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ABSTRACT 

The prenatal period is crucial for brain development and its future functioning. 

Being highly vulnerable to environmental insults, the developing brain may be 

influenced by a wide range of genetic and environmental factors. Therefore, maternal 

health issues occurring during fetal life may lead to an increased risk of developing 

neurodevelopmental disorders (NDDs) in the offspring, such as for example autism 

spectrum disorder (ASD). In this context, maternal infection during pregnancy, which 

elicits the activation of an inflammatory response in the mother and the fetus, namely 

maternal immune activation (MIA), has been associated with a higher risk of 

developing NDDs in human offspring. Seemingly, rodent and non-human primate 

models showed that prenatal MIA profoundly affects brain development and induces 

long-term effects on the offspring's behavior. Despite being an efficient tool for 

studying neurodevelopmental disturbances, existing models display many limitations 

that restrict their translational value in terms of useful clinical applications. In this 

study, the effects of MIA on the offspring behavior were investigated in an 

unconventional species, the sheep (Ovis aries), which is more ethically and cost-

affordable than non-human primates.  

The main hypothesis of this study is that the LPS-challenge administered to 

pregnant ewes, leads to the development of behavioral impairments in the offspring, 

which are characteristic of ASD (social deficits, perseverative behaviors, and 

communication impairments). The specific hypotheses underlying this study assume 

that: (1) Immune challenge during different gestational time points may differently 

affect the behavioral phenotype of the offspring; (2) The intensity of maternal immune 

response to LPS may be correlated with the severity of behavioral disorders in the 

offspring. 

 The specific aims of the present study were the following: (1) to investigate the 

effects of MIA on the lamb behavior; (2) to examine the inflammatory responses of 

the ewe to endotoxin-lipopolysaccharide administration; (3) to study the association 

between the levels of maternal inflammatory responses and the severity of behavioral 

changes in the lamb. 

The experiments were performed during three consecutive breeding seasons. 

Each year, thirty sheep of the świniarka breed were divided into two groups and mated 

with a single ram. The MIA groups were intravenously injected with the endotoxin - 
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lipopolysaccharide (LPS), while the control groups were injected with saline solution. 

Treatments were administered on the 125th day post coitum (experiment 1 - single dose) 

and 85th day post coitum (experiment 2 - single dose, experiment 3 - three doses). The 

physiological and molecular inflammatory responses of the ewes were monitored at 

different time points after the treatment. Obtained lambs were subjected to a battery of 

behavioral tests designed to evaluate specific behavioral domains, commonly affected 

in individuals with NDDs, including social skills, learning, memory as well as 

repetitive behaviors, and cognitive flexibility. The screening consisted of three tests: 

Isolation Test, V-detour test, and T-maze test. Video materials were analyzed with the 

use of video tracking software Noldus EthoVision® XT 11.5.  

The results indicate that low doses of LPS efficiently induce MIA in pregnant 

ewes, leading to a rise of inflammatory cytokines expression and illness-like 

physiological responses, lasting a few hours after administration. Lambs prenatally 

exposed to MIA displayed subtle changes in specific behavioral domains, including 

learning, memory, and cognitive flexibility, whereas the social bonding with the 

mother, as well as the responses to isolation-induced stress, were not affected by MIA. 

Furthermore, the intensity of maternal immune response to the LPS challenge, 

especially concerning the plasma levels of IL-6, was associated with the severity of 

behavioral impairments, such as inhibitory control and perseverative behaviors, 

observed in the offspring.  

Overall, the performed experiments allowed us to put a solid foundation to 

establish an ovine model of MIA in terms of resembling several specific behavioral 

symptoms of human NDDs. The proposed ovine model could potentially display 

higher translational validity than rodents and carry fewer ethical concerns than the use 

of non-human primates. Thus, it may become a useful tool to study the poorly known 

etiology and neuropathology of NDDs in the future and help to develop new 

therapeutic and preventive strategies. 
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POLISH ABSTRACT 

 

AKTYWACJA UKŁADU IMMUNOLOGICZNEGO MATKI I JEJ WPŁYW 

NA ZACHOWANIE POTOMSTWA W OWCZYM MODELU INFEKCJI 

PRENATALNEJ 

 

Okres prenatalny jest kluczowy dla rozwoju mózgu i jego przyszłego 

funkcjonowania. Rozwijający się mózg, będąc bardzo podatnym na czynniki 

zewnętrze, może być szczególnie wrażliwy na różne wpływy genetyczne i 

środowiskowe. Dlatego też problemy zdrowotne matki w okresie prenatalnym mogą 

prowadzić do zwiększonego ryzyka wystąpienia zaburzeń neurorozwojowych (NDD) 

u potomstwa, jak na przykład zaburzeń ze spektrum autyzmu (ASD). Dotychczasowe 

badania na pacjentach wykazały związek pomiędzy infekcją prenatalną wywołującą 

aktywację układu immunologicznego matki i płodu (ang. Maternal Immune Activation 

– MIA), a wyższym ryzykiem wystąpienia zaburzeń neurorozwojowych u potomstwa. 

Badania prowadzone do tej pory z wykorzystaniem gryzoni i ssaków z rzędu 

naczelnych, wykazały, że MIA ma znaczący wpływ na rozwój mózgu potomstwa, 

prowadząc do zmian w jego zachowaniu na kolejnych etapach rozwoju. Istniejące 

modele zwierzęce wykazały dotąd wysoką skuteczność w badaniu zaburzeń 

neurorozwojowych. Niestety mają one wiele ograniczeń, które zmniejszają ich 

wartość translacyjną w zakresie przyszłych zastosowań klinicznych. Prezentowana 

praca skupia się na badaniu wpływu MIA na zachowanie potomstwa wykorzystując 

niekonwencjonalny model zwierzęcy, a mianowicie owcę (Ovis aries), której 

wykorzystanie w badaniach wzbudza mniej wątpliwości na tle etycznym i jest mniej 

wymagające finansowo niż badania z wykorzystaniem ssaków z rzędu naczelnych. 

 Główna hipoteza badawcza prowadzonych badań zakłada, że iniekcja 

endotoksyny bakteryjnej (lipopolisacharyd - LPS) podawana ciężarnym owcom 

prowadzi do występowania u potomstwa zaburzeń behawioralnych 

charakterystycznych dla zaburzeń ze spektrum autyzmu (deficyty społeczne, 

zachowania perseweracyjne i zaburzenia komunikacji). Przedstawiona praca zakłada 

dwie szczegółowe hipotezy badawcze: (1) MIA w różnych okresach życia 

prenatalnego może mieć różny wpływ na późniejszy rozwój fenotypu behawioralnego 

u potomstwa; (2) Intensywność odpowiedzi immunologicznej matki na iniekcję LPS 

może być powiązana z nasileniem zaburzeń zachowania u potomstwa. 
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Szczegółowe cele przedstawianego badania to: (1) zbadanie wpływu aktywacji 

układu immunologicznego ciężarnej owcy na zachowanie jagniąt; (2) zbadanie 

odpowiedzi układu immunologicznego owiec na podanie endotoksyny bakteryjnej - 

LPS; (3) analiza związku pomiędzy natężeniem reakcji układu immunologicznego 

matki a poziomem zmian behawioralnych u jagniąt. 

Doświadczenia przeprowadzone w ramach tej pracy były prowadzone przez trzy 

kolejne sezony hodowlane. Co roku trzydzieści owiec rasy świniarka było 

przydzielanych do dwóch grup. Każda owca kojarzona była z tym samym trykiem. W 

czasie ciąży, owcom z grupy MIA podawano dożylnie endotoksynę bakteryjną – LPS, 

natomiast zwierzętom z grupy kontrolnej wstrzykiwano roztwór soli fizjologicznej. 

Iniekcje LPS przeprowadzano w 125 dniu post coitum (eksperyment 1 – pojedyncza 

iniekcja) oraz 85 dniu post coitum (eksperyment 2 – pojedyncza iniekcja, eksperyment 

3 – trzy iniekcje). Odpowiedź układu immunologicznego owiec na poziomie 

fizjologicznym i molekularnym była monitorowana w różnych punktach czasowych 

po zabiegu. Urodzone jagnięta poddawano szeregowi testów behawioralnych 

mających na celu ocenę konkretnych zaburzeń w zachowaniach typowych dla 

pacjentów z zaburzeniami neurorozowojowymi: deficyty społeczne, zaburzenia 

uczenia się, pamięci i elastyczności poznawczej, a także występowanie zachowań 

powtarzalnych. Bateria testów behawioralnych obejmowała: test izolacji od matki 

(ang. Isolation Test), test ominięcia przeszkody (ang. V-detour test) oraz test labiryntu 

w kształcie liery “T” (ang. T-maze Test). Do analizy uzyskanych materiałów wideo 

wykorzystano program Noldus EthoVision® XT 11.5, umożliwiający rejestrację i 

analizę behawioru zwierząt. 

 Uzyskane wyniki wskazują, że podanie LPS indukuje aktywację układu 

immunologicznego u ciężarnych owiec, prowadząc do wzrostu ekspresji cytokin 

zapalnych i reakcji fizjologicznych charakterystycznych dla stanu chorobowego. 

Jagnięta poddane aktywacji układu immunologicznego matki w okresie prenatalnym 

wykazywały subtelne zmiany w zachowaniu, wskazujące na zaburzenia procesu 

uczenia się, zapamiętywania oraz elastyczności poznawczej. Nie wykazano wpływu 

aktywacji układu immunologicznego matki na formowanie się więzi społecznych z 

matką, a także na reakcje na stres wywołany izolacją. Badania molekularne wykazały, 

że intensywność odpowiedzi układu immunologicznego matki na LPS, szczególnie w 

odniesieniu do poziomu IL-6 w osoczu, była powiązana z nasileniem zaburzeń 
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behawioralnych u potomstwa, obejmujących zaburzenia kontroli hamowania oraz 

występowanie zachowań perseweracyjnych. 

Podsumowując, przeprowadzone doświadczenia pozwoliły nam na stworzenie 

solidnych podstaw do zdefiniowania owczego modelu MIA, w szczególności pod 

kątem występowania zaburzeń behawioralnych u potomstwa, typowych dla pacjentów 

z zaburzeniami neurorozwojowymi. Proponowany model może wykazywać 

potencjalnie wyższą wartość translacyjną niż gryzonie, a także wzbudzać mniej 

wątpliwości na tle etycznym niż wykorzystanie ssaków z rzędu naczelnych. W 

przyszłości może on się zatem stać użytecznym narzędziem do badania słabo dotąd 

poznanej etiologii i neuropatologii zaburzeń neurorozwojowych, a także pomóc w 

opracowywaniu nowych strategii terapeutycznych i profilaktycznych. 
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1. INTRODUCTION 

Neurodevelopmental disorders (NDDs) are a heterogeneous group  

of psychiatric conditions caused by abnormalities in brain development and  

by behavioral impairments 1,2. One of the most common NDDs is Autism Spectrum 

Disorder, the diagnosis of which is based uniquely on the presence of impairments in 

social communication and interaction, restricted interest, and repetitive patterns of 

behavior 2. To better understand the basis of NDDs, well-tested animal models, mostly 

rodent ones, are used in preclinical studies. Although many controlled animal studies 

have been conducted up to date, focusing on the neuropathology of NDDs, the exact 

mechanisms leading to their occurrence are still not fully understood. Thus, there is  

a need to establish new methods and models, allowing to study the neuropathology of 

those disorders, as well as seeking possible therapies.  

Growing evidence suggests that the fetal period is a vulnerable window for 

brain development, being sensitive to genetic and environmental perturbations. In this 

context, the immune system plays an important role in the pathophysiology of NDDs. 

Epidemiological studies indicate that maternal infection during pregnancy is a risk 

factor for NDDs, leading to brain developmental abnormalities and postnatal 

behavioral impairments. Well-validated animal models are used to study the effects of 

Maternal Immune Activation (MIA) elicited by prenatal infections on fetal brain 

development, as well as its consequences on the postnatal offspring behavior. 

Nevertheless, existing rodent and non-human primate models exhibit some limitations, 

which reduce their translational validity or pose ethical and cost-related concerns, 

respectively. Due to some of their similarities to humans, large animal models have 

already significantly contributed to understanding human disease etiologies, 

uncovering biological mechanisms, and establishing new therapeutic strategies 3. Dogs, 

horses, pigs, and sheep have been previously used to model complex human 

neurological disorders like Parkinson’s disease and epilepsy 4–7, among many others. 

Several similarities among humans and sheep in the hemodynamic and inflammatory 

responses to immune challenges 8,9, as well as their physiological resemblances, 

especially in the context of pregnancy 10, brain development 11,12 and its functioning 

13–15, indicate the sheep as a valid candidate to model human prenatal infection, MIA 

and its association with NDDs. Establishing and validating an ovine model will be 

particularly useful to investigate the neuropathogenesis of NDDs and to develop 
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possible therapeutic and preventive strategies, which may help to significantly 

decrease the disease burden and the occurrence of NDDs in the future. 

1.1. Neurodevelopmental disorders (NDDs) 

NDDs are a heterogeneous group of mental illnesses that includes 

communication disorders, intellectual disability (ID), attention deficit hyperactivity 

disorders (ADHD), motor disorders, and autism spectrum disorders (ASD), among 

others 2,16. Many lines of evidence suggest that NDDs are caused by abnormalities in 

the developing brain occurring during fetal stages 1, which leads to the manifestation 

of behavioral symptoms later in postnatal life, including impaired cognitive function, 

communication problems, motor, and affective disabilities, as well as social deficits 2.  

NDDs typically have their onset before puberty, during childhood, or 

adolescence17. Early disturbances in the development of the brain involve crucial 

processes like neurogenesis, glial/neuronal proliferation, migration, synapse formation, 

and myelination 18–21, which may lead to lifelong changes in the behavior and 

physiology of the affected individuals 22–24. NDDs often co-occur, and their symptoms 

overlap with other psychiatric illnesses. For instance, autism spectrum disorders often 

co-occur with intellectual disability, ADHD, and learning disabilities 25. This makes it 

hard to define a disorder with a specific diagnosis, thus resulting in a wide spectrum 

of neuropsychiatric comorbidities 22–24, each characterized by alterations in various 

behavioral domains.  

The early onset of NDDs and the overlapping symptoms among several 

disorders make diagnosis and treatment very challenging, requiring often specialists 

from many different fields (i.e. child psychiatrist, pediatrician, psychologist) 17. 

Existing therapeutic strategies include behavioral therapy and rehabilitation (i.e. 

physical or speech therapy), as well as pharmacotherapy for the treatment of a subset 

of behavioral symptoms 16.  Due to a lack of understanding of the NDDs’ etiology, 

biological mechanisms that could represent a target for developing new therapies are 

still far from being completely revealed. Moreover, the specific symptoms of the 

disorders are often detected after the optimal period for therapeutic intervention, thus, 

the development of effective and specific treatments for NDDs is highly challenging26.  

Autism Spectrum Disorder (ASD) is one of the most diagnosed 

neurodevelopmental disorders worldwide. The diagnosis of ASD is based on the sole 

evaluation of behavioral symptoms, which include: (1) persistent impairments in social 
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interaction, (2) impaired ability to communicate, as well as (3) restricted interest and 

repetitive patterns of behavior 2. The behavioral impairments manifest in early 

childhood, usually before 3 years of age, and persist throughout life 2,27. Recent studies 

show that the prevalence of ASD in the United States affects approximately 1 in 68 

children, with a higher prevalence in boys, which is 1 in 42 28. In Europe, the 

prevalence of ASD differs depending on the country, with the highest occurrence in 

Sweden equal to 1/87 29 and the lowest in Croatia – 1/5000 - 1/3333 children 30. The 

data from Poland indicates that the occurrence of ASD in children between 0-16 years 

old, differs between two regions of the country: 1/313 in West Pomeranian and 1/263 

in Pomeranian region 31. Different studies performed across the world revealed that 

the prevalence of ASD worldwide has been increasing in recent decades 32,33. For 

example, the study performed by Idring et al. 29 revealed the increase in ASD 

prevalence in Swedish children from 4.2/1000 in 2001 to 14.4/1000 in 2011. Another 

longitudinal study conducted in Australia estimated the prevalence of ASD among 

children as 14.1/1000 in 2005–2006 and 25.2/1000 in 2010–2011. Moreover, the most 

recent study reporting the prevalence of ASD in Australian children estimates it to be 

even 43.6/100034. A study on Omani children reports the prevalence of ASD to be 15 

times higher in 2018 than estimates in 201133. Another study performed in Sweden 

over 10 years from 1993 to 2002 proved that the prevalence of autism symptoms 

remained stable during that period, while the official number of diagnoses increased 

substantially35. Summing up, such a major increase in the prevalence of ASD 

worldwide can be attributed to the improvement of diagnostic tools as well as a deeper 

awareness of the disorder. 

Growing evidence indicates that NDDs result from a complex interaction 

between genetic and environmental factors 36. The influences of genetics on ASD 

occurrence have been thoroughly studied and supported by twins studies, which 

demonstrated that monozygotic twins are co-diagnosed with ASD at a higher rate 

compared to dizygotic tweens 37.  In addition, several genetic variants have been 

associated with the development of ASD, including autosomal mutations (recessive 

and dominant), X-linked, copy number variations, as well as chromosomal aberrations. 

More recent studies based on whole-genome sequencing estimate that around 400-

1000 genes are contributing to ASD susceptibility, such as CHD8, GRIN2B, SCN2A 38, 

although the vast majority of genes are yet to be discovered and require further studies 

based on larger cohorts of individuals.  
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On the other hand, recent evidence indicates that up to 40-50% of the variance 

in ASD liability is due to environmental factors. Twins’ studies have yielded 

concordance rates of 47-96% in monozygotic twins and lower values (0-36%) for 

dizygotic twins. Such a range for monozygotic twins, rather than a 100% concordance, 

indicates that genetics is not the only etiological factor contributing to ASD occurrence 

and that environmental factors are also implicated. Considering the sensitivity of the 

developing brain to environmental influences, their contribution to the NDDs etiology 

is biologically plausible 39,40. Environmental insults may lead to changes in the 

expression of key genes by inducing epigenetic marks, such as DNA methylation or 

histone post-translational modifications, which may disrupt brain developmental 

trajectories when occurring during crucial time points of embryo formation. 

Environmental factors may potentially affect offspring neurodevelopment during 

various time windows of development and can be distinguished into prenatal, perinatal, 

and postnatal risk factors. The prenatal risk factors occur during the gestational period 

and include maternal infection during pregnancy (bacterial or viral) 41,  advanced 

parental age 42, as well as parental or embryonic exposure to specific drugs and 

chemicals 43,44. Risk factors for ASD include also perturbations occurring around the 

time of delivery (perinatal risk factors), such as pre-term or post-term birth, fetal and 

maternal complications during parturition, as well as an abnormal fetal presentation or 

maternal hemorrhage, among others 45. In the postpartum period, the vulnerability for 

ASD may be increased by early infant infection, as well as ischemia, encephalopathy, 

and physical trauma, among others 45.  

