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Abstract 
 

Schizophrenia (SZ) is a chronic, severe mental disorder, which affects 1% of 

the global population. Its main symptoms are categorized in positive, negative 

and cognitive deficits and arise after late adolescence/early adulthood. The 

main brain regions affected are the hippocampus (HPC) and the prefrontal 

cortex (PFC). Its biological basis still remains unknown, with several 

hypotheses trying to shed light on the underlying mechanisms. The leading 

hypothesis for the etiopathology of SZ is the neurodevelopmental hypothesis, 

which supports that SZ may originate from abnormalities that occur during the 

early stages of fetal brain development. Additionally, there are several lines of 

evidence supporting a crucial role of stress on SZ, while an important but 

rarely studied fact is the sexual dimorphism observed in the emergence, 

symptomatology and response to treatment.   

The multifactorial character of SZ has become a barrier for the 

identification of its biological basis and has magnified the need for developing 

more complex models for the study of the disorder. A very well-characterized 

animal model of SZ, based on the neurodevelopmental hypothesis, in rats, is 

the gestational MAM model. It is generated by prenatal exposure to the 

mitotoxin MAM, during Gestational day (GD) 17. Our study aimed to develop 

and validate the MAM model in mice, in both sexes, and investigate the role of 

corticotropin releasing factor (CRF) system, the neuroendocrine modulator of 

stress response, in the symptoms of the model. We further investigated the 

effects of acute stress in the cognitive function of control animals, in both 

sexes.  Because of its good validity, we believe that developing the MAM 

model in mice, would provide us with a strong tool to create more complex 

models for the study of SZ, given the increased number of genetic mouse 

models. In addition, we believe that studying both sexes would further 

elucidate the complexity of SZ, as the majority of the studies have been 

conducted in male subjects. 

We showed that the MAM model in mice is better reproduced by 

exposure to the mitotoxin on GD16. The validation experiments revealed 

histological adaptations in both PFC and HPC, and indications of positive 
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symptoms in both male and female mice, such as enhanced locomotor activity 

in response to MK-801 administration in female mice and reduced pre-pulse 

inhibition in male mice. With regards to cognitive deficits, HPC function was 

found impaired in both sexes, as shown by reduced contextual fear memory 

and decreased long-term potentiation (LTP). However, this was not the case 

for PFC-dependent cognitive function or the Parvalbumin protein expression. 

Only male mice exposed to MAM exhibited impaired PFC function, as 

indicated by reduced performance in the delayed alternation task in the T-

maze and reduced LTP. Furthermore, male, but not female, MAM mice 

exhibited reduced Parvalbumin expression in HPC and PFC, which is a 

marker of SZ phenotype in humans. 

We extended the sex comparison of MAM-exposed mice in the basal 

anxiety levels and CRF1 receptor levels on PFC, which was the region 

showing sexual dimorphism. We revealed heightened levels of trait anxiety in 

MAM-exposed female mice but decreased levels in males, which were only 

observed during adulthood. The quantification of CRF1 protein levels from 

PFC samples revealed a significant decrease only in male MAM-exposed 

mice. These results intrigued us to hypothesize that CRF system could have a 

strong influence on the sex-biased PFC-dysfunction, through CRF1 activation, 

as our results supported normal PFC function in female MAM-exposed mice. 

We therefore, systemically blocked CRF1 in female MAM-16 mice, using 

antalarmin, which is a CRF1 specific antagonist. Our aim was to test whether 

CRF1 inactivation could induce PFC-dysfunction. We observed a disruption of 

LTP in the PFC of female MAM-exposed mice, in contrast to the facilitation we 

recorded in saline-exposed animals treated with antalarmin. Finally, we 

acutely stressed control animals, in order to study PFC-cognitive function after 

enhancing CRF system activation, mimicking the alterations that we observed 

in CRF system of male MAM-16 mice. We found increased vulnerability of 

females, in terms of anxiety levels, but no significant alterations were found in 

the PFC-dependent cognitive function. 

