terion of at least 20 taking responses in 3 consecutive sessions,
the animals were ready for the seeking-taking-punishment task.

Seeing-taking-punishment task

To measure the persistence of seeking behaviour in the face of
aversive consequences, we used the seeking-taking-punishment
task. In this paradigm, each trial began as described for the
seeking-taking task — with the insertion of the seeking lever.
The seeking lever response resulted in the extension of the
taking lever after a random interval of 1-15 seconds, or in a
1 second electric shock (0.10-0.50 mA) administered through a
grid floor. Each session consisted of 25 trials, of which 8 (30%)
were punished with foot shock and 17 (70%) were reinforced
by the delivery of 0.1 mL 15% ethanol after the taking lever re-
sponse. When animals were punished after a seeking lever
response, the taking lever and dipper were not presented, and
no alcohol was available. The intensity of the shock increased
gradually over consecutive test sessions according to the fol-
lowing pattern: 0.10, 0.20, 0.30, 0.30, 0.40, 0.40, 0.50 and
0.50 mA. Although punishment occurred randomly in each
session, never more than 2 consecutive trials resulted in a foot
shock, and the first trial of the session was always reinforced.

Extinction of alcohol seeking and taking behaviours

After the rats completed seeking-taking-punishment testing,
they underwent 5 additional seeking-taking tests (baseline).
They then underwent daily extinction sessions (lasting
15 minutes), during which the seeking lever response re-
sulted in the extension of the taking lever (random interval of
1-15 seconds), but pressing the taking lever had no pro-
grammed consequences, and alcohol was not available. After
10 seconds of exposure, the lever was retracted and a 10-second
intertrial interval began. After reaching the extinction cri-
terion (fewer than 5 seeking responses in 3 consecutive ses-
sions), the rats underwent 30 days of alcohol abstinence, dur-
ing which they were not tested.

Reinstatement of alcohol seeking and taking

The reinstatement of alcohol seeking after extinction is one of
the most common animal models for studying relapse and its

underlying neural mechanisms.? The rate of operant re-
sponding (i.e., reinstatement) on the lever that was associated
with alcohol delivery is taken as a measure of the animal’s
urge to obtain alcohol — a model of craving in patients.” Af-
ter the extinction phase and 30 days of abstinence, the rats
underwent a series of seeking-taking tests to measure how
quickly they reinstated their alcohol seeking behaviour and
brought their performance up to the pre-extinction baseline
levels. The animals were not alcohol-primed, and apart from
the context, no specific cue induced the seeking behaviour.
The animals received response-contingent alcohol during the
reinstatement sessions, and they were tested until they
reached an average number of seeking responses from 5 tests
that was equal to or higher than the average number of seek-
ing responses from their 5 baseline seeking-taking tests.

Experimental schedule
The experimental schedule is summarized in Figure 1.
Statistical analysis

We analyzed the data using SPSS (version 25.0; SPSS Inc.).
We verified the normality of the sensitivity to feedback data
using the Kolmogorov-Smirnov test. We analyzed the data
for the negative feedback sensitivity screening, 2-bottle
choice, seeking-taking, seeking-taking-punishment and re-
instatement tasks using 2-way repeated-measures analyses of
variance; the within-subject factor was test day or session,
and the between-subjects factor was feedback sensitivity.

To analyze the differences between the less sensitive and
more sensitive groups in terms of average quantity of alcohol
consumed and number of tests needed to achieve extinction
and reinstatement criteria, we used ¢ tests or, for nonpara-
metric data, Mann-Whitney U tests. For pair-wise compari-
sons, we adjusted the values using Sidak correction for multi-
ple comparisons.? We also computed a Pearson correlation
coefficient to assess the relationship between negative feed-
back sensitivity and investigated measures of alcohol seeking
and taking in rats.

All tests of significance were performed at oo = 0.05. We
tested homogeneity of variance using a Levene test, and for
repeated-measures analyses, we confirmed sphericity using a
Mauchly test. Data are presented as mean + standard error of
the mean.

Results
Probabilistic reversal learning training and testing

All animals fulfilled the probabilistic reversal learning
training criteria and qualified for the probabilistic reversal
learning screening. On average, they reached the criteria
after 6.8 + 0.58 probabilistic reversal learning tests. The
groups that were more or less sensitive to negative feed-
back did not differ significantly in terms of the number of
probabilistic reversal learning tests needed to reach the cri-
terion (t,;, = 0.338, p = 0.74).
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Negative feedback
sensitivity screening
(10 probabilistic reversal
learning tests)

2-bottle choice

Taking task

Seeking-taking task

Seeking-taking-
punishment task

Seeking-taking
baseline

Extinction phase

30 days of alcohol
abstinence

Reinstatement of
alcohol seeking and
taking behaviours

Figure 1: The experimental schedule. Initially, we trained and tested the animals in a series of probabilistic reversal learning tests. Based on
this “negative feedback sensitivity screening,” we classified each rat as more or less sensitive to negative feedback. Then, in the 2-bottle
choice paradigm, we measured the consumption of alcohol in the animals classified above. In the next step, using the alcohol seeking-taking-
punishment task, we examined the influence of sensitivity to negative feedback on the development of compulsive alcohol seeking behaviour.
We then measured how trait sensitivity to negative feedback affected the extinction of alcohol seeking and the reinstatement of this behaviour
after a period of abstinence.

Negative feedback sensitivity screening ranged from 0.358 to 0.532, with an average of 0.453 +

0.018. For the animals classified as more sensitive to nega-
For the animals classified as less sensitive to negative tive feedback, the average proportion of probabilistic lose-
feedback, the average proportion of probabilistic lose- shift behaviours ranged from 0.537 to 0.698, with an aver-
shift behaviours after misleading negative feedback age of 0.583 + 0.015.
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The between-group difference in sensitivity to negative
feedback was stable across the screening period (i.e., no sig-
nificant interaction between screening day and sensitivity to
negative feedback; F,,, = 0.566, p = 0.82) — a significant
sensitivity effect (F,,; = 31.19, p < 0.001; Figure 2A). The more
and less sensitive groups did not differ significantly in terms
of average sensitivity to positive feedback (F,,; = 1.149, p =
0.30; Figure 2B) or average number of reversals made during
the screening tests (F,,; = 1.984, p = 0.18; Figure 2C).

Induction and assessment of drinking behaviour

During the 18 intermittent-access 2-bottle choice sessions,
the rats significantly (p < 0.05) increased their alcohol in-
take (Figure 3). Average intake in the first session was 3.49
+ 0.58 g/kg per 24 hours, increasing to an average of 4.95
+ 0.41 g/kg per 24 hours in the last session (significant
main effect of session; F,;,, = 2.774, p < 0.001). We ob-
served no significant differences in alcohol consumption
between the less and more sensitive groups (nonsignifi-
cant effect of sensitivity; F,,; = 0.1661, p = 0.69) and found a
nonsignificant session x sensitivity interaction (F,;,, =
1.016, p = 0.44).

Because only 15 of the 20 rats achieved the criteria for the tak-
ing and seeking-taking tasks, we analyzed alcohol consump-
tion during the 2-bottle choice sessions in only these animals.

Characterization of compulsive alcohol seeking behaviour

In the next step, the animals were trained to associate the
pressing of the taking lever with alcohol delivery under a
fixed-ratio-1 schedule of reinforcement.

The number of sessions needed to achieve the taking task
criterion ranged from 4 to 39, with an average of 16.3 + 3.9.
The animals from the less sensitive group reached the taking
task criterion after 11.9 + 4.6 sessions; animals from the more
sensitive group needed 22.8 + 6.3 sessions.

The number of sessions needed to achieve the seeking-taking
task criterion ranged from 4 to 31, with an average of 17.5 + 1.7.
To achieve the seeking-taking task criterion, animals from the
less sensitive group needed 17.6 + 2.9 sessions, and animals
from the more sensitive group needed 17.3 + 0.8 sessions.

We observed no significant differences between the
2 groups in terms of number of sessions needed to achieve
the taking test criterion (U = 17.50, p = 0.24) or the seeking-
taking test criteria (t,, = 0.061, p = 0.95).

After the taking and seeking-taking training, the rats
were tested in the seeking-taking-punishment task. Com-
pletion of trials during the seeking-taking-punishment task
was an indicator of the animals’ persistence in seeking alco-
hol in the face of aversive consequences. Two-way repeated-
measures analysis of variance revealed a significant sensi-
tivity x shock intensity interaction (F,, = 3.427, p = 0.003,
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Figure 2: Results of negative feedback sensitivity screening. (A) Average proportion of lose-shift behaviours after misleading unrewarded out-
comes; (B) average proportion of win-stay behaviours after a reward; and (C) average number of reversals in animals classified as less sensi-
tive (open circles, n = 10) and more sensitive (filled circles, n = 10) to negative feedback during the 10 screening probabilistic reversal learning

tests. Data are presented as the mean + standard error of the mean.
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Alcohol intake during 2-bottle choice sessions
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Figure 3: Alcohol intake during the intermittent-access 2-bottle choice
sessions. Average daily alcohol intake (g/kg of body weight) in groups
of rats classified as less sensitive (open circles, n = 9) and more sen-
sitive (filled circles, n = 6) to negative feedback. Data are presented
as mean = standard error of the mean. *Significant (p < 0.05) differ-
ence in average alcohol consumption (for the entire cohort) between
a given 2-bottle choice session and the first 2-bottle choice session.

and F,,, = 2494, p = 0.023 for seeking responses and com-
pleted trials, respectively).

Two rats (1 less sensitive to negative feedback and 1 more
sensitive) that showed a significantly different pattern of be-
haviour on the seeking-taking-punishment task were ex-
cluded from the analysis based on the Grubbs test for out-
liers. Because the behaviour of these 2 rats differed only
during the seeking-taking-punishment tests, their data were
excluded for those tests only, and included in the analyses for
other parts of the study.

As the shock intensity increased from 0.10 to 0.50 mA
during consecutive sessions, the rats classified as more sen-
sitive to negative feedback significantly decreased their
number of seeking responses (Figure 4A) compared to their
initial performance (p = 0.012 at 0.4 mA and p < 0.001 at
0.50 mA) and compared to their less sensitive counterparts
(p = 0.045 and p = 0.002 at 0.5 mA). We observed similar
differences between the less and more sensitive groups in
the number of completed trials (Figure 4B). As the shock
intensity increased from 0.10 to 0.50 mA over consecutive
sessions, the rats classified as more sensitive to negative
feedback significantly lowered their number of completed
trials compared to their initial performance (p < 0.001 at
0.5 mA) and compared to their less sensitive counterparts
(p=0.035at 0.5 mA).
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Figure 4: Trait sensitivity to negative feedback determines compulsive alcohol seeking and taking in rats. Rats were trained on an instrumen-
tal second-order chained schedule of alcohol reinforcement task to work for alcohol, and then their seeking responses were punished by mild
electric foot shocks of increasing intensity (from 0.1 through 0.2, 0.3 and 0.4 up to 0.5 mA). As the shock intensity increased, the rats classified
as more sensitive to negative feedback (filled circles, n = 5) significantly decreased (A) their number of seeking responses and (B) their num-
ber of completed trials compared to their baseline performance and to the less sensitive cohort (open circles, n = 8). Data are presented as
mean + standard error of the mean. *Significant (p < 0.05) difference between the less sensitive and more sensitive groups.

E258

J Psychiatry Neurosci 2022;47(4)



Trait sensitivity to negative feedback and alcohol seeking in rats

After seeking-taking-punishment testing, all animals
underwent 5 baseline seeking-taking tests before the start of
the extinction phase. We found no significant differences be-
tween groups in the average number of seeking and taking
responses during the baseline seeking-taking tests (t,, = 0.695,
p=0.49,and U = 25, p = 0.84, respectively).

Extinction and reinstatement of alcohol seeking behaviour

The number of sessions needed to achieve the extinction
criterion ranged from 4 to 20, with an average of 11 + 1.32.
All rats extinguished their seeking lever responses, but
those more sensitive to negative feedback needed signifi-
cantly fewer sessions than their less sensitive counterparts
to cease their seeking behaviour (7.67 + 1.17 sessions v.
13.22 + 1.71 sessions; t,,= 2.39, p = 0.033; Figure 5A and
inset).

We assessed the effect of sensitivity to negative feedback
on the reinstatement of alcohol seeking after a 30-day absti-
nence interval. Over the course of 10 seeking-taking tests,
most of the animals (apart from 2 less sensitive rats and
1 more sensitive rat) reinstated their pre-extinction baseline
level of seeking responses. We observed no significant dif-
ferences in the number of seeking responses across the re-
instatement phase between those less and more sensitive to
negative feedback (nonsignificant effect of sensitivity; F,,; =
0.1928, p = 0.67), and we found a nonsignificant session x

sensitivity interaction (F,,,; = 0.6824, p = 0.72; Figure 5B). The
average number of sessions needed to achieve the reinstate-
ment criterion was 6.1670 = 0.5752. The rats from the less
and more sensitive groups did not differ significantly in the
number of sessions needed to reinstate the baseline levels of
seeking responses (U = 13, p = 0.39).

Correlation between negative feedback sensitivity and
measures of alcohol seeking and taking

We computed a Pearson correlation coefficient to assess
the relationship between negative feedback sensitivity
and measures of alcohol seeking and taking in rats. We
found a negative correlation between negative feedback
sensitivity and the log number of seeking responses dur-
ing the seeking-taking-punishment task at 0.30 mA (r;;
-0.6576, p = 0.015) and in both 0.50 mA trials (r,; =
-0.6701, p = 0.012; ry; = —0.7043, p = 0.007). We also found
a trend toward statistical significance for the negative cor-
relation between negative feedback sensitivity and num-
ber of seeking responses during the trial of the extinction
criterion (r,; = —0.4878, p = 0.06). The analysis revealed no
significant correlations between sensitivity to negative
feedback and other investigated measures of alcohol seek-
ing and taking. Findings are presented in Appendix 1,
Table S1, available at www .jpn.ca/lookup/doi/10.1503/
jpn.210220/tab-related-content.
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Figure 5: The effects of trait sensitivity to negative feedback on the length of extinction and reinstatement of compulsive alcohol seeking in rats.
(A) After the punishment tests, the rats underwent 5 baseline seeking-taking tests and then underwent the extinction phase, during which seek-
ing responses did not result in alcohol delivery. All rats extinguished their seeking lever responses, but animals more sensitive to negative feed-
back (filled circles, n = 6) needed significantly fewer sessions to cease their seeking behaviour than their less sensitive counterparts (open cir-
cles, n = 9; inset). *Significant (p < 0.05) difference between the more sensitive and less sensitive groups. (B) After a 30-day abstinence interval,
rats from the less sensitive (open circles, n = 9) and more sensitive (filled circles, n = 6) groups underwent 10 seeking-taking tests to measure
how quickly they reinstated their baseline level of alcohol seeking responses. Data are presented as mean + standard error of the mean.
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Discussion

The results of the present study demonstrated that trait sensi-
tivity to negative feedback predicts the vulnerability of rats to
the development of compulsive alcohol seeking and consump-
tion in a situation when these behaviours are punished. Our
findings also showed significant differences between animals
classified as less and more sensitive to negative feedback in
their propensity to extinguish alcohol seeking behaviours after
the termination of alcohol availability. Finally, our findings
complement the existing literature, proving that the develop-
ment of compulsive alcohol seeking and taking behaviours in
Sprague Dawley rats can be achieved with intermittent free
access and instrumental alcohol drinking paradigms.

Apart from excessive drinking to the point of intoxication,
people addicted to alcohol also devote much time and effort
to compulsively seeking alcohol, in spite of the consequences.
Although several preclinical studies have reported on pro-
cedures mimicking the persistence of alcohol consumption in
the face of aversive consequences,” none of them directly
addressed the compulsive nature of alcohol seeking, which
occurs before drinking and is mechanistically dissociable
from the acute intoxicating effects of the drug.

A breakthrough occurred in 2015, together with the devel-
opment of a behavioural procedure allowing for the temporal
separation of seeking and taking instrumental responses for
alcohol. In their study, Giuliano and colleagues® introduced
anew behavioural paradigm allowing for the above-mentioned
separation and demonstrated for the first time that in rats, a
propensity to consume and spontaneously prefer alcohol is
dissociable from the propensity to compulsively seek it. This
observation suggested that in rats, individual vulnerability to
compulsive seeking of alcohol may depend on cognitive
mechanisms other than a simple preference.

The experiments in the present study have confirmed the
above assumption. Although all rats displayed similar in-
itial alcohol consumption, those with lower sensitivity to
negative feedback were more vulnerable to compulsive al-
cohol seeking than their more sensitive counterparts. This
increased vulnerability was demonstrated by their weaker
reaction to the unpredictable punishment of seeking re-
sponses (i.e., foot shock intensity increasing from 0.1 to
0.5mA over repeated sessions) and their prolonged extinc-
tion of instrumental alcohol seeking responses when alcohol
was no longer available.

In contrast, rats classified as being more sensitive to nega-
tive feedback progressively decreased their alcohol seeking,
significantly reducing it at shock intensities of 0.4 to 0.5 mA,
and they needed significantly fewer alcohol-free instrumental
sessions to extinguish their alcohol seeking behaviours. These
intuitive results were in line with studies in humans showing
that individuals with a high sensitivity to adverse outcomes
tend to use less alcohol than those who are less sensitive.®
Our results were also consistent with those of studies in stu-
dents; among those who drank heavily and received an in-
fraction for their alcohol use, those with a higher sensitivity
to punishment were more likely to reduce their drinking.* To
the best of our knowledge, this is the first direct evidence that

in an animal model of alcohol dependence, sensitivity to neg-
ative feedback interacts with the development of compulsive
intake of alcohol.

Although further studies are needed to directly pinpoint
the neurobiological correlates of the interaction we observed,
our results may be at least partially explained using the
framework of psychobiological models of motivation, re-
inforcement sensitivity theory being one of the most influen-
tial. ¥ According to these models, input from the basal gan-
glia, mesolimbic dopamine projections from the ventral
tegmental area to the ventral striatum, the nucleus accum-
bens, and mesocortical dopamine projections to the prefron-
tal cortex (constituting the neural circuit of the behavioural
activation system) mediate the rewarding effects of alcohol
and the reactions associated with seeking it. In turn, differ-
ences in sensitivity to negative feedback, which interacts with
compulsive alcohol seeking, could account for differences in
the activity of the behavioural inhibition and fight-flight-
freeze systems, which are neuroanatomically bound to the
septohippocampal system, periaqueductal grey matter, me-
dial hypothalamus, amygdala, cingulate cortex, and dorsal
and ventral prefrontal cortices.®

Limitations

Based on the data from the present study, we could not un-
equivocally infer whether the differences in the length of ex-
tinction of alcohol seeking were parallel or secondary to the
differences in persistent drinking despite negative conse-
quences, but this second-level validation confirms the role
of trait sensitivity to negative feedback in the development
of compulsive alcohol consumption. Because the extinction
was based on a lack of reward, the results from this phase
also exclude the unlikely possibility that the differences we
observed in the seeking-taking-punishment task could have
resulted from the various sensitivities to electric foot shocks.