The growing prevalence and its socio-economic burden, make NDDs a burning 

biomedical issue 46. There is an urgent need to provide new, robust tools to allow 

further research in this area and investigate its still unclear etiological background. 

Considering the low availability of preventive and therapeutic strategies for NDDs, as 

well as the limited efficiency of the existing ones, examining the basis of these 

complex psychiatric disorders is especially important for reducing their impact on the 

society.  
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1.2. Animal models of NDDs 

To better understand the biological mechanisms underlying the occurrence of 

neurodevelopmental disorders, well-validated animal models, mostly rodent ones, are 

used in experimental and preclinical studies. Developing valid animal models for 

complex disorders of the human brain is a challenging task. The validity of an animal 

model is determined by 3 criteria: (1) construct validity, which requires that the 

biological causes inducing brain and behavioral abnormalities in animals are the same 

as in human diseases, such as genetic mutations or environmental factors; (2) face 

validity, which requires that the specific behavioral alterations observed in the animal 

model, namely “endophenotype” 47, are comparable to those observed in human 

behavioral symptoms, such as social deficits, communication disorders, repetitive 

behaviors and restricted interest that defines ASD; (3) predictive validity requires that 

if a therapy is efficient in curing the specific human disorder, it will display similar 

efficacy in reversing the behavioral alterations observed in animal models, like 

reducing repetitive behaviors or improving the social deficits 48. The optimal animal 

model possesses all three validity criteria - the experimental paradigm used to establish 

a new animal model may determine the level at which construct validity which focuses 

on the cause underlying the disorder, leads to face validity manifested by symptoms 

observed in these models, and provide predictive validity which may benefit as a 

therapeutic effect 49. 

A growing number of mouse studies focus on the genetic risk underlying ASD 

occurrence. The number of different genetic mutations identified in ASD individuals 

indicates that each of these genetic defects may be worth examining in animal models 

carrying homologous mutations 50–52. Most frequently, the mutations associated with 

ASD development in humans can be modeled in mice by deleting or mutating the 

homologous murine genes. Construct validity for that specific mutation is attained 

when the mutant mouse displays ASD-like behaviors 53–56. In this context, rodents 

represent an optimal tool for studying the underlying genetics of ASD, especially in 

view of the recent development of genetic manipulation, such as  

CRISPR-Cas9 technologies. In addition, multiple animal models have been 

established to investigate the environmental insults on ASD occurrence. For instance, 

the literature evidence indicates that animals prenatally exposed to valproic acid (VPA, 

an anticonvulsant and mood stabilizer drug) display behavioral abnormalities 

resembling the core symptoms of ASD and additional symptoms observed in humans, 
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supporting the face validity of the model. Published data consistently indicate that 

prenatally VPA-exposed animals display behavioral abnormalities resembling both the 

core symptoms of ASD (social deficits, communication disorders, repetitive behavior, 

and restricted interest) and so-called “additional behaviors” (i.e. increased depression- 

and anxiety-like behaviors or circadian rhythm dysregulation) related to the human 

behavioral pathology, furtherly supporting face validity of the model 57.  

Existing gaps in the knowledge about NDDs make it essential to provide 

additional tools for research focusing on determining the influence of genetic, 

neuroanatomical, and environmental components that contribute to ASD-like 

phenotypes. To this end, scientists started to develop alternative animal models using 

different species like knockout rats 58,59 and others with more developed social 

behavioral repertoires, such as voles 60 and non-human primates 61,62. Rodent models 

of ASD also include inbred mouse strains that display robust ASD-like behaviors (i.e. 

social-communicative deficits and repetitive behaviors). Due to the lack of a specific 

connection between ASD-like behaviors and specific genetic or environmental 

perturbations, these inbred strains are considered to be models of idiopathic autism. 

Concerning the social domain, the inbred strains A/J, BALB/cByJ (BALB), BTBR 

T+Itpr3tf/J (BTBR), C58/J (C58), and 129S1/SvImJ display significant deficits in 

social interactions, in comparison with high social strains, such as C57BL/6J (C57) 

and FVB/NJ mice 63–66. Moreover, some of those strains, including BTBR and C58 

mice display motor stereotypies and other repetitive behaviors, like very high levels of 

self-grooming 64–68. Among others, BTBR mice have been the most widely studied and 

well-validated mouse model of ASD-related behaviors. They exhibit not only social 

deficits and repetitive behaviors but also communication disorders, displaying altered 

patterns of ultrasonic vocalizations (USVs) during social interactions, as well as an 

unusual repertoire of USV calls 69,70.  

Face validity of an animal model of NDDs is achieved when the abnormal behaviors 

observed in the model correspond to those observed in human patients. To this aim, 

studies on animal models utilize various behavioral assays, which allow for precise 

measurements of specific behavioral domains resembling NDDs symptoms (Figure 1). 

Rodents, like humans, are a social species, displaying a wide repertoire of social 

behaviors. The behavioral screening focusing on engagement in intraspecies reciprocal 

social interactions, parenting, and mating, as well as scent marking and aggressive 

behavior, may help to determine whether the model displays ASD-like social deficits 
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71–73. The most common paradigms include the 3-chambered social test 74, reciprocal 

social interactions test 66,71, the examination of social transmission of food preference 

75, and social dominance 76. Communication impairments are characteristic for ASD, 

as well as for other NDDs 2 (Figure 1). In humans, impairments in communication 

may manifest in different ways, depending on the degree of intellectual ability of the 

individual, and may include the absence of speech, language delay, and stereotyped 

speech, among many others 77. Rodents communicate mostly through olfactory 

pheromones. However, during social interactions, as well as non-social situations, 

mice and rats emit vocalizations in the ultrasonic range (ultrasound vocalizations - 

USVs) 78. USVs are analyzed in rodents under different experimental conditions with 

the use of dedicated equipment and software. Pups emit USVs when separated from 

the mother and the nest 79, while juvenile and adult mice emit USVs during social 

interaction with peers 69, as well as male-female courtship social interactions 80,81 or in 

response to female urine and other social scents 82,83. The core diagnostic domain of 

NDDs symptoms includes also motor stereotypies, repetitive behaviors, restricted 

interest, and insistence on sameness  2. In ASD patients, motor stereotypies include 

hand flapping and toe walking, while in mice they may include circling and jumping 

in frequencies higher than typical levels. The occurrence of behavioral stereotypies in 

rodents can be assessed in the home cage or novel empty cage by a trained investigator 

84.  Repetitive behaviors in ASD patients may manifest as playing one video game 

repeatedly or placing the toys in the same order repeatedly. Also, ASD children display 

perseveration on specific habits and insistence on sameness, as well as a low degree of 

cognitive flexibility 85. In mice, those behavioral disorders include repetitive self-

grooming 86 and higher levels of marble-burying or digging 87. Cognitive inflexibility 

in ASD has been modeled in many rodent models of autism, by dedicated behavioral 

assays including Morris water maze, spontaneous alteration on Y-maze, and rewarded 

T-maze 88. In these assays, animals are habituated to act in a specific way to obtain the 

reward and are subsequently forced to change the behavior, which is called reversal 

learning. Another approach to evaluate the occurrence of cognitive inflexibility 

consists of the IntelliCage system (TSE Systems GmbH; Germany), allowing a home 

cage approach to test conditioned place preference in learning and reversal 89. 

Behavioral methods described above have been extensively studied and reported in the 

literature and have been useful in evaluating the face validity of rodent models of ASD.  
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Figure 1. Behavioral assays used to evaluate the face validity of rodent models of NDDs. Four main 

behavioral domains corresponding to human ASD symptoms are evaluated in rodent studies. One of the core 

symptoms of NDDs includes social deficits. The most common approach to studying social interactions is the 3 

chambered-social test and its modifications, although other paradigms like the reciprocal social interaction test 

and the social dominance test are also being employed for measuring mice sociability. The communication skills 

of rodents are examined by analyzing the ultrasound vocalizations emitted by animals during different social 

paradigms (i.e. male-female interactions, isolation-induced ultrasound vocalization, etc.) with the use of special 

software and microphones. The repetitive behaviors analyzed in rodents include observation of spontaneous 

repetitive self-grooming, marble burying, and digging, which have been widely used as a marker of autism-like 

repetitive behaviors in mice and rats. The cognitive flexibility of rodents is being examined with the use of 

different mazes, of which the most common are the Morris water-maze and T-maze tests, as well as Y-maze. 

Those assays are based on reversal learning, which may be defined as habituating the animal to some pattern of 

behavior, and subsequently changing the conditions to force it to change the learned behavior.  
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Other human neurodevelopmental disorders like ADHD or ID are also 

commonly modeled in mice and other species to investigate mechanisms and factors 

underlying the occurrence of these psychiatric conditions. Diagnostic criteria of 

ADHD, similarly to other NDDs, are based mostly on behavioral disturbances, 

including the inability to sustain attention, hyperactivity, and impulsivity, which can 

be mimicked in animal models 90,91. Animal models of ADHD are either genetic (i.e. 

spontaneously hypertensive rat (SHR) 90, Wistar-Kyoto Hyperactive Rat 92) or 

environmental, being evoked by an external insult to the central nervous system during 

development 91.  

Despite the availability of a wide range of animal models of NDDs, as well as 

scientific tools allowing for their examination, the prevalence of NDDs is growing, 

and with that also its burden on the society and economy 46. This creates an urgent 

need to establish new methods and models that would allow studying neuropathology 

and possible therapies, providing higher translational value in the context of human 

neuropsychiatric diseases. To better understand ASD and other NDDs further research 

involving multiple species needs to be undertaken to prove the occurrence of the same 

outcomes across different systems, displaying various similarities to humans.  

1.3. NDDs and the immune system 

Growing evidence suggests that alterations of the immune system may play an 

important role in the neuropathology of NDDs. Historically, the central nervous system 

(CNS) was considered to be independent of the immune system, with no or little 

interactions between those two 94–96. At that time, the brain was assumed to be lacking 

the lymphatic system and major histocompatibility complex (MHC)94–96. However, 

recent discoveries suggesting that the dural sinuses are lined with the functional 

lymphatic vessels 97,98 and that neurons and glial cells express MHC molecules 99,100 

gave new insight into the relation between the brain and the immune system. It has 

been also shown that monocytes, lymphocytes, and other immune cells are present in 

the CNS even under non-pathological conditions 101,102. Moreover, the CNS possesses 

its own immune cells – microglia, which are implicated in mediating inflammation, 

directly combating infection, as well as clearing cellular debris through phagocytosis 

103. Microglia has been also revealed to be critical for complex neurodevelopmental 

processes. Signaling and phagocytic properties of these brain-resident immune cells 

have been shown to promote neurite formation and synaptogenesis, determine 
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neuronal fate by regulating programmed cell death, and strip excess synapses from 

developing neurons to permit the assembly of functional neuronal circuits 104. 

A strong body of evidence indicates that alterations in the immune system occur 

in many neurodevelopmental and other neuropsychiatric disorders. Altered 

inflammatory functions have been linked with depression 105, schizophrenia 106, 

bipolar disorder 107, and post-traumatic stress disorder 108. Several inflammatory 

mechanisms have been suggested to play a role in the development of neuropsychiatric 

conditions, including glial activation 109, neuronal damage and degeneration 110, 

increased oxidative stress 111, altered neurotransmitter metabolism 112, and blood-brain 

barrier disruption 113. Genome-wide association studies (GWASs) indicate the 

involvement of immune-related genes in the development of autism and schizophrenia 

114,115. Patients suffering from ASD are also more prone to develop concurrent 

autoimmune disorders 116,117. Moreover, allergic and atopic autoimmune disorders, as 

well as a previous occurrence of such disorders in the family, have been associated 

with ASD by several studies 118–120. Epidemiological studies demonstrated a co-

occurrence of ADHD with inflammatory and autoimmune disorders, suggesting a role 

of the immune system in the pathophysiology of this disorder 121,122. 

Overall, evidence proves the crucial role of the immune system in the 

development and functioning of CNS and indicates its contribution to the pathogenesis 

of NDDs. A less tested hypothesis is whether maternal immune dysregulation during 

critical stages of gametes or embryo/fetus development may affect brain development 

and behavioral functions. 

1.4. Maternal Immune Activation (MIA) 

Maternal Immune Activation can be defined as a rise in the levels of  

pro-inflammatory markers above their normal range in the maternal body during 

pregnancy 123. MIA occurs as a consequence of bacterial and viral infections. Moreover, 

common factors associated with inflammatory conditions are maternal 

psychopathology, psychosocial stress, prenatal infections, as well as high body mass 

index, which may induce a rise in the levels of pro-inflammatory molecules, thus 

leading to maternal inflammation during pregnancy 124. Immune-related disruptions of 

early brain development may lead to a wide range of neurodevelopmental dysfunctions 

which may last until postnatal life, and in turn, influence the behavioral phenotype of 

the progeny over its lifespan. Among the most prevalent neuropsychiatric disorders, 
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two of them are especially vulnerable to immune-related disturbances of 

neurodevelopment: schizophrenia and autism. Epidemiological studies revealed a 

higher risk of schizophrenia in the offspring of mothers exposed during pregnancy to 

bacterial infections (sinusitis, tonsillitis, pneumonia, cystitis, pyelonephritis, bacterial 

venereal infection, and any other bacterial infection), viral infections (influenza, 

measles, herpes simplex virus type 2, rubella and polio) and parasites (Toxoplasmosis 

gondii) 125. Moreover, the exposure to maternal infection in the first, as well as in the 

second trimester of pregnancy has been implicated in increasing the risk for 

schizophrenia 125. Epidemiological evidence indicates also the link between MIA 

during pregnancy and a higher risk of developing ASD in offspring 126. Viral infection 

in the first trimester, as well as a bacterial infection in the second trimester, have been 

linked with the higher occurrence of ASD in children 127.  

Moreover, a retrospective study revealed increased levels of inflammatory cytokines 

at around midgestation in mothers bearing an ASD child 128. Studies in rodents utilizing 

the human influenza virus for prenatal immunization have shown significant 

disturbances in offspring brain development, leading to long-lasting functional and 

structural changes in the brain areas associated with behavioral symptoms 129–133.  In 

further animal studies, it has been proved that behavioral changes were due to the 

immune response of the mother, rather than the pathogen itself 134–136. 

Within a few hours after an infection is detected, the level of a broad range of 

pro-inflammatory cytokines increases in the fetal mice and rats' brains, including IL-

1ß, IL-6, and TNF-α 137,138. The work of Smith et al. 139 indicates the crucial role of 

IL-6 in the mediation of transcriptional and behavioral changes evoked by MIA in the 

offspring. In a rodent model of mid-pregnancy infection used in this study, eliminating 

the IL-6 from the immune response of the mother by blocking antibodies, prevents the 

occurrence not only of behavioral deficits but also of the transcriptional changes 

triggered by MIA in the offspring brain. Moreover, the single injection of IL-6 itself at 

mid-gestation evokes long-lasting changes in the behavior of the offspring, indicating 

the significant involvement of this inflammatory cytokine in MIA 139. A more recent 

study by Choi et al. 140 indicates the importance of another cytokine in mediating the 

effect of MIA on the offspring – IL-17a. IL-17a is the predominant cytokine of TH17 

lymphocytes, which are responsible for the immune response to pathogens. TH17 

lymphocytes are also implicated in various inflammatory and autoimmune diseases, 

i.e. rheumatoid arthritis, or asthma. It has been shown that the pro-inflammatory 
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cytokine IL-6 is crucial for the differentiation of TH17 cells and the further production 

of IL-17a 141. Lack of IL-6 in the dam exposed to MIA inhibits the strong increase of 

serum IL-17a, and in turn, prevents MIA effects on the fetal brain. A maternal IL-17a-

dependent pathway was found to participate in the disruptions of cortical development 

in the offspring subjected to MIA during pregnancy. This may be due to direct exposure 

of the fetal brain to IL-17a.  The presence of ASD-like behaviors in mice obtained 

following the direct injection of IL-17 into the fetal forebrain supports this latter 

hypothesis. Overall, there is a consensus concerning the importance of the IL-17a 

pathway as a key factor in mediating the behavioral changes evoked by MIA in the 

offspring 140.    

Overall, the studies described above underlie the crucial role of the two cytokines 

– IL-6 and IL-17a in mediating the effect of prenatal infections on the developing fetal 

brain and future offspring behavior. 

1.5. Current animal models of MIA 

Studies in animal models examine the influence of MIA on offspring 

neurodevelopment and behavior by evoking an inflammatory response in pregnant 

animals (mice, rats, and non-human primates) and investigating whether  

a simulated infection may cause behavioral abnormalities in the offspring (Figure 2) 

137,142. The first pioneering study involved the exposure of pregnant mice to the human 

influenza virus to induce MIA 129,131,132. Mice prenatally exposed to the human 

influenza virus displayed a global reduction in the reelin levels in the brain, as well as 

abnormal neuronal cell development and migration in the cortex 131. Moreover, human 

influenza virus exposure during pregnancy was shown to alter the structure of the 

developing mouse brain by altering the cell density values of pyramidal and non-

pyramidal cells, which leads to the development of abnormal behaviors in adult mice 

132.  

To study the specific effects of maternal inflammation on the developing 

offspring, experimenters can use infection-mimicking immunogenic substances to 

evoke MIA, rather than living pathogens. Nowadays, the majority of animal models of 

MIA are created with viral and bacterial mimics: synthetic double-stranded RNA 

analog polyinosinic:polycytidylic acid (Poly(I:C)) and bacterial endotoxin 

lipopolysaccharide (LPS), respectively. Double-stranded RNA is unique for viruses, 

thus Poly(I:C) induces the acute phase immune response resembling a viral infection, 
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while LPS mimics an innate immune response of the organism characteristic for 

bacterial infections. LPS and Poly(I:C) interact with toll-like receptors 4 and 3, 

respectively, and induce a pro-inflammatory signaling cascade leading to the 

production of proinflammatory cytokines such as IL-1ß, IL-6, and TNF-α, which 

mirror the course of an infection in the organism 143. Both viral and bacterial mimics 

are well-documented in the literature and led to the establishment of animal models 

for several most common MIA-mediated neuropsychiatric disorders, including autism 

and schizophrenia 144.  

 

Figure 2. Mechanism of MIA in the human and animal models. Immune activation by a prenatal infection 

in humans is mimicked by immunogenic agents in animal models. This leads to the release of pro-inflammatory 

cytokines like TNF-α and IL-6, which activate TH17 cells in the mother’s bloodstream, in turn inducing the 

production of IL-17A. The cascade of pro-inflammatory cytokines influences the developing fetal brain and 

leads to behavioral changes in the offspring. 