In conclusion, our study reveals that the MAM model of SZ can be 

successfully reproduced in mice, showing sex-dimorphic alterations observed 

also in the human condition, and supports a significant contribution of CRF 



system in the pathology of the disorder. We speculate that SZ could be a 

condition of sustained CRF over-expression and the altered levels of CRF1 in 

male MAM-expose mice could reflect a homeostatic mechanism developed to 

counterbalance this abnormal increase, with the cost of impaired PFC 

function. An alternative mechanism in female MAM-exposed mice, through 

the activation of different cellular signaling pathways could protect PFC, 

without affecting CRF1 availability.  
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Πεξίιεςε 
 

Η ζρηδνθξέλεηα είλαη κία ρξόληα,  ζνβαξή λνεηηθή δηαηαξαρή, ε νπνία 

επεξεάδεη ην 1% ηνπ παγθόζκηνπ πιεζπζκνύ. Τα θύξηα ζπκπηώκαηα 

θαηεγνξηνπνηνύληαη ζε ζεηηθά, αξλεηηθά θαη γλσζηαθά ειιείκκαηα θαη 

εκθαλίδνληαη κεηά ην ηέινο ηεο εθεβείαο/ αξρή ηεο ελειηθίσζεο. Οη θύξηεο 

πεξηνρέο πνπ επεξεάδνληαη είλαη ν ηππόθακπνο θαη ν πξνκεησπηαίνο θινηόο. 

Η βηνινγηθή ηεο βάζε παξακέλεη αθόκα άγλσζηε, κε δηάθνξεο ππνζέζεηο λα 

πξνζπαζνύλ λα ξίμνπλ  θσο ζηνπο ππνθείκελνπο κεραληζκνύο. Η 

επηθξαηνύζα ππόζεζε γηα ηελ αηηηνπαζνινγία ηεο ζρηδνθξέλεηαο είλαη ε 

λεπξναλαπηπμηαθή ππόζεζε, ε νπνία ππνζηεξίδεη όηη ε ζρηδνθξέλεηα 

πξνέξρεηαη από αλσκαιίεο πνπ ιακβάλνπλ ρώξα θαηά ηα πξώηα ζηάδηα ηεο 

αλάπηπμεο ηνπ εγθεθάινπ ηνπ εκβξύνπ. Δπηπιένλ, ππάξρνπλ αξθεηέο 

ελδείμεηο πνπ ππνζηεξίδνπλ όηη ην ζηξεο παίδεη πνιύ ζεκαληηθό ξόιν ζηε 

ζρηδνθξέλεηα, ελώ έλα πνιύ ζεκαληηθό ζηνηρείν πνπ ζπάληα κειεηάηαη είλαη ν 

δηκνξθηζκόο πνπ ζρεηίδεηαη κε ην θύιν θαη παξαηεξείηαη ζηελ εκθάληζε, ηε 

ζπκπησκαηνινγία θαη ηελ απόθξηζε ζηε ζεξαπεία.  