In contrast to previous studies,?* the present study used
an outbred Sprague Dawley strain rather than inbred, alcohol-
preferring rats. This strain has been reported to demonstrate
moderate alcohol consumption in the intermittent-access
2-bottle choice paradigm (reviewed by Carnicella and col-
leagues®), and to our knowledge, it has never been tested
with the ISOCSAR task. The use of a strain without a genetic
predisposition to alcohol preference demonstrated naturally
occurring differences in alcohol consumption, but also ac-
counted for the fact that almost a quarter of the tested ani-
mals failed to meet task criteria. The fact that most of the ex-
cluded rats came from the more sensitive group lent strength
to the results of our experiments, suggesting that a high sen-
sitivity to negative feedback could be associated with a gen-
erally weaker vulnerability to the effects of alcohol. However,
this concept calls for further investigation.

Several other issues should be investigated further. The find-
ings from our study did not answer the question of whether in-
dividual differences in sensitivity to negative feedback have a
genetic basis, develop in response to postnatal experiences, or
both. We also do not know whether a similar difference in
sensitivity to negative feedback could be observed in females,
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or the relationship between sensitivity to negative feedback and
social hierarchy. Finally, considering the caloric value of alco-
hol, we do not know if food restriction affected alcohol con-
sumption in rats. Although alcohol has a fairly high caloric
value, these are so-called “empty calories” with no hunger-
quenching potential, and the literature suggests mixed effects: a
2001 study found that alcohol decreases the level of leptin, a
hormone involved in the regulation of energy balance by inhib-
iting hunger,* but in 2005, Calissendorff and colleagues® found
that alcohol inhibits appetite-stimulating ghrelin secretion.

Conclusion

Using multiple, consecutive probabilistic reversal learning
tests, we confirmed our previous observation that sensitivity
to negative feedback in rats is a stable and enduring behav-
ioural trait. We also showed that this trait may determine the
rats’ vulnerability to the development of compulsive alcohol
seeking, maintained despite the risk of punishment. Trait
sensitivity to negative feedback was also associated with a
better ability to cease alcohol seeking behaviour when it was
no longer available. Our results call for further investigation
of the neurobiological mechanisms involved. Future studies
should also determine whether trait sensitivity to negative
feedback interacts with molecular and physiologic correlates
of compulsive alcohol intake. Finally, it is possible that nega-
tive feedback sensitivity screening could be used to evaluate
individual differences in response to the therapeutic effects of
drugs used in alcohol use disorder.
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Number

Experimental phase Variable Correlation (r) p-value
of pairs
T1 -0.002434 0.9931
T2 -0.03751 0.8944
T3 -0.4645 0.0811
T4 -0.004159 0.9883
T5 0.2216 0.4274
T6 0.009118 0.9743
T7 -0.253 0.363
g T8 -0.2304 0.4088
S 19 0.09377 0.7396
= 15 g EtOH/ kg b.w./ 24h
g T10 -0.02986 0.9159
2 T11 -0.2892 0.2958
" T12 -0.09365 0.7399
T13 0.1937 0.4891
T14 -0.05449 0.8471
T15 0.2087 0.4553
T16 0.1111 0.6933
T17 0.09762 0.7293
T18 -0.1548 0.5818
Taking criterion 15 Number of tests 0.3277 0.2331
Seeking-taking criterion 15 Number of tests 0.1565 0.5775
0.10 mA -0.3358 0.2619
|5 0.20 mA 0.3802 0.2
§ g 0.30 mA -0.5502 #0.0514
§_ g 0.30mA LOG Number of -0.6576 * 0.0146
o o 13 :
= o 0.40 mA seeking responses -0.2439 0.422
én g 0.40 mA 10.3869 0.1915
b 0.50 mA -0.6701 *0.0122
" 0.50 mA -0.7043 *0.0072




0.10 mA -0.1111 0.7179

0.20mA 0.4516 0.1213

0.30mA -0.3547 0.2343

“ 0.30 mA LOG Number of -0.5175 0.0701

g 0.40 mA completed trials 0.1892 0.5358

0.40 mA -0.03833 0.9011

0.50 mA -0.4711 0.1041

0.50 mA -0.4794 0.0974

Extinction criterion 15 Number of tests -0.4878 #0.0651

Reinstatement criterion 12 Number of tests -0.4811 0.1133

Table $1.) Correlation between the NF sensitivity and measured variables of alcohol seeking and
taking. NF sensitivity. expressed as the average probabilistic lose-shift ratio was correlated with
investigated measured of alcohol-seeking ang taking in rats. * indicates a significant (p < 0.05)

correlation between NF sensitivity and the given variable of interest. # indicates a trend toward a

statistically significant correlation between NF sensitivity and the given variable of interest.
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Abstract

Background The results of our previous studies demonstrated that low sensitivity to negative feedback (NF) is associated
with increased vulnerability to the development of compulsive alcohol-seeking in rats. In the present study, we investigated
the molecular underpinnings of this relationship.

Methods Using TagMan Gene Expression Array Cards, we analyzed the expression of the genes related to NF sensitivity and
alcohol metabolism in three cortical regions (medial prefrontal cortex [mPFC], anterior cingulate cortex [ACC], orbitofrontal
cortex [OFC]) and two subcortical regions (nucleus accumbens [Nacc], amygdala [Amy]). Gene expression differences were
confirmed at the protein level with Western blot.

Results Sensitivity to NF was characterized by differences in Gad2, Drd2, and Slc6a4 expression in the ACC, Maoa in the
mPFC, and Grial, Htr3a, and Maoa in the OFC. Chronic alcohol consumption was associated with differences in the expres-
sion of Comt and Maoa in the ACC, Comt, Adhl, and Htr2b in the mPFC, Adhl, and Slc6a4 in the Nacc, Gad2, and Htrla
in the OFC, and Drd?2 in the Amy. Interactions between the sensitivity to NF and alcohol consumption were observed in the
expression of Gabral, Gabbr2, Grin2a, Grin2b, and Grm3 in the ACC, and Grin2a in the OFC. The observed differences
were confirmed at the protein level for MAO-A in the mPFC, and ADH1 in the mPFC and Nacc.

Conclusions Our findings contribute to a better understanding of the molecular mechanisms underlying the relationship
between trait sensitivity to NF and compulsive alcohol consumption.

Keywords Feedback sensitivity - Animal model - Alcohol - Rat - Genes - MAO-A

Introduction burden of alcohol abuse on a global scale is enormous [1,

2]. The intricate nature of this disorder and the inter-indi-

Alcohol use disorder (AUD) is a chronic psychiatric con-
dition characterized by the progression from occasional,
moderate drinking to compulsive alcohol abuse. AUD is a
significant global health issue, predominantly affecting men,
leading to a high number of deaths each year. The economic
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vidual differences between people suffering from alcohol
dependence implies that individual traits may play a role in
determining susceptibility to the development of compulsive
drinking and subsequent addiction. Previous studies have
indicated that people with symptoms of alcohol dependence
often exhibit reduced responsiveness to the adverse conse-
quences of their actions, as well as a decreased capacity to
utilize negative feedback (NF) for regulating and adapting
current behavior [3].This hints at a potential deficit in their
feedback processing [3, 4]. Increased sensitivity to NF mani-
fests itself in inadequate responses to negative outcomes of
one’s actions and deficits in adjusting behavior following
failures or errors [5, 6]. However, until recently, it remained
unclear whether this biased processing preceded the onset of
alcohol dependence or was a consequence of it.
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In a recent publication from our laboratory [7], we pre-
sented findings highlighting the significant influence of trait
sensitivity to NF on the development and maintenance of
an alcohol-dependent-like state in rats. Our research dem-
onstrated that trait sensitivity to NF can modulate alcohol-
seeking behavior in response to punishment or the absence
of expected rewards. Specifically, we found that rats with
lower sensitivity to NF exhibited a higher propensity for
compulsive alcohol-seeking compared to their more sensi-
tive conspecifics. While these results shed light on the role
of NF sensitivity in the development of an alcohol-depend-
ent-like state, they did not elucidate the molecular mecha-
nisms that could account for the observed effects.

Ethanol (EtOH) is a small, water-soluble molecule that is
easily distributed throughout the body, allowing it to affect
tissues and organs. The molecular effects of EtOH on the
brain are intricate and encompass a multitude of mechanisms
and signaling pathways. To gain further insight into the pre-
viously reported relationship between trait sensitivity to NF
and prolonged alcohol consumption [7], the present study
aimed to analyze differences in the expression of various
genes in five brain regions: three cortical (medial prefrontal
cortex [mPFC], anterior cingulate [ACC], and orbitofrontal
cortex [OFC]) and two subcortical areas (nucleus accumbens
[Nacc] and amygdala [Amy]). All the above-mentioned brain
regions have been previously demonstrated to be involved in
mediating sensitivity to feedback [8—11]. The selected genes
were potentially linked to the modulation of NF sensitivity
and the effects of alcohol. By extensively reviewing existing
literature and analyzing the consequences of various genetic
and pharmacological interventions on feedback sensitivity,
four groups of genes were identified for scrutiny.

1. The first group encompassed genes responsible for the
functioning and regulation of the serotonin (5-HT) sys-
tem, such as serotonin receptors (5-HT, 5, 5-HT,,), sero-
tonin transporter (SERT), and tryptophan hydroxylase
[12-15].

2. The second group of genes was selected based on their
involvement in dopaminergic neurotransmission, as
dopamine (DA) is the secondary neurotransmitter cru-
cially implicated in feedback-based learning [10, 16].
This group included genes like dopamine receptors (D,
D,, D,), dopamine transporter (DAT), tyrosine hydroxy-
lase, monoamine oxidase (MAO) A and B, and catechol-
O-methyltransferase (COMT).

3. Because changes in brain DA neurotransmission often
result from secondary neuroadaptations in other neu-
rotransmitter systems, such as glutamate [17] and
y-aminobutyric acid (GABA) [18], genes associated
with these 2 neurotransmitter systems, e.g., the iono-
tropic glutamate receptors NMDA and AMPA, the
metabotropic glutamate receptors mGLU,, mGLUj;, and

@ Springer

mGLUs, glutamate decarboxylase (GAD), and GABA 4
and GABAj receptors, constituted the third analyzed
group.

4. Genes implicated in EtOH metabolism, including cata-
lase and alcohol dehydrogenase [19], constituted the
fourth group.

5. Additionally, ribosomal protein L32 (Rpl32) and pepti-
dylprolyl isomerase A (Ppia) were employed as refer-
ence genes, as described previously [20].

Materials and methods

In a previously published behavioral study, we analyzed dif-
ferences in susceptibility to various aspects of compulsive
alcohol consumption between 20 male Sprague—Dawley rats
classified as less/more sensitive to NF [7]. This study had a
non-drinking control group (N=20) that could not be used
for comparison in behavioral tests that used alcohol as a
reward and was therefore not reported. In the current study,
the brain tissue from these 20 additional rats along with the
brain tissue of the 20 rats described in the previous study,
was used to analyze the differences in the expression of a
variety of genes related to feedback sensitivity and alcohol
metabolism in rats with a lower and higher level of sensitiv-
ity to NF. This analysis was conducted within the groups
of animals subjected to long-term exposure to alcohol and
their non-drinking counterparts. The experimental schedule
is summarized in Fig. 1.

Ethical statement

All experiments were conducted following the European
Union guidelines for the care and use of laboratory animals
(2010/63/EU). Experimental protocols were reviewed and
approved by the 2nd Local Institutional Animal Care and
Use Committee, Institute of Pharmacology Polish Academy
of Sciences in Krakow (Agreement: No. 230/2019, dated
10.10.2019). The authors declare that every effort has been
made to minimize the animals’ suffering and the number of
animals used.

Subjects and behavioral procedures

We used 40 male Sprague—Dawley rats. Rats from the
control group (N =20) underwent probabilistic reversal
learning (PRL) paradigm training together with EtOH rats
(N=20), for which the procedure was previously described
in detail [7]. Briefly, the tests were conducted in the oper-
ant conditioning boxes, and each PRL session had 200
trials. During each trial, both levers were presented. One
lever was randomly set as the “correct” lever, yielding an
80% reward rate, while the other, the “incorrect” lever, had
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Experimental schedule
TIME B
(WEEKS)
1 PRL TRAINING
NEGATIVE FEEDBACK SENSITIVITY SCREENING
COHORT DIVISION
10
Two-bottle choice
22 Taking and seeking-taking task
Seeking-taking-punishment task BEHAVIORAL
EXPERIMENTS
46 Extinction phase
Reinstatement of alcohol-seeking and taking
52
BRAIN TISSUE COLLECTION
ISOLATION OF RNA AND PROTEIN
DETERMINATION OF mRNA EXPRESSION
WESTERN BLOT ANALYSIS
A 4

Fig. 1 Experimental schedule. To determine the effects of lower and
higher sensitivity to negative feedback (NF) and prolonged alcohol
consumption on gene expression and protein levels, a cohort of rats
was trained and tested in a series of Probabilistic Reversal Learning
(PRL) tests. Based on this “Negative feedback sensitivity screen-
ing”, rats were classified as less sensitive and more sensitive to NF.
The cohort was further divided into alcohol (EtOH) and water (H,O)
drinking groups. Rats from the EtOH group were then subjected to
a series of behavioral tests measuring hallmark symptoms of alco-
hol use disorder (behavioral data previously published [7]). H,O rats
were handled daily throughout the entire experiment. At the end of
these behavioral procedures, the rats were sacrificed, and the effects
of prolonged alcohol consumption on gene expression and protein
levels were compared between animals less sensitive and more sensi-
tive to NF

a 20% reward rate. A 5 s intertrial interval (ITT) followed
reward delivery. No response within 10 s was counted as an
omission and also triggered the ITI. The same ITI followed
unrewarded outcomes. After eight consecutive “correct”
lever presses, the outcome probabilities were reversed.
To evaluate rats' sensitivity to NF, indicating their abil-
ity to disregard occasional lack of reward, trial-by-trial

decisions were monitored. Probabilistic lose-shifts, where
rats switched levers after unrewarded “correct” lever press,
were tallied as a ratio of all such outcomes on that lever.
Using the results of 10 PRL tests from 10 consecutive days
as a “sensitivity screening,” the rats were divided into two
groups based on their sensitivity to NF, using the median
to split them into less sensitive and more sensitive groups.
This split was based on the average ratio of probabilistic
in all 10 screening tests.

Rats from the EtOH group were then tested in a series
of experiments measuring the hallmark features of alcohol
addiction: alcohol intake, alcohol-seeking in the face of
aversive consequences, and extinguishing and reinstating
alcohol-seeking behavior. The results obtained during these
behavioral procedures have been previously published along
with a detailed description of the applied tests [7]. A detailed
description of subjects, housing conditions, and behavio-
ral procedures is presented in Supplementary materials S1.
Control rats were handled daily for the entire duration of
the experiment.

Tissue collection

The day after the last alcohol intake and the last behavioral
test, between 9:00 AM and 12:00 PM, the rats from both
groups were decapitated in a counterbalanced manner (EtOH
and control animal from the same NF sensitivity group at
the same time), and five brain structures were collected for
analyses: ACC, mPFC, Amy, Nacc, and OFC. Tissue was
collected based on the “Rat Brain Atlas” of Paxinos and
Watson [21] and according to Achterberg and colleagues
[22]. The total number of samples for mRNA and protein
analyses came from 34 animals: 18 less sensitive to NF (9
control and 9 EtOH) and 16 more sensitive to NF (10 con-
trol and 6 EtOH). The structures were frozen on dry ice and
stored at —70 °C for further analysis.

Isolation of RNA and protein from the brain
structures

The purification procedure for total RNA isolated from col-
lected tissues was performed according to the instructions
provided with the commercially available RNeasy Plus Mini
Kit (Qiagen, Germantown, MD, US). In addition, the protein
was obtained during RNA isolation by cold acetone pre-
cipitation and then dissolved in urea buffer. The quality and
quantity of the isolated total RNA were evaluated by a Nan-
oDrop ND-1000 (Thermo Fisher Scientific) and an Experion
microcapillary electrophoresis system (Bio-Rad, Hercules,
California, US). Samples that passed the quality threshold
(RIN > 8.0) were used for further experiments.

@ Springer
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Determination of mRNA expression by TagMan
Gene Expression Array Cards

The isolated RNAs were used to synthesize cDNA tran-
scripts according to the manufacturer’s protocol of the
High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). The amount of RNA was equalized for
all samples depending on the structure. The obtained cDNA
was mixed with TagMan Universal PCR Master Mix, No
AmpErase UNG (Thermo Fisher Scientific) for RT-qPCRs
using Custom TaqMan Gene Expression Array Cards
(Thermo Fisher Scientific). One Array Card was used to
examine the mRNA expression of four samples in triplicate.
The RT-qPCRs were run on a QuantStudio 12K Flex System
(Applied Biosystems, Waltham, Massachusetts, US). Data
were further analyzed with QuantStudio 12K Flex Software
(Applied Biosystems). A Ct value above 34 was considered
undetectable. The same threshold equal to 0.20 was set for
all samples for comparison. Then, the data were analysed
with qBasePLUS 3.1 software (Biogazelle, Zwijnaarde, Bel-
gium) [23]. Rpl32 and Ppia were selected for normalization.