Evoking MIA with Poly(I:C) or LPS induces an immune response that is limited 

in time. Therefore, it is possible to identify specific developmental windows of 

vulnerability to immune challenges, which can be associated with different outcomes 

in the offspring 145,146. We can distinguish certain windows during pregnancy, which 

display an increased susceptibility to the influence of MIA on brain development in 

rodents 144,147. The vulnerability at a certain pregnancy time window may be associated 

with maternal, as well as fetal factors. Firstly, the immune response of the mother 

changes gradually during gestation, with a decrease in pro-inflammatory responses 

over time 148,149. Moreover, specific maternal and fetal cytokines are activated at 
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different gestational windows, which may diversely influence the fetal brain 145. 

Therefore, the long-term effects of the adverse maternal immune-related environment 

acting on the fetal brain substantially depend on the specific stage of maturation at 

which the developing fetus is exposed. 

The offspring of mothers exposed to viral and bacterial mimics during gestation 

exhibit a wide variety of behavioral changes characteristic of ASD and schizophrenia. 

In rodents and non-human primates, gestational MIA has been associated with 

communication and social deficits, repetitive behaviors, elevated anxiety, reduction in 

sensorimotor gating, deficits in working memory and cognitive flexibility, as well as 

increased sensitivity to amphetamines, and many other behavioral alterations in the 

offspring 137,138,142,147,150. For instance, mice exposed to poly(I:C) during fetal life, 

display an unusual pattern of vocalizations, decreased sociability, and increased levels 

of repetitive behaviors 151. The offspring of mice injected with LPS at mid-pregnancy 

display anxiety- and depression-related behaviors 152. In rhesus monkeys, poly(I:C) 

administration during pregnancy leads to abnormal offspring responses to separation 

from the mothers at weaning, as well as increased repetitive behavior and decreased 

affiliative vocalization 61. Rats subjected to MIA administering poly(I:C) at gestational 

day 15 display impaired behavioral flexibility and occurrence of perseverative 

behaviors 153. The variability of behavioral outcomes evoked by MIA reported up to 

date in rodent and rhesus monkey offspring, indicates that the utilized protocol of MIA 

(i.e. the type of immunogen, the timing of administration, as well as the timing of 

behavioral analyses) may lead to heterogenous consequences of MIA on the behavioral 

phenotype of the offspring 124,147.  

Offspring of rodents subjected to MIA during prenatal life display many of the 

neuropathologies characteristics for neurodevelopmental disorders, including reduced 

cortical thickness and hippocampal volume, increased ventricular size, and cerebellar 

abnormalities 154. Preclinical models of MIA exhibit also changes in the microglial cell 

number and activation, which is analogous to the findings from human ASD and 

schizophrenia postmortem studies 155,156. Some studies describe behavioral and 

synaptic abnormalities not followed by an increase in the number of microglia or 

changes in their morphological activation 157–161. This inconsistency may be the result 

of different factors: various animal models and MIA protocols, diverse timing of 

microglial activation analyses, as well as the protocol utilized to determine the 

activation of microglia. Moreover, current animal models of MIA exhibit imbalances 
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in the levels of dopamine, serotonin, and other neurotransmitters, which have been also 

shown to be involved in the neuropathology of ASD and schizophrenia 138,144. 

Overall, existing animal models represent a robust tool to examine the effect of 

MIA during pregnancy on the offspring. Animals display impairments corresponding 

to those reported in children, thus supporting their validity for investigating human 

NDDs. Nevertheless, existing models carry many limitations that restrict their 

translational value in terms of useful clinical applications. This may be due to the lower 

degree of resemblance between rodent and human brains, indicating the need for new 

models with higher translational value than rodents, and being more  

cost-affordable and ethically acceptable than non-human primates. 

1.6. Alternative animal models of MIA 

As described above, rodent models are well-established and widely used to 

study the effects of MIA on offspring brain development and behavior. However, many 

of their physiological, anatomical, and behavioral characteristics are different from 

humans. Thus, there is a limited translation of the basic knowledge obtained by 

studying rodents to consistent clinical applications 162,163. For instance, mice models 

of MIA have been criticized for not mimicking the important characteristics of the 

human immune response to microbial agents 164,165. Moreover, the immunological 

phenotype, as well as the whole blood transcriptional responses to LPS in mice are 

markedly different from those found in humans 164,165. The use of rodents to model 

complex human psychiatric disorders is contentious, since the regions of the brain 

responsible for social cognition, a crucial diagnostic aspect of ASD and schizophrenia, 

are not as well developed in rodents 166.  

A possible alternative to rodents for modeling human disorders are non-human 

primate models 167. Their phylogenetic proximity to humans and the large degree of 

conservation of gene maps, as well as many similarities between non-human primates 

and humans, including their genetics, physiology, but also behavior, make them the 

gold standard for modeling human diseases 168,169. To date, non-human primate models 

have been extensively studied, especially concerning complex issues such as 

neurodevelopment and behavior. However, high costs related to their maintenance and 

specific facility requirements make it very challenging to provide sufficient welfare in 

a laboratory setting. Moreover, due to their emotional and personality features, the use 
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of non-human primates in experimental research raises no little ethical concerns 

among scientists and the society 170.  

A new trend in neuroscience indicates the possible advantages of modeling 

NDDs in large livestock animals. Due to their genetic, phenotypic, anatomical and 

physiological similarities to humans, large animal models have significantly 

contributed to understanding human disorders and establishing new therapeutic 

strategies 3. The use of large animals in studying human mental and behavioral 

disorders has already been documented in the literature. For instance, the dog has been 

proposed as a suitable model organism for epilepsy 4, Parkinson’s disease 7, Anorexia 

Nervosa 171, as well as developmental disorders including Down Syndrome 172, ADHD 

173, and many others. The horse has been indicated as a good candidate to model 

juvenile idiopathic epilepsy 174, environmentally acquired toxic parkinsonism 6, as well 

as depressive episode 175 and obsessive-compulsive disorder 176, among others. 

Moreover, the use of pigs in neuroscience is increasing, indicating the possible use of 

this species for experimental modeling of diverse human brain disorders including 

Parkinson’s disease 177, mania 178, and postpartum psychosis 179. Another species that 

has been recently taken into consideration to model complex neurological disorders is 

the sheep. In the last 4 decades, ovine models have been widely used to study many 

human diseases including respiratory conditions 180, fetal white matter injuries 181, 

more complex disorders like epilepsy 5, Creutzfeldt-Jakob disease 182 and Huntington’s 

disease 183, as well as developmental disorders like fetal alcohol syndrome 184 and 

schizophrenia 185. Importantly,  the sheep have been useful to establish several 

biomedical innovations, such as somatic cell nuclear transfer in mammals 186, and an 

extra-uterine device supporting fetal development 187, among others.  

1.7. Sheep as a model organism to study MIA 

Several similarities between humans and sheep in the hemodynamic and 

inflammatory responses to endotoxin administration 8,9, as well as transcriptional 

response to LPS 188, support the use of the sheep as a good candidate to model MIA 

and its consequence on the offspring. For instance, LPS infusion in sheep has been 

proven to be accompanied by cardio-pulmonary responses that closely mimic those 

observed in humans 189–192. Due to the similarities to humans concerning pregnancy, 

such as metabolic functioning and nutrient transport, it has been proposed as a model 

organism for human pregnancy193. Other pregnancy-related features show stronger 
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resemblances between humans and sheep, rather than rodents, such as parity, 

gestational length, and timing of fetal ontogeny 10. Sheep display also similar brain 

development and architecture to those observed in humans, such as the timing of 

cortical layer formation, the subplate neuronal architecture, and a gyrified cortex 11,12. 

Moreover, several behavioral aspects, especially in the context of social behaviors, 

make the sheep an optimal model for social deficits, characteristic of many NDDs. In 

terms of developing and sustaining mother-infant attachment, the sheep show strong 

resemblances to humans becoming a useful model for studying social attachment and 

bonding 13,194. Unlike rodents that do not develop selective social interaction, sheep 

provide a better model to study the neurochemical and sensory control of selective 

attachment behaviors toward specific peers 13. Other aspects of brain functioning, such 

as neuroendocrinology and neuromodulation of social behaviors in sheep have high 

degree of similarity to humans 14,15. One important advantage of using sheep as a 

model organism for studying MIA during pregnancy is the timing of fetal immune 

system development, which in sheep, like in humans, starts already during pregnancy, 

while in rodents occurs only after birth 195. Moreover, the immature ovine brain is 

similar to the preterm human brain at approximately mid-late pregnancy in terms of 

the completion of subcortical neurogenesis, the onset of cerebral sulcation, and the 

detection of several components of the cerebral cortex 196. On the other hand, rodents 

have a lissencephalic (flat) brain cortex that does not resemble the gyrencephalic 

human brains, and several brain developmental milestones largely occur after birth in 

rodents 197.  

The effects of prenatal inflammation on fetal brain development have been 

previously studied in sheep. For instance, it has been shown that exposure of the fetal 

lamb to LPS during pregnancy leads to substantial white and grey matter injuries in 

several brain areas, affects electroencephalogram measures, and is associated with loss 

of cortical volumes, as well as with a marked loss of subplate neurons in the fetal brain 

198–201. However, up to date, no previous studies have examined whether the 

abnormalities induced by LPS in the sheep fetal brain may turn into postnatal 

behavioral alterations resembling symptoms of NDDs. 

To sum up, all the above-mentioned similarities between sheep and humans, 

make the sheep a potential model for MIA, being a possible robust alternative to 

rodents and non-human primates. In addition, being used for dairy and meat production, 

sheep have well-established zootechnical settings for breeding, welfare, and 
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management, thus representing a practical cost-affordable, and ethically acceptable 

alternative to non-human primate models by providing a new pre-clinical platform for 

NDDs studies.  
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2. HYPOTHESES 

 

Existing evidence demonstrates that the administration of LPS during 

pregnancy elicits Maternal Immune Activation, impacting fetal neurodevelopment 

and being associated with behavioral alterations resembling the symptoms of 

Neurodevelopmental Disorders.  

 

The main hypothesis underlying this research is that LPS administration 

during sheep pregnancy leads to Maternal Immune Activation (MIA) in pregnant 

ewes, and elicits the development of behavioral aberrations in the resulting lamb, 

which resembles symptoms of NDDs in humans. 

 

Specific hypothesis 1. The administration of LPS during different gestational 

windows (early pregnancy and mid-pregnancy) may result in distinct behavioral 

outcomes in the offspring due to differences in fetal vulnerability to MIA.  

 

Specific hypothesis 2. The intensity of maternal immune response consequent 

to LPS administration may be correlated with the severity of behavioral disorders 

in the offspring. 
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3. AIMS OF THE STUDY 

 

 The general objective of the present study was to explore the validity of 

the sheep (Ovis aries) as an experimental model to study the influences of MIA on 

offspring health and behavior. 

 The effects of immune challenges on the fetal brain have been extensively 

studied in developing lambs, which display specific brain injuries after administration 

of LPS in the fetal bloodstream 198–202. However, it has not yet been examined whether 

brain alterations evoked by gestational immune challenges are followed by alterations 

in postnatal lamb behavior. Therefore, the specific aim 1 of this study was to 

investigate the effects of LPS-induced MIA during sheep pregnancy on the lamb 

postnatal behavior.  

Moreover, up to date, no study on sheep and only a few in rodents 158,203 focused 

on examining the relationship between the severity of the behavioral symptoms evoked 

by MIA in the offspring with the intensity of inflammatory responses of the mother. 

Thus, the specific aim 2 was to examine the inflammatory responses of the ewe to 

endotoxin-LPS administration, and the specific aim 3 of the present study was to 

investigate whether the intensity of the LPS-induced maternal inflammatory response 

during pregnancy may correlate with the severity of behavioral alterations in the lamb.  
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4. MATERIALS AND METHODS 

4.1. Experimental design 
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The work described in this thesis consisted of three experiments, each 

performed in one of the three consecutive breeding seasons. The differences between 

the three experiments reside mainly in the protocol used for MIA, as presented in Table 

1.  

Table 1. Doses and schedules of LPS administration. 

 
Time points of the LPS 

administration a 

Dosage of LPS  

[μg/kg b.w.m.] b 

EXPERIMENT 1 125 dpc 1.2 

EXPERIMENT 2 85 dpc 1.2 

EXPERIMENT 3 85 - 86 - 87 dpc 0.4 - 0.8 – 1.2 
 

a indicates the specific time point of the pregnancy at which the injections were administered; dpc - days post 

coitum. 

b indicates the dosage of LPS in μg per 1 kg of body weight mass.  

 A general overview of the experimental design is presented in Figure 3.  

30 ewes of the świniarka breed were mated in each season, always with the same ram 

throughout the whole project. Pregnant ewes were then assigned to two experimental 

groups: MIA animals (MIA125, MIA85, and MIA85’) intravenously injected with 2 

ml saline solution containing the endotoxin LPS, and control animals (CTR125, 

CTR85, and CTR 85’) injected with 2 ml of saline solution (SAL). Administration of 

SAL and LPS doses was performed with the timing described in Table 1. Assignment 

to either experimental group was pseudo-random, considering the balance between 

experimental and control lambs in each pen’s group. Ewe-lamb dyads were video-

monitored and supervised during the entire course of pregnancy, as well as at delivery, 

by an experienced veterinarian. Subsequently, lambs were subjected to a battery of 

behavioral assays consisting of three different tests: Isolation Test, V-detour Test, and 

T-maze Test. Moreover, blood samples were collected from the ewes at different time 

points before and after LPS/SAL administration to monitor their immune response by 

measuring the level of selected pro-inflammatory cytokines (namely, IL-6 and TNF-

alpha) in the plasma. Furthermore, the levels of cortisol in response to stress induced 

by social isolation were evaluated in the lambs of experiment 3. 
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4.2. Animals 

Ninety primiparous female sheep (Ovis aries) of the świniarka breed were 

recruited for this study. Świniarka is a Polish, primitive ovine breed (Figure 4).  

Adult females reach no more than 35 kg, which makes them easy to handle during 

manipulations required for behavioral tests. Moreover, świniarka ewes usually bear 

one single lamb, making them ideal for modeling human singleton pregnancy.  

In our study, animals were kept in wooden pens (3x3 m), in a group of 5 ewes 

before lambing, and subsequently in 4-5 ewe-lamb dyads per pen. Animals 

participating in the study were fed hay once a day (between 7 and 8 AM) and their diet 

was supplemented with fresh oat grain (250-300 g/ewe/day). Adult ewes weighed on 

average 30.5 kg in the middle pregnancy and 37.6 kg in the late pregnancy. All animals 

had free and constant access to water and salt stones.  

 

Figure 4. Pictures of the świniarka breed. A. Adult ewes of the świniarka breed marked with different colors 

for identification purposes. B. 80-days old male lamb of świniarka breed in its home-pen. 

Mating was performed at the turn of November and December. All ewes were 

mated with a single ram to standardize the paternal genetic contribution.  

The mating was performed naturally under supervision, by allowing the ram to mate 

the ewes that were under spontaneous estrus, within their housing pens. Pregnancy was 

detected by ultrasonography (USG) at 40–70 days post-coitum (dpc). The summary of 

the lambing outcomes of each breeding season is reported in table 2. 

 The experiments were conducted in the facilities of the Department of the 

Institute of Genetics and Animal Biotechnology of the Polish Academy of Sciences 

(Jastrzębiec, Poland; coordinates: 52.032, 20.829). Experiments have been approved 

by the Second Warsaw Local Ethics Committee for Animal Experimentation (approval 

no. WAW2/35/2017). 
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Table 2. Number of animals used in the study. 

 

Pregnant 

ewes/ 

Total no 

of ewes a 

Lambs 

excluded from 

the study b 

Lambs enrolled in the 

study 

♂ ♀ Total 

EXPERIMENT 1 

Breeding season 2016/2017 
28/30 

3   

(Ϟ ᴓ ↕) 
13 12 25 

EXPERIMENT 2 

Breeding season 2017/2018 
28/30 

3 

(x x ⁑) 
17 8 25 

EXPERIMENT 3 

Breeding season 2018/2019 
29/30 

4 

(ᴓ x ↕ ⁑) 
14 12 26 

 

.  
a indicates the number of pregnant sheep as detected by USG analyses, compared to the entire number of sheep 

subjected to breeding; 
b indicates the number of ewes/lambs excluded from the study due to the following reasons: 

Ϟ - illness symptoms in the ewe during pregnancy (not connected to the LPS administration); 

ᴓ - miscarriage (not connected to the LPS administration); 

↕ - post-partum rejection of the lamb; 

x - lamb stillborn or died soon after the delivery; 

⁑ - twins. 

 

During the first breeding season (2016/2017), the USG analyses indicated pregnancy in 28 out of 30 ewes. Of 

these, one of the ewes displayed symptoms of illness during late pregnancy, thus it was not subjected to the 

treatment, and it has been excluded from the study. Another ewe has been excluded because of mid-pregnancy 

miscarriage. During the lambing, 26 lambs were born. One of the lambs was rejected by its dam just after the 

delivery, thus it was excluded from the study. At last, 25 healthy lambs, 12 females and 13 males were enrolled 

in experiment 1 and subjected to the behavioral screening. 

During the second breeding season (2017/2018), the USG analyses showed the occurrence of pregnancy in 28 

out of 30 sheep. One lamb was born dead and the other died just after delivery. Moreover, one ewe delivered 

twins. In this case, the second sibling born was immediately removed from the ewe and excluded from the study, 

leaving only one lamb for each ewe. At last, 25 lambs, 8 females and 17 males were subjected to the behavioral 

battery of tests.  

During the last breeding season (2018/2019), USG analysis revealed pregnancy in 29 out of 30 ewes. One 

sheep miscarried during the mid-gestational period. During the lambing, 29 lambs were born. One lamb was 

born dead and one lamb was rejected by its mother after delivery. Moreover, one sheep delivered twins, one of 

which (the one born later) was separated from the ewe just after parturition and excluded from the study. Then, 

26 healthy lambs, 14 females and 12 males entered the behavioral analyses in experiment 3.  
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4.3. Maternal Immune Activation protocol 

The endotoxin LPS was administered to pregnant ewes to evoke MIA, whereas 

saline solution was administered to the control group, to standardize the stress derived 

from handling the animal during LPS/SAL administration.  

Before starting the procedure, animals were weighed on a standard scale for 

small ruminants and the concentration of LPS solution was calculated based on the 

body weight to obtain a 2ml bolus. Just before the injection, the animal was restrained 

by the caregiver by embracing its head with one hand and the groin with the other, 

while the physiological parameters of the animal, such as rectal temperature, 

respiratory rate, and heartbeat, were monitored by an experienced veterinarian. 