Ο πνιππαξαγνληηθόο ραξαθηήξαο ηεο ζρηδνθξέλεηαο απνηειεί εκπόδην γηα 

ηελ ηαπηνπνίεζε ηεο βηνινγηθήο βάζεο ηεο δηαηαξαρήο θαη έρεη κεγεζύλεη ηελ 

αλάγθε γηα ηελ αλάπηπμε πνιύπινθσλ  κνληέισλ γηα ηε κειέηε ηεο 

δηαηαξαρήο. Έλα πνιύ θαιά ραξαθηεξηζκέλν δσηθό κνληέιν ηεο 

ζρηδνθξέλεηαο, ην νπνίν βαζίδεηαη ζηε λεπξναλαπηπμηαθή ππόζεζε, ζηνπο 

αξνπξαίνπο, είλαη ην λεπξναλαπηπμηαθό κνληέιν ΜΑΜ. Γεκηνπξγείηαη κεηά 

από πξνγελλεηηθή έθζεζε ζηε κηηνηνμίλε ΜΑΜ, θαηά ηε 17ε κέξα θύεζεο. Ο 

ζηόρνο καο ζηε κειέηε απηή ήηαλ λα αλαπηύμνπκε θαη λα επηθπξώζνπκε ην 

κνληέιν ΜΑΜ ζηα πνληίθηα θαη ζηα δύν θύια, θαη λα δηεξεπλήζνπκε ην ξόιν 

ηνπ εθιπηηθνύ παξάγνληα θνξηηθνηξνπίλεο, ηνπ λεπξνελδνθξηληθνύ ξπζκηζηή 

ηεο απόθξηζεο ζην ζηξεο, ζηα ζπκπηώκαηα ηνπ κνληέινπ. Δπηπιεόλ, 

κειεηήζακε ηηο επηδξάζεηο ηνπ νμένο ζηξεο ζηε γλσζηηθή ιεηηνπξγία, ζε 

θπζηνινγηθά δσα θαη ησλ δύν θύισλ. Λόγσ ηεο θαιήο εγθπηόηεηαο ηνπ 

κνληέινπ, πηζηεύνπκε όηη ε αλάπηπμε ηνπ κνληέινπ ΜΑΜ ζε πνληίθηα , ζα καο 

παξάζρεη έλα δπλαηό εξγαιείν γηα λα δεκηνπξγήζνπκε πην πνιύπινθα 

κνληέια γηα ηε κειέηε ηεο ζρηδνθξέλεηαο, δεδνκέλνπ θαη ηνπ απμεκέλνπ 

αξηζκνύ γελεηηθώλ κνληέισλ πνπ έρνπλ αλαπηπρζεί ζε πνληίθηα. Δπηπιένλ, 



πηζηεύνπκε όηη ε κειέηε θαη ησλ δύν θύισλ ζα δηαζαθελίζεη πεξαηηέξσ ηελ 

πνιππινθόηεηα ηεο δηαηαξαρήο, θαζώο νη πεξηζζόηεξεο κειέηεο έρνπλ 

δηεμαρζεί ζε αξζεληθά άηνκα. 

Τα απνηειέζκαηά καο έδεημαλ όηη ην κνληέιν ΜΑΜ ζηα πνληίθηα 

αλαπαξάγεηαη θαιύηεξα κε έθζεζε ζηε κηηνηνμίλε θαηά ηε 16ε κέξα ηεο 

θύεζε. Τα πεηξάκαηα γηα ηελ επηθύξσζε απνθάιπςαλ ηζηνινγηθέο 

πξνζαξκνγέο ηόζν ζηνλ πξνκεησπηαίν όζν θαη ζηνλ ηππόθακπν, θαη 

ελδείμεηο γηα ζεηηθά ζπκπηώκαηα θαη ζηα δύν θύια, όπσο απμεκέλε θηλεηηθή 

δξαζηεξηόηεηα σο απόθξηζε ζηε ρνξήγεζε ηνπ ΜΚ-801, ζηα ζειπθά ΜΑΜ 

πνληίθηα, θαη κεησκέλε πξνπαικηθή αλαζηνιή ζηα αξζεληθά ΜΑΜ πνληίθηα. 