Western blot analysis

The concentration of proteins was determined using the
Bradford Reagent (Sigma-Aldrich, Saint Louis, MO, USA)
following the manufacturer’s protocol. Equal concentrations
of proteins were mixed with 4 X Bolt® LDS Sample Buffer
(Invitrogen, Waltham, MA, USA) and 10x Bolt® Sample
Reducing Agent (Invitrogen) and then denatured at 70 °C for
10 min. Samples were separated on Bolt™ 4-12% Bis—Tris
Plus Gels (Invitrogen) under reducing conditions in 20X
Bolt® MES SDS Running Buffer (Invitrogen), incubated
in 20% ethanol for 10 min, and transferred to immunoblot
nitrocellulose membranes (iBlot® 2 Transfer Stacks, nitro-
cellulose, Invitrogen, Waltham, MA, USA) following the
manufacturer’s protocol. Primary and secondary antibod-
ies were suspended in an iBind™ Solution Kit followed by
membrane incubation on iBind™ Cards using the iBind™
Western Device (SLF1000, Invitrogen, Waltham, MA, USA)
for 2.5 h or overnight. Due to the lack of high-quality pri-
mary antibodies, we were unable to verify differences in the
expression of several genes at the protein level. Western blot
analysis was performed for the following proteins: MAO-A,
ADHI, 5-HTj;, and SERT. The following concentrations
of primary antibodies were used to determine protein lev-
els: 1:2000 for MAO-A (rabbit, cat. number: PA579623,
Invitrogen)), 1:2000 for ADH1 (rabbit, cat. number PAS-
78,730, Invitrogen), 1:1000 for 5-HT;, (rabbit, cat. number:
bs-2126R Bioss antibodies), and 1:2000 for SERT (rabbit,
cat. number: PA5-80032, Invitrogen). The secondary anti-
rabbit (cat. number: ab6721, Abcam) antibodies were used
at concentrations of 1:20 000. As a loading control, f-actin
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(monoclonal anti-B-actin antibody produced in mouse,
A5441, Sigma-Aldrich, Saint Louis, MO, USA) was applied
at a concentration of 1:20 000, and its corresponding sec-
ondary antibody (anti-mouse IgG, A9044, Sigma—Aldrich,
Saint Louis, MO, USA) was applied at a concentration of
1:20 000. The electrophoretic bands were detected using
the Clarity™ Western ECL Substrate (Bio-Rad, Hercules,
CA, USA) and FUJIFILM LAS-4000 (Fujifilm Life Science,
USA) device. Blot analysis was performed using Imagel
1.53e software (Wayne Rusband and NIH, USA). Due to
limited gel spots, a minimum of three samples from different
groups were included in each blot.

Statistics

The data were analyzed using SPSS (version 25.0, SPSS
Inc., Chicago, IL, USA). The normality of the data was
assessed using the Shapiro—Wilk test. For gene expression
and protein level data, two-way ANOVAs were conducted.
For pairwise comparisons, the values were compared using
Sidak’s post-hoc tests. Nonparametric data were normalized
by applying the square root transformation and, if neces-
sary, outliers were removed. In cases where data could not
be normalized, the Kruskal-Wallis test was employed fol-
lowed by Dunn’s post hoc test. Feedback sensitivity screen-
ing data were analyzed using two-way repeated-measures
ANOVA, with the within-subject factor being the test day/
session and the between-subject factor being the sensitivity
to NF. All significance tests were conducted with a=0.05.
The homogeneity of variance was examined using Levene's
test, and for repeated-measures analyses, sphericity was con-
firmed using Mauchly's test. The data are presented as the
mean + SEM (standard error of the mean) for parametric
data, or as the median and interquartile range for nonpara-
metric data.

Results
NF sensitivity screening

All animals fulfilled the PRL training criteria and qualified
for the PRL screening. Screening data for the EtOH group
have been previously published [7]. Screening data for the
whole cohort are presented in Fig. 2. For the animals classi-
fied as less sensitive to NF, the average proportion of lose-
shift behaviors following misleading NF ranged from 0.36
to 0.54, with an average of 0.46+0.01. For those classified
as more sensitive to NF, the average proportion of probabil-
istic lose-shift behaviors ranged from 0.54 to 0.71, with an
average of 0.59 +0.01. The difference in sensitivity to NF
between both groups was stable across the screening period
(non-significant interaction between screening day and NF
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Fig.2 Negative feedback (NF) sensitivity screening. The average pro-
portion of lose-shift behaviors following misleading unrewarded out-
comes in rats classified as less sensitive (n=20) and more sensitive
to NF (n=20) across all 10-screening probabilistic reversal learning
tests. Data are presented as the mean+ SEM

sensitivity (Fg34,=0.331, p=0.542), a significant sensitivity
effect (F 33=62.36, p<0.001), Fig. 2).

Gene expression

Analysis of the gene expression revealed statistically signifi-
cant lower levels of mRNA in rats more sensitive to NF com-
pared to the less sensitive group, for Gad2 (F; ,9=7.533,
p=0.010) in ACC (Fig. 3A), for Maoa (F, 3,=35.229,
p=0.029) in mPFC (Fig. 3B) and Grial (F; ;,=6.268,
p=0.018), Htr3a (Fy 3= 6.514, p=0.016), and Maoa
(F, ,9=4.734, p=0.038) in OFC (Fig. 3E).

In the ACC, the level of mRNA for Drd2 (F 1.30=4.920,
p=0.034) and Slc6a4 (F, ,3=35.254, p=0.030) was signifi-
cantly higher in the more sensitive to NF group (Fig. 3A).
There were no significant effects of NF sensitivity on the
expression of genes of interest in Amy and Nacc.

The mRNA levels were higher in the EtOH group
compared to control, for Comt (F; ,9=10.220, p=0.003)
and Maoa (F| ,9=4.368, p=0.046) in ACC, for Comt
(Fy, 30=13.270, p=0.001), and Htr2b (F, ,3=16.437,
p=0.018) in mPFC (Fig. 3B), for Adhl (F| ,;=9.895,
p=0.004) in Nacc (Fig. 3D), and Gad2 (F, ;,=4.390,
p=0.045) in OFC (Fig. 3E).

In mPFC, the mRNA level of Adhl was higher in the
EtOH group than in the control group only for rats more
sensitive to NF (Kruskal-Wallis test: p=0.033, Fig. 3B).
The expression of Drd2 (F ,3=4.436, p=0.044) in
Amy (Fig. 3C), Slc6a4 (F| ,9=5.258, p=0.029) in Nacc
(Fig. 3D), and Htrla (F| 30=38.506, p=0.007) in OFC

(Fig. 3E) was lower in the EtOH group compared to the
controls.

The analysis also revealed significant interactions
between the effects of sensitivity to NF and the effects of
prolonged alcohol exposure on the expression of Gabral
(F1,30=4.629 p=0.040), Gabbr2 (F| 3,=5.772 p=0.023),
Grin2a (Fy 3,=4.629, p=0.040), Grin2b (F| ;,=9.156,
p=0.005), and Grm3 (F; 3,=9.867, p=0.004) in ACC
(Fig. 3A), and on the expression of Grin2a (F ;,=4.629,
p=0.040) in OFC (Fig. 3E). In the group of rats more sen-
sitive to NF, the mRNA level of Grm3 in ACC was lower
in the EtOH group than in their control conspecifics. Addi-
tionally, within the control group, rats more sensitive to NF
exhibited lower levels of Grm3 expression compared to their
less sensitive to NF counterparts. For Grin2b in ACC within
the control group, rats more sensitive to NF showed higher
mRNA expression compared to their less sensitive coun-
terparts. For the EtOH group in ACC, the mRNA level of
Gabbr2 was lower in rats more sensitive to NF compared to
their less sensitive conspecifics. The post-hoc tests did not
reveal significant inter-group differences in the expression
of Garbal, Grin2a in ACC, and Grin2a in OFC.

The results of statistical analyses of the expression of
all genes are listed in Table S1 (Supplementary Materials
S2). Two samples from Amy failed to pass the RNA qual-
ity threshold. Abnormalities in the gene expression read-
ings were detected in certain samples on the RT-PCR card,
specifically: for Htr2b in Amy, mPFC, ACC, NaCC, and
OFC; for Sic6a3 in Amy, mPFC, ACC, and OFC; and Sic6a4
in ACC and Nacc. These results were not included in the
analysis.

Protein expression

The observed differences in the mRNA levels were further
explored at the protein level using the Western blot tech-
nique. Statistically significant effect of alcohol treatment on
ADHI1 protein (Alcohol dehydrogenase 1, gene: Adhl) level
was detected in the mPFC (F, 3, =7.650, p=0.010; Fig. 4A)
and in the Nacc (F 3, =7.650, p=0.010; Fig. 4B).

Statistical analysis revealed also a significant interaction
between the effects of sensitivity to NF and prolonged alco-
hol exposure on MAO-A protein level (Monoamine oxidase
A, gene: Maoa) in mPFC (Fi31= 7.650, p=0.010; Fig. 4A),
with a higher level of MAO-A in rats more sensitive to NF
within the control group and significantly lower level of this
protein in alcohol drinking group within the group of ani-
mals more sensitive to NF.

There were no statistically significant differences in the
expression of other analyzed proteins. The results of statisti-
cal analyses of differences in the expression of all proteins
of interest are listed in the Supplementary Table S2 (Sup-
plementary materials S2). Original Western blot images
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Fig.3 Genes expression following chronic alcohol exposure in the
brains of male Sprague Dawley rats with higher or lower sensitivity
to negative feedback (NF). Bar graphs represent a relative normal-
ized expression of the genes assessed with TagMan Gene Expres-
sion Array Cards in animals less sensitive to NF (light green bars)
and more sensitive to NF (dark green bars) belonging to control (open
bars) and EtOH (dashed bars) groups in A anterior cingulate cortex
(ACC), B medial prefrontal cortex (mPFC), C amygdala (Amy), D
nucleus accumbens (Nacc) and E orbitofrontal cortex (OFC); Total
number of samples: n=34 (less sensitive to NF: 9 control (8 in Amy),
9 EtOH; more sensitive to NF: 10 control, 6 EtOH [5 in Amy]). For
some genes, single samples were excluded due to abnormalities in

are included in Supplementary materials S3. Some protein
bands were unsuitable for quantification due to technical
errors and are indicated by black frames (Supplementary
materials S3).

Discussion

The results of the study described above are comple-
mentary to and need to be discussed in the light of the
results published in our earlier paper [7] in which we
tested the hypothesis that in rats, individual vulnerability
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normalized by square root transformation. Data are presented as the
mean+SEM (A-E) or as a median and interquartile range (B: Adhl)
* indicates a significant (p <0.05) difference between animals less
and more sensitive to NF. # indicates a significant (p <0.05) differ-
ence between the EtOH and control group. @ indicates significant NF
sensitivity X alcohol exposure interaction with non-significant inter-
group differences in post hoc tests (2-way ANOVA, Sidak’s post hoc
test; for Adhl in mPFC Kruskal-Wallis test, Dunn’s post hoc test)

to compulsive seeking of alcohol may be linked to cogni-
tive mechanisms based on sensitivity to NF. The experi-
ments described in the mentioned study have confirmed
the above assumption. Although initially the rats classified
as NF less and more sensitive did not differ in voluntary
alcohol consumption, the NF less sensitive animals turned
out to be more vulnerable to compulsive alcohol seeking
than their more NF-sensitive counterparts. This increased
vulnerability was demonstrated by their weaker reaction
to the unpredictable punishment of seeking responses
(i.e., foot shock intensity increasing from 0.1 to 0.5 mA
over repeated sessions) and their prolonged extinction of
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Fig.4 Protein levels following chronic alcohol exposure in the brains
of male Sprague Dawley rats with higher or lower sensitivity to nega-
tive feedback (NF). A Alcohol dehydrogenase 1 (ADH1) and Mono-
amine oxidase A (MAO-A) to B-actin ratio in animals less sensitive
to NF (light green bars) and more sensitive to NF (dark green bars)
belonging to control (open bars) and EtOH (dashed bars) groups in
mPFC B) ADHI to p-actin ratio in animals less sensitive to NF (light
green bars) and more sensitive to NF (dark green bars) belonging to
control (open bars) and EtOH (dashed bars) groups in Nacc. Total
number of samples included in Western blot analysis was n=34 (less
sensitive to NF: 9 control, 9 EtOH; more sensitive to NF: 10 control,
6 EtOH). For MAOA-A in mPFC, one sample was excluded (control,
more sensitive to NF) and for ADHI in Nacc, two samples (EtOH,
less sensitive to NF) were excluded due to bands not being quantifi-
able. Data are presented as the mean+SEM. * indicates a significant
(p<0.05) difference between animals less and more sensitive to NF
# indicates a significant (p <0.05) difference between the EtOH and
control group (2-way ANOVA, Sidak’s post hoc test)

instrumental alcohol-seeking responses when alcohol was
no longer available (for details see [7]).

The findings of our present study suggest that differences
in the expression of certain genes and proteins, within sev-
eral brain regions, can be linked to individual differences
in sensitivity to NF, and the mechanisms determining the
NF-linked vulnerability to compulsive alcohol-seeking and
taking in rats. Specifically, we found that in the ACC, the
rats that were more sensitive to NF had a lower level of
mRNA expression of the Gad2, a gene, that is involved in
the production of GABA [24], than their less NF-sensitive
conspecifics. Conversely, rats that were more sensitive to
NF had a higher mRNA expression level of Drd2, which
encodes for a dopamine D, receptor, and Slc6a4, which
encodes for a serotonin transporter, than the rats from the NF
less sensitive group. Similarly, in the mPFC and the OFC,
the rats that were more sensitive to NF had a lower Maoa
mRNA expression level than those, that were less sensitive

to NF. Moreover, in the OFC, the level of mRNA expres-
sion of Grial, which encodes for a subunit of a glutamate
NMDA receptor, and the level of Htr3a, which encodes for a
serotonin 5-HT};, receptor, was lower in rats more sensitive
to NF than in their NF less sensitive counterparts.

Our study also confirmed that chronic alcohol exposure
leads to significant changes in gene expression in different
brain regions of rats, which may contribute to the behav-
ioral and physiological effects of alcohol. In the ACC, rats
exposed to prolonged alcohol consumption had significantly
higher mRNA levels of Comt and Maoa as compared to their
non-drinking controls. Comt encodes for catechol O-methyl-
transferase (COMT), an enzyme involved in the breakdown
of DA and other catecholamines [25], while Maoa encodes
for monoamine oxidase A (MAO-A), an enzyme involved
in the breakdown of neurotransmitters such as 5-HT and
DA [26]. Higher levels of these enzymes may reflect the
increased activity of the neurotransmitter systems they break
down, possibly as a compensatory response to chronic alco-
hol exposure. In the mPFC, the mRNA levels of Comt and
Htr2b, which encodes for a serotonin 5-HT,y receptor, were
higher in the rats from the EtOH group as compared to their
non-drinking controls. In the Nacc, alcohol-exposed rats had
significantly higher levels of Adhl, which encodes for an
alcohol dehydrogenase enzyme, and lower levels of the men-
tioned already above Sic6a4. In the OFC, alcohol-exposed
rats had higher mRNA levels for Gad2, compared to control
rats. However, they also had lower levels of Htrla, which
encodes for the serotonin 5-HT, , receptor.

Our findings also showed that there are significant inter-
actions between the sensitivity to NF and the effects of
prolonged alcohol exposure on the expression of specific
genes in different cortical regions, namely the ACC and
OFC. The expression levels of Gabral, Gabbr2, Grin2a,
Grin2b, and Grm3 were found to be significantly affected
by both sensitivity to NF and prolonged alcohol expo-
sure in the ACC. Gabral and Gabbr2 are involved in the
regulation of GABA, while Grin2a, Grin2b, and Grm3
are involved in glutamatergic neurotransmission. In the
OFC, only the expression level of Grin2a was found to be
affected by both sensitivity to NF and prolonged alcohol
exposure. Alcohol has the potential to disrupt the deli-
cate balance between GABA, the major inhibitory neuro-
transmitter, and glutamate, the principal excitatory neu-
rotransmitter within the central nervous system [27]. The
differences in gene expression related to GABAergic neu-
rotransmission observed in ACC align with prior research
findings that have demonstrated how alterations in GABA
signaling can influence reward processes and the reinforc-
ing effects of alcohol. Given that the mRNA expression
analysis was conducted after a period of forced abstinence
and reinstatement in the EtOH group, it should come as
no surprise that there are differences in the expression of
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genes related to the glutamatergic system. In fact, numer-
ous studies have indicated that alcohol withdrawal is asso-
ciated with disturbances in excitatory amino acid transmis-
sion, and modulating it can alleviate withdrawal symptoms
[28, 29].

In our investigation, most inter-trait differences in gene
expression failed to manifest at the protein level. The lack
of alignment between differences in gene expression and
protein levels is not entirely surprising and could have sev-
eral reasons, including post-transcriptional modifications,
alternative splicing, translational regulation, and post-trans-
lational modifications. These processes introduce complexi-
ties that can obscure the direct relationship between gene
activity and protein abundance and require further investiga-
tion. Despite this, we confirmed that animals more sensitive
to NF within the control group had higher levels of MAO-A
in mPFC than their NF less sensitive conspecifics. Though
the precise function of MAO-A in influencing sensitivity to
feedback remains uncertain, its heightened activity could
potentially accelerate the breakdown of biogenic amines.
This, in turn, may reduce their accessibility to receptors and
hinder the processing of adverse information. It is worth
mentioning that reversible monoamine oxidase inhibitors
are commonly used in the treatment of depression and
may potentially reduce sensitivity to NF, a trait commonly
observed in individuals with depression [30-32]. Addition-
ally, our study found that in animals more sensitive to NF,
chronic alcohol consumption led to lower levels of MAO-A
in the mPFC. This suggests that alcohol consumption down-
regulates MAO-A expression only in animals with higher
sensitivity to NF, not in those with lower NF sensitivity.
These findings are in line with previously published behav-
ioral data where rats more sensitive to NF were less likely
to seek alcohol when it was associated with punishment and
after the termination of alcohol availability, compared to
their less sensitive conspecifics [7]. Previous studies have
shown that genetic variants of Maoa and epigenetic mecha-
nisms are strongly associated with the occurrence of AUD
in both humans and animals [33-35]. Although the exact
mechanism by which alcohol regulates MAO-A expression
is unknown, this finding presents a promising avenue for fur-
ther research in identifying individual differences between
animals less and more sensitive to NF and their susceptibil-
ity to the development of alcohol dependence. Future studies
should aim to investigate the cellular mechanisms under-
lying MAO-A-driven susceptibility to alcohol dependence
and explore epigenetic and regulatory mechanisms that may
mediate the effects of chronic alcohol exposure on Maoa
expression.