Animals from MIA groups received the specific dosage (according to Table 1) of 

Escherichia coli O111:B4 LPS (Sigma, St. Louis, MO) diluted in 2 ml of saline 

solution, while the control animals received a 2 ml bolus of SAL. Injections were 

performed intravenously through the vena jugularis externa by an experienced 

veterinarian. Before performing the procedure, the injection site was disinfected with 

70% alcohol. After each administration, the general health condition, and 

physiological parameters of the animals (temperature, respiratory rate, and heartbeat) 

were monitored at 2, 4, and 24 hours after the injection (in experiments 1 and 2) and 

analyzed. The analyses revealed that the physiological parameters of the ewe 2 hours 

after the injection doesn’t display any significant changes, thus in experiment 3 the 

general health conditions were examined at 4 and 24 hours after each injection. 

4.4. Behavioral analyses 

To examine whether LPS administration during pregnancy affects postnatal lamb 

behaviors, the lambs enrolled in the study were subjected to a battery of behavioral 

tests, which were designed to examine specific behavioral domains characteristic of 

neurodevelopmental disorders. Behavioral tests were designed to measure the  

ewe-lamb attachment and separation-induced stress responses (in the Isolation Test), 

the lamb’s inhibitory control (in the V-detour test), as well as spatial learning, memory, 

and cognitive flexibility (in the V-detour and T-maze tests). All the performed 

procedures were video-recorded and registered with a CCTV monitoring system, 

which allowed us to monitor the performance of animals during the tests, as well as to 

review and analyze them afterward.  
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The behavioral testing arenas were manufactured using wood panels within the 

same facility where the sheep were housed during the whole experiment. The specific 

display and the photos of the experimental facility are shown in Figure 5.  

Two operators were involved in performing each test. All animals were 

previously habituated to the handling procedures and the operators to avoid novelty-

induced stress. The person responsible for carrying the lamb (namely, Main Operator) 

was the same for all experiments and tests, to eliminate any possible influence of the 

operator on the subject. The other person (namely, Helper Operator), responsible for 

handling the ewe during the test and for time measurements, was the caregiver that 

daily fed and took care of the animals. Through all behavioral analyses, operators were 

blind concerning the experimental groups the ewes and lambs belong to. 

Each procedure was preceded by 10 minutes pre-test phase. At first, the lamb-

ewe-dyad was separated from the flock and transferred to the waiting room (2 m x 2.1 

m) for 5 minutes initial phase (pre-test phase I). This phase was the same for all three 

tests performed. Subsequently, the ewe was taken by the helper operator into the 

specific Target Zone, depending on the performed test. All tests were based on a 

separation-reunion paradigm, in which the lamb seeks to reunite with its ewe after 

social isolation. Then, the lamb was subjected to 5 minutes of social isolation (pre-test 

phase II), which was performed to increase its motivation for the social reunion in the 

subsequent phases of each test. Subsequently, the behavioral tests were performed as 

described below. 
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Figure 5. Scheme and the photos of the experimental facility. A. The detailed scheme of the facility. Six 

wooden pens were located on one side of the facility and housed the animals during experiments. The behavioral 

arenas were settled in the back part of the facility. During behavioral analyses, animals were transferred to the 

waiting room directly from their home pen. Subsequently, depending on the test performed, they were transferred 

to a specific arena (as indicated by red arrows). The arena for isolation and T-maze tests shared the same central 

corridor. Depending on the test performed two movable gates were added to the setup, creating a target zone for 

the Isolation Test. B. Photo presenting the front part of the facility containing six wooden pens, in which animals 

were kept daily. The blue curtain visible on the back divides the pens from testing arenas. C. The photo of the 

V-detour test arena during the test depicts the two operators approaching the target zone by two opposite sides 

of the maze. 
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4.4.1. Isolation Test 

 At the age of 20 days, lambs were subjected to the Isolation Test to evaluate 

their social attachment to the mother, the stress response to physical separation, as well 

as the effects of visual cues on the lambs’ behavioral responses. The scheme of the 

testing arena is presented in Figure 6. The arena consisted of a rectangular room where 

the lamb was tested (1,1 m x 4,5 m), and an adjacent target zone (1,1 m x 1,06 m), in 

which the ewe was placed as a social stimulus during the test. 

 

Figure 6. The detailed scheme of the Testing Arena used in the Isolation Test.  

After the pre-test phase, the main operator opened the gate of the waiting room 

and the lamb was let to freely explore the Testing Arena for 5 min (Figure 7). 

Subsequently, the lamb was rewarded with 5 minutes of re-union with the dam within 

the target zone. Then, the lamb was again transferred by the main operator into the 

waiting room and animals were subjected to another 5 min isolation phase 

correspondingly to the pre-test phase II. Subsequently, the lamb was subjected to a 

second trial according to the protocol utilized in the first trial. The difference between 

trials consisted of an additional black panel located in front of the target zone, 

preventing visual contact between the lamb and the ewe.  
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4.4.2. V-detour Test 

At the age of 40-43 days, lambs were subjected to the V-detour Test to evaluate 

inhibitory control toward a visual stimulus, as well as to measure spatial learning, 

memory, and different aspects of cognition. The test was performed in two days. The 

second day of the test was 3 days (72 h) after the first one. The detailed scheme of the 

testing arena is shown in Figure 8. The arena consisted of a rectangular room (3.8 m x 

3.5 m) containing a V-shaped, semi-transparent, wooden obstacle in the center (arms: 

2 m, connected in the center by a 0.2 m wide wire net) facing a target zone (1.25 m x 

1.1 m).  

 

Figure 8. Representative scheme of the Testing Arena used in the V-detour Test.  

At the beginning of the test (Figure 9), the lamb-ewe dyad was subjected to the 

pre-test phase, which was conducted as described above for the Isolation Test. After 

the ten-minute pre-test phases, the lamb was transferred by the main operator into the 

center of the V-shaped maze and left free to reach the target zone by detouring the 

obstacle from the left or the right side (habit acquisition trials). Then, after reaching 

the area facing the target zone (proximity zone: 1 m x 1.5 m, excluding the front part 

of the V-shaped obstacle) with at least two legs, the lamb was rewarded with 2 min of 

reunion with the dam within the target zone.   
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On the 1st day of the test, the task was considered accomplished when the lamb 

reached the proximity zone moving along the same side of the “V” for three 

consecutive trials. On the 2nd day of the test (3 days later), lambs were subjected to 

three further habit acquisition trials using the same paradigm as on day 1. Then, the 

animal was subjected to 3 reversal learning trials, in which the side previously chosen 

by the lamb was closed with a semitransparent gate, thus making the acquired spatial 

navigation habit unsuitable anymore. The task was considered successfully completed 

when the lamb reached the proximity zone within 20 min for the first reversal trial, 

and within 10 min for the next two. After 3 unsuccessful trials, the test was considered 

failed.  

4.4.3. T-maze Test 

At the age of 60 days, lambs were subjected to the T-maze test to evaluate spatial 

learning and cognitive flexibility under a different experimental paradigm than in the 

V-detour test. The test was performed on two consecutive days. 

The test was conducted in the T-shaped arena (depicted in Figure 10), including 

a rectangular entrance corridor (5.85 m x 1.1 m), and two side arms (3.8 m x 1.5 m). 

Two target zones – left and right, consisting of small enclosures (1.3 m x 1.25 m) 

located at the two distant ends of each arm, housed the dam during testing.  

 

Figure 10. The detailed scheme of the testing arena used in the T-maze test.  
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At the beginning of the test (Figure 11), the lamb-ewe dyad was subjected to the 

pre-test phase, as described above. The target zones (left or right), into which the ewe 

was transferred, were selected according to the side chosen by each lamb during habit 

acquisition trials in the V-detour test. After the pre-test phase, the gate of the waiting 

room was opened, and the lamb was let free to enter the entrance corridor and navigate 

the maze to reach the ewe. The trial was considered successful when the lamb entered 

with two front legs in the proximity zone (1.5 m x 1.3 m) adjacent to the target zone 

in which the ewe was placed. After each trial, the lamb was rewarded with 1 minute of 

reunion with the ewe within the target zone. On the first day of the test, the lamb was 

subjected to four habit acquisition trials. On the second day of the test, lambs were 

again subjected to the pre-test phases, and then to 4 further habit acquisition trials as 

on the 1st day of the test. When the lamb had successfully completed the first four trials, 

four additional trials were performed (reversal learning trials), in which the position of 

the ewe was on the opposite target zone. The time limit for a successful acquisition of 

reversal learning was settled at 20 min for the first trial, and at 10 min for the next  

2 trials. After 3 unsuccessful trials, the test was considered failed.   
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4.4.4. Video-tracking analysis  

 All behavioral tests were video recorded and subsequently analyzed with the 

use of the video-tracking software EthoVision® XT 11.5 (Noldus Information 

Technology, Netherlands). This software tracks and analyzes the body activity as well 

as animals’ movement coordinates within the area, by tracking the center of its gravity. 

For efficient tracking, it is critical to precisely identify the animal and distinguish it 

from the background, which in our setup was the floor of the different arenas. Different 

experimental set-ups might be more prone to light and background changes, thus it's 

essential to adjust the detection method specifically for each experiment. The software 

allows fine-tuning the different parameters of the detection, such as gray scaling, static 

subtraction, dynamic subtraction, and differencing, or automatically set up all the 

parameters, based on the sample video. 

The approach used in this study consisted of applying an automated detection 

setting, which, based on the contrast between the animal and the background, as well 

as light conditions assigns an optimal set-up for all light and contrast parameters. 

Subsequently, the detection settings were adjusted manually to the specific conditions 

of each assay for each test, what allowed us to obtain the optimal tracking of the 

moving lamb under various light conditions. Using automated detection was more 

reliable, compared to the manual set-up, and helped to minimize the effect of 

environmental changes (mainly light conditions). 

To detect the animal in the different arenas, all settings were adjusted to the 

contrast and brightness of each specific video. In the first experiment, the floor of the 

arenas was light grey, thus the contrast between the background and the moving lamb 

was not very clear and the detection setting required substantial manual arrangements. 

To overcome this problem, in experiments 2 and 3, the floor of the arenas was painted 

dark brown using non-toxic paint. This made the automatic video-tracking much more 

efficient and significantly decreased the number of corrections needed.  

Photos of the arena settings from the EthoVision® XT software are displayed in 

Figure 12 (Isolation Test), Figure 13 (V-detour test), and Figure 14 (T-maze test). Five 

different zones were defined for the Isolation Test: proximity zone, center front, central, 

and back, as well as the back of the arena. The analyzed parameters included the time 

spent and the frequency of entries in each zone. Moreover, an experienced operator 

was manually scoring the number of jumps performed by the lambs, defined as when 
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the lamb detaches all four hooves from the ground, eventually hitting one of the walls 

of the maze.  

 

Figure 12. Representation of the Isolation Test arena and the zones setting for EthoVision® XT analysis. 

Five different zones were defined for the Isolation Test: proximity zone, center front, central and back, as well 

as the back of the arena. Three middle zones were considered as one in the further analyses and called center 

zones.   

 

In the set-up for the V-detour Test, four zones were defined: central zone, left 

and right zones, and proximity zone. In each trial, the analyzed parameters included 

the total time spent by the lamb to reach the proximity zone, as well as the frequency 

of entrances into either the central, the left, or the right zones.  
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Figure 13. Representation of the V-detour test arena and the zones setting for EthoVision ® XT analysis. 

Four different zones were defined. In each trial, the software calculates the total time spent by the lamb to reach 

the proximity zone, as well as the frequency of entries into either the central, left or right zones.  

 

For the T-maze, six different zones were distinguished: start arm, center, left 

and right arms, as well as left and right proximity zones. In each trial, the total time 

spent by the lamb to reach the left or right proximity zone in which the dam was located, 

as well as the frequency of entries into either the start, left or right arm, and the center, 

were calculated. 

 

Figure 14. Representation of the T-maze test arenas and the zones setting for EthoVision ® XT analysis. 

Five different zones were defined. In each trial, the software calculates the total time spent by the lamb to reach 

the left/right zones, as well as the frequency of entries into either the start, left or right arm. 
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In EthoVision® XT the tracking of each trial is conducted according to specific 

rules, which define the conditions for starting and finishing the animal tracking. In the 

Isolation Test, the end of the trial was considered 5 minutes after the first detection of 

the lamb in the arena. In the V-detour test, the trial finishes when the lamb enters the 

proximity zone adjacent to the target zone with at least the two front legs. The latency 

of this event was considered in further analyses as the time spent to complete the trial. 

In the T-maze test, the trial finishes when the lamb enters the proximity zone adjacent 

to the target zone with at least two front legs. When the lamb does not reach the 

proximity zone the tracking is stopped manually. All the video tracks were inspected 

by an experienced operator, a posteriori. In case the tracked coordinates did not 

correspond to the real position of the lamb visible on the video, the tracked trajectories 

were corrected manually. 

4.5. Inflammatory cytokines profiling in ewes 

 Inflammatory cytokines profiles were examined to monitor the inflammatory 

response of the pregnant ewes after the LPS-induced immune challenge. These 

analyses were conducted only for experiment 3, by measuring the levels of the  

pro-inflammatory cytokines IL-6 and TNF-alpha by ELISA.  

4.5.1. Sample collection 

Blood samples were collected from pregnant ewes just before, and at specific 

time points after LPS/SAL injections, as summarized in Figure 15.  

 

 

Figure 15. Scheme presenting the blood collection schedule in experiment 3. The syringes indicate the  

time points in which the LPS was administered, while the vials under the axis indicate the time points of blood 

collection. 

Animals were restrained by the operator as described above for the LPS/SAL 

administration procedure. Blood was collected from the vena jugularis externa with 

the use of vacuum probes (BD Diagnostics, USA) coated with a K2EDTA 
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anticoagulant. Afterward, samples were centrifuged for 20 min at 4200 rpm to separate 

plasma from other blood components. The supernatant was carefully collected with 

the use of a Pasteur pipette, transferred to a clean 1.5 ml tube, and finally stored at -

80°C until further analyses. 

4.5.2. ELISA for IL-6 and TNF-alpha measurements  

 The analyses of the levels of pro-inflammatory cytokines – IL-6 and  

TNF-alpha were performed with the use of sandwich enzyme-linked immune-sorbent 

assay technology. The kits were purchased from FineTest® (Wuhan Fine Biotech Co., 

Ltd., China).  The assays were performed on 96-well plates pre-coated with anti-IL-6 

or anti-TNF-alpha antibodies, according to the manufacturer’s instructions. The 

samples destined for TNF-alpha analyses were pre-processed according to the 

manufacturer’s instructions, obtaining the final dilution of 1:3. Plasma samples used 

for IL-6 ELISA were instead not diluted. The standards of note concentrations 

provided by the manufacturer and plasma samples were transferred to the wells and 

left for 90 minutes of incubation at 37°C. The plates were then washed with the wash 

buffer. Subsequently, the samples were incubated for 60 min at 37°C with biotin-

conjugated detection antibodies. After further washing, streptavidin conjugated with 

horseradish peroxidase (HRP) was added and left for an additional, 30 minutes 

incubation at 37°C. Unbound conjugates were then washed away with wash buffer. 

Subsequently, the TMB substrate was added, and plates were again incubated for 30 

min at 37°C in the dark. HRP catalyzes the TMB substrate to produce a blue product. 

To stop the reaction, an acidic solution was added, leading to the change of color into 

yellow, which allowed visualizing the HRP enzymatic reaction that just occurred. The 

absorbance was measured spectrophotometrically at 450 nm in a microplate reader 

within 5 minutes after HRP reaction.  

The final concentrations of IL-6 or TNF-alpha in the samples was calculated by 

comparing the optical density (OD) measured for each sample to the standard curves 

created with the use of the OD standard curve values calculated for standards provided 

by the manufacturer. 

4.6. Stress response profiling in lambs 

Isolation-induced stress response was analyzed in weaning lambs (66-98 days 

old), by measuring the levels of cortisol, the concentrations of which rise in response 
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to physical or emotional stress 25. The analyses were performed after finishing all the 

above-mentioned behavioral tests, to exclude the influence of stress caused by other 

manipulations. This analysis was conducted only in experiment 3.  

4.6.1. Social isolation procedure and sample collection 

This procedure was performed just before the weaning, after at least 10 days 

following the last T-maze trial. Each lamb was transferred by the main operator into 

the rectangular room (1.25 x 1.2 m), without visual contact with the rest of the flock 

mates. After 5 minutes, the lamb was returned to the home pen. Two lambs were 

subjected to the isolation procedure simultaneously, on the two distant sides of the 

facility. Blood samples were collected just before and 25 minutes after the isolation 

procedure. Existing evidence indicates that the level of cortisol in sheep rises around 

30 minutes after stressful events like isolation and restraining 205,206. Thus, in the 

presented experiment, samples were collected 25 minutes after the isolation to record 

the peak of the cortisol level. Sample collection as well as their further processing and 

storage was performed as described above. Briefly, the lambs were restrained by the 

caregiver embracing with one hand their head and holding the groin with the other, 

and an experienced veterinarian collected the 5 ml of blood from the vena jugularis 

externa.  

4.6.2. ELISA for cortisol (social-solation-induced cortisol surge) 

The plasma levels of cortisol were examined using a Competitive-ELISA kit 

provided by Elabscience® (Elabscience Biotechnology Co. Ltd., China). The 

procedure was performed according to the protocol provided by the manufacturer.  The 

96-well plates provided with the kits were pre-coated with cortisol. The standards and 

examined samples were placed in the wells. Subsequently, the biotinylated detection 

antibody specific to cortisol was added to all wells and left for 45 minutes of incubation 

at 37°C. During the reaction, cortisol present in the standards or samples competes 

with a fixed amount of the cortisol on the plate for sites on the biotinylated detection 

antibody. The surplus conjugate, as well as unbound standards or samples, were 

washed from the plate with the wash buffer. Then, the avidin conjugated to HRP was 

added to each well and left for 30 minutes incubation at 37°C. After washing,  

a TMB substrate solution was added to each well and left for 15 minutes of incubation 

at 37°C in the dark. The enzyme-substrate reaction catalyzed by HRP was terminated 

by adding the stop solution which led to the color change from blue to yellow. 
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Immediately after, the optical density (OD) was measured spectrophotometrically with 

the use of a microplate reader at a wavelength of 450 nm. The final concentration of 

cortisol was calculated by comparing the OD of the samples to the standard curve, 

created with the OD values of the standards. 