Όζνλ αθνξά ζηα γλσζηαθά ειιείκκαηα, ε ιεηηνπξγία ηνπ ηππνθάκπνπ 

βξέζεθε κεησκέλε θαη ζηα δύν θύια, όπσο έδεημε ε κεησκέλε κλήκε θόβνπθαη 

ε κεησκέλε καθξόρξνλε ελδπλάκσζε. Ωζηόζν, δελ παξαηεξήζεθε θάηη 

αλάινγν ζηελ εμαξηώκελε από ηνλ πξνκεησπηαίν θινηό γλσζηαθή ιεηηνπξγία 

ή ηελ έθθξαζε ηεο πξσηεΐλεο παξβαιβνπκίλεο. Μόλν ηα αξζεληθά ΜΑΜ 

πνληίθηα παξνπζίαζαλ ειιείκκαηα ζηε ιεηηνπξγία ηνπ πξνκεησπηαίνπ θινηνύ, 

όπσο έδεημε ε κεησκέλε απόδνζε ζηε δνθηκαζία ελαιιαγήο βξαρίνλα κε 

θαζπζηέξεζε ζην ιαβύξηλζν ζρήκαηνο «Τ», θαζώο θαη ε κεησκέλε 

καθξόρξνλε ελδπλάκσζε. Δπηπιένλ, ηα αξζεληθά, αιιά όρη ηα ζειπθά ΜΑΜ 

πνληίθηα παξνπζίαζαλ κεησκέλε έθθξαζε ηεο πξσηεΐλεο παξβαιβνπκίλεο 

εύξεκα ην νπνίν απνηειεί δείθηε ηνπ θαηλόηππνπ ζρηδνθξέλεηαο ζηνπο 

αλζξώπνπο.  

Δπεθηείλακε ηε ζύγθξηζε ησλ δύν θύισλ ζηα δώα ΜΑΜ θαη ζηελ 

απόθξηζε ζην ζηξεο, εζηηάδνληαο ζηνλ πξνκεησπηαίν θινηό, ε νπνία έδεημε 

δηκνξθηζκό πνπ ζρεηίδεηαη κε ην θύιν. Απνθαιύςακε πςειά επίπεδα άγρνπο 

ζηα ζειπθά ΜΑΜ πνληίθηα θαη ρακειά επίπεδα ζηα αληίζηνηρα αξζεληθά, ην 

νπνία ήηαλ εκθαλή κόλν θαηά ηελ ελειηθίσζε. Η πνζνηηθνπνίεζε ησλ 

επηπέδσλ ηεο πξσηεΐλεο ηνπ ππνδνρέα 1 ηνπ εθιπηηθνύ παξάγνληα 

θνξηηθνηξνπίλεο ζηνλ πξνκεησπηαίν θινηό απνθάιπςε  ζεκαληηθή κείσζε 

κόλν ζηα αξζεληθά ΜΑΜ πνληίθηα. Τα απνηειέζκαηα απηά καο νδήγεζαλ ζην 

λα ππνζέζνπκε όηη ην ζύζηεκα ηνπ εθιπηηθνύ παξάγνληα θνξηηθνηξνπίλεο ζα 

κπνξνύζε λα επεξεάδεη ηε ιεηηνπξγία ηνπ πξνκεησπηαίνπ θινηνύ κε 

δηαθνξεηηθό ηξόπν ζε θάζε θύιν, κέζσ ηεο ελεξγνπνίεζεο ηνπ ππνδνρέα 1. 

Έηζη, πξνρσξήζακε ζε απνθιεηζκό  ηνπ ππνδνρέα ζηα ζειπθά ΜΑΜ 
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πνληίθηα, κε ζπζηεκηθή ρνξήγεζε, ρξεζηκνπνηώληαο αληαιαξκίλε, ε νπνία 