The second gene, the differences in expression of which
were confirmed at the protein level, was the gene encoding
alcohol dehydrogenase. Although alcohol-induced differ-
ences in the expression of this gene and protein levels were
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not unexpected, their presence confirms the effectiveness of
the model used and positively verifies the effects of alcohol.

In conclusion, this study provides further evidence for the
relationship between trait sensitivity to NF and compulsive
alcohol consumption in rats. Our findings demonstrate sig-
nificant differences in the expression of genes and (some)
proteins related to NF sensitivity and alcohol metabolism in
various cortical and subcortical regions of the brain between
rats less and more sensitive to NF that consumed alcohol and
their non-drinking counterparts. Because of the wide range
of neurotransmitter and neuromodulator systems affected
by alcohol, the effectiveness of current pharmacotherapies
aimed at treating alcohol dependence is constrained. The
imperative for reducing the harmful use of alcohol in a pub-
lic health context requires the development of successful
therapeutic strategies. Our research aimed to address this
need by identifying potential molecular targets for new drugs
to treat AUD. Our findings contribute to a better understand-
ing of the molecular mechanisms underlying compulsive
alcohol consumption in rats and therefore may have impli-
cations for the development of treatments for alcohol use
disorders.
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Supplementary materials S1

Methods

Subjects and housing

We used male Sprague Dawley rats housed in groups of 4 rats per cage, in an enriched
environment (wooden blocks and plastic pipes 25 cm long), with controlled temperature (21
+ 1 °C) and humidity (40 - 50%) and water always available ad libitum. Both groups of rats
(EtOH and control) were delivered on the same day with an initial body weight of 176—200 g
(5 weeks old according to the Growth Chart provided by the laboratory rodent supplier Charles
River). They were kept on a 12-hour light/dark cycle, with lights turned on at 7:00 AM. All
procedures were conducted during the light phase. The rats were mildly food-restricted
throughout the experiment to facilitate instrumental training [1-3], receiving 15 g of standard
laboratory chow per day, which was equivalent to 85% of their free-feeding weight based on
the normal growth curve recommended by the laboratory rodent supplier, Charles River

Research Models and Services Catalogue.

Experimental Apparatus

PRL tests were conducted in operant conditioning chambers (Med Associates; St
Albans, Vermont, USA) enclosed within a sound-attenuating box. Each chamber was equipped
with a fan, house light, speaker, a food dispenser set to deliver a sucrose pellet (Dustless
Precision Pellets, 45 mg; Bio-Serv, New Jersey, USA), fluid receptacle, and two retractable

levers located at the sides of the feeder.



Measuring sensitivity to feedback using the PRL test

After the initial instrumental training described in detail elsewhere [4] and upon
reaching the initial training criterion of less than 7.5% omissions on each lever (i.e., less than
15% total omissions but equally distributed between the 2 levers) for 3 consecutive training
days, the rats from both groups were trained in the PRL paradigm. In brief, each PRL training
session consisted of 200 trials, and each trial lasted for a maximum of 22 s. The start of a trial
was signaled by the house light, which remained on until the end of the trial. Two seconds
after the trial had started, both levers were presented, and one of them was randomly
assigned as the “correct” lever, which delivered a reward (one sucrose pellet) 80% of the time
it was pressed. A press on the other lever - the “incorrect” lever - would result in a rewarding
outcome only 20% of the time it was pressed. A 5 s intertrial interval (ITl) followed reward
delivery. During the ITI, both levers remained retracted, and the house light was turned off.
No response in 10 s triggered the ITI and was counted as an omission. The same ITI directly
followed an unrewarded outcome, i.e., no reward on 20% of the “correct” and 80% of the
“incorrect” lever presses. After every 8 consecutive “correct” lever presses (regardless of the
outcome), the criterion for the reversal of the outcome probabilities was reached. The
previously “correct” lever now became “incorrect” and vice versa. This pattern was followed
until the end of the session. The PRL training phase was repeated daily until the individual
animals achieved sufficient performance levels. The criteria to be met were a minimum of 3
reversals completed during 3 consecutive training sessions, with less than 15% omissions per

session.



Parameters measured in the PRL test

To assess rats' sensitivity to negative feedback (NF), which reflects their ability to
disregard occasional and misleading lack of reward, their decisions were tracked trial by trial.
The number of unrewarded outcomes for the "correct" lever that were followed by the animal
switching to the other lever (probabilistic lose-shifts) were recorded, and expressed as a ratio
of all unrewarded outcomes for that lever. To measure rats' sensitivity to positive feedback,
all rewarded outcomes (both true and misleading) that were followed by a decision to stick
with the lever that produced them (win-stays) were counted for both the "correct" and
"incorrect" levers, and expressed as a ratio of all rewarded outcomes for that lever. This
method of analyzing sensitivity to positive feedback was inspired by Bari et al.'s approach and
was based on the infrequency of win-stay behavior after misleading rewards on the incorrect
lever[2](2)(2)(2)(2)(3). The number of reversals completed during the test was used as an

indicator of the animals' performance.

Feedback sensitivity screening

Once the rats achieved a stable performance in the PRL test, with a minimum of 3
reversals and less than 15% omissions in three consecutive sessions, they underwent 10
consecutive PRL tests over 10 days. Using the results of these tests as a "sensitivity screening,"
the rats were divided into two groups based on their sensitivity to NF, using the median to
split them into less sensitive and more sensitive groups. This division was determined by
calculating the average ratio of lever changes following misleading unrewarded outcomes

(probabilistic lose-shifts) made by the animals across all 10 screening tests.

Procedures measuring alcohol-related behaviors



Intermittent access 2BC paradigm

To induce drinking behavior and to determine the level of alcohol consumption in the
rats, 18 sessions of the intermittent access 2BC procedure were conducted every second day.
During the 2BC test, animals were separated into individual cages for 24 hours, where they
were presented with one bottle of 10% ethanol (EtOH) (w/w) and one bottle of water. The
bottles were weighed before and after each session to determine alcohol consumption (g

EtOH/kg).

TAKING TASK

Initially, the rats were trained to associate the pressing of the taking lever with alcohol
delivery under a fixed-ratio 1 (FR1) schedule of reinforcement. Each trial started with the
insertion of the randomly assigned taking lever and the house light on. Pressing on the lever
resulted in the dipper presentation on the opposite side of the box, delivery of 0.1 ml of 15%
EtOH (w/w), and simultaneous retraction of the taking lever. Rats were limited to a maximum
of 60 rewards for a 30 min training session. After achieving the performance criterion of a
minimum of 20 taking responses in 3 consecutive sessions, the animals were shifted to the ST

phase of the training.

ST TASK

During this task, each trial started with the insertion of the seeking lever, next to the
previously assigned taking lever, which remained retracted. Pressing on the seeking lever led
to the extension of the taking lever following a random interval of 1to 15 s (Rl 1-15 s). Pressing
on the taking lever resulted in the presentation of the dipper on the opposite side of the box,
delivery of 0.1 ml of 15% EtOH (w/w), and simultaneous retraction of both levers. Rats were

limited to a maximum of 100 rewards for a 45 min session. After achieving the performance



criterion of a minimum of 20 taking responses in 3 consecutive sessions, the animals were

ready to be tested on the seeking taking punishment (STP) task.

STP TASK

In this paradigm, each trial started as described for the ST task, with the insertion of
the seeking lever. The seeking lever response resulted eitherin a 1 s electric shock (0.10-0.50
mA), administered through a grid floor, or the extension of the taking lever after a random
interval (Rl 1-15 s). Each session consisted of 25 trials, of which 8 (30%) were punished with
foot shock and 17 (70%) were reinforced by the delivery of 0.1 ml 15% EtOH following the
taking lever response. The intensity of the shock increased gradually in the consecutive test
sessions according to the following pattern: 0.10, 0.20, 0.30, 0.30, 0.40, 0.40, 0.50, and 0.50
mA. Although punishment occurred randomly in each session, never more than two
consecutive trials resulted in a foot shock, and the first trial of the session was always

reinforced.

Extinction of alcohol-seeking and taking behaviors

After the completion of STP testing, the animals underwent 5 additional ST tests
(baseline) and were then subjected to daily extinction sessions (lasting 15 min), during which
the seeking lever response resulted in the extension of the taking lever (under Rl 1-15 s);
however, the pressing of that lever had no programmed consequences, and alcohol was not
available. After reaching less than 5 seeking responses in 3 consecutive sessions, the rats were

not tested for the following 30 days of alcohol abstinence.



Reinstatement of alcohol-seeking and taking behaviors

After the 30 days of abstinence, the rats underwent a series of ST tests to measure
how quickly they reinstated their alcohol-seeking behavior. The animals were tested until they
reached the criterion of an average number of seeking responses from 5 tests that was equal

to or higher than the average number of seeking responses from the 5 baseline ST tests.

1. Boulougouris, V., A. Castafié, and T.W. Robbins, Dopamine D2/D3 receptor agonist
quinpirole impairs spatial reversal learning in rats: investigation of D3 receptor
involvement in persistent behavior. Psychopharmacology (Berl), 2009. 202(4): p. 611-
20.

2. Bari, A., et al., Serotonin modulates sensitivity to reward and negative feedback in a
probabilistic reversal learning task in rats. Neuropsychopharmacology, 2010. 35(6): p.
1290-301.

3. Izquierdo, A., et al., Genetic and dopaminergic modulation of reversal learning in a
touchscreen-based operant procedure for mice. Behav Brain Res, 2006. 171(2): p. 181-
8.

4, Noworyta-Sokolowska, K., et al., Sensitivity to negative and positive feedback as a
stable and enduring behavioural trait in rats. Psychopharmacology, 2019. 236(8): p.

2389-2403.



Table S1. The effects of trait sensitivity to NF and alcohol drinking on gene expression.

Statistically significant effects and interactions are bolded (2-way ANOVA).

Structure

ACC

Gene name
Adhl

Cat

Comt

Drd1

Drd2

Gabbrl

Gabbr2

Gabral

Gad1

Gad2

Grial

Grin2a

Grin2b

Grm2

Grm3

Grm5

Htrla

Htr2a

Htr2b

Htr3a

Npy

Maoa

Maob

n
31

34

33

34

34

34

34

34

34

33

34

34

34

34

34

34

34

34

20

34

34

33

34

Interaction
F1,27=2.658
p=0.115
F1,30=2.230
p=0.137
F1,2=0.166
p =0.686
F 1,30 = 1.759
p=0.195
F1,30=0.988
p=0.328
F 1,30 = 1.164
p=0.289
F1,30=5.772
p=0.023 *
F 1,30=4.629
p = 0.040 *
F1,30=2.303
p=0.140
F 1,29 0.317
p=0.578
F 1,30 = 0.883
p =0.355
F 1,30= 4.629
p=0.04 *
F 1,30= 9.156
p = 0.005 **
F 1,30 = 0.059
p=0.810
F 1,30= 9.867
p =0.004 **
F 1,30 = 0.013
p=0.910
F 1,30 = 1.159
p=0.290
F 1,30 = 0.268
p =0.609
F 1,16 = 0.574
p =0.460
F 1,30 = 1.068
p=0.310
F 1,30 = 2.918
p =0.098
F 1,29 2.956
p =0.096
F 1,30 = 0.829

Treatment
F 1,27 = 1.267
p=0.253
F1,30=0.670
p=0.419
F 1,29= 10.22
p =0.003 **
F1,30=0.235
p=0.631
F1,30=1.665
p =0.207
F1,30=1.660
p =0.207
F1,30=0.507
p=0.482
F1,30=0.492
p =0.488
F1,30=0.272
p =0.606
F 1,29= 1.259
p=0.271
F 1,30 = 1.352
p=0.254
F 1,30 = 0.492
p =0.488
F 1,30 = 0.038
p =0.847
F 1,30 = 0.144
p =0.707
F 1,30 = 0.283
p =0.599
F 1,30 = 0.480
p =0.494
F 1,30 = 3.805
p =0.061
F 1,30 = 0.046
p=0.831
F 1,16 = 0.045
p =0.835
F 1,30 = 0.042
p =0.840
F 1,30 = 1.631
p=0.211
F 1,29= 4.368
p =0.046 *
F 1,30 = 1.103

Sensitivity
F1,27=3.765
p =0.063
F 1,30 = 3.746
p =0.062
F1,2=0.728
p=0.401
F 1,30 = 1.128
p =0.297
F 1,30= 4.920
p=0.034 *
F1,30=0.060
p =0.808
F1,30=1.358
p=0.253
F1,30=0.036
p=0.851
Fi130=1.177
p =0.287
F 1,29= 7.533
p =0.01*

F 1,30 = 2.289
p=0.141
F 1,30 = 0.036
p=0.851
F 1,30 = 0.011
p =0.915
F 1,30 = 1.548
p=0.223
F 1,30 = 0.305
p =0.585
F 1,30 = 0.564
p =0.459
F 1,30 = 0.020
p = 0.887
F 1,30 = 0.360
p=0.553
F 1,16 = 0.187
p=0.671
F 1,30 = 0.335
p=0.567
F 1,30 = 0.482
p=0.493
F 1,29= 0.007
p =0.934
F 1,30 = 0.916



mPFC

Slcla2

Slc6a3
Sic6a4

Th
Tph2

Adh1
Cat

Comt
Drd1
Drd2
Gabbr1
Gabbr2

Gabral
Gad1

Gad2
Grial
Grin2a
Grin2b
Grm2
Grm3
Grm5
Htrla
Htr2a
Htr2b
Htr3a

Npy

Maoa

34

32

34

34

34
34

34

34

34

34

33

34
34

34

34

34

33

34

34

32

34

34

27

34

34

34

p=0.370
F 1,30 = 0.522
p=0.476

F 1,28 = 0443
p=0.511
F 1,30 = 1870
p=0.182
F 1,30 = 0428
p=0.518

F 1,30 = 0.010
p =0.922

F 1,30 = 0.854
p =0.363

F 1,30= 1053
p=0.313

F1,30=3.976
p = 0.055

F1,30=0.016
p = 0.900

F1,20=0.090
p=0.766

F 1,30 = 1.421
p=0.243

F 1,30 = 0.367
p = 0.549

F 1,30 = 0.744
p = 0.395

F 1,30 = 3.586
p = 0.068

F 1,29 1.125
p=0.298

F 1,30 = 0.104
p = 0.749

F 1,30 = 0.913
p =0.347

F 1,28 = 0.646
p = 0.429

F 1,30 = 0.676
p=0.417

F 1,30 = 0.098
p=0.756

F 1,23 0.282
p = 0.601

F 1,30 = 3.179
p = 0.085

F 1,30 = 0.280
p = 0.601

F 1,30 = 1.061

p =0.302 p =0.346

F 1 30=0.001 F130=0.111
p=0.974 p=0.742

F 1,28 = 0134 F 1,28= 5.254
p=0.717 p =0.030 *

F 1,30 = 1.025 F 1,3o=0.302
p=0.319 p =0.587

F 1,30 = 1.932 F 1,30 = 0.083
p=0.175 p=0.776

Kruskal-Wallis test: p = 0.033 *

F1,3o= 2.654 F1,3o=0.884
p=0.114 p = 0.355

F1,3o= 13.27 F1,3o= 1.816

p =0.001 ** p=0.188

F1,3o= 2.524 F1,3o=0.193
p=0.123 p =0.664

F 1,30=0.003 F1,30=0.008
p=0.958 p =0.929

F1,30=0.399 F1,30=0.004
p =0.533 p = 0.950

F1,20=1.590 F1,20=0.002
p = 0.693 p =0.963

Kruskal-Wallis test: p = 0.817

F 1,30 = 1.249 F 1,30 = 0.058
p=0.273 p =0.812

F 1,30 = 1.475 F 1,30 = 0.461
p=0.234 p = 0.502

F 1,30 = 0.522 F 1,30 = 0.178
p =0.476 p=0.676

F 1,30 = 0.064 F 1,30 = 0.264
p = 0.802 p=0.611

F 1,29 0.965 F 1,29= 0.033
p=0.334 p =0.857

F 1,30 = 0.047 F 1,30 = 0.065
p =0.831 p = 0.801

F 1,30 = 0.074 F 1,30=0.151
p=0.787 p=0.701

F 1,28 0.687 F 1,28= 1.256
p=0.414 p=0.272

F 1,30 = 0.145 F 1,30=0.018
p =0.706 p = 0.895

F 1,30 = 0.476 F 1,30 = 0.258
p = 0.496 p = 0.615

F 1,23= 6.437 F 1,23= 0.062

p =0.018 * p = 0.806

F 1,30 = 0.382 F 1,30 = 0.022
p =0.541 p = 0.883

F1,3o: 1.708 F1,3o= 1.889
p =0.201 p =0.180

F 1,30 = 0.427 F 1,30= 5.229



Amy

Maob
Slcla2
Slc6a3
Slc6a4
Th
Tph2
Adh1
Cat
Comt
Drd1
Drd2
Gabbr1
Gabbr2

Gabral

Gad1l

Gad2
Grial

Grin2a
Grin2b
Grm2
Grm3
Grm5
Htrla
Htr2a

Htr2b

34

34

19

34

34

33

31

31

32

32

32

31

32

32

32

32
32

32

32

32

32

32

32

32

26

p=0.311 p=0.518

F1,30=0.303 F1,3o: 2.103
p =0.587 p =0.157

F1,30=0.088 F130=0.391
p=0.769 p =0.537

F 1,15 = 0.227 F 1,15 = 0.064
p =0.640 p =0.804

F 1,30 = 0.076 F 1,30 = 0.026
p=0.785 p=0.873

F 1,30 = 0.001 F 1,30 = 0.375
p=0.977 p = 0.545

F 1,29=0.0003 F1,2=1.301
p =0.985 p=0.263

F1,27=1.335 F1,27=2.556
p=0.258 p=0.122

F 1,27% 0.535 F 1,27 = 0.564
p=0.471 p =0.459

F 1,28 =0.069 F1,2=0.366
p=0.795 p =0.550

Fi1,2=3.270 F1,28=0.054
p=0.081 p=0.818

F1,28=1.579 F1,26=4.436
p=0.219 p =0.044 *

F 1,27 = 0.054 F 1,27 = 0.483
p=0.818 p =0.493

F 1,28 = 0.248 F 1,28 = 0.862
p=0.622 p=0.361

F1,23=0.001 F1,22=4.136x 10
p=0.973 6

p =0.998

F1,28= 1.069 F1,28= 2.542

p=0.310 p=0.122
Kruskal-Wallis test: p = 0.190

F 1,28 = 0.010 F 1,28 = 0.039
p=0.921 p =0.845

F1,28=0.200 F1,28= 1.348
p =0.658 p =0.255

F 1,28 = 1.567 F 1,28 0.001
p=0.221 p=0.973

F 1,28 = 0.439 F 1,28 0.928
p=0.513 p=0.343

F 1,28 = 0.012 F 1,28 0.406
p=0.911 p =0.529

F1,28: 3.764 Fl,zg: 2.298
p =0.063 p=0.141

F1,28: 1.339 Fl,zg: 3.505
p=0.257 p=0.072

F 1,28 = 0.005 F 1,28 = 0.040
p =0.942 p =0.844

F 1,22 = 2.124 F1, 22 = 1.577
p =0.159 p=0.222

p =0.029 *
F1,30=0.373
p =0.546
F1,30=0.296
p =0.590
F 1,15 = 0.656
p=0.431
F 1,30 = 2.704
p=0.111
F1,30=0.197
p=0.661
F 1,29= 2.364
p=0.135
F 1,27 = 4,158
p=0.051
F1,27=0.095
p=0.761
F12=1.749
p=0.197
F128=2.768
p=0.107
F128=0.034
p =0.856
Fi27=3.117
p =0.089
F 1,28= 0.386
p=0.539
F1,2=0.260
p=0.614