4.7. Statistical analyses 

The statistical analyses were performed using GraphPad Prism Software 

(GraphPad Software, USA) with α set of 0.05. The statistical analyses were performed 

on the data from all the lambs of one experiment, without distinction of sex. All the 

obtained data were checked for normal distribution with the use of a D’Agostino-

Pearson omnibus normality test. The distribution was considered normal for a p-

value>0.05. Subsequently, all the data regarding physiological parameters 

(temperature, heartbeat, respiratory rate), as well as the body weight of the lambs and 

the data obtained from molecular analyses were checked for significant outliers with 

the Grubbs' test, which was conducted using the online tool provided by GraphPad 

(available at: https://www.graphpad.com/quickcalcs/Grubbs1.cfm), with α of 0.05. All 

data with normal distribution were subjected to a One-Way analysis of variance to 

analyze the differences in outcome measurements between the time points after the 

injection. Differences among the groups were further investigated with the Tukey post-

hoc test. When data were not normally distributed, a Kruskal-Wallis Test followed by 

Dunn's multiple comparisons was performed. Further comparisons between the 

experimental groups were performed with Unpaired T-Test for normal distribution of 

the data, or Mann Whitney Test in other cases. Two-way ANOVA with Bonferroni 

post-test was used to investigate the effect of treatment, time points, and their 

interaction, on the physiological parameters of the ewes and lambs, as well as the 

cytokine levels of the ewes. 

The correlation between the ewes’ body temperature and the levels of cytokines 

was studied using STATISTICA 13 software (StatSoft Polska Sp. z o.o., Poland), 

utilizing Pearson’s correlation test. The correlation coefficient was considered 

significant for p-values<0.05, while the strength of the correlation was considered high 

for r=0.7-0.9, moderate for r=0.5-0.7, low for r=0.3-0.5, and negligible for values 

lower than 0.3.  

To investigate the association between specific behavioral outcomes observed in 

the V-detour test and the LPS treatment, linear regression models were created for each 
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of the experiments. The sex of the lamb and the ewe body temperature at 4 h post-

treatment were introduced into the model as confounding factors and effect modifiers. 

The same parameters were used in the models for all investigated trials and behavioral 

outcomes.  

For experiment 3, a linear regression model included the trial results as 

dependent variables and tested against IL-6 and TNF alpha concentrations at time 

points in 4 hours after each injection. Each model was corrected by cytokine 

concentrations before the 1st injection, sex of the lamb, and the temperature of the ewe 

4 hours post-treatment. The associations were considered significant for p<0.05. 
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5. RESULTS 

5.1. Effects of a single LPS dose at 85 and 125 dpc on the ewes’ physiological 
outcomes 

To evaluate the response of the pregnant ewes to the single LPS immune 

challenge, physiological parameters, including rectal temperature, heartbeat, and 

respiratory rate, were evaluated just before, and at different time points after LPS/SAL 

administration.  

 
Figure 16. Ewes’ temperature at different time points after LPS/SAL administration: MIA animals were 

(MIA125, MIA85, and MIA85’) intravenously injected with 2 ml saline solution containing the endotoxin LPS, 

and Control Groups animals (CTR125, CTR85, and CTR 85’) injected with 2 ml of saline solution (SAL).  

A. Absolute temperature of the ewes in experiment 1 just before (T0), 2 h after (T1), 4 h after (T2) and 24 h 

after (T3) the treatment. “a” indicates the difference between T0 vs T2 in MIA lambs, p<0.001; “b” indicates 

the difference between T1 vs T2 in MIA lambs, p<0.001; “c” indicates the difference between T2 and T3 in MIA 

lambs, p<0.001; **p<0.01, ***p<0.001 and indicates the difference between CTR and MIA groups; B. Absolute 

temperature of the ewes in experiment 2 just before (T0), 2 h after (T1), 4 h after (T2) and 24 h after (T3) the 

treatment. “a” indicates the difference between T0 vs T2 in MIA lambs, p<0.001; “b” indicates the difference 

between T1 vs T2 in MIA lambs, p<0.05; “c” indicates the difference between T2 and T3 in MIA lambs, p<0.01; 

***p<0.001 and indicates the difference between CTR and MIA groups; C. Ewes’ temperature change after the 

treatment in experiment 1. 0-2h indicates the differences of the temperature between T0 and T1, 0-4 h – between 

T0 and T2, and 0-24h – between T0 and T3. **p<0.01 and indicates the difference between CTR and MIA 

lambs. D. Ewes’ temperature changes after the treatment in experiment 2. 0-2 h indicates the differences of the 

temperature between T0 and T1, 0-4 h – between T0 and T2, and 0-24h – between T0 and T3.***p<0.001 and 

indicates the difference between CTR and MIA lambs The differences between the time points were measured 

with One-Way ANOVA, followed by Tukey post-hoc test, while the differences between the groups were 

evaluated with unpaired t-test (A, B, and D) or Mann-Whitney test (C). 

 

  

 Figure 16 displays the temperature changes in different time points post-

injection of the ewes belonging to MIA and CTR groups of experiments 1 and 2. Ewes 
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injected with LPS displayed a significantly higher temperature at 4 h (Figure 16 A-B) 

after administration, compared with SAL-injected controls in both experiments. No 

differences were found comparing T0 vs. T3, indicating that the temperature dropped 

back to its basic level after a few hours. The change in body temperature (Figure 16 

C-D) tends to be higher at 2 and 4 hours after the injections of LPS compared to 

controls in both experiments although the differences were significant only when 

measured 4 h after the injection.  

 
Figure 17. Ewes’ heartbeat changes 4h post-LPS/SAL administration in experiments 1 and 2. MIA animals 

(MIA125, MIA85 and MIA85’) were intravenously injected with 2 ml of saline solution containing the 

endotoxin LPS, and Control Groups animals (CTR125, CTR85 and CTR 85’) were injected with 2 ml of saline 

solution (SAL).  Differences between groups were examined by the Unpaired T-test. ***p<0.001.  
 

Heartbeat rises 4 h post-LPS/SAL administration tends to be more consistent in 

LPS-injected ewes compared to controls (Figure 17). These differences were 

significant only in experiment two (p<0.001).  
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Figure 18. Ewes’ respiratory rate changes 4h post LPS/SAL administration in experiments 1 and 2. MIA 

animals (MIA125, MIA85 and MIA85’) were intravenously injected with 2 ml of saline solution containing the 

endotoxin LPS, and Control Groups animals (CTR125, CTR85 and CTR 85’) were injected with 2 ml of saline 

solution (SAL).  Differences between groups were investigated by Unpaired T-Test. **p<0.01. 

 

Pregnant ewes subjected to the injection of LPS displayed a tendency towards a 

greater increase of respiratory rate 4h after LPS injection in both experiments  

(Figure 18), although the observed differences were statistically significant only for 

experiment 2 (p<0.01). 

5.2. Ewes’ physiological responses to chronic LPS challenge 

 The results obtained from experiments 1 and 2 indicate that the biggest changes 

in the temperature response to LPS challenge occur after 4 h. Thus, in experiment 3 

the physiological parameters, including rectal temperature, heartbeat and respiratory 

rate of the ewes were examined at 4 and 24 h after each of the 3 injections. 
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Figure 19. Ewes’ temperature in different time points after LPS/SAL administration in experiment 3.  

MIA animals were administered three intravenous injections with a growing dose of saline solution containing 

the endotoxin LPS, while Control Groups animals (CTR85’) were injected three times with 2 ml of saline 

solution (SAL).   A. The absolute temperature of the ewes after injections. T0, T2 and T4 indicate the time before 

and 24 hours after each injection (starting from T2), while T1, T3 and T5 indicate time points 4 h after each 

administration. The syringes indicate the time of the injections; ***p<0.001 and **p<0.01 indicate differences 

between CTR and MIA groups. B. The change of the ewes’ temperature in 4h after each injection. ***p<0.001 

and indicates differences between CTR and MIA groups. The differences between groups were evaluated with 

the Two-Way ANOVA followed by Bonferroni post-test (A) or unpaired  

t-test (B). 
Just before the injection, the average temperature of the ewes (Figure 19 A) was 

similar in both experimental groups (MIA: 39.40±0.07, CTR: 39.56±0.08).  

A significant effect of treatment was found in ewes’ body temperature (F(1,27)=12.30; 

p<0.0016), with post-hoc analysis showing significant differences between MIA vs 

CTR ewes at all time points 4h after administration - T1 (p<0.001), T3 (p<0.001) and 

T5 (p<0.01), although the differences between groups were not significant at time 

point zero, before LPS/SAL shots were administered. Moreover, while in the MIA 

group, the temperature raised post-LPS (Figure 19 B), in the CTR group, no 

differences were observed among time points. The analysis of the temperature change 

indicates that MIA ewes had significantly higher temperature rises after each of the 

LPS injections, compared to controls (p<0.001).  
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Figure 20. The heartbeat of the ewes after LPS or saline administrations in experiment 3. MIA animals 

were administered three intravenous injections with a growing dose of saline solution containing the endotoxin 

LPS, while Control Groups animals (CTR85’) were injected three times with 2 ml of saline solution (SAL).    

A. The absolute heartbeat of the ewes. T0, T2, and T4 indicate the time before and 24 hours after each injection 

(starting from T2), while T1, T3, and T5 indicate time points 4 h after each administration.  The syringes indicate 

the time of the injections. *p<0.05 and indicates the difference between MIA and CTR animals. B. The change 

of the ewes’ heartbeat in 4h after each injection. *p<0.05 and indicates differences between CTR and MIA 

groups.  The differences between groups were evaluated with the Two-Way ANOVA followed by Bonferroni 

post-test (A) or unpaired t-test (B). 

 

Before the first injections, the average heartbeat (Figure 20 A) was at similarly 

high levels in all experimental groups (MIA: 144.3±3.99, CTR: 143.1±3.88). A 

significant effect of treatment was found in the ewes’ heartbeat (F(1,27)=5.353; 

p=0.0285) with post-hoc analysis showing significant differences only comparing 

MIA vs CTR ewes at 4 h after the last injection (p<0.05). The change in the heartbeat 

rate indicates that MIA ewes display a significantly higher rise after the 3rd injection 

(Figure 20 B).  
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Figure 21. Respiratory rate of the ewes after LPS or saline administrations in experiment 3. MIA animals 

were administered three intravenous injections with a growing dose of saline solution containing the endotoxin 

LPS, while Control Groups animals (CTR85’) were injected three times with 2 ml of saline solution (SAL). 

A. The absolute respiratory rate at different time points after LP/SAL injections. T0, T2, and T4 indicate the 

time before and 24 hours after each injection (starting from T2), while T1, T3, and T5 indicate time points 4 h 

after each administration.  The syringes indicate the time of the injections. “a" indicates the difference between 

T1 vs T4 and T1 vs T6 in the MIA group, p<0.01; *p<0.01 and indicates differences between CTR and MIA 

groups. B. The change of the ewes’ respiratory rate in 4h after each injection. **p<0.01 and indicates differences 

between CTR and MIA groups. Differences between groups were measured with an Unpaired T-Test, while the 

effect of time was checked with Two-Way ANOVA test. 

 

Two-way ANOVA showed no effect of the treatment on the respiratory rate  

(Figure 21 A) of the ewes, although a significant interaction between time points and 

the treatment was revealed (F(6,27)=3.262; p=0.0047). Further analysis showed that 

just before the 1st injection the respiratory rate was significantly lower in the MIA 

group, compared to controls (p<0.05), whereas the lambs from the MIA group 

displayed a higher respiratory rate than lambs from the CTR group (p<0.05) on 4 h 

after the first injection (T1). Accordingly, the respiratory rate of the ewes subjected to 

MIA during pregnancy displayed a significant rise 4 h after the first injection (p<0.01) 

and tended to rise after each of the next two injections, although the differences were 

not significant. The respiratory rate change displays significant differences only after 

1st injection, showing a higher rise in MIA lambs, compared to controls (p<0.01) 

(Figure 21 B). 

5.3. Effects of chronic LPS challenge on the ewes’ cytokines inflammatory 
response 

To evaluate the inflammatory response of the pregnant ewes to chronic LPS 

administration, blood levels of pro-inflammatory cytokines TNF-alpha and IL-6 were 

examined in experiment 3. 
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Figure 22. Protein levels of pro-inflammatory cytokines TNF-alpha and IL-6 in the plasma of the pregnant 

ewes injected with saline or LPS in experiment 3, before and 4 hours after each injection.  MIA animals 

were administered three intravenous injections with a growing dose of saline solution containing the endotoxin 

LPS, while Control Groups animals (CTR85’) were injected three times with 2 ml of saline solution (SAL).   

A. The absolute concentration of IL-6 in the plasma of the ewes. The syringes indicate the time of injection. T0, 

T2 and T4 indicate the time before and 24 hours after each injection (starting from T2), while T1, T3 and T5 

indicate time points 4 h after each administration.; “a” indicates the differences between T1 vs T2 and T1 vs T4 

in MIA85’, p<0.01; **p<0.01, ***p<0.001 and indicates the differences between CTR85’ and MIA 85’.  B. The 

absolute concentration of TNF-alpha in the plasma of the ewes. The syringes indicate the time of injections. T0, 

T2 and T4 indicate the time before each injection, while T1, T3 and T5 indicate time points 4 h after. “a” indicates 

the differences between T0 vs T6 in MIA85’, p<0.05; “b” indicates the differences between T1 vs T4 and T1 vs 

T6 in MIA85’, p<0.05; “c” indicates the differences between T3 vs T6 in the MIA 85’, p<0.05. **p<0.01 and 

indicates the differences between CTR85’ and MIA 85’. C. The changes in the plasma levels of IL-6 4 h after 

each injection. *p<0.05, **p<0.01.  D. The changes in the plasma levels of TNF-alpha 4 h after each injection. 

**p<0.01. The differences between the groups were evaluated by Two-Way ANOVA followed by Bonferroni 

post-test (A-B), Mann-Whitney test (C), or unpaired t-test (D), while differences between the trials (A-B) were 

evaluated with One-Way ANOVA  

 

Just before the injection, lambs from both experimental groups displayed 

comparable levels of IL-6 in plasma (MIA: 40.68±4.991 pg/ml; CTR: 35.09±3.637 

pg/ml). As shown in Figure 22 A, MIA lambs display significantly higher level of 

plasma IL-6 level in 4 h after the 1st injection compared to 24 after the 1st and 2nd 

injection (p<0.01). Moreover, a significant effect of the treatment on the plasma levels 

of IL-6 was found (F(1,23))=8.099, p=0.0091), with post-hoc analyses showing 

significant differences in the plasma level of IL-6 between MIA vs CTR dams at all 

time points 4 h after the injections - T1(p<0.01), T2(p<0.01) and T5(p<0.001). The 

change in the plasma levels of IL-6 (Figure 22 C) was significantly higher in the MIA 
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group after the 2nd (p<0.05) and the 3rd injections (p<0.01), compared to controls. 

Moreover, the same tendency was observed after the first injection, although the 

differences were not significant (p=0.07).  

The plasma level of TNF-alpha (Figure 22 B) in pregnant MIA ewes displays 

significant differences between the time points just before the 1st injection and 24 h 

after the last injection (p<0.05). Significant differences were observed also in the MIA 

group comparing the cytokine levels at 4 h after the first injection with 24 h after the 

second injection (p<0.05) and 24 h after the last injection (p<0.05), as well as time 

point 4 h after the 2nd injection with the time point 24 h after the 3rd injection. This 

suggests the conclusion that sheep display a reduced sensitivity and homeostatic 

adaptation to subsequent LPS administration, even despite the increasing dose. Two-

way ANOVA showed no effect of the treatment on the TNF-alpha levels in the plasma, 

although a significant interaction between the time point and the treatment was 

observed (F(6,23)=4.677, p=0.0002), with post-hoc analyses showing a significant 

difference between CTR and MIA in the last time point, 24 h after the last injection 

(p<0.01). The level of the TNF-alpha displays a significantly higher rise (Figure 22 D) 

in MIA ewes after the 3rd injection, compared to controls (p<0.01). 

Correlation analyses (Figure 23) showed a moderate positive correlation 

between the changes in the body temperature and changes in the plasma level of IL-6 

after each injection. The values of the correlation coefficient were the lowest after the 

first injection (r=0.5001, p-value=0.011), slightly higher after the 2nd injection 

(r=0.5168, p-value=0.008), and the highest relationship between variables after the 3rd 

administration (r=0.6473, p-value=0.000). Moreover, the higher values for 

temperature rise, as well as IL-6 level, are displayed by MIA lambs, while CTR lambs 

are concentrated at the bottom-left part of the correlation graph, thus generating two 

distinct treatment-specific clusters.  
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Figure 23. Correlation plots between the changes in the plasma level of IL-6 and the rise of the 

temperature in 4 h after each injection. A. Correlation plot concerning the 1st injection. The analysis revealed 

a positive correlation between the rise of IL-6 and temperature change in 4 h post-injection; correlation 

coefficient: 0.5001 (p-value=0.011).  B. Correlation plot concerning the 2nd injection. The data display a positive 

correlation between the rise of IL-6 levels and temperature change in 4 h post-treatment; correlation coefficient: 

0.5168 (p-value=0.008). C. Correlation plot concerning the 3rd injection. The positive correlation occurs between 

the rise of IL-6 and temperature change in 4 h post-injection; correlation coefficient: 0.6473 (p-value=0.000). 

The data were analyzed with Pearson’s correlation. 
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Figure 24. Correlation plots between the changes in the plasma level of TNF-alpha and the rise of the 

temperature in 4 h after each injection. A. Correlation plot concerning the 1st injection. The analysis revealed 

no correlation between the rise of TNF-alpha and temperature change in 4 h post-injection; correlation 

coefficient: 0.0512 (p-value=0.804).  B. Correlation plot concerning the 2nd injection. The data displays no 

correlation between the rise of TNF-alpha levels and temperature change in 4h post-treatment; correlation 

coefficient: 0.2730 (p-value=0.177). C. Correlation plot concerning the 3rd injection. A positive correlation 

occurs between the rise of TNF-alpha and temperature change in 4 h post-injection; correlation coefficient: 

0.2650 (p-value=0.191). The data were analyzed with Pearson’s correlation. 
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Correlation analyses (Figure 24) revealed no relationship between the change of 

TNF-alpha and the change of the temperature in 4 h post-injection after any of the 

administrations (1st: r=0.0512, p-value=0.804; 2nd: r=0.2730, p-value=0,177; 3rd: 

r=0.2650, p-value=0.191).  

5.4. General health and body weight of the lambs 

All lambs used in this study displayed proper and constant growth, as well as 

good general health.  After delivery, all lambs stand up on their 4 legs within 30 

minutes post-partum. No differences between groups were observed in the latency to 

stand up after delivery (data not shown). No differences in infectious disease 

vulnerability or visible gross malformations were observed comparing MIA with CTR. 