είλαη έλαο εηδηθόο αληαγσληζηήο ηνπ ππνδνρέα 1. Ο ζηόρνο καο ήηαλ λα 

ειέγμνπκε εάλ ε απελεξγνπνίεζε ηνπ ππνδνρέα 1 ηνπ εθιπηηθνύ παξάγνληα 

θνξηηθνηξνπίλεο, ζα κπνξνύζε λα πξνθαιέζεη δπζιεηηνπξγία ζηνλ 

πξνκηεσπηαίν θινηό.  Παξαηεξήζακε κείσζε ηεο καθξόρξνλεο ελδπλάκσζεο 

ζηνλ πξνκεησπηαίν θινηό ησλ ζειπθώλ ΜΑΜ πνληηθώλ, ζε αληίζεζε κε ηελ 

ελίζρπζε ηεο καθξόρξνλεο ελδπλάκσζε πνπ θαηαγξάςακε ζηα δώα ειέγρνπ 

πνπ έιαβαλ αληαιαξκίλε. Τέινο, πξαγκαηνπνηήζεθε νμεία έθζεζε δώσλ 

ειέγρνπ ζε ζηξεο πεξηνξηζκόπ, κε ζθόπν ηε κειέηε ηεο γλσζηαθήο 

ιεηηνπξγίαο ηνπ πξνκεησπηαίνπ θινηνύ, κεηά από ελίζρπζε ηεο ελεξγόηεηαο 

ηνπ ζπζηήκαηνο ηνπ εθιπηηθνύ παξαγνληα θνξηηθνηξνπίλεο, κηκνύκελνη έηζη 

ηηο αιιαγέο πνπ παξαηεξήζακε ζην ζύζηεκα απηό ζηα αξζεληθά ΜΑΜ 

πνληίθηα. Βξήθακε απμεκέλα επίπεδα άγρνπο ζηα ζειπθά δώα, αιιά θακία 

ζεκαληηθή δηαθνξά ζηε γλσζηαθή ιεηηνπξγία ηνπ πξνκεησπηαίνπ θινηνύ.  

Σπκπεξαζκαηηθά, ε κειέηε καο απνθαιύπηεη όηη ην κνληέιν ΜΑΜ ηεο 

ζρηδνθξέλεηαο κπνξεί λα αλαπαξαρζεί κε επηηπρία ζηα πνληίθηα, εκθαλίδνληαο 

δηαθνξέο αλάκεζα ζηα δύν θύια πνπ παξαηεξνύληαη θαη ζηνπο αλζξώπνπο, 

θαη ππνζηεξίδεη ηε ζεκαληηθή ζπλεηζθνξά ηνπ ζπζηήκαηνο ηνπ εθιπηηθνύ 

παξάγνληα θνξηηθνηξνπίλεο ζηελ παζνινγία ηεο δηαηαξαρήο. Υπνζέηνπκε όηη 

ε ζρηδνθξέλεηα ζα κπνξνύζε λα απνηειεί κία θαηάζηαζε παξαηεηακέλεο 

ππεξέθθξαζεο ηνπ εθιπηηθνύ παξάγνληα θνξηηθνηξνπίλεο θαη νη αιιαγέο ζηα 

επίπεδα ηνπ ππνδνρέα 1 ζηα ΜΑΜ αξζεληθά πνληίθηα λα αληηθαηνπηξίδνπλ 

έλαλ νκνηνζηαηηθό κεραληζκό πνπ έρεη αλαπηπρζεί γηα λα εμηζνξξνπήζεη ηε 

κε θπζηνινγηθή αύμεζε, κε θόζηνο ηε κεησκέλε ιεηηνπξγία ηνπ 

πξνκεησπηαίνπ θινηνύ. Έλαο ελαιιαθηηθόο κεραληζκόο ζηα ζειπθά ΜΑΜ 

πνληίθηα, κέζσ ελεξγνπνίεζεο δηαθνξεηηθώλ ζεκαηνδνηηθώλ κνλνπαηηώλ, ζα 

κπνξνύζε λα πξνζηαηεύεη ηνλ πξνκεησπηαίν θινηό, ρσξίο λα επεξεάδεη ηε 

δηαζεζηκόηεηα ηνπ ππνδνρέα 1. 

 

 

 

 



Chapter 1 
 

1. General Introduction 

 

1.1The Brain 

1.1.1 Brain development and plasticity 

Gestational period in humans normally lasts for 40 weeks, while in 

rodents birth occurs on 20-21st day of gestation. Human brain starts 

developing during the third gestational week (GW), when the neural 

progenitor cells begin to differentiate, forming the first brain structure, the 

neural tube. In rats and mice, the neural tube formation occurs on gestation 

day (GD) 10.5-11 and 9.9.5, respectively.  By the end of the embryonic 

period (GW8), a five-segment primitive nervous system has been 

formed(Stiles, 2008), which continues to evolve into differentiated and 

organized structures, until the end of the fetal period. In humans, the fetal 

period lasts from the 9th GW to the end of gestation and is characterized by 

extreme changes in the developing brain. The smooth „lissencephalic‟ brain 

structure transforms into a mature structure with gyri and sulci (Stiles and 

Jernigan, 2010). The anatomical changes observed in the fetal brain reflect 

the extended cellular changes that take place during development. 