F1,28=0.562
p = 0.460

Fi122=0.172
p =0.682
F1,2=0.077
p=0.783
F 1,28 = 0.434
p=0.516
F 1,28=0.062
p =0.805
F1,2=0.786
p=0.383
F1,28=1.017
p=0.322
F1,2=0.177
p=0.678
F12=1719
p=0.201
F1, 22 = 1.334
p=0.261



OFC

Htr3a
Npy
Maoa

Maob

Slcla2

Slc6a3

Slc6a4
Th
Tph2

Adhl
Cat

Comt
Drd1
Drd2
Gabbr1
Gabbr2
Gabral
Gad1
Gad2
Grial
Grin2a
Grin2b
Grm2
Grm3

Grm5

32

32

31

32

32

24

32

32

32

34
34

34

34

32

34

34

34

34

34

34

34

34

34

34

F 1,28 = 0.484 F 1,28 = 3.476 F 1,28 = 0.637
p =0.492 p=0.073 p=0.432
F 1,28 = 0.001 F 1,28 = 0.037 F 1,28 = 0.778
p=0.970 p =0.849 p =0.385
F1,27=0.263 F1,27=0.483 F1,27=3.117
p=0.612 p =0.493 p =0.089
F 1,28 = 3812 X 10 F 1,28 = 0148 F 1,28 = 0924
> p=0.703 p =0.345
p =0.995
F1,23=0.021 F1,23= 1374 F1,28=0.902
p =0.885 p =0.350 p =0.350
F1,20=0.383 F1,20= 3.661 F1,20=3.568X 10
p =0.543 p = 0.070 8
p =0.999
F 1,28 = 0.330 F 1,28 = 0.022 F 1, 23=0.367
p=0.570 p =0.884 p = 0.550
F 1,28 = 2.016 F 1,28 = 1.813 F 1,23=0.805
p=0.167 p=0.189 p=0.377
Fi1,2=2.02x 10° F1,28=2.390 F12=0.301
p = 0.996 p=0.133 p =0.588
Kruskal-Wallis test: p = 0.967
F1,30=0.187 F1,30=3.842 F130=1.268
p =0.669 p = 0.059 p =0.269
F 1,30 = 0.0004 F 1,30 = 0.771 F 1,30 = 3.034
p = 0.984 p = 0.387 p = 0.092
F 1,30 = 0.023 F 1,30 = 3.916 F 1,30 = 0.081
p = 0.880 p = 0.057 p=0.777
F 1,28 = 0.249 F 1,28 = 0.352 F 1,2g=0.169
p = 0.622 p =0.558 p =0.684
F 1,30 = 0.180 F 1,30 = 0.284 F 1,30 = 1.273
p=0.674 p =0.598 p =0.268
F 1,30 = 0.003 F 1,30 = 2.157 F 1, 3o=0.079
p = 0.954 p=0.152 p = 0.780
F 1,30 = 0.523 F 1,30 = 0.006 F 1,30 = 1.166
p = 0.475 p=0.938 p =0.289
F1,30=0.275 F1,30= 2.158 F1,3o=0.171
p = 0.604 p=0.152 p =0.683
F 1,30= 6.23 x 10°® F 1,30= 4.390 F 1,30= 0.337
p =0.998 p = 0.045 * p = 0.566
F 1,30 = 0.236 F 1,30 = 0.191 F 1,30= 6.268
p =0.631 p = 0.665 p =0.018 *
F 1,30= 4.629 F 1,30 = 0.492 F 1,30 = 0.036
p = 0.040 * p = 0.488 p =0.851
F 1,30 = 0.032 F 1,30 = 0.898 F 1, 3020.881
p = 0.860 p =0.351 p = 0.356
F 1,30 = 0.427 F 1,30 = 0.006 F 1,30 = 0.948
p=0.518 p =0.937 p =0.338
F 1,30 = 0.236 F 1,30 = 0.014 F 1,30 = 2.046
p =0.631 p = 0.907 p=0.163
F1,3o: 1.221 F1,3o: 1.933 F1,3o:0.023
p=0.278 p=0.175 p = 0.882



Nacc

Htrla
Htr2a
Htr2b

Htr3a

Npy
Maoa

Maob
Slcla2
Slc6a3
Slc6a4
Th
Tph2
Adh1
Cat
Comt
Drd1
Drd2
Gabbr1

Gabbr2
Gabral

Gad1
Gad2
Grial
Grin2a
Grin2b
Grm2

Grm3

34

34

29

34

34
33

34

34

33

34

34

34

31

34

34

34

34

34

34
34

34

34

34

34

34

32

34

F 1,30 = 0.689
p =0.413
F 1,30 = 0.080
p=0.780
F 1,25 = 0102
p=0.753
F 1,30 = 3393
p =0.057

F 1,29= 2643
p=0.115
F 1,30 = 0756
p=0.392
F 1,30 = 0.682
p=0.415
F 1,29= 0747
p = 0.395
F1,30=0.968
p =0.333
F1,30=0.741
p =0.396
Fi1,30=0.244
p = 0.625
F 1,27 = 1.126
p=0.298
F 1,30 = 0.409
p=0.528
F 1,30 = 1.301
p =0.263
F 1,30 = 0.017
p =0.898
F 1,30 = 0.839
p = 0.832
F 1,30 = 0.080
p =0.780

F 1,30 = 0.051
p = 0.822

F 1,30 = 0.088
p =0.769

F 1,30 = 0.277
p = 0.603

F 1,30 = 0.245
p =0.624

F 1,30 = 0.012
p=0.913

F 1,30 = 0.130
p=0.721

F 1,28 = 1.289
p =0.266

F 1,30 = 0.481

F 1,30= 8.506

p =0.007 **

F 1,30 = 1.440
p = 0.240

F 1,25 = 4067
p = 0.055

F 1,30 = 2905
p =0.099

Kruskal-Wallis test: p = 0.898

F 1,29= 3321
p =0.079
F 1,30 = 0157
p = 0.695
F 1,30 = 0.568
p =0.457
F 1,29 = 0.099
p=0.755
F1,30=2.197
p =0.149
F1,30=0.823
p=0.372
F1,30=0.014
p = 0.906
F 1,27= 9.895
p = 0.004 **

F 1,30 = 0.044
p = 0.835

F 1,30 = 1.301
p =0.263

F 1,30 = 0.011
p=0.916

F 1,30 = 0.297
p = 0.590

F 1,30 = 0.002
p = 0.968

Kruskal-Wallis test: p = 0.800

F 1,30 = 0.152
p = 0.699
F 1,30 = 0.303
p =0.586
F 1,30 = 1.223
p=0.278
F 1,30 = 0.064
p = 0.802
F 1,30 = 0.042
p = 0.840
F 1,30 = 0.612
p =0.440
F 1,28 0.167
p = 0.686
F 1,30 = 0.001

F 1,30 = 0.467
p =0.450
F 1,30 = 0.825
p=0.371
F 1,25= 0804
p=0.378
F 1,30= 6.514
p =0.016 *

F 1,29= 4.734
p =0.038 *
F 1,30 = 1749
p=0.196
F 1,30 = 0.009
p=0.926
F 1,29= 1854
p=0.184
F130=0.841
p =0.367
F1,30=3.450
p =0.073
F1,30=0.071
p=0.792
F 1,27 = 1.793

p=0.192

F 1,30 = 0.257
p =0.616

F 1,30 = 2.589
p=0.118

F 1,30 = 1.127
p =0.297

F 1,30 = 0.478
p = 0.495

F 1,30 = 0.474
p = 0.497

F 1,30 = 0.018
p = 0.895

F 1,30 = 0.475
p = 0.496

F 1,30 = 1.425
p=0.242

F 1,30 = 0.004
p =0.948

F 1,30 = 3.122
p = 0.087

F 1,30 = 0.450
p = 0.508

F 1,28 = 0.012
p=0.915

F 1,30 = 0.344



Grm5
Htrla
Htr2a
Htr2b
Htr3a
Npy
Maoa
Maob
Slcla2
Slc6a3
Slc6a4
Th

Tph2

34

34

34

23

34

34

34

34

34

34

33

33

34

p = 0.494

F 1,30 = 0.018
p=0.893

F 1,30 = 0.040
p=0.843

F 1,30 = 0981
p=0.330

F 1,19= 0011
p=0.918

F130=2.149
p=0.153

F 1,30 = 0460
p =0.503

F 1,30 = 0243
p=0.626

F 1,30 = 1089
p =0.305

F1,30=0.707
p = 0.407

F1,30=0.143
p =0.708

F1,2=0.027
p=0.872

F 1,29 0.895
p=0.352

F 1,30 = 3.384
p=0.076

p=0.977
F 1,30 = 0.447
p =0.509
F 1,30 = 0.315
p=0.579
F130=1.415
p=0.244
F 1,19= 0693
p =0.416
F 1,30 = 0051
p=0.823
F 1,30 = 0.051
p=0.823
F 1,30 = 0.594
p = 0.447
F 1,30 = 0756
p=0.392
F1,30=0.046
p =0.832
F1,30=3.698
p =0.064
F1,29=5.258
p =0.029 *
F 1,29= 0.699
p=0.410
F 1,30 = 0.004
p =0.952

p=0.562

F 1,30 = 0.098
p=0.756

F 1,30 = 2.250
p=0.144

F 1,30 = 0009
p=0.923

F 1,19= 3.959
p=0.061

F 1,30 = 0029
p =0.866

F 1,30 = 0.097
p=0.758

F 1,30 = 1694
p=0.203

F 1,30 = 0.554
p =0.462

F1,30=1.002
p=0.325

F130=1.647
p =0.209

F1,20=2.349
p=0.136

F 1,29= 3.685
p = 0.065

F 1,30 = 0.002
p =0.963

Table S2. The effects of trait sensitivity to NF and alcohol drinking on protein level.

Statistically significant effects and interactions are bolded (2-way ANOVA).

Structure Protein

ACC

mPFC

OFC

Nacc

SERT

ADH1

MAO-A

MAO-A

5-HT3A

ADH1

SERT

34

33

34

33

32

28

Interaction
F1, 30 = 0.992
p=0.327
F1, 30 = 0.136
p=0.715
F1, 29 = 8.168
p = 0.008 **
F1, 30 = 0.344
p = 0.562
F1, 29 = 0.343
p = 0.563
F1, 28 = 1.022
p=0.321
F1, 24 = 0. 086
p=0.772

Treatment
F1, 30 = 0.009
p = 0.925
F1, 30 = 13.28
p = 0.001 **
F1, 29 = 1.135
p =0.296
F1, 30 = 0.787
p = 0.382
F1, 29 = 2.915
p =0.099
F1, 28 = 10.38
p = 0.003 **
F1, 24 = 3.485
p=0.074

Sensitivity

Fl, 30 = 0.424

p =0.520

F1, 30 = 0.043

p =0.836
F1, 29 = 1.532
p=0.226
F1, 30 = 0.251
p = 0.620
F1, 29 = 0.055
p =0.816

F1, 28 = 1.304

p=0.263
F1, 24 = 0.004
p=0.951



Original Western blot images used for quantification of protein levels.

Some protein bands were unsuitable for quantification due to technical errors and these are

indicated by black frames
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ABSTRACT

Alcohol use disorder (AUD) is a common psychiatric condition with substantial global mortality. Despite extensive research into its pathophysiology, the cognitive
predispositions driving alcohol dependence are less understood. This study explores whether biased cognition, specifically traits of optimism and pessimism, predicts
susceptibility to alcohol-seeking behaviors using an animal model.

Rats were initially tested for judgement bias through Ambiguous Cue Interpretation tests. Those identified as ‘optimistic’ or ‘pessimistic’ were further examined for
their tendency to escalate alcohol intake using the intermittent access 2-bottle choice (2BC) paradigm. Additionally, we assessed how judgement bias influenced the
development of compulsive alcohol-seeking behavior in a Seeking-Taking (ST) and Seeking-Taking Punishment tasks, alcohol-seeking motivation in the Progressive
Ratio Schedule of Reinforcement paradigm, the speed of extinction, and reinstatement after abstinence. Neurochemical analyses were conducted to investigate trait-
specific differences in neurotransmitter-related gene expression and receptor densities in the brain. We used TagMan Gene Expression Array Cards to analyze
expression levels of genes linked to serotonergic, dopaminergic, glutamatergic, and GABAergic pathways, and alcohol metabolism in various brain regions. Receptor
densities for 5-HTja, 5-HT24, and Dy were measured using autoradiography analysis.

Behaviorally, ‘optimistic’ rats showed significantly lower alcohol consumption in the 2BC paradigm compared to ‘pessimistic’ rats. This lowered intake correlated
with decreased monoamine oxidase-A (Maoa) expression in the medial prefrontal cortex (mPFC) and increased metabotropic glutamate receptor 2 (Grm2) expression
in the amygdala (Amy). Additionally, we observed significant interactions between judgement bias and alcohol intake in the expression of several genes in the mPFC,
nucleus accumbens (Nacc), orbitofrontal cortex (OFC), and Amy, as well as in 5-HT5a receptor binding in the Nacc.

Overall, these results suggest that optimism is linked to lower alcohol consumption and related neurochemical changes, indicating a potential cognitive mechanism

in AUD risk.

1. Introduction

Oscar Wilde once observed, ‘We are all in the gutter, but some of us
are looking at the stars’. This insightful metaphor not only captures the
essence of human resilience and our varied responses to life’s challenges
but also beautifully illustrates the concept of optimism. The construct of
optimism has been defined as a general expectation that good things will
happen in the future, coupled with a positively biased judgement that
interprets events and outcomes in a favorable light (Carver et al., 2010).
It involves a tendency to focus on the most hopeful aspects of a situation,
maintaining a belief that one can influence positive outcomes even in
challenging circumstances (Carver et al., 2010). This positively biased
perspective can significantly enhance emotional well-being, promote
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E-mail address: rygula@gmail.com (R. Rygula).
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effective coping strategies, and foster resilience, enabling individuals to
navigate life’s obstacles with a constructive and hopeful outlook (Carver
and Scheier, 2014; Scheier and Carver, 2018). The current paper ex-
plores the intriguing possibility that trait optimism—defined as a posi-
tive judgement bias—may play an important role in resilience to the
development of compulsive alcohol-seeking and consumption behav-
iors, core symptoms of the alcohol use disorder (AUD, (Everitt and
Robbins, 2016; Koob and Volkow, 2010)). By investigating the psy-
chological and neurobiological mechanisms through which cognitive
judgement bias could potentially act as a buffer against the development
AUD we aim to contribute to a broader understanding of preventive
strategies in the realm of substance abuse.

The important role of optimistically/pessimistically biased
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judgement in the etiology and maintenance of various psychiatric dis-
orders (Alloy and Ahrens, 1987; Hart et al., 2008; Hirsch et al., 2007;
Strunk et al., 2006), including AUD has long been hypothesized
(Noworyta et al., 2022). Moreover, antidepressant treatment has been
shown to effectively modulate negative cognitive bias (Chamberlain
et al., 2006), suggesting it may also be beneficial for patients with AUD.
Judgement bias influences how individuals perceive and respond to
risks and rewards, potentially skewing their decision-making processes
towards the short-term gratification provided by alcohol, despite long-
term negative consequences. Indeed, individuals exhibiting an opti-
mism bias may underestimate the risks associated with excessive
drinking while overestimating their ability to control their drinking
habits (Blume et al., 2003; Fromme and D’Amico, 2000). On the other
hand, negative judgement biases, such as a heightened focus on stressors
or negative emotions, can drive the maintenance of alcohol use as a
coping mechanism (Veilleux et al., 2014). Therefore, understanding
these cognitive biases may provide important insights into why some
individuals develop and sustain AUD, offering potential targets for
cognitive-behavioral interventions aimed at correcting maladaptive
thought patterns and promoting recovery.

Animal studies provide further evidence about a role of negatively/
positively biased judgement in psychiatric disorders. Recent studies
from our laboratory revealed that, in rats, the vector of bias in judge-
ment predicts the vulnerability of animals to stress-induced anhedonia
(Rygula et al., 2013) and stress-induced motivational deficits (Drozd
et al., 2017). Other studies using rats have shown that a bias in judge-
ment is associated with differences in motivation to gain a reward in
progressive ratio schedule of reinforcement task (Rygula et al., 2015),
sensitivity to negative feedback (Rygula and Popik, 2016), risk-taking
behavior (Drozd et al., 2016), and immunological profile (Curzytek
et al., 2018) — all of which could be associated with various aspects of
AUD.

Preclinical measurement of cognitive judgement bias in rats can be
achieved through the Ambiguous cue interpretation (ACI) test. In this
paradigm, rats are trained to press one lever in an operant chamber to
receive a food reward when a specific tone is played and to press another
lever in response to a different tone to avoid punishment by a mild
electric foot shock. The tones acquire positive and negative valences,
and the training continues until the rats achieve a stable, correct
discrimination ratio. Once stable discrimination performance is
attained, the animals are ready for testing. Ambiguous cue interpreta-
tion includes a discrimination task, as previously described, with the
addition of tone(s) that have a frequency intermediate between the
positive and negative tones. The pattern of lever press responses to this
ambiguous cue serves as an indicator of the rats’ expectation of a posi-
tive or negative event, representing ‘optimism’ or ‘pessimism’,
respectively.