However, data concerning the body weight showed some important differences among 

experiments (breeding seasons). 

 
Figure 25. Lambs’ body weight change between postnatal day 20 and postnatal day 60. Differences between 

groups were measured by One-Way ANOVA. ***p<0.001, *p<0.05. 

 

As indicated in Figure 25, lambs from the CTR group of experiment 1 showed 

significantly higher weight gain between PND 20 and PND 60, compared with the 

lambs from the corresponding groups enrolled in the other experiments (p<0.001). 

Moreover, we observed a higher weight change in the lambs from the MIA group of 

experiment one, compared to lambs from the MIA group of the other two experiments, 

although these differences were significant only for experiment 3 (p<0.05). 
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Figure 26. The body weight of the lambs on postnatal day 20 (PND 20) and postnatal day 60 (PND 60). 

Differences between groups were measured by Unpaired T-Test. *p<0.05. 

 

 As shown in Figure 26, the MIA lambs of experiment 1 displayed significantly 

lower body weight than CTR lambs in PND 20, as well as in PND 60 (p<0.05). In 

experiment 2 and experiment 3, no significant differences in body weight were found, 

although MIA lambs from experiment 2 tend to be heavier compared to CTR animals 

(p=0.08 with Unpaired T-Test), thus showing an opposite trend with respect to the first 

experiment.  

5.5. Isolation Test – Behavioral response to maternal separation 

 The Isolation Test was performed on 20-day-old lambs to evaluate the social 

attachment to the mother and the behavioral response to social separation with (T1) 

and without (T2) having visual contact with the ewe. 
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Figure 27. The number of jumps during the Isolation Test. T1 indicates the first trial of the Isolation Test, 

with visual contact, while T2 indicates the trial without visual contact with the dam. No differences between 

groups and between trials were observed. The differences between groups were evaluated by Mann –Whitney 

test, while differences between the trials were analyzed by the Kruskal-Wallis test, with Dunn’s multiple 

comparisons. 

 

The number of jumps during maternal separation in the Isolation Test was 

examined as a measure of social separation stress (Figure 27). No differences between 

the groups were found in this parameter in any of the experiments and trials analyzed. 
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Figure 28. The frequency of entries into the proximity zone in the Isolation Test. T1 indicates the first trial 

of the Isolation Test, with visual contact, while T2 indicates the trial without visual contact with the dam. “a” 

indicates the difference between T1 vs T2 in MIA lambs, p<0.01; “b” indicates the difference between T1 vs T2 

in MIA lambs, p<0.01; *p<0.05 and indicates the difference between CTR and MIA animals. The differences 

between groups were evaluated by unpaired t-test, while differences between the trials were analyzed with One-

Way ANOVA followed by Tukey’s post-hoc test. 

 

As depicted in Figure 28, the frequency of entries into the proximity zone tends 

to decrease in the trial without visual contact with the dam (T2), compared to the trial 

in which lamb maintains the visual contact with the mother (T1) in all experimental 

groups and among all experiments. The differences between T1 and T2 in the 

frequency of entrance into the proximity zone were statistically significant for the MIA 

lambs in experiment 1 (p<0.01) and experiment 3 (p<0.01), while CTR lambs did not 

show such a significant tendency. Moreover, MIA lambs from experiment 3 displayed 

significantly more entries into the proximity zone on the 1st trial of the Isolation Test 

without having visual contact with the mother, compared to CTR (p<0.05). 
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Figure 29. The time spent by the lamb in the proximity zone in all three experiments.  T1 indicates the first 

trial of the Isolation Test, with visual contact, while T2 indicates the trial without visual contact with the dam. 

“a” indicates the difference between T1 vs T2 in MIA and CTR lambs, p<0.001; “b” indicates the difference 

between T1 vs T2 in MIA and CTR lambs, p<0.001; “c” indicates the difference between T1 vs T2 in MIA and 

CTR lambs, p<0.001. No differences between experimental groups were observed. The differences between the 

trials were evaluated with the One-Way ANOVA followed by Tukey’s post-test, while differences between the 

groups were checked with an unpaired t-test. 

 

 Lambs from all experimental groups in all three experiments spent 

significantly more time in the proximity zone (Figure 29) in the trial when they had 

visual contact with the ewe, compared with trials when the view was prevented by the 

opaque panel (p<0.001).    
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Figure 30. The time spent by the lamb in the center and the back zone during the Isolation Test.  T1 

indicates the first trial of the Isolation Test, with visual contact, while T2 indicates the trial without visual contact 

with the dam. A. Time spent in the center zone by lambs from MIA and CTR groups. The letter “a” indicates a 

significant difference between T1 vs T2 in MIA and CTR lambs, p<0.05; “b” indicates the difference between 

T1 vs T2 in MIA and CTR lambs, p<0.001; “c” indicates the difference between T1 vs T2 in MIA and CTR 

lambs, p<0.001. No differences between experimental groups were observed. The differences between the trials 

were evaluated with the One-Way ANOVA followed by Tukey’s post-test, while differences between the groups 

were checked with an unpaired t-test. B. Time spent in the back zone by lambs from MIA and CTR groups. 

“a” indicates the difference between T1 vs T2 in CTR lambs, p<0.01; “b” indicates the difference between T1 

vs T2 in CTR lambs, p<0.05; “c” indicates the difference between T1 vs T2 in MIA and CTR lambs, p<0.05. No 

differences between experimental groups were observed. The differences between the trials were evaluated with 

the One-Way ANOVA followed by Tukey’s post-test, while differences between the groups were checked with 

an unpaired t-test. 

 

 Consequently, all tested lambs spent significantly more time in the center zone 

(Figure 30 A) in the 2nd trial of the test, when visual contact with the ewe was 

interdicted, compared to trials in which they could see the mother (p<0.05). Seemingly, 

the time spent in the back zone of the arena (Figure 30 B) on the trial in which lambs 

could maintain visual contact with the mother (T1) is close to 0 in all experimental 

groups. In all experiments, CTR lambs displayed significantly more time in the back 

zone in the trials without visual contact (T2), compared to T1 (p<0.05), while MIA 

lambs displayed such significant change only in experiment 3 (p<0.05). No statistically 

significant differences between treatment groups were observed concerning time spent 

and frequencies of entrance in the back and central zones. 

5.6. Spatial learning, memory, and inhibitory control of the lambs 

Learning difficulties and problems with memory are common symptoms of 

many psychiatric diseases, including neurodevelopmental disorders. To evaluate 

spatial learning and memory skills, as well as inhibitory control of visual stimuli in the 
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lambs, the time spent to complete the tasks in the V-detour and the T-maze tests were 

measured.  

In the habit acquisition trials of the 1st V-detour test day (Figure 31 A), all 

experimental groups displayed a tendency toward a decreased time spent to solve the 

task already on the second trial (T2). The differences in the time to complete the 

learning task between T1 vs T3 are significant in all the experiments, for both CTR 

and MIA lambs (p<0.01). However, while controls from experiment 2 solved the maze 

significantly faster already in the second trial (p<0.05), for MIA lambs this 

improvement was not significant. Conversely, in the 3rd experiment, MIA lambs solved 

the task significantly faster on T2 compared to T1 (p<0.01), while CTR lambs did not 

show such a significant difference. Concerning the first three trials of the first day, 

there were no significant differences between groups in the time spent to solve the  

V-detour test, in experiments 1 and 2, whereas, in experiment 3, MIA lambs spent 

significantly less time solving the task in T2, compared to controls (p<0.05). In the 

habit acquisition trials of the 2nd day of the test (Figure 31 B), when lambs were again 

subjected to the V-detour to test memory skills, no differences between trials were 

observed. Interestingly, in experiment 1, CTR lambs spent significantly less time 

solving the task in all trials (T4, T5, and T6), compared to MIA (p<0.05). The same 

trend was observed in experiment 2, but not in experiment 3. 
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Figure 31. Time spent to complete the task in the V-detour Test. T1 – T6 indicates the consecutive trials on 

the 1st and 2nd day of the V-detour Test. A. The latency to complete the task in the habit acquisition trials on the 

1st day of the test. “a” indicates the difference between T1 vs T3 in MIA group, p<0.001; “b” indicates the 

difference between the T1 vs T3 in CTR lambs, p<0.01; “c” indicates the difference between T1 vs T3 in MIA 

group, p<0.001; “d” indicates the difference between T1 vs T2 and T1 vs T3 in the CTR group, p<0.05; “e” 

indicates the difference between T1 vs T2 and T1 vs T3 in MIA lambs, p<0.01; “f” indicates the difference 

between T1 vs T3 in the CTR lambs, p<0.001. p<0.05 and indicates the difference between CTR and MIA lambs.  

B. The latency to complete the task in the habit acquisition trial on the 2nd day of the test. No differences were 

found in comparing trials. **p<0.01, *p<0.05 and indicates the differences between CTR and MIA lambs. The 

differences between the trials were evaluated with Kruskal-Wallis Test, followed by Dunn’s post-test, while 

differences between groups were evaluated with the Mann-Whitney test.     
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Figure 32. The latency to complete the reversal learning task on the 2nd day of the V-detour test. T7 – T9 

indicate the consecutive trials on the 2nd day of the V-detour Test. “a” indicates the difference between T7 vs T9 

in MIA lambs, p<0.05; “b” indicates the differences between T7 vs T8 and T7 vs T9 in CTR, p<0.01; “c” 

indicates the difference between T7 vs T8 and T7 vs T9 in CTR group, p<0.05; “d” indicates the difference 

between the T7 vs T9 in MIA group, p<0.001; “e” indicates the difference between T7 vs T8 and T7 vs T9 in 

CTR, p<0.01. 

 
 

In the reversal learning trials (Figure 32), all lambs spend significantly more 

time solving the task on the 1st trial after blocking the previously learned path (T7), 

compared to the consecutive ones. In experiment 1 and experiment 3, MIA lambs 

display significantly lower times in the last T9 trial compared to T7 (p<0.05), 

indicating successful reversal learning in MIA lambs. On the other hand, lambs from 

the CTR group from all the experiments displayed such improvement already in the 

second reversal learning trial (T8) (p<0.05), indicating that they can reverse the learned 

habit faster than MIA lambs. 

In experiment 1 all lambs managed to accomplish the V-detour test and change 

the acquired habit to reach the dam. In the second experiment, 3 male lambs of the 

MIA group didn’t manage to accomplish the reversal learning (p=0.07, comparing only 

CTR vs. MIA male lambs with the Chi-Square test). In experiment 3 only 1 female 

lamb didn’t successfully pass the test and no significant differences between groups 

were observed. 
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Figure 33. Time spent to complete the task in the habit acquisition trial in the T-maze test. T1 – T8 indicates 

the consecutive trials on the 1st and the 2nd day of the T-maze Test. A. The latency to complete the task in the 

habit acquisition trials on the 1st day of the test. *p<0.05 and indicates the differences between CTR and MIA 

lambs. B. The latency to complete the task in the habit acquisition trial on the 2nd day of the test. **p<0.01 

indicates the difference between CTR T6 and MIA T6; *p<0.05 indicates the difference between CTR T7 and 

MIA T7. The differences between the groups were evaluated with the Mann-Whitney Test, while the differences 

between the trials were analysed with Kruskal-Wallis Test, followed by Dunns’ post-test. 

  

In the habit acquisition trials on T-maze test day 1 (Figure 33 A), no unique trend 

can be distinguished among the three experiments, as compared with the clear learning 

curve observed in the V-detour test. In the T-maze’s T2 and T3 of experiment 1, lambs 

from the MIA group spent significantly more time completing the task than lambs from 

the CTR group. This result indicates a slower learning acquisition of MIA lambs 

towards the target zone in which they can reunite with their mother. On the 2nd day of 
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the test, in the habit acquisition trials (Figure 33 B), lambs from the CTR group from 

experiment 2 show a significantly lower time in solving the maze at T6 (p<0.01) and 

significantly higher time to complete the T7 (p<0.05) compared to MIA lambs.  

 
 
Figure 34. Time spent to complete the reversal learning task on the 2nd day of the T-maze test. “a” indicates 

the difference between T9 vs T11 and T9 vs T12 in MIA lambs, p<0.05; No differences between the groups were 

found. The differences between the groups were evaluated with the Mann-Whitney Test, while the differences 

between the trials were analysed with Kruskal-Wallis Test, with Dunns’ posttest. 

 

In reversal learning (Figure 34) lambs need more time to solve the task in the 1st 

trial (T9), as compared to previous habit acquisition and consecutive trials in all 

experiments. Moreover, in experiment 3, MIA lambs show a significantly lower time 

to accomplish the task on T11 and T12, compared to the first reversal trial (p<0.05). 

No differences in the latency to finish the task between the groups were found. 

 

The results obtained from V-detour and T-maze tests indicate that the V-detour 

is a more robust tool to examine the learning skills and inhibitory control of the lambs. 

Thus, to have better insight into the relationship between maternal immune activation 

and offspring behavior, we conducted a linear regression analysis focusing on the 

measurements collected in the V-detour test. The behavioral outcomes examined 

included the improvement rate, calculated as a percentage of improvement in the 

consecutive trials, and time spent to solve the maze on the second day of the test, trials 

4-9.  
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Table 3. Linear regression analyses of the relationship between LPS treatment and the behavioral 

outcomes of the V-detour test. 

“Behavioral outcome”~Treatment[SAL] + Sex[M] + Temperature[continuous] 

Behavioral outcome Estimate a 
Standard  

error 
P-value b 

Improvement rate  

T1-T2-T3 
37.47       29.09 0.202 

Improvement rate T3-T4 28.05 13.46 0.040 * 

Improvement rate T4-T6 57.61 21.18 0.008 ** 

Improvement rate T7-T8 11.93 10.08 0.240 

Improvement rate T8-T9 2.15 23.75 0.929 

Time spent to complete  

the trial on T4 
-1.91 1.81 0.295 

Time spent to complete  

the trial on T5 
-0.48 1.74 0.783 

Time spent to complete  

the trial on T6 
-5.88 1.97 0.003 ** 

Time spent to complete the 

trial on T7 
-141.93 81.58 0.086 • 

Time spent to complete the 

trial on T8 
-96.83 55.04 0.082 • 

Time spent to complete the 

trial on T9 
-110.77 38.62 0.005 ** 

 

.  
a indicates the estimated value of the coefficient. 
b indicates the p-value of the obtained results; the results were considered significant for p-value<0.05. *p<0.05, 

**p<0.01, • p<0.1. 

 

The results obtained from linear regression analyses (Table 3) indicate a 

significant effect of maternal LPS treatment on the improvement rate between the last 

trial of habit acquisition on 1st day of the V-detour test (T3) and the first habit 

acquisition trial on the 2nd day of the test (T4), as well as between T4 and the last trial 

of habit acquisition trial on the 2nd day of the test (T6). This effect is still significant 

after considering the lamb sex and the maternal body temperature change as 
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confounding factors/effect modifiers. No effect of the treatment was found on the 

improvement rate during reversal learning trials. Overall, the linear model analyses 

indicate that MIA influences the ability of lambs to recall a learned behavior in the 

context of both short- and long-term memory. No effect of sex was observed in any of 

the analyzed models.  

5.7. Perseveration and insistence on the sameness of the lambs 

 Perseveration is defined as an uncontrolled repetition of behavior that occurs 

despite the absence or cessation of the stimulus that evoked it. Perseveration, the 

insistence on sameness, and inflexible adherence to routines are key diagnostic 

symptoms of some neurodevelopmental disorders, including autism spectrum disorder. 

To evaluate the occurrence of such repetitive behavior and perseveration, the error rate 

was measured as the frequency of entrances into correct/wrong zones of the V-detour 

and T-maze Tests arenas. In the V-detour, the center of the V-shaped obstacle and the 

closed side of the obstacle in reversal learning trials were considered as “perseveration” 

zones. 

As shown in Figure 35 A, all lambs in all three experiments tend to return fewer 

times to the center of the V-shaped obstacle on the 2nd (T2) and the 3rd (T3) trial of 

habit acquisition on V-detour test day 1, compared to the 1st trial (T1), although the 

differences are not significant. On the habit acquisition trials on the 2nd day of the test 

(Figure 35 B), there were no significant changes in the frequency of return into the 

center of the “V” between trials, nor between groups.  
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Figure 35. Frequency of the entries into the center of the V-shaped obstacle in the V-detour Test. T1 – T6 

indicates the consecutive trials on the 1st and 2nd day of the V-detour Test.  A. Frequency of entries into the center 

zone of the V-shaped obstacle during the trials based on habit acquisition during the 1st day of the test.  

B. The frequency of entries into the center of the V-shaped obstacle during habit acquisition trials on the 2nd day 

of the test. 
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Figure 36. Frequency of the entries into the center of the V-shaped obstacle in the reversal learning trials 

during the V-detour Test. T7 – T9 indicate the consecutive trials on the 2nd day of the V-detour Test.  The 

differences were evaluated by the Kruskal-Wallis test. “a” indicates the difference between T7 vs T9 in CTR 

lambs (p<0.01); “b” indicates the difference between T7 vs T9 in CTR lambs (p<0.05). 

 

On the reversal learning trials on the V-detour test, day 2 (Figure 36), lambs tend 

to display a higher frequency of entries into the center of the V-shaped obstacle on the 

first reversal learning trial T7, compared to previous and next trials. However, while 

CTR lambs showed a significant drop in this perseverative behavior after two trials, 

comparing T7 with T9 (p<0.05), MIA lambs did not display such significant 

improvement and maintained higher frequencies of perseveration until the last trial of 

the test. 
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Figure 37. Frequency of the entries into the closed side of the V-shaped obstacle in the reversal learning 

of the V-detour Test. T7 – T9 indicate the consecutive trials on the 2nd day of the V-detour Test. The statistical 

significance of the differences was evaluated with Kruskal-Wallis Test. “a” indicates the difference between T7 

vs T9 in MIA lambs (p<0.05); “b” indicates the difference comparing T7 vs T9 in CTR lambs (p<0.001); “c” 

indicates the difference between T7 vs T8 and T7 vs T9 in CTR lambs (p<0.001). 

 

 As depicted in Figure 37, lambs from the MIA group showed a significant 

decrease in the frequency of entries into the closed side between the first (T7) and the 

last (T9) trials, in all three experiments (p<0.05). The same trend was observed in the 

lambs of the CTR group (p<0.001). Moreover, CTR lambs from experiment 2, showed 

significantly fewer entries into the closed side already in the T8, compared to T7 

(p<0.01), while MIA lambs did not show such fast improvement and kept 

perseverating until the last trial. 