In the current study, we employed the ambiguous cue interpretation
paradigm to assess the cognitive judgement bias in an animal model.
Through a series of ambiguous cue interpretation tests, we identified
two groups of rats that exhibited significant differences in their cogni-
tive judgement bias index, classifying them as exhibiting stable ‘opti-
mistic’ or ‘pessimistic’ traits. To investigate the role of judgement bias in
predisposing individuals to develop an alcohol-dependent-like state, we
utilized a mixed regimen of intermittent free access and instrumental
alcohol exposure. An initial increase in ethanol consumption was
induced using intermittent access two-bottle choice (2BC) sessions
(Cieslik et al., 2022). Subsequent phases were dedicated to evaluating
hallmark symptoms of human AUD, including compulsive alcohol
seeking despite potential punishment, the motivation to seek alcohol,
the extinction of alcohol seeking, and the reinstatement of this behavior
after a period of enforced abstinence (Giuliano et al., 2018).

In our study, we chose specific biochemical markers associated with
serotonergic, dopaminergic, glutamatergic and GABAergic pathways as
these neurotransmitters play key roles in the regulation of mood,
reward, impulsivity and inhibitory control that are relevant in the

Progress in Neuropsychopharmacology & Biological Psychiatry 135 (2024) 111124

context of alcohol dependence (Uhl et al., 2019). Alterations in the
transmission of these neurotransmitters have been linked to addiction
and relapse behavior, making them critical to understanding the
mechanisms underlying AUD (Koob and Volkow, 2010). The research
presented in this paper aims to illuminate the pathways through which
optimism and pessimism may influence alcohol consumption, enhancing
our comprehension of AUD and providing novel insights to inform more
effective prevention and treatment strategies.

2. Experimental procedures
2.1. Ethics statement

All experiments were conducted following the European Union
guidelines for the care and use of laboratory animals (2010/63/EU).
Experimental protocols were reviewed and approved by the 2nd Local
Institutional Animal Care and Use Committee, Institute of Pharmacology
Polish Academy of Sciences in Krakow (Agreement: No. 230/2019,
dated 10.10.2019). The authors declare that every effort has been made
to minimize the animals’ suffering and the number of animals used.

2.2. Subjects and housing

This study involved 96 male Sprague Dawley rats (175-200 g upon
arrival, Charles River, Germany) housed in groups of 4 in an enriched
environment (wooden blocks 9.5 x 4 x 4 cm and 25 cm long plastic
pipes). They were kept in a temperature and humidity-controlled room
(21 +£ 1 °C, 30-50% humidity) with a 12/12-h light/dark cycle (lights
on at 07:00 AM). Throughout the experiment, rats were mildly food-
restricted to 85% of their free-feeding weight, receiving 15 g of food
pellet per rat per day (according to the normal growth curve recom-
mended by the laboratory rodent supplier). Food restriction was intro-
duced 7 days before the first ACI training. Water was available ad
libitum, and all behavioral procedures were carried out during the light
phase.

Of the 96 rats, only 87 finished the ambiguous cue interpretation
testing described below. They were then screened for judgement bias
and categorized as ‘optimistic’ (N = 43) or ‘pessimistic’ (N = 44). Ani-
mals were also divided according to treatment into EtOH (N = 50) and
control (N = 37) groups, resulting in four experimental groups: opti-
mistic control (N = 18), optimistic EtOH (N = 25), pessimistic control
(N = 19), and pessimistic EtOH (N = 25). For analysis, we selected the
upper and lower quartiles of the judgement bias index from 69 rats that
completed the experiment (32 EtOH and 37 control), resulting in four
groups: optimistiCceontrol (N = 8), optimisticgion (N = 9), pessimistiCcontrol
(N = 13), and pessimisticgiog (N = 5).

2.3. Experimental apparatus

The behavioral tests were conducted in computer-controlled operant
conditioning chambers (Med Associates, St Albans, Vermont, USA),
enclosed within sound-attenuating boxes. Each chamber was equipped
with a fan, house light, speaker, and a fluid dispenser (set to deliver 0.01
ml of a 5% sucrose solution (during ACI testing and screening) or 0.1 ml
of 10% ethanol (EtOH, during instrumental testing with alcohol rein-
forcement)), a grid floor through which scrambled electric shocks could
be administered, and 2 retractable levers positioned at the sides of the
fluid dispenser. Tests measuring alcohol-seeking and taking behaviors
were executed in the same operant chambers, except that the levers were
relocated to the wall opposite the liquid dispenser. This adjustment
aimed to create a novel experimental environment to avoid interference
with the habits acquired by the animals during ambiguous cue inter-
pretation training and screening.



A. Cieslik-Starkiewicz et al.
2.4. Experimental schedule

The full series of experiments is schematically summarized in Fig. 1.
2.5. Ambiguous cue interpretation test

This experimental stage consisted of the following phases: positive
tone training, negative tone training, discrimination training and
ambiguous cue interpretation testing.

During positive tone training, sessions lasted 30 min, with a 10-s
intertrial interval (ITI). Rats initially associated the tone (50s, 2000 Hz
at 75 dB or 9000Hz at 75dB, counterbalanced) with a 5% sucrose
reward (0.01 ml). In the subsequent step, each trial started with the
extension of the left lever. Pressing the lever triggered the tone signal
and the delivery of the sucrose solution. Training continued until stable
performance (>80 responses over 3 sessions) was achieved. In the final
step, each trial began with the tone presentation, followed by a lever
extension. Pressing the lever during this phase triggered reward delivery
and the termination of the tone. This ‘positive tone’ acquired positive
valence due to its association with palatable reward, and the associated
lever was termed the ‘positive lever’. Animals progressed to negative
tone training after achieving >70% responses to 45 tone presentations
over 3 sessions.

During negative tone training, sessions lasted 30 min with 30 tone
presentations and 10-s ITIs. Each trial began with a tone (9000 Hz at 75
dB or 2000 Hz at 75 dB, counterbalances) and right lever extension. The
negative tone signaled electric shocks (0.20, 0.30. 0.40, 0.50 mA),
terminated by lever press. Training continued until stable performance
(>70% responses at each shock intensity). In the next stage, rats were
trained to press the lever to avoid an electric shock (0.50 mA, 10 s).
Pressing before shock onset ended the tone. Pressing after shock onset
terminated both tone and shock. No response was counted as an omis-
sion. Each trial was followed by a 10-s ITI. Due to its association with a
concomitant punishment, this tone acquired a negative valence and was
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referred to as the ‘negative tone’ and the associated lever was termed the
‘negative lever’. After achieving >70% prevention responses over 3
sessions, animals proceeded to discrimination training.

During the discrimination training stage, rats were trained to
distinguish between positive and negative tones by responding to the
appropriate levers. 20 positive and 20 negative tones were presented in
pseudo-randomized order with 10-s ITIs. Pressing the positive lever
during a positive tone led to immediate reward delivery while pressing
the negative lever during a negative tone terminated the tone. Incorrect
presses or omissions were considered failed trials. Animals progressed to
the ambiguous cue interpretation test after achieving >70% correct
responses with each lever in 3 consecutive sessions.

In each testing session, 20 positive, 20 negative, and 10 ambiguous
tones (5000 Hz at 75 dB) were presented in a pseudo-randomized order
with 10 s ITL If any lever was pressed during the ambiguous tone, the
tone terminated without consequences. No response within 50 s was
considered an omission. Responses to ambiguous tones were analyzed
for the proportion of overall responses to that tone. The judgement bias
index was computed by subtracting the proportion of negative responses
from the proportion of positive responses, resulting in values between
—1 and 1. Values above 0 indicated an overall positive judgement or
‘optimistic’ interpretation, while values below 0 indicated a negative
judgement or ‘pessimistic’ interpretation of the ambiguous cue.

2.6. Judgement bias screening and cohort division

To assess cognitive judgement bias as a stable trait, rats underwent
10 consecutive ambiguous cue interpretation tests, conducted at 3-day
intervals and alternated with discrimination tests. Rats were catego-
rized as ‘optimistic’ or ‘pessimistic’ based on their average judgement
bias index score across the 10 tests, with ‘optimistic’ rats having an
average score above 0, and ‘pessimistic’ rats having an average score
below 0. Each group was further divided into ethanol- (EtOH) and
water-drinking (control) groups.

EXPERIMENTAL SCHEDULE

ST Re-baseline PRSR

EXTINCTION

Abstinence interva|

REINSTATEMENT

SEEKING-TAKING PUNISHMENT PRSR

2-BOTTLE CHOICE
Taking

ST

ST paseline

mRNA expression analysis

TISSUE COLLECTIONQ

Quantative autoradiography

Fig. 1. The schedule of performed experiments. To determine the effects of optimism and pessimism as stable behavioral traits on the susceptibility to transition from
controlled use to alcohol abuse, a cohort of rats was subjected to ACI training. This involved associating positive and negative tones with reward and punishment,
respectively. Subsequently, the rats learned to differentiate between positive and negative tones by responding to corresponding levers. During judgement bias
screening, an ambiguous tone was introduced to identify which rats displayed optimistic and pessimistic interpretations of the ambiguous cue. Based on this
screening, each rat was categorized as either optimistic or pessimistic. The cohort was further divided into alcohol (EtOH) and water (control) drinking groups. To
induce alcohol consumption and track its progression, the rats underwent testing in the 2-bottle choice (2BC) intermittent access paradigm. Following this, the rats’
motivation to drink alcohol was measured using the progressive ratio schedule of reinforcement (PRSR) paradigm after initial training in the Seeking-Taking (ST)
task. In the next steps, the rats were subjected to 3 Seeking-Taking baseline tests and the influence of the judgement bias on alcohol-seeking behavior was measured
in the instrumental Seeking-Taking Punishment task, following which the animals’ motivation to drink alcohol was evaluated again using PRSR. Then, alcohol-
seeking behavior was again assessed with 3 Seeking-Taking tests. Following this re-baseline, the effects of trait optimism/pessimism on alcohol-seeking behavior
were evaluated following the termination of alcohol availability (extinction phase) and following 1 month of abstinence (reinstatement). Following the re-baseline,
the impact of trait optimism/pessimism on alcohol-seeking behavior was assessed during the extinction phase, following the termination of alcohol availability, and
after 1 month of abstinence (reinstatement). At the end of the experiment, the animals were sacrificed, and the effects of prolonged alcohol consumption on gene
expression and receptor density were examined in rats exhibiting optimistic and pessimistic judgement bias.
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2.7. Induction and assessment of alcohol drinking behavior

The first stage of measuring alcohol-related behaviors aimed to
induce and assess the differences in spontaneous alcohol consumption
between ‘optimistic’ and ‘pessimistic’ rats. For this, all animals under-
went 12 sessions of the 2BC procedure, conducted for 24 h every other
day, with alternating 24-h periods without alcohol. During the 24 h test,
animals were housed individually, with access to one bottle of 10%
ethanol (w/w) and one bottle of water for the EtOH group, and 2 bottles
of water for the control group. To prevent side preferences, the position
of the bottles was switched every 12 h. The bottles were weighed before
and after each session to calculate the total fluid intake (g/24 h) and
specifically alcohol consumption for the EtOH group (g EtOH/kg of body
weight (b.w.)/24 h). The volume of liquid consumed was determined by
the weight difference of the bottles at the start and end of each session,
with adjustments made for any dripping in an empty cage.

2.8. Development of alcohol-seeking behavior

Rats were trained to associate pressing a lever with receiving 0.1 ml
of 15% EtOH (EtOH group) or water (control group) under a fixed-ratio
1 (FR1) schedule of reinforcement. Each trial began with the extension
of a randomly assigned taking lever (left/right counterbalanced),
accompanied by a house light. No response within 10 s was considered
an omission. Following each trial, there was a 10-s ITI with the lever
retracted. Rats were limited to a maximum of 60 rewards during a 30-
min session. After achieving the performance criterion of at least 20
taking responses in 3 consecutive sessions, the rats transitioned to the
Seeking-Taking task.

During the Seeking-Taking task, trials began with the insertion of the
seeking lever opposite the taking lever. A seeking lever response trig-
gered the taking lever extension after a random interval of 1 to 15 s (RI
1-15 s). Pressing the taking lever under FR1 resulted in the delivery of
0.1 ml of 15% EtOH (w/w), followed by the retraction of both levers.
Each trial was followed by a 10-s ITI with levers retracted. Rats were
limited to a maximum of 100 rewards in a 45-min session. After
achieving the performance criterion of a minimum of 20 taking re-
sponses in 3 consecutive sessions, the animals progressed to the pro-
gressive ratio schedule of reinforcement task to assess their motivation
for alcohol.

In this task, each trial started with the seeking lever extension.
Pressing it led to the taking lever extension after a RI 1-15 s. The number
of seeking lever presses required to produce this effect increased expo-
nentially with each successive taking lever response and EtOH delivery,
as determined by the following equation: response ratio = (5 x
e(0-2xtaking lever response number) )— 5, rounded to the nearest integer
(Roberts and Bennett, 1993; Rygula et al., 2015). Thus, the values of the
stepswere 1, 2, 4, 6,9, 12, 15, 20, 25, 32 etc. Each trial was followed by
a 10-s ITI with both levers retracted. Sessions lasted 30 min. The
breakpoint, indicating motivation, was the maximum number of seeking
lever presses a rat was willing to exert.

Subsequently, rats underwent three baseline Seeking-Taking tests
and the persistence of seeking behavior in the face of aversive conse-
quences was measured using the Seeking-Taking Punishment (STP) task.
Each trial in this paradigm began with the insertion of the seeking lever,
pressing on which lead to either a 1-s electric shock through a grid floor
or the extension of the taking lever after RI 1-15 s. Sessions were capped
at 25 trials, with 17 reinforced by EtOH delivery and 8 punished with
foot shock. Shock intensity increased daily (0.10, 0.20, 0.30, 0.40, 0.50,
0.50, 0.50 mA). Although punishment occurred randomly in each ses-
sion, never >2 consecutive trials resulted in a foot shock, and the first
trial was always reinforced. Upon completion of the Seeking-Taking
Punishment task, rats were re-challenged in the progressive ratio
schedule of reinforcement test and re-baselined in 5 Seeking-Taking test
sessions.
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After the re-baseline procedure, all animals underwent daily 15-min
extinction sessions, during which the seeking lever response under RI
1-15 s resulted in taking lever extension, however, the taking lever
presses had no programmed consequences and alcohol was not avail-
able. After reaching the extinction criterion (<5 seeking responses in 3
consecutive sessions), the rats were alcohol deprived and not tested for
the following 30 days.

After the thirty days of abstinence, the rats underwent a series of
Seeking-Taking tests to measure how quickly they reinstated their
alcohol-seeking behavior and brought their performance up to the basal
level. Testing continued until reaching a criterion of an average number
of seeking responses from five tests equal to or higher than the average
number of seeking responses from the 5 re-baseline Seeking-Taking
tests.

2.9. Tissue collection

The day after the final reinstatement test, rats were euthanized by
decapitation in a counterbalanced manner (i.e. a rat from the EtOH
group together with a control rat from the same judgement bias group).
The procedure was conducted from 09:00 to 12:00.

To avoid potential disruptions in the analysis of receptor binding
related to lateralization, randomly right brain hemispheres were
collected from some animals, while left brain hemispheres were
collected from others (counterbalanced between groups). The collected
brain hemispheres were snap-frozen in heptane with dry ice and stored
at —70 °C until autoradiographic analysis was conducted. Next the brain
hemispheres were sectioned into appropriate slices according to the rat
brain atlas (Paxinos and Watson, 2006) using a Leica cryostat. Five brain
structures designated for gene expression analysis by RT-PCR were
isolated from the remaining hemispheres: 3 cortical (mPFC, anterior
cingulate (Acc), and OFC) and 2 subcortical areas (Nacc and amygdala).
Tissue was taken based on the ‘Rat brain atlas’ of Paxinos and Watson
(Paxinos and Watson, 2006), and according to Achterberg (Achterberg
et al., 2015). The structures were frozen on dry ice and stored at —70 °C
for further analysis.

2.10. Autoradiography

Autoradiography of dopamine Dy receptors was performed using
[*H]Methylspiperone with a specific activity of 80 Ci/mmol (Perkin
Elmer, USA). Tissue sections were preincubated in a 50 mM Tris-HCI
buffer (pH 7.4) for 15 min. The radioligand binding at a dissociation
constant (Kd) of 0.3 nM, was conducted in incubation buffer (IB1)
containing 50 mM Tris-HCl, 5 mM KCl, 2 mM MgCl,, 2 mM CaCl,, and
10 pM ketanserin (Sigma, Inc.) to block 5-HT2 receptors, pH 7.4, for 60
min at room temperature. Non-specific binding was determined simul-
taneously using IB1 supplemented with 10 pM (+) butaclamol (Sigma,
Inc.). The incubation was terminated by two washes in 50 mM Tris-HCl
(pH 7.4) at 4 °C for 5 min, followed by a brief rinse with ice-cold distilled
water.

For the analysis of serotonin 5-HTga receptors, [®H]ketanserin was
used, with a specific activity of 47.3 Ci/mmol (Perkin Elmer, USA) and a
Kd of 2 nM. Tissue sections were preincubated for 15 min in a buffer
(IB2) containing 50 mM Tris-HCl, 120 mM NaCl, and 4 mM CaCl,. Re-
ceptor binding analysis was then performed in IB2 with the appropriate
concentration of radioligand for 60 min at room temperature. Non-
specific binding was assessed using IB2 supplemented with an addi-
tional 10 pM mianserin (Tocris, Inc.). The process was completed with 2
washes in 50 mM Tris-HCI (pH 7.4) at 4 °C for 10 min, followed by a
rinse with ice-cold distilled water.

For the serotonin 5-HT;a receptors, tissue sections were pre-
incubated in a 50 mM Tris-HCl buffer for 30 min at room tempera-
ture. They were then incubated in IB3 buffer, which contains 50 mM
Tris-HCl, 4 mM CaCl,, 0.1% ascorbic acid, and [°H]8-OH-DPAT (specific
activity: 250 Ci/mmol; Perkin Elmer, USA; Kd: 2 nM), for 60 min at the
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same temperature. Non-specific binding was determined using IB3
supplemented with 10 pM serotonin (Sigma, Inc.). The incubation was
completed with three washes in ice-cold 50 mM Tris-HCl for 5 min each,
followed by immersion in cold water. The labelled tissue slices were
placed against an imaging plate (Fujifilm, Japan) with autoradiographic
microscales (GE Healthcare) for seven days. The autoradiograms were
analyzed and quantified using ImageGauge software (Fujifilm, Japan).
The specific binding of the radioligand to dopamine Do, 5-HT1, and 5-
HT2a receptors was quantified by subtracting the images representing
non-specific binding in adjacent brain slices from the total binding
signal. The results are expressed as femtomoles of bound radioligand per
milligram of tissue (fmol/mg tissue) in each examined brain structure.

2.11. Gene expression analysis

This analysis assessed the interaction between the effects of the traits
‘optimism’ and ‘pessimism’ and the effects of alcohol consumption on
gene expression in specific brain regions using TaqMan Low-Density
Arrays. The arrays screened 30 genes—28 candidates and 2 refer-
ences. An extensive literature review facilitated the selection of 5 groups
of genes possibly associated with the modulation of the relationship
between ‘optimism’/’pessimism’ and alcohol effects. The first group
included genes involved in the functioning and regulation of the sero-
tonin system. The second group consisted of genes involved in dopa-
minergic neurotransmission. The third group comprised genes related to
the glutamatergic system. The fourth group consisted of genes associ-
ated with y-aminobutyric acid (GABA) neurotransmission. The fifth
group included genes implicated in ethanol (EtOH) metabolism. Addi-
tionally, ribosomal protein L32 (Rpl32) and peptidylprolyl isomerase A
(Ppia) were used as reference genes.

The total RNA was isolated from collected tissues using the RNeasy
Plus Mini Kit (Qiagen, Germantown, MD, US) according to the manual’s
instructions. The samples (8-11 per group) were homogenized with 600
pl of the buffer RTL Plus with p-mercaptoethanol for 4 min at 50 Hz with
TissueLyser LT (Qiagen, Germantown, MD, US). Then the gDNA Elimi-
nator spin columns were used. The 600 pl of 70% ethanol was added to
each sample and transferred to the RNeasy spin column. After washing
the column, 30 pl of RNase-free water was added to the column for the
RNA elution. The quality and quantity of the isolated total RNA were
evaluated by a NanoDrop ND-1000 (Thermo Fisher Scientific) and
Experion microcapillary electrophoresis system (Bio-Rad, Hercules,
California, US). Samples that passed the quality threshold (RIN > 8.0)
were used for further experiments.

Isolated RNAs were reverse-transcribed using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific), with RNA
quantities normalized across samples based on the specific brain struc-
ture. The resulting cDNA was then mixed with TagMan Universal PCR
Master Mix, No AmpErase UNG (Thermo Fisher Scientific), to perform
the RT-qPCR reactions on custom TagMan Low-Density Arrays which
included the 28 selected genes. One Array Card was used to examine the
mRNA expression of 4 samples in triplicate. The RT-qPCR was con-
ducted on a QuantStudio 12 K Flex System (Applied Biosystems, Wal-
tham, Massachusetts, US), with data analysis performed using the
QuantStudio 12 K Flex Software (Applied Biosystems). Ct values
exceeding 34 were classified as representing undetectable mRNA levels.
For comparison purposes, a consistent threshold of 0.2 was applied to all
samples. The analysis was executed with qBasePLUS 3.1 software (Bio-
gazelle, Zwijnaarde, Belgium) (Hellemans et al., 2007), with normali-
zation against Ribosomal protein L32 (Rpl32) and peptidylprolyl
isomerase A (Ppia).

2.12. Statistics
The statistical analysis was conducted using GraphPad Prism

(version 10.1.0, GraphPad Software, Inc., San Diego, CA). The Shapiro-
Wilk test confirmed the normality of data distribution. For
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nonparametric datasets, normalization was achieved through square
root transformation and exclusion of outliers. Behavioral and molecular
data were examined using two-way ANOVA. For the judgement bias
screening, 2 BCE, and STP, the within-subject factor was ‘test day/ses-
sion’ and the between-subject factor was ‘judgement bias’. For the gene
expression and autoradiography data, the between-subject factors were
‘judgement bias’ and ‘treatment’. t-tests and Mann-Whitney U tests (for
nonparametric data) compared the ‘optimistic’ and ‘pessimistic’ groups
regarding average consumption in 2 BCE and the number of sessions
required for extinction and reinstatement criteria. Pairwise comparisons
were adjusted for multiple testing using Sidak correction. Significance
tests were performed at an alpha level of 0.05. Variance homogeneity
was verified using Levene’s test, and sphericity for repeated-measures
analyses was confirmed with Mauchly’s test. Data are presented as
mean + SEM or, for nonparametric data, as median with interquartile
range.

3. Results
3.1. Cohort division

During the discrimination training phase, nine rats failed to show
progress and were subsequently excluded from further analysis. The
remaining 87 animals met the criteria and qualified for the judgement
bias screening. Based on the average judgement bias index from 10
screening tests, the animals were separated into two groups: ‘optimistic’
(N = 43) and ‘pessimistic’ (N = 44). The cohort was also unequally
divided based on the applied treatment into EtOH (N = 50) and control
(N = 37) groups. These divisions resulted in 4 experimental groups:
optimisticeontrol (N = 18), optimisticgion (N = 25), pessimisticeontrol (N =
19) and pessimisticgiog (N = 25). This asymmetry was dictated by our
previous experiments in which approximately 25% of rats receiving
alcohol showed no increase in consumption throughout the experiments
(Cieslik et al., 2022). Indeed, in the present study, only 32 of 50 rats
from the EtOH group completed all of the experimental stages
measuring alcohol-seeking behavior.

To highlight changes resulting from differences in the judgement
bias index, from among the 69 rats that completed the experiment (32
EtOH and 37 control animals), we distinguished 2 groups of animals
whose scores were in the upper and lower quartiles of judgement bias
index scores which resulted in four experimental groups: optimisticcontrol
(N = 8), optimisticgiog (N = 9), pessimisticeontrol (N = 13) and pessi-
misticgrog (N = 5). All analyses described below concern these 4 groups
of animals.

3.2. Ambiguous cue interpretation training

The number of tests performed to achieve criterion in each phase of
the training is presented in the supplementary table S1. There were no
differences between ‘optimistic’ and ‘pessimistic’ rats in number of tests
to achieve the positive tone (U = 122.5, p = 0.24), negative tone (U =
148.5, p = 0.89) and discrimination training (t (33) = 0.31, p = 0.76)
criteria.

3.3. Judgement bias screening

Following the cognitive judgement bias screening, the animals with
an average judgement bias index above 0 were classified as ‘optimistic’,
while those with an average below 0 were classified as ‘pessimistic’.
Screening results for the entire cohort are presented in the supplemen-
tary Fig. S1. To emphasize the often subtle changes resulting from dif-
ferences in the level of ‘optimism’, in this study, we selected 2 groups of
animals which were distinct in the interpretation of ambiguous cues
over time and were classified as permanently ‘optimistic’ (top quartile of
the judgement bias index scores) and permanently ‘pessimistic’ (lower
quartile of the judgement bias index scores).
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Although the cognitive bias index fluctuated in both groups of ani-
mals (significant main effect of screening day (F(6.818, 225.0) = 2.14, p
= 0.04)), the differences between ‘optimistic’ and ‘pessimistic’ groups
did not significantly change across the screening period (no significant
screening day x judgement bias interaction (F(9, 297) = 0.88,p = 0.54))
indicating stability of the traits (Fig. 2A). For animals classified as
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‘optimistic’ (N = 17) an average judgement bias index equaled 0.36 +
0.03, whereas the judgement bias index in the ‘pessimistic’ group (N =
18) was —0.41 + 0.03 (Fig. 2B).

Compared with their ‘pessimistic’ counterparts, ‘optimistic’ animals
responded significantly more often to the positive lever (significant
judgement bias x tone interaction (F(2,99) = 24.98, p < 0.05; Fig. 2C))
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and less often to the negative lever in response to the ambiguous tone
(significant judgement bias x tone interaction (F(2,99) = 32.76, p <
0.05; Fig. 2D)). The ‘optimistic’ animals also responded less often to the
negative lever in response to the positive tone, compared to the ‘pessi-
mistic” group (p < 0.05, Fig. 2D). ‘Optimistic’ and ‘pessimistic’ rats did
not differ in the number of omissions made (non-significant judgement
bias x tone interaction (F(2,99) = 1.38, p = 0.26, Fig. 2E)).

The average frequency of ‘optimistic’ judgement bias in the group of
animals classified as ‘optimistic’ was significantly higher (p < 0.05) than
that in the ‘pessimistic’ group (Mann-Whitney U = 0; Fig. 2F and inset).

3.4. Induction and assessment of alcohol drinking behavior

During 12 two-bottle choice sessions, rats from the ‘optimistic’ group
consumed significantly less alcohol than their ‘pessimistic’ conspecifics
(significant judgement bias effect (F(1,12) = 5.93, p = 0.03), Fig. 3A).
The raw consumption data are included in the supplementary Fig. S2.

Moreover, EtOH rats consumed significantly more fluids than the
control group (U = 32, p < 0.0001, Fig. 3B). There was no significant
difference in water consumption between ‘optimistic’ and ‘pessimistic’
rats from the control group (U = 49, p = 0.86, Fig. 3C).

There were no differences in the initial weight of the animals before
the first two-bottle choice session, with an average of 405.4 & 7.9. The
initial weights in four experimental groups were as follows: optimi-
stiCeontrol = 402.5 + 8.8, optimisticgiog = 409.6 + 21.8, pessimisticeon-
trol = 414.9 £ 13.3 and pessimisticgiog = 378.0 + 14.

3.5. Development of alcohol-seeking behavior

In the next step, the animals from the EtOH and control groups were
trained to associate the pressing of the taking lever with the alcohol or
water delivery under FR1. None of the rats from the control group met
the criteria. After reaching the Seeking-Taking criterion, the rats from
EtOH group were tested in the Seeking-Taking Punishment task. As the
shock intensity increased from 0.10 to 0.50 mA during consecutive
sessions, all rats gradually decreased the number of trials completed
compared to the initial session (main shock intensity effect (F(2.597,
31.17) = 18.12, p < 0.0001)). However, there were no significant dif-
ferences in the number of completed trials between ‘optimistic’ and
‘pessimistic’ rats (non-significant judgement bias effect (F(1,12) = 0.01,
p = 0.92) and non-significant shock intensity x judgement bias inter-
action (F(9, 108) = 0.56, p = 0.83), Fig. 3E).

Additionally, to measure the impact of punishment in the Seeking-
Taking Punishment task on rats’ motivation for alcohol-seeking, we
conducted 2 progressive ratio schedule of reinforcement tests. In the first
one, executed before Seeking-Taking Punishment tests, the rats’ average
break point was 11.23 + 1.03, while in the second one, performed the
day after last Seeking-Taking Punishment test, the average break point
was 4.46 £ 1.22. All rats’ motivation significantly decreased following
the experience of punishment in the Seeking-Taking Punishment task
(significant test effect (F(1,12) = 14.96, p = 0.002)), however, there
were no differences in the breaking point between ‘optimistic’ and
‘pessimistic’ rats (non-significant judgement bias effect (F(1,12) =
0.003, p = 0.96) and non-significant test x judgement bias interaction (F
(1,12) = 1.08, p = 0.32), Fig. 3D).

After the second progressive ratio schedule of reinforcement test, all
animals were re-baselined in 3 ST tests. Following the re-baseline, rats
were tested under Seeking-Taking extinction conditions. The number of
sessions needed to achieve the extinction criterion ranged from 5 to 16,
with an average of 9.14 + 0.94. Judgement bias had no significant
impact on the length of extinction (t(12) = 0.66, p = 0.52, Fig. 3F).

The effects of judgement bias on the reinstatement of alcohol-seeking
were assessed following 30 days of forced abstinence. Animals needed
between 3 and 9 Seeking-Taking tests, with an average of 4.21 + 0.56, to
bring their alcohol-seeking responses to the basal, pre-extinction levels.
However, ‘optimistic’ and ‘pessimistic’ rats did not significantly differ in
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motivation (D) to seek alcohol. The breaking point in the Progressive Ratio
Schedule of Reinforcement tests conducted before and after the Seeking-Taking
Punishment sessions in rats classified as ‘pessimistic’ (dark green bars) and
‘optimistic’ (light green bars) from EtOH group; Daily number of trials (E)
completed during Seeking-Taking Punishment sessions in ‘optimistic’ and
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to colour in this figure legend, the reader is referred to the web version of
this article.)
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the number of tests needed to achieve criterion (U = 19.50, p = 0.78,
Fig. 3G).

Operant, alcohol-related behavior expressed as the amount of
alcohol consumed in g per kg of body weight in ‘pessimistic’ and ‘opti-
mistic’ rats from the EtOH group is presented in supplementary Fig. S3.

3.6. The effects of ‘optimism’ and alcohol consumption on gene expression

3.6.1. Serotonergic system

Statistical analysis of the effects of trait ‘optimism’ on the expression
of genes related to serotonergic neurotransmitter system revealed sta-
tistically significant interactions between the effects of judgement bias
and alcohol drinking on the expression of Slc6a4 in mPFC (F(1,24) =
11.82, p = 0.002; Fig. 4A) and Nacc (F(1,16) = 8.18, p = 0.01; Fig. 4A)
and Maoa in OFC (F(1,31) = 4.45, p = 0.04; Fig. 4A). In mPFC, the level
of Slc6a4 expression, within the ‘optimistic’ rats, was lower in the EtOH
group compared to the control. Moreover, in the EtOH group, ‘opti-
mistic’ rats showed lower expression of Slc6a4 compared to ‘pessimistic’
ones. Finally, in the control group, the expression of Slc6a4 was higher
in the ‘optimistic’ rats. In Nacc, within the control group, ‘optimistic’
rats showed lower expression of Slc6a4. What is more, the level of
expression was also higher in the ‘pessimistic’ control group, compared
to ‘pessimistic’ EtOH rats.

The statistically significant effects of the judgement bias effect were
revealed in the expression of Maoa in mPFC (F(1,30) = 4.45, p = 0.04;
Fig. 4A) and Htr2b in OFC (F(1,17) = 7.45, p = 0.01; Fig. 4A), with the
level of expression of Htr2b higher in ‘optimistic’ animals, compared to
their ‘pessimistic’ conspecifics. Compared to ‘pessimistic’ rats, the
expression of Maoa in mPFC was lower in ‘optimistic’ group.

3.6.2. Glutamatergic system

Statistical analysis revealed statistically significant judgement bias x
treatment interactions in the expression of Grm3 in amygdala (F(1,31) =
9.68, p = 0.004; Fig. 4B) and Slc1a2 in Nacc (F(1,31) = 5.47, p = 0.03;
Fig. 4B). In amygdala, in the EtOH group, the level of Grm3 was higher in
‘optimistic’ rats than in the ‘pessimistic’ ones. In Nacc, the level of
Slc1a2 was significantly higher in the EtOH group than in the control
one, within ‘optimistic’ rats.

The significant effects of prolonged alcohol drinking (main treatment
effect) were revealed in the level of expression of Grm2 in Acc (F(1,31)
= 11.73, p = 0.002; Fig. 4B) and amygdala (F(1,31) = 7.16, p = 0.01;
Fig. 4B), and the level of Grin2b in Nacc (F(1,29) = 4.50, p = 0.04;
Fig. 4B), with the expression lower in EtOH group compared to control.
Conversely, the EtOH group showed higher expression levels than the
controls of Grin2a (F(1,31) = 7.70, p = 0.009; Fig. 4B) and Slcla2 (F
(1,31) = 7.26, p = 0.01; Fig. 4B) in the mPFC.

The analysis also revealed statistically significant intergroup differ-
ences (main judgement bias effect) in the expression of Grm2 (F(1,31) =
4.65, p = 0.04; Fig. 4B) and Grm3 (F(1,31) = 7.04, p = 0.01; Fig. 4B) in
amygdala, with the level of expression higher in ‘optimistic’ animals,
compared to their ‘pessimistic’ conspecifics.

3.6.3. Dopaminergic system

Statistically significant differences between EtOH and control groups
were observed in the expression of the Drd2 gene in OFC, with the level
of expression higher in EtOH rats (main effect of treatment: F(1,28) =
8.20, p = 0.008; Fig. 4C).

3.6.4. GABAergic system

Statistical analysis of the effects of trait ‘optimism’ on the expression
of genes related to GABAergic neurotransmitter system revealed statis-
tically significant interactions between the effects of judgement bias and
alcohol drinking on the expression of Gabbr2 in mPFC (F(1,31) = 4.72, p
= 0.04), with the expression lower, within EtOH group, in the ‘opti-
mistic’ animals, compared to the ‘pessimistic’ ones.
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3.6.5. Alcohol metabolism

Finally, there was a significant judgement bias x treatment interac-
tion in the expression of Adhl in mPFC (F(1,30) = 7.67, p = 0.01;
Fig. 4E), with the expression lower in ‘optimistic’ rats, compared to the
‘pessimistic’ ones, in the control group. Moreover, within the ‘pessi-
mistic’ animals, the level of expression was higher in controls, compared
to the EtOH group.

3.7. Autoradiography

The autoradiographic analysis of serotonin 5-HT2x receptors showed
statistically significant interactions of judgement bias and prolonged
alcohol consumption (treatment) in [*H]ketanserin binding in Nacc core
(F(1,29) = 6.43, p = 0.02; Fig. 4G) and shell (F(1,29) = 5.90, p = 0.02;
Fig. 4H). In both structures, there was stronger 5-HTo, receptor binding
within the EtOH group in ‘optimistic’ rats, compared to the ‘pessimistic’
ones. The analysis also revealed an increase in 5-HTja binding in
‘optimistic’ EtOH animals — when compared to their ‘pessimistic’ con-
specifics from the control group.

The autoradiographic analysis of dopamine D receptors using [°H]
methylspiperone radioligand and of the 5-HT; 5 receptor using [°H]8-
OH-DPAT did not reveal significant intergroup differences in any of the
examined structures.