In the T-maze test, lambs were forced to change the learned path to find their 

mothers in the reversal learning trials, and the number of returns to the previously 

learned path was calculated as a measure of perseverance. All lambs displayed a 

higher frequency of entries into the proximity zone that did not contain the ewe 

(Figure 38). 
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Figure 38. Frequency of the entries into the proximity zone opposite to the one adjacent to the position of 

the dam in the reversal learning trials of the T-maze test. T9 – T12 indicate the consecutive trials on the 2nd 

day of the T-maze Test. “a” indicates the difference between T9 vs T11 and T9 vs T12 in CTR lambs (p<0.05); 

“b” indicates the difference between T9 vs T11 and T9 vs T12 in MIA lambs (p<0.05). No differences between 

the groups were found. The differences between the trials were evaluated by the Kruskal-Wallis test followed 

by Dunns’ post-test, while the differences between groups were calculated with the Mann-Whitney test. 

 

Performed analyses revealed that the V-detour test allowed us to obtain more 

robust results concerning the perseverative behaviors and insistence on sameness of 

the lambs, as compared to the T-maze test. Consequently, the relationship between the 

treatment and the specific behavioral parameters analyzed in the V-detour test was 

further examined by linear regression analyses considering only selected parameters 

of the V-detour test. In particular, the models examined the association between the 

treatment and the frequency of entries into the closed side displayed by the lamb during 

reversal learning trials (T7-T9).  

The obtained results (Table 4) showed significantly lower frequency in CTR 

lambs on the last two trials of reversal learning – T8 (p=0.042) and T9 (p=0.03). No 

effect of the treatment was found on the frequency of entries into the closed side on 

the 1st trial after closing one side of the obstacle (T7).  
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Table 4. Linear regression analyses of the relationship between the treatment and frequency of entries 

into the closed side in reversal learning trials of the V-detour test. 

“Behavioral outcome”~Treatment [SAL] + Sex [M] + Temperature [continuous] 

Behavioral outcome Estimate a 
Standard  

error 
P-value b 

Frequency of entries into the 

closed side on T7 
-5.50 3.98 0.171 

Frequency of entries into the 

closed side on T8 
-3.23 1.56 0.042 * 

Frequency of entries into the 

closed side on T9 
-3.25 1.47 0.030 * 

 

.  
a indicates the estimated value of the coefficient. 
b indicates the p-value of the obtained results; the results were considered significant for p-value<0.05. *p<0.05. 

5.8. Response to isolation-induced stress  

To evaluate the possible influence of MIA on the stress response, lambs were 

subjected to short 5 minutes of social isolation when aged 60-90 days. The rectal 

temperature and the cortisol plasma levels were evaluated as measures of the stress 

response. 

 
 
Figure 39. Protein levels of cortisol in the plasma of the lambs just before and 25 minutes after short 

isolation. A. The absolute concentration of cortisol in the plasma of the lambs. T0 indicates the time before the 

isolation, while T1 indicates the time point 25 min after. No significant differences between the groups and time 

points were observed.  B. The changes in the level of cortisol in the plasma of the lambs after isolation. No 

significant differences between the groups were observed. 

 

 

 As indicated in Figure 39 A. the absolute concentration of cortisol in the 

plasma of the lambs doesn’t show significant changes 25 minutes after the short 

isolation. The changes in the cortisol level after the Isolation Test didn’t display any 

differences between MIA and CTR lambs.  
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Figure 40. The absolute temperature of the lambs just before and 25 minutes after short isolation. T0 

indicates the time before the isolation, while T1 indicates the time point 25 min after. The differences were 

evaluated with Unpaired T-Test. “a” indicates the difference between T0 vs T1 in MIA lambs, p<0.05; “b” 

indicates the difference between T0 vs T1 in the MIA group, p<0.01. 
  

The absolute temperature of the lambs (Figure 40) showed a significant increase 

after isolation in MIA lambs of experiment 1 (p<0.05) and experiment 3 (p<0.01), 

while in experiment 2 there were no significant differences between time points. On 

the other hand, lambs of the CTR group did not display such a rise in body temperature 

after isolation, in any of the experiments. 

5.9. Association of maternal cytokine levels after LPS administration with the 
behavior of the lamb in the V-detour test 

To evaluate the relationship between the maternal immune response to LPS/SAL 

administration during pregnancy and the behavioral outcome of the lambs during  

V-detour test, the linear regression analyses were performed. In these models, we 

analyzed the association between the levels of maternal proinflammatory cytokines 

(IL-6 or TNF-alpha) after LPS administrations with the lamb V-detour improvement 

rate (calculated as a percentage of improvement in the time spent to completely detour 

the maze) and the frequency of lambs’ entries into the center of the V-shaped obstacle. 

The results (Table 5) indicate that the level of IL-6 in the ewes exposed to LPS is 

significantly associated with the offspring behavior. Post-LPS maternal IL-6 levels 

were negatively associated with the improvement rate in the habit acquisition trials 

between the 1st (T4) and the 2nd (T5) habit acquisition trials on the 2nd day of the V-

detour test (p=0.004 and p=0.024, respectively). No relationship was found comparing 

Temperature of the lambs 25 min after isolation

T0 T1

38

39

40

41

CTR

MIA

T0 T1 T0 T1

Experiment 1
(125 dpc - 1x)

Experiment 2
(85 dpc - 1x)

Experiment 3
(85 dpc - 3x)

A
b

s
o

lu
te

 t
e
m

p
e
ra

tu
re

 [
°C

]

a

b

a indicates the difference between MIA T0 vs MIA T1 , P<0,05
b indicated the difference between MIA T0 vs MIA T1, p<0,01



84 

 

the level of IL-6 in any of the time points with the improvement rate between other 

trials than T4 and T5. In the present analyses, the level of IL-6 at 4h after the 1st 

injection was linked to the frequency of entries into the center of the V-shaped obstacle 

on T1. Moreover, the level of IL-6 after the 2nd injection was shown to be associated 

with the frequency of entries into the center of the “V” on T2 (p=0.026). Intriguingly, 

a similar trend was shown for IL-6 levels post 1st injection, although the results remain 

only suggestive (p=0.092). The level of TNF-alpha in 4h after the 2nd LPS injection 

was associated with the improvement rate between T7 vs T8 (p=0.017) and the 

frequency of entries into the center of the “V” on T8 (p=0.015). No other behavioral 

outcome measured in the V-detour test displayed an association with the levels of TNF-

alpha of the ewes after the immune challenge during pregnancy.  
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6. DISCUSSION 

In recent decades, the prevalence of NDDs has been drastically growing, and with 

that, also their socio-economic impact 46. A number of preventive and therapeutic 

strategies for NDDs have been proposed, although their action is mostly limited to 

reducing the severity of symptoms and there is not a definitive cure for these conditions. 

Therefore, there is a pressing necessity to develop new, robust tools which will help to 

investigate the still unclear etiology and pathogenesis of NDDs.  

Existing epidemiological evidence indicates that maternal infections during 

pregnancy increase the risk of bearing children affected by NDDs 41,125. The results 

presented in this thesis support this association, lining up with other animal studies 

conducted in other model species 167 and suggesting that the activation of the ewes’ 

immune system during pregnancy prompts fetal reprogramming, which leads to long-

term subtle effects on the lamb behavioral phenotype. Some of those differences in the 

postnatal lambs’ behavior resemble the symptoms of human neurodevelopmental 

disorders. Therefore, this study adds important observations to the current knowledge 

about MIA in the ovine model.  

The physiological and inflammatory response of ewes to LPS administration 
during pregnancy  

Physiologically, an infection leads to numerous changes in the organisms of all 

mammals. Similar responses have been confirmed in the present ovine model of 

prenatal infection induced by acute or chronic LPS-endotoxin administration. Based 

on the results obtained in experiments 1 and 2, we concluded that the time point at 4 h 

after the injection is the most sensitive to the LPS challenge in terms of temperature 

rise. This observation led to some changes in the experiment 3 - health monitoring and 

blood sampling were conducted only at two time points, 4 h and 24 h after LPS/SAL 

administration. That allowed to reduce the number of manipulations and decrease the 

stress for the animal. In experiment 3, when LPS was administered chronically with 

increasing doses for 3 consecutive days, the body temperature of the ewes was 

significantly higher at 4 h after each injection in MIA compared to controls. Despite 

the low dose of LPS the rise in the temperature was higher in the first injection than in 

consecutive two increasing doses. This may be due to the habituation of the organism 

and increasing tolerance to LPS 207. LPS administration also leads to a significant rise 

in the heartbeat and respiratory rate when injected as a single dose in mid-pregnancy 
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(85 DPC). In the ewes from experiment 3, the heartbeat of all animals just before the 

1st injection was at similarly high levels when comparing MIA with CTR. The high 

level of the heartbeat at time zero could be due to the stress elicited by novelty related 

to the first restrain of the animals, which get later habituated to the manipulations. 

Moreover, the significant rise of the heartbeat in MIA ewes of experiment 3 was 

observed only after the 3rd injection. This may indicate that during previous injections, 

the dose of LPS (0.4 and 0.8 μg/kg body weight mass) was not high enough to elicit 

the changes in the heartbeat, while in the 3rd injection, the dose (1.2 μg/kg body weight 

mass) led to a significant rise of the heartbeat. This is consistent with the significant 

rise of the heartbeat in MIA animals injected with a single dose of LPS during mid-

pregnancy (experiment 2) and indicates that the rise of the heartbeat may be dose 

dependent. Conversely, the respiratory rate displays a significantly higher rise in MIA 

ewes from experiment 3 only after the first injection. In experiment 2 the same 

tendency occurs in MIA ewes compared to CTR, indicating that the respiratory rate 

rises due to the first contact with the immunogen, and further injection doesn’t elicit 

any changes in this parameter. The raise in the heartbeat and respiratory rate in 

response to LPS administration has been previously reported in other species 208.  

In the study conducted by scientists from Comenius University in Bratislava on rats,  

LPS-induced endotoxemia elicited a significant continuous increase in the heart rate. 

Moreover, animals subjected to LPS injection displayed a significant increase in 

respiratory rate and elevated body temperature. 

While the above-mentioned results indicate that MIA elicits measurable 

changes in physiological parameters (body temperature, respiratory rate and heartbeat), 

the analyses of the level of the pro-inflammatory cytokines delivered a deeper insight 

into the molecular immune response of the pregnant ewe to LPS. To evaluate the 

inflammatory response of the pregnant ewes, the plasma levels of pro-inflammatory 

cytokines IL-6 and TNF-alpha were measured after chronic LPS administration. LPS 

has been well-documented as evoking changes in the levels of pro-inflammatory 

cytokines in sheep, such as IL-6 and TNF-alpha 209,210. The study performed by 

Kabaroff et al. 209 shows that the level of IL-6 in pregnant ewes rises significantly in 

response to LPS in each stage of gestation. Under our experimental paradigm, IL-6 

was at a significantly higher level 4 hours after each LPS administration, compared to 

controls. This result is in alignment also with the study performed by McLure et al. 
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where the peak of the IL-6 level in pregnant sheep was 4 hours after the LPS 

administration.210.  

The rise in the level of IL-6 was significantly higher in MIA ewes after the 2nd 

and 3rd LPS administration, compared to controls. Moreover, a strong positive 

correlation between the changes in the rectal temperature of the ewe and the level of 

IL-6 was observed, indicating this cytokine as a good marker of immune activation in 

sheep. The level of TNF-alpha in MIA in pregnant sheep shows a significant drop after 

all 3 injections. Concerning that such trend doesn’t occur in the CTR group, we can 

conclude that the LPS challenge leads to changes in the physiological level of TNF-

alpha in the blood, although its trend along different time points didn’t display any 

significant variation.  

Overall, these results show that LPS administration causes an illness-like status 

in the pregnant ewes, manifested by the change of physiological parameters (body 

temperature, heartbeat, and respiratory rate), and shows that LPS induces immune 

activation in ewes both at mid and late pregnancy. Considering the molecular 

inflammatory response, the observed rise in IL-6 levels is of particular interest in the 

understanding of the mechanisms underlying MIA. Based on rodent studies, IL-6 is an 

important biomarker of MIA-induced fetal brain damage 211 and it is a key 

intermediary in behavioral and transcriptional alterations in offspring 139. Another 

inflammatory marker worth considering in future studies is IL-17, which has been 

already linked to MIA effects on developing fetal mouse brain 140, as well as 

therapeutic targeting of TH17 helper cells has been proposed to reduce the likelihood 

of ASD in the offspring140. The presented study also covered the attempts to evaluate 

the plasma levels of IL-17 of the ewes by immunoassays. However, there are no ELISA 

kits having high sensitivity for ovine IL-17 yet, thus we used a kit specific for the 

bovine cytokine. Recent reports validated the use of such kits for measuring IL-17 in 

sheep 212, showing that it is possible to detect native ovine IL-17A using and ELISA 

for bovine IL-17. Nevertheless, under our experimental conditions, we did not obtain 

sufficient reliability and repeatability, thus the results have not been presented in this 

thesis. Further work should consider better adjustments of the protocol. As indicated 

by the data, the level of TNF-alpha doesn’t display such a clear trend as IL-6. No 

differences were observed in the levels of TNF-alpha between the time points in the 

CTR group. Some significant changes were displayed by MIA animals, nevertheless, 
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the influence of the treatment is not so strong as in the case of IL-6, thus we may 

conclude that TNF-alpha is not an optimal marker of inflammatory response in sheep. 

The effect of LPS administration during sheep pregnancy on the general health 
and body weight of the lamb 

 The literature indicates that LPS challenges during pregnancy may lead to fetal 

loss 213, preterm birth 213,214 or respiratory problems in offspring 215. Under our 

experimental paradigm, we did not observe any effect of LPS administration on these 

pregnancy outcomes. Moreover, MIA didn’t influence the general health of the lambs 

in any of the experiments. The negative effect of the LPS on pregnancy outcomes and 

offspring postnatal health depends on the dose of endotoxin, thus the doses 

administered in our experiment were at the lowest, safe level, preventing severe 

pregnancy and neonatal complications. Nevertheless, we observed subtle effects of 

MIA on the lamb body weight. In the first experiment, when LPS was administered in 

a single dose (1.2 μg/kg b.w.m.) during late pregnancy, the MIA group displayed 

significantly lower postnatal body weight than CTR animals. The opposite trend was 

observed in experiment 2, in which MIA lambs showed a tendency towards a higher 

body weight mass compared to controls. In the literature, the effect of LPS on the body 

weight of the offspring has already been documented. It has been reported that LPS 

injection during mid-pregnancy in rats can lead to higher body weight mass 216, or even 

to obesity in the offspring of mice  207. On the other hand, existing literature indicates 

that LPS administration during late pregnancy may lead to a decreased body weight of 

the rats’ offspring in the post-weaning period 218. Thus, the results obtained in the 

experiments described here are consistent with the data already documented in the 

literature. What is worth to note, is that the lambs’ body weight gain between 20 and 

60 days differed significantly between experiment 1 and the two next experiments, 

with a more consistent increment in experiment 1 with respect to the other two 

experiments. Since experiments were performed in different breeding seasons it is 

possible that modest differences in feeding among the different experiments may have 

occurred. Considering this and the opposite effect of prenatal LPS on lambs’ growth 

rate observed by comparing different breeding seasons, we speculate that MIA and 

pre- and postnatal diet may interact to influence the lambs body weight outcomes. 

Examples of diet-MIA interactions are already reported in literature for other species 

219–221, thus it is worth to consider testing this hypothesis also in the ovine model.   
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The effect of prenatal immune challenge on the behavioral outcome of the 
lambs  

 Behavioral symptoms are the main diagnostic criteria of neurodevelopmental 

disorders. Therefore, in our experiments, lambs obtained from MIA or CTR mothers 

were subjected to a behavioral screening in order to evaluate those behavioral domains 

which are pathologic in individuals affected by NDDs. The tests aimed at examining 

the lamb behavioral responses in three different maze-arenas during social isolation 

followed by a reunion with the dam, which represents the reward. From the simple 

Isolation Test to the V-detour and T-maze tests, the lamb is being exposed to 

increasingly complex spatial navigation tasks, which allowed to measure spatial 

learning abilities, inhibitory control, memory, and perseveration. Established tests may 

serve not only to evaluate behaviors specific to NDDs but also to examine learning 

and cognitive skills, thus modeling other psychiatric diseases.  

Isolation Test 

The first behavioral assay performed when lambs were 20 days old was the 

Isolation Test. The measured parameters included the number of jumps, the frequency 

of entries into the proximity zone as well as the time spent in each of the zones. The 

number of jumps and the frequency of entries into the proximity zone during maternal 

separation were examined as a measure of separation-induced social stress and social 

attachment, as reported previously 288. No differences in the number of jumps between 

the groups were observed in any of the experiments. On the other hand, the results 

obtained from experiment 3 indicate that chronic LPS administration may influence 

the stress responses of the lambs to maternal separation, especially when they are being 

isolated for the first time. Moreover, in experiments 1 and 3, lambs from the MIA 

group display significantly more entries into the proximity zone on the 1st trial, 

compared to controls. This indicates that the mobility of MIA lambs around the 

proximity zone is influenced by visual contact with the ewe, while in CTR animals 

this trend was not observed.  

All lambs spent less time and entered with less frequency into the proximity zone 

when visual contact with the dam was impeded (T2), compared to the trials where the 

ewe was visible (T1). The results indicate that the lamb has a significant preference to 

seek their mother in the back and central zones when visual contact is blocked. 
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Overall, our data indicates that LPS challenge during pregnancy doesn’t 

influence the social attachment of the lamb, although when the administration is 

chronic, it may mildly affect the stress responses of the lambs to social isolation.  

Detour test 

Results from the V-detour test concerning habit acquisition trials of Day 1 

indicate that all lambs learned quickly to solve the maze, and being able to learn 

inhibiting visual attractiveness to the mother and detour the obstacle going on the 

opposite side (inhibitory control). When lambs were exposed again to the same assay 

on day 2, MIA lambs in experiment 1 and experiment 2 tended to spend more time to 

solve the task in all 3 trials, although the differences were statistically significant only 

for experiment 1, and the same trend was not observed in experiment 3. These results 

show that all lambs learned and remembered how to detour the V-shaped obstacle, 

although the data indicate subtle effects of MIA on the ability to memorize the task  

and immediately apply the learned behavior after two days, especially when the LPS 

challenge was applied in the late gestation (experiment 1). In reversal learning trials, 

CTR lambs displayed significantly lower time to solve the task already on the 2nd trial 

after blocking the learned navigation path, showing a better improvement than MIA 

lambs in this phase of the test. This result let us conclude that MIA during pregnancy, 

regardless of the developmental time point of the endotoxin administration, may 

influence the cognitive flexibility of the lambs, as well as their resistance to change an 

acquired habit (in our case, detouring the obstacle from one side respect to the other).  

Another parameter examined in the V-detour test was the frequency of entries 

into the center zone of the V-shaped obstacle, where the lambs return attempting to 

reach their mother through the semitransparent wire net. Therefore, the frequency of 

entries into the center zone of the V-detour can be considered as a measure of the 

inhibitory control of a visual stimulus, considering that the lamb must go in the 

opposite direction to finally complete the task 222. In the habit acquisition trials on day 

1 of the test, the number of entries into the center zone substantially decreased after 

the 1st trial, although the differences were not significant. This is consistent with the 

decrease observed in the time spent solving the task and indicates that all lambs are 

able to inhibit the impulse to follow the visual stimulus and move back, in order to 

reach the dam. In habit acquisition trials on day 2, all lambs from experiments 1 and 3 

displayed fewer entries into the center of the “V” after the 1st trial, while lambs from 
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experiment 2 maintain low frequencies of return since the first trial of the second 

testing day. This indicates that after the first day of the test, the majority of lambs do 

not return to the center of the obstacle and they solve the task immediately, 

remembering the habit acquired on the previous day of the test. In the reversal learning 

trials, the frequency of entries into the center zone of the obstacle is high in the first 

trial and tends to decrease for all lambs while subsequent trials are performed. 

However, the differences between trials are significant only for CTR animals, and MIA 

lambs tend to return to the center of the “V” at higher rates during subsequent reversal 

trials. MIA lambs display the worst performance, both in terms of time spent to 

completely detour the obstacle and of perseverative attempts to reach the dam toward 

a straight path, manifested by returning to the center of the “V” (induced by the visual 

stimulus) rather than detouring it.  

In reversal learning trials, the frequency of returns into the closed side 

(previously “chosen” side) is a measure of perseveration, which is often observed in 

individuals with ASD and is thought to be a measure of cognitive inflexibility 223. 

Under our experimental paradigm, all lambs initially return to the closed gate 

following the path learned previously and keep returning to the same location at high 

rates, despite this behavior not being useful anymore to reunite with the dam. In further 

reversal learning trials, lambs displayed decreased frequencies of returns into the 

closed side compared to the 1st reversal learning trial, indicating that to obtain the 

reward, the lamb can switch toward a left-right spatial learning route and stop to repeat 

behavior which is not advantageous anymore. Moreover, in experiment 2, CTR lambs 

show a decrease in the number of entries into the closed side already in the 2nd trial, 

while this improvement was significant only in the third trial for MIA lambs. This 

shows that CTR lambs were able to change the learned habit faster than MIA lambs 

and indicates that MIA may affect this specific behavioral domain.  

Intriguingly, in experiment 2, three male lambs from the MIA group did never 

solve the reversal learning task of the V-detour test indicating a lack of cognitive 

flexibility in these individuals and their resistance to change the habit. Moreover, it 

may suggest that the effects of MIA on the behavior of the offspring might be sex 

biased. However, the analyses performed with linear regression didn’t confirm any 

influence of the sex of the animal on any behavioral outcome of the lamb observed in 

the V-detour test.  



93 

 

The results obtained from linear regression analyses indicate that CTR lambs 

display significant learning improvement in the habit acquisition phases of the test. 

Moreover, CTR lambs need significantly less time to complete the task on T6. These 

results indicate that MIA lambs display lower learning and memory skills compared to 

the CTR group. The analyses suggest that the effect of MIA on offsprings’ cognitive 

flexibility, measured as the lamb’s ability to change an acquired habit in the V-detour 

test, was strongly correlated with maternal inflammatory response to LPS, measured 

as the levels of inflammatory cytokines. This indicates that MIA lambs may be 

predisposed to develop perseverative behaviors, which is one of the symptoms 

characteristics for NDDs.  

One of the symptoms observed in human NDDs, especially in ASD patients, is 

a decreased cognitive flexibility in reversal learning behavioral tasks 85,224,225. 

Difficulties in reversal learning following maternal immune activation (MIA), have 

previously been observed in rodents 153,225–228. Results obtained from reversal learning 

indicate that MIA during pregnancy affects the cognitive flexibility of the lambs, 

making them more resistant to changing the acquired habit. The linear regression 

analyses revealed also that MIA lambs display higher levels of perseveration in 

reversal learning. Moreover, the data concerning habit acquisition indicates that LPS 

administration during late pregnancy may influence the memory of the lambs, making 

them less efficient in memorizing the learned task. Behavioral evaluation of the lambs 

revealed that the V-detour test is a robust test to examine learning and memory, as well 

as cognitive flexibility and resistance to change the habit in the lambs. The behavioral 

changes observed in the V-detour test reflect some of the symptoms of human 

neurodevelopmental disorders, confirming the face validity of the presented model in 

the domains of cognitive functions, learning problems, and repetitive behaviors. 

T-maze test 

The third behavioral test performed on the lambs was the T-maze test. In this 

test, the inhibitory control of the lamb was tested in relation to acquired habit in the 

absence of the visual stimulus, although the lamb may follow the auditory cues 

(bleating of the mother). During habit acquisition trials on the first day of the T-maze 

test, MIA lambs from experiment 1, spent significantly more time to complete the trials 

in the 2nd and 3rd trials, compared to CTR. During the habit acquisition trials on day 2, 

all lambs solved the trials within less than 20 s. The obtained results indicate that lamb 
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memorizes the path leading to the mother, and solves the task immediately, without 

making any mistakes. During reversal learning trials, lambs tend to spend more time 

solving the first trial after changing the side where the mother is placed. This indicates 

that changing the acquired habit and finding a new path to reach the mother, despite 

the availability of auditory cues, is challenging for the lambs and demands more 

searching attempts. In experiment 3, MIA lambs spent significantly less time solving 

the task on the 3rd and 4th trial of the reversal learning, compared to the 1st reversal 

trial, which is not observed in CTR animals. This may indicate that MIA lambs show 

better improvement in reversal learning following the vocal cue, compared to controls. 

The analyses of the frequency of entries into the wrong proximity zone (located 

on the opposite side respect to the dam) show that on the 1st reversal trial lambs tend 

to return more times to the wrong proximity zone than in further reversal trials. CTR 

lambs from experiment 2 display significantly fewer entries into the proximity zone in 

the 3rd and 4th trials of reversal learning compared to the 1st trial. The same trend was 

observed in the MIA lambs tested in experiment 3.  

Overall, these results indicate that MIA lambs from experiment 3 display 

significant improvement in completing the trials, as well as the frequency of entries 

into the proximity zone opposite to the one adjacent to the mother, showing faster 

learning and lower lever of repetitive behaviors than CTR animals. Nevertheless, the 

T-maze test appeared to not be as efficient a tool as the V-detour test in evaluating 

repetitive behaviors and cognitive flexibility of the lambs.  

The relationship between the maternal molecular immune response to LPS 
and the behavioral outcome of the lamb in the V-detour test 

 To our knowledge, few studies have focused up to date on evaluating the link 

between the intensity of the maternal immune response and the severity of the 

behavioral symptoms evoked by MIA in the offspring. Rodent studies showed that 

increased level of maternal TNF-alpha due to the prenatal immune challenge is 

associated with weight loss in pregnant females, which is an indication of sickness 

following MIA 158. Moreover, the offspring of dams that experienced weight loss after 

MIA, displayed worse behavioral outcomes compared to the offspring of the dams that 

gained weight, suggesting a link between the changes in the TNF-alpha levels due to 

maternal immune challenge and the brain functioning and/or metabolism of the 

offspring. Another study showed no relationship between the post-treatment levels of 
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maternal systemic IL-6 and TNF-alpha levels and the behavior displayed by adult 

female offspring 203. Moreover, it has been shown that maternal administration of 

exogenous IL-6 during pregnancy leads to deficits in pre-pulse inhibition (the 

inhibition of a startle response when the startling stimulus is immediately preceded by 

a smaller, non-startling stimulus of the same modality and is commonly observed in 

schizophrenia and autism) 139. 

To evaluate the relationship between the changes in the maternal cytokine levels 

following MIA and the behavioral outcome of the lambs in the V-detour test, the linear 

regression models were used to analyze datasets obtained from experiment 3. Obtained 

results show a positive association between maternal IL-6 levels and the lamb 

improvement rates between the 1st (T4) and the 2nd (T5) trials of habit acquisition on 

day two. This indicates that specific maternal immune response is connected to 

changes in the cognitive function of the lambs influencing their memory and learning, 

but not other behavioral domains. In addition, the results show that the rise of maternal 

IL-6 after the 1st injection is associated with the frequency of entries into the center of 

the “V” during the 1st trial of habit acquisition, while lambs are subjected to the test 

for the first time. This indicates that maternal immune response in terms of IL-6 levels 

may influence the future behavior of the lamb under stressful conditions.  

The rise of TNF-alpha after the 2nd injection has been linked with a higher 

improvement rate between the first two trials of reversal learning – T7 and T8 and to 

the higher frequency of entries into the center of the “V” on T8. Obtained results 

indicate the implication of changes in maternal TNF-alpha with the cognitive 

flexibility of the lambs and their ability to solve the reversal learning task. 

Overall, those results show intriguing connections between the specific maternal 

immune response to MIA during pregnancy and the behavioral outcome of the lambs.  

IL-6 and TNF-alpha levels affect different behavioral domains of the lambs. Learning 

and memory are linked with the levels of IL-6, while the levels of  

TNF-alpha shows the relation to the cognitive plasticity of the lambs. 

Response of the lambs subjected to MIA during prenatal life to  
isolation-induced stress 

Sensitivity to stress and the consequent physiological responses are important 

factors that may influence behavioral outcomes in different situations. Thus, to 

evaluate the possible effects of MIA on stress response and exclude their influence on 
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the other behavioral outcomes, the physiological responses of the lambs to isolation-

induced stress were analyzed. Lambs were first socially isolated when aged 20 days in 

the Isolation Test. The prenatal LPS treatment didn’t affect the number of jumps, 

although the higher frequency of entries into the proximity zone adjacent to the ewe 

was observed in MIA lambs, compared to CTR in experiment 3, indicating that only 

chronic immune challenge during mid-gestation may mildly affect the response of the 

lambs to isolation-induced stress. The time spent in the proximity zone was not 

influenced by the treatment, showing that prenatal immune challenge does not 

influence offspring social attachment to the dam. Lambs were later exposed to isolation 

just before weaning, in this occasion we measured cortisol levels as a biomarker of 

stress, which is known to rise in response to physical or emotional challenges 25. No 

significant changes were found between MIA and CTR lambs, indicating that the LPS 

challenge during pregnancy doesn’t influence the neuroendocrine response to the 

stress of the lambs. MIA has been previously reported to influence the neuroendocrine 

response of animals to stress229, although it has never been examined on sheep. On the 

other hand, we observed a rise in the temperature in MIA lambs after isolation, which 

was not observed in controls. Hyperthermia due to stress-inducing situations has been 

already reported in adult sheep230. Nevertheless, big differences among breeds have 

been observed in the stress responses of ruminants231. Thus, the lack of stress-induced 

hyperthermia in CTR lambs may indicate that the świniarka breed is less reactive in 

terms of cortisol production towards potentially fear-eliciting events.  

Overall, the obtained results indicate that lambs subjected to LPS challenge 

during pregnancy may display higher temperature changes in response to 

psychological stress, although this is not accompanied by a similar rise in cortisol 

levels. Thus, basing on the obtained results, we may conclude that lambs subjected to 

LPS challenge during pregnancy have slightly stronger responses to psychological 

stress than controls on the physiological level, but not on the hormonal one. However, 

further analyses will be needed to better clarify this aspect. 

Automated video-tracking analyses 

To analyze animal movements, localization, and behaviors in the different arenas, 

the automated video-tracking software EthoVision® XT 11.5 (Noldus Information 

Technology, Netherlands) was used. To our knowledge, this software has never been 
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used to analyse the sheep behavior, thus the work performed in this study contributes 

to establishing a valid protocol for video-tracking of lambs using automated analyses.   

The automated video-tracking software is based on the color contrast between 

the moving animal (in our case: the lamb) and the background (the floor). The 

EthoVision® software was designed for video-tracking of laboratory animals. Thus, 

EthoVision® protocols and adjustments have been established here for the first time 

as a tracking method for large animals. Obtaining an efficient protocol was challenging, 

although after spotting some limitations and applying specific arrangements, the 

performed studies led to establishing a valid experimental set-up that works optimally 

with the EthoVision® software.  

One of the limitations spotted during the first experiment was the light grey color 

of the floors, which was too similar to the color of the lambs, thus disrupting the 

contrast between the lamb and the background. To solve this problem, since 

experiment 2 the floor was painted with dark brown, non-toxic paint, which allowed 

to increase the contrast between the subject and the floor and improve the automated 

detection of the lamb. Another limitation which has been improved during the study 

were the lighting conditions. The initial illumination of the arenas was not bright 

enough and not well-positioned. Thus, not all areas of the testing arenas were equally 

illuminated, and, in some places, the software was not able to detect the moving lamb. 

This required additional manual adjustments, which provided satisfactory results. 

However, in experiment 2 and 3, the number of lightning points was increased, and 

their position was adjusted to equally illuminate each area, allowing EthoVision® to 

work automatically with minimal manual adjustments. The limitations mentioned 

above were solved by the post-tracking corrections, which consisted of manual 

adjustments of the position detected by the software to the real position of the lamb, 

performed by an experienced operator whenever needed. 

To improve the tracking in future studies it should be considered to paint the 

floor with black paint in order to further increase the contrast between the lambs and 

the floor. It should be also avoided to mark the wool with dark dyes, since it may 

interfere with video-tracking. Moreover, to obtain the optimal lightning condition, 

testing arenas should be completely isolated from the outside sources of light (the sun 

coming through the windows), to eliminate the possible shades that may impair the 

detection of the lamb in the arena. 
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Despite many limitations, the utilized method led to reliable results, which 

indicates that it may be used in future experiments to automatize the analyses of sheep 

and other large animals’ behavior, decreasing the time needed to analyze videos and 

obtain the result, as well as increasing the reproducibility of obtained data. 

Differences in the vulnerability of different time windows of fetal development 
to MIA challenge during pregnancy 

In the present study, MIA was elicited by LPS at different gestational windows. 

However, experiments were performed in different cohorts and breeding seasons, 

therefore comparisons among gestational periods should be taken with caution. The 

behavioral changes observed were consistent with an effect of MIA on the memory of 

inhibitory control, as well as on cognitive flexibility and perseveration, which 

depended on the gestational period the LPS has been injected. In particular,  the effects 

on memory were observed only when MIA was elicited at 125 DPC, whereas there 

were no effects on this parameter when MIA was elicited at 85 DPC. Conversely, an 

effect of MIA on cognitive flexibility and perseveration was observed only when MIA 

was elicited at 85 DPC. MIA85 lambs spent more time to achieve reversal learning 

and displayed a higher degree of perseveration (increased frequency of returns in the 

center and the closed side of the detour test) when compared to controls, whereas 

MIA125 lambs did not display such a trend.  

These observations suggest that during different developmental windows the 

fetal lamb may display different vulnerability to prenatal immune challenge. Although 

this is in line with other animal studies, further experiments will be necessary for the 

proposed ovine model, to systematically investigate the offspring vulnerability to MIA 

at different gestational time points within a single experiment on the same cohort of 

ewes.  

Summary 

The results obtained from this study demonstrate that an LPS immune 

challenge administered during gestation elicits significant physiological changes in 

pregnant ewes, which can be assimilable to maternal immune activation-MIA. MIA 

significantly affect the immune response of pregnant ewes on the molecular level. 

From both examined cytokines, the most sensitive to LPS administration appeared to 
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be the IL-6 plasma level, thus making it an optimal marker to measure inflammatory 

responses in ewes.  

The behavioral screening revealed that exposure to MIA during pregnancy 

affects specific behavioral domains in lambs, which correspond to behavioral domains 

widely affected in NDDs individuals. Those domains include learning, memory and 

cognitive flexibility scored by the V-detour test, which appeared to be the most 

sensitive assay to evaluate such behavioral abnormalities, as compared to the T-maze 

test. The social behaviors of the lambs, measured during the Isolation Test and 

evaluated by measuring maternal attachment and the stress response to social isolation, 

were not affected by the LPS administration during pregnancy under our experimental 

paradigm. Intriguingly, the analyses of the association between the maternal immune 

response to MIA challenge and behavioral outcome of the lambs revealed that the 

plasma levels of IL-6 are strongly associated with the severity of behavioral 

impairments, especially in the domain of learning and memory.  

This study allowed to establish a robust methodology to evaluate the cognitive 

flexibility of the lambs, as well as their learning and memory skills by the V-detour 

test. Moreover, this study implemented the use of automated video-tracking analyses 

with EthoVision® XT software for the analyses of lambs’ behavior, reported here for 

the first time. Established protocols and methodology, which were constantly 

improved through the course of the study may reduce the time and effort required to 

analyze sheep behaviors, as well as improve the reproducibility of the data in future 

studies. 

To sum up, the reported experiments allowed to build solid foundations for 

establishing a new, sheep model of neurodevelopmental disorders. Obtained results 

may help to study the still unknown etiology of neurodevelopmental disorders in the 

future and allow the development of new therapeutic and preventive strategies based 

on immunotherapy. 
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CONCLUSIONS 

1. Behavioral tests developed as part of this thesis were effective in scoring subtle 

behavioral changes induced by low doses of LPS. Thus, the obtained results let us 

to conclude that this study contributed to establishing a model of behavioral 

disorders in sheep, which can be utilized for modeling symptoms of human 

disorders. 

2. MIA in pregnant ewes induces only subtle effects on the offspring behavior. 

Nevertheless, including a bigger cohort could lead to more statistically significant 

results. 

3. LPS administration in pregnant ewes leads to the occurrence of illness-like 

symptoms regardless of gestational state. LPS challenge during pregnancy arouses 

the expression of pro-inflammatory cytokines in pregnant ewes, with the most 

prominent effect on plasma IL-6 levels. 

4. The immune challenge during pregnancy affects specific domains of lambs’ 

behavior, which are commonly affected in NDDs individuals: learning, memory, 

and cognitive flexibility. 

5. The V-detour test shows as a robust tool to examine behavioral domains affected 

by NDDs in lambs and may be useful to model other psychiatric disorders in sheep. 

6. The automatic video-tracking software EthoVision® XT can be successfully 

implemented in the study of sheep behaviors, as well as other animal models to 

decrease the time required for the analyses and improve the reproducibility of the 

obtained data. 

2. Performed experiments allowed to lay the foundations for establishing a new 

animal model of neurodevelopmental disorders, which may have higher 

translational validity than mice and rises fewer ethical concerns than non-human 

primates.
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