4. Discussion

Recent research has emphasized the importance of investigating
human cognitive traits in animal models as a valuable method for
identifying cognitive markers associated with various psychiatric dis-
orders (Anderson et al., 2013; Hales et al., 2017; Rygula et al., 2014;
Stracke et al., 2017). One such trait is the pessimistic or optimistic
judgement bias. In humans, this trait may impair an individual’s ability
to accurately assess risks and benefits, leading to an overemphasis on the
rewarding effects of alcohol and an underestimation of its negative
consequences (Blume et al., 2003; Leeman et al., 2009). However, it
remains unknown whether biased judgement measured as a stable and
enduring cognitive trait, can determine the manner, in which different
individuals consume alcohol, and thus their susceptibility to the tran-
sition from recreational to compulsive drinking. This uncertainty arises
from the challenges of gathering data on past cognitive biases in patients
diagnosed with AUD, and resulting practical impossibility of conducting
longitudinal studies in humans. The present research utilizing an animal
model, as presented in this paper, permits us to infer causative links
between the cognitive judgement bias, measured as a stable cognitive
trait, and factors related to the development of alcohol addiction. By
employing sophisticated behavioral tests, we were able to ascertain the
vector and magnitude of this trait in rats. Subsequently, using a
comprehensive suite of behavioral assays, we evaluated how this trait
influenced the rats’ alcohol consumption patterns. Obtained results
indicate that rats exhibiting trait ‘optimism’ drink significantly less
alcohol than their ‘pessimistic’ counterparts. This lower alcohol con-
sumption is evident solely in the 2BC paradigm and does not translate
into significant differences in the development of compulsive alcohol-
seeking behavior, increased motivation for drinking alcohol, speed of
extinction of alcohol seeking behaviors, or difference in the reinstate-
ment of alcohol-seeking after a period of abstinence. On the neuro-
molecular level, the decreased alcohol consumption observed in
‘optimistic’ animals is associated with a decreased level of Maoa
expression in the mPFC and an increased level of Grm2 expression in the
amygdala. Significant interactions between judgement bias and alcohol
intake are also observed in the expression of Slc6a4, Gabbr2, and Adh1 in
the mPFC; Slc1a2 and Slc6a4 in the Nacc; Maoa in the OFC; and Grm3 in
the amygdala. There are also notable interactions between the effects of
judgement bias and alcohol consumption on 5-HT24 receptor binding in
the Nacc. Alcohol consumption is generally associated with changes in
the expression of Grm2 in the Acc and amygdala, Grin2a in the mPFC,
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Drd2 in the OFC, and Grin2b in the Nacc.

These results should be interpreted within a broader context, starting
with the outcomes of our previous research, which demonstrated how
reinforcement sensitivity predicts rats’ susceptibility to various aspects
of AUD that were also measured in the current experiments (Cieslik
et al., 2022; Cieslik-Starkiewicz et al., 2024a; Cieslik-Starkiewicz et al.,
2024b). In these studies, we have shown that trait sensitivity to negative
feedback, which has been linked to a pessimistic judgement bias (Rygula
and Popik, 2016), predicts rats’ vulnerability to developing compulsive
alcohol-seeking and consumption behaviors, particularly when these
behaviors are punished (Cieslik et al., 2022). These studies also revealed
significant differences in the propensity to extinguish alcohol-seeking
behaviors after the cessation of alcohol availability between animals
classified as less or more sensitive to negative feedback. Further studies
from our laboratory have indicated that sensitivity to positive feedback,
in contrast, determines the degree of motivation to seek alcohol
following the experience of its adverse effects and the tendency to
resume alcohol-seeking behaviors after a period of enforced abstinence
(Cieslik-Starkiewicz et al., 2024b). The aforementioned effects were
accompanied by differences in blood stress hormone levels, as well as
differences in the cortical and subcortical expression of genes and pro-
teins associated with dopaminergic, serotonergic, and GABAergic
neurotransmitter systems (Cieslik-Starkiewicz et al., 2024a; Cieslik-
Starkiewicz et al., 2024b). Taken collectively and in light of the current
and previously mentioned results, it seems that various forms of biased
cognition, previously defined as reinforcement-based cognitive biases
(Noworyta et al., 2022), exert a comprehensive and complementary
influence on, and modulate, animals’ susceptibility to various facets of
alcoholism.

Given that cognitive judgement bias reflects an individual’s affective
state, with those in a negative affective state displaying pessimism, and
those in positive affective state tending towards optimism, the height-
ened alcohol consumption in ‘pessimistic’ rats, as observed in this study,
could mirror one of the hypothesized human drinking patterns, specif-
ically, ‘drinking for relief’ (Grodin et al., 2024). This pattern of con-
sumption, is displayed by individuals who drink to mitigate negative
emotions or to alleviate stress and could be parallel to the behavior of
the ‘pessimistic’ rats who may also show an increased consumption of
alcohol in an attempt to escape a negative affective state. Building on
this premise, the lack of noticeable effects of judgement bias on the more
effortful aspects of alcohol seeking and drinking can be attributed to the
overriding impact of the mentioned negative affective state that likely
resulted in motivational deficits among the rats. This would particularly
affect their engagement in tasks that require higher levels of effort and
active decision-making. Unfortunately, our experiment did not include
direct measurements of motivational levels, which limits our ability to
definitively pinpoint this as the underlying cause. However, it appears
highly plausible that the effects of pessimism were predominantly
observable during spontaneous drinking sessions because these sessions
required less cognitive effort and decision-making from the rats. This
scenario suggests that when the cognitive load is reduced, the rats’
inherent pessimistic biases have a more pronounced influence on their
drinking behavior.

Alcohol interacts with numerous neurotransmitter systems, disrupt-
ing brain function and creating an imbalance in the regulation of
inhibitory and excitatory neurotransmitters (Koob, 1992). This altered
neurotransmission is linked to the reinforcing effects of alcohol (Koob,
2004) and results in adaptive changes in neural circuits, ultimately
leading to addiction (Koob, 1992; Koob and Volkow, 2010). Indeed, in
the present study, multiple differences in gene expression associated
with chronic alcohol exposure were confirmed in various brain regions
of interest. Prolonged alcohol intake resulted in higher expression of
genes related to the glutamatergic system, namely Grin2a, which en-
codes the 2 A subunit of glutamate ionotropic NMDA receptor and
Slc1a2, which encodes solute carrier family 1 member 2 (EAAT2) in
mPFC in EtOH group compared to control. The same pattern was
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observed for Drd2, which encodes dopamine receptor Do, in OFC. The
involvement of the above-mentioned genes in alcohol-related behaviors
has been extensively discussed in the literature so far (Bice et al., 2008;
Daut et al., 2015; Kalluri et al., 1998; McColl and Piquette-Miller, 2020;
Sari, 2014). In contrast, expression was lower in the EtOH group,
compared to the water-drinking control, for other genes involved in
glutamatergic neurotransmission, such as Grm2 which encodes gluta-
mate metabotropic receptor 2, in Acc and amygdala, as well as Grin2b,
which encodes subunit 2B of glutamate ionotropic NMDA receptor, in
Nacc. The pivotal role of these components in the prolonged impacts of
ethanol has been well-documented in previous research (Healey et al.,
2023; Nagy, 2008).

Efforts to identify genes associated with complex behavioral traits
like pessimism and optimism have faced challenges, mainly due to the
presence of multiple causative variants and the heterogeneity of groups
exhibiting a given trait. Our findings provide novel insights into the
molecular mechanisms associated with these traits in rats. The level of
Maoa expression, responsible for encoding Monoamine Oxidase A, was
observed to be higher in the mPFC of ‘pessimistic’ rats compared to their
‘optimistic’ counterparts. While the role of MAO-A in modulating the
level of optimism is not straightforward, heightened MAO-A activity
could accelerate the degradation of biogenic amines, leading to reduced
availability for receptors and impacting the affective state. Lower
expression of Maoa was also recently shown for rats characterized by
increased negative feedback sensitivity (Cieslik et al., 2022), a trait that
co-occurs with pessimism (Rygula and Popik, 2016). Furthermore, as
previously noted, pessimism often correlates with depressive symptoms.
It is noteworthy that reversible monoamine oxidase inhibitors are
commonly used in the treatment of depression and may potentially
reshape pessimistic bias towards a more positive orientation. The sero-
tonergic system stands out as a prominent neurotransmitter system in
cognitive research with 5-HT playing a pivotal role in cognitive func-
tions and the regulation of affective states. Our research has shown that
the Htr2b expression level in OFC was lower in ‘pessimistic’ rats
compared to their ‘optimistic’ counterparts. Htr2b encodes the 5-HTyp
receptor, which directly contributes to the control of 5-HT levels and
regulates serotonin transporter activity (Launay et al., 2006). Moreover,
these receptors are essential for the therapeutic effects of selective se-
rotonin reuptake inhibitors, underscoring their involvement in affective
state regulation. Therefore, the reduced expression of Htr2b in ‘pessi-
mistic’ rats may be associated with lower 5-HT availability, contributing
to a negative affective state. Another significant difference between
‘pessimistic’ and ‘optimistic’ animals lies in the expression of Grm2 in
the amygdala, with lower expression observed in ‘pessimistic’ animals.
Research indicates that Grm2 is implicated in the regulation of suscep-
tibility to stress and anhedonia, crucial for maintaining positive affective
states (Nasca et al., 2015). The amygdala is known for its involvement in
mood disorders and AUD, which is reflected by the substantial influence
of both judgement bias and prolonged alcohol consumption on Grm2
expression in this structure (Price and Drevets, 2010).

To unravel the complicated relationship between levels of ‘pessi-
mism’/’optimism’ and susceptibility to alcohol abuse, success hinges on
understanding the interaction of these two factors in regulating the
expression levels of various genes. In the EtOH group, we observed that
the expression of Grm3 in the amygdala was lower in ‘pessimistic’ rats
compared to their ‘optimistic’ counterparts. The physiological studies of
group II mGlu receptor subtypes suggest that modulating the mGluR2/3
function could attenuate alcohol consumption (Backstrom and Hyytia,
2005; Griffin et al., 2014), while activation of mGluR3 effectively re-
duces ethanol-motivated behavior (Rodd et al.,, 2006). Additional
behavioral findings indicate that the activation of mGlu2/3 may play a
role in mitigating the behavioral effects of ethanol, pointing towards the
involvement of amygdala in this process (Cannady et al., 2011). Perhaps
in more ‘optimistic’ rats, Grm3 expression is modulated in such a way
that increases levels of mGluR3 which serves as a protective agent
against increased alcohol consumption. Another crucial component of
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the glutamatergic system that may prevent an increase in alcohol intake
is EAAT2. It was proven that inducing the expression of EAAT2 in the
Nacc of rats decreases their voluntary alcohol intake in the 2BC para-
digm (Sari et al., 2011). Indeed, we observed higher expression of this
gene in Nacc in the EtOH group compared to the controls, within
‘optimistic’ rats.

The unexpected difference observed in the expression of the GABAg
receptor 2 subunit in the mPFC is intriguing. Research has shown that
activation of the GABAp receptor attenuates the rewarding effects of
ethanol and reduces alcohol intake (Colombo et al., 2004; Loi et al.,
2013). This study showed that in the mPFC the expression level of this
receptor was higher in ‘pessimists’ than in ‘optimists’ of the EtOH group.
Although these results seem counterintuitive, we cannot rule out the
existence of additional compensatory mechanisms or regulations that
occur at the translation stage. Since Gabbr2 encodes only one of the
GABAg receptor subunits, it is conceivable that it is upregulated due to
positive feedback in response to insufficient expression of the other re-
ceptor subunits. Another interesting interaction occurred also in mPFC,
in the expression level of Adhl, which encodes alcohol dehydrogenase,
an enzyme involved in ethanol metabolism (Edenberg, 2007). ADH1
catalyzes the reversible oxidation of ethanol to acetaldehyde. Different
levels of Adhl expression between ‘optimists’ and ‘pessimists’ in the
control group and between EtOH and controls in ‘pessimistic’ rats sug-
gest that differences in the individual susceptibility of rats to consuming
large amounts of alcohol may result from different rates of alcohol
metabolism. Last, but not least, there were also significant differences in
Slc6a4 expression, which encodes 5-HT transporter (SERT), in mPFC and
Nacc. The impact of alcohol on 5-HTT mRNA levels has been demon-
strated in various models of alcohol consumption and dependency. In
animal studies, alcohol exposure resulted in elevated concentrations of
5-HTT mRNA in serotonergic brain areas, as well as in regions associated
with reward circuitry, such as Nacc, and information processing, like
mPFC (Chen et al., 2023; Diehl and Redish, 2023). Several studies have
shown that up-regulation of the SERT leads to an increased sensitivity to
aversive outcomes, a trait correlated with pessimistic judgement bias
(den Ouden et al., 2013; Ineichen et al., 2012).

The serotonin 5-HTy4 receptor emerges as another pivotal compo-
nent in the complicated interplay between pessimistic judgement bias
and alcohol abuse. Indeed, the activation of various serotonin receptor
subtypes, including 5-HT4, has been demonstrated to decrease ethanol
consumption (Maurel et al., 1999). Other findings indicate that alcohol-
preferring rats exhibit lower levels of serotonin 5-HT4 receptor binding
sites in several brain regions compared to non-preferring controls
(Ciccocioppo et al., 1999). In the current study, quantitative autoradi-
ography uncovered a reduced serotonin 5-HTys receptor density in
‘pessimistic’ rats exposed to ethanol, compared to their ‘optimistic’
conspecifics and counterparts in the control group. It is therefore plau-
sible that alcohol-induced downregulation of this receptor expression
occurs specifically in ‘pessimistic’ rats, potentially constituting an
important genetic factor contributing to the susceptibility of this group
to heightened alcohol intake.

5. Limitations

Over the past decade, a growing body of research has pointed to the
potential use of assessing cognitive correlates of human personality
traits in animals to identify biomarkers of various psychiatric disorders
(Noworyta et al., 2021). Although optimism and pessimism have been
shown to be excellent candidates for this role, their assessment in animal
models has certain limitations. This classification is anthropomorphic,
attributing human-like emotional states to animals, which may not
reflect their true cognitive processes. Although animals can have
pessimistic and optimistic expectations, unlike humans, these are not
based on considerations about the future but rather serve as strategies
for coping with uncertainty in current actions. When an animal must
decide on its behavior, the optimal decision maximizes expected gain
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and minimizes the risk of loss. In guiding behavior, animals must assess
the extent to which environmental cues indicate specific situations, such
as the presence of a predator or the availability of food (Houston et al.,
2012). Therefore, from an evolutionary perspective, ‘optimistic’ and
‘pessimistic’ interpretations of environmental cues serve survival and
future reproductive success (McNamara et al., 2011). Although for the
purposes of clarity in this paper animals have been classified as ‘opti-
mistic’ and ‘pessimistic’, it is important that in both humans and animals
this is not a completely binary trait, but rather a spectrum. The classi-
fication used was intended to simplify the concept in order to highlight
the differences observed between groups.

Another potential limitation of our study is the generalization of the
negative response bias, which in the case of rats classified as pessimistic,
included not only the ambiguous tone but also the positive referent
tones. This generalization can be interpreted as a general decrease in
sensitivity to stimuli predicting the arrival of a reward. Indeed, similar
effects have been observed in earlier studies and even in the landmark
work published by Enkel et al. in 2010. This effect does not diminish the
value of the obtained results but rather indicates that the bias in eval-
uation is more general in nature.

There is also the question of potential differences between ‘opti-
mistic’ and ‘pessimistic’ rats in their response to the shock. This, how-
ever, is unlikely because neither the duration of the negative tone
training (data included in supplementary table S1), nor the final
response rate to the shock-predicting negative tone (Fig. 1C and D)
significantly differed between the ‘optimistic’ and ‘pessimistic’ rats.

When it comes to the design of the experiment and the method of
data analysis, it is worth discussing our decision to analyze only animals
whose screening results were in the upper quartiles of values for opti-
mism and pessimism. This approach was dictated by the relatively flat
distribution of these traits across the population, which can obscure
subtle but important behavioral differences when including the entire
range. Animals with pronounced traits provide clearer, and more
distinct behavioral patterns. Additionally, this selection strategy helps in
increasing the statistical power of our analyses by magnifying effect
sizes, which are more discernible in animals with extreme scores. This
method also reduces intra-group variability, leading to more consistent
and reliable results. Thus, selecting animals from the upper quartiles is
not merely a methodological convenience but a strategic choice to
ensure meaningful and actionable findings. On the other hand, the
chosen method of analysis significantly reduces the number of animals
in each group, particularly among the alcohol-drinking rats, thereby
limiting the generalizability of our findings. Additionally, the relatively
small differences observed in only one of the alcohol consumption
paradigms require caution in interpreting the results, making it chal-
lenging to draw robust conclusions applicable to the general population.

In sum, our investigation presents pioneering evidence that traits of
optimism and pessimism significantly influence alcohol intake in rodent
models. Our findings reveal that rats with a ‘pessimistic’ disposition,
which could reflect the human tendency to consume alcohol as a coping
mechanism (relief drinking), exhibit higher levels of alcohol consump-
tion compared to their more ‘optimistic’ counterparts. This suggests that
akin to humans, rats may engage in increased alcohol consumption
driven by negative emotional states, implying a form of self-
administration. Additionally, our research elucidates the relationship
between these cognitive tendencies and specific neurochemical alter-
ations within the brain. It is particularly noteworthy that rats charac-
terized by ‘pessimism’ display altered gene expression profiles in
neurotransmitter pathways, which likely underpin their elevated
alcohol use.
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Supplementary Materials

Positive tone Negative tone Discrimination
training training training
Min 7 14 38
Max 14 67 93
Mean + SEM 8+0.21 27+£19 64 +2.5

Table S1 Minimum, maximum and average number of tests needed to achieve criteria of

positive tone training, negative tone training and discrimination phase.
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Figure S1 Daily judgment bias index of all animals during the judgment bias screening. The
rats classified as ‘pessimistic’ are depicted as dark green circles, while ‘optimistic” rats are

shown as light green circles. The animals marked as red circles were excluded from the analysis



based either on insufficient performance during the behavioral tests or because their scores were

within the two middle quartiles of the judgment bias index.
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Figure S2 Raw (untransformed) data for daily ethanol intake during all 12 2BC sessions in

‘pessimistic’ (dark green circles) and ‘optimistic’ (light green circles) rats from the EtOH group.
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Figure S3 Operant, alcohol-related behavior expressed as the amount of alcohol consumed in g

per kg of body weight in ‘pessimistic’ (dark green circles and bars) and ‘optimistic’ (light green



circles and bars) rats from the EtOH group. Average alcohol consumption in the Progressive
Ratio Schedule of Reinforcement tests conducted before and after the Seeking-Taking
Punishment sessions (A); during Seeking-Taking Pumnishment sessions (B); and in the

reinstatement tests (C).
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