There are three key processes that occur during fetal period: neuron 

production, neuron migration and neuron differentiation. Neuron production 

starts on embryonic day 42 (E42) (Bystron, Blakemore and Rakic, 2008; 

Stiles and Jernigan, 2010). Before this time point, neural progenitor cells 

undergo multiple rounds of symmetrical cell divisions, increasing their 

numbers. After E42 the cell division becomes asymmetrical; each neural 

progenitor divides into a new neural progenitor and one neuron (Wodarz 

and Huttner, 2003). The newborn neurons leave the proliferative zone and 

migrate to the developing neocortex, where they form layers and 

differentiate into different types of mature neurons. The excessive 

connectivity (synapse formation) observed during that period, is much 
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higher than that seen in adults (Innocenti and Price, 2005), but is gradually 

suppressed by processes, like synaptic pruning and cell death. At least 50% 

of the neurons of a brain region die, while up to 50% of synapses are 

eliminated(Stiles and Jernigan, 2010).These processes are considered 

crucial for the normal and effective function of neural circuits (Buss, Sun and 

Oppenheim, 2006). However, the structural and functional changes extend 

after birth, predominantly, during the early postnatal period. 

Studies have identified that key developmental processes and 

behavioral phenotypes are conserved between mammalian species. 

However, several prenatal processes of the human brain development, take 

place postnatally in rodents, such as the establishment of the blood-brain 

barrier (BBB) and the peak in gliogenesis, which occur between 23-40 GW 

in humans, but during the first 10 days after birth in rodents (as reviewed in 

(Semple et al., 2013)). Results from MRI studies have shown that human 

brain volume reaches 90-95% of its adult size by the age of 6, while in 

rodents on postnatal day (PND) 20-21(Giedd et al., 1999; Chuang et al., 

2011).  

The most impressive characteristic of the brain that can be both 

beneficial and disadvantageous is plasticity, which is the ability to adapt in 

environmental stimuli and change its structure and function.  Early 

developing brain is even more capable of adaptation and plasticity. While 

genetic programming firstly determines the brain networks, there is a 

second phase in which brain development is strongly influenced by 

environmental factors, experiences and epigenetic changes. Dendrites and 

spines show high plasticity (synaptic plasticity) in response to external 

stimuli. Synapses can be formed or lost within hours or minutes (Garner et 

al., 2002; Harvey and Svoboda, 2007). However, different developmental 

stages show different levels of synaptic plasticity. Several studies have 

identified time windows of heightened plasticity in brain development, 

namely critical periods. As reviewed in (Hensch and Bilimoria, 2012), in 

humans the peak level of plasticity for sensory pathways is early, during the 

first years after birth, followed by a critical period of language and motor 

skills acquisition, during childhood. The critical period for higher cognitive 



functions appears later in development, peaks after puberty and lasts 

throughout adulthood (Hensch, 2004, 2005). 

Synaptic plasticity can be described as the modification of the strength 

or efficacy of synaptic transmission at synapses. The modification can be 

either enhancement or depression of synaptic transmission and can last 

from milliseconds to hours, days or longer (Citri and Malenka, 2008). 

Synaptic plasticity can be categorized in short-term and long-term, based on 

the maintenance of synaptic transmission alterations. Short-term synaptic 

plasticity lasts for milliseconds to several minutes.  It can be provoked by 

short bursts of activity which increase the calcium concentration in 

presynaptic neurons, altering the probability of neurotransmitter release in 

the synaptic cleft. This type of synaptic plasticity allows synapses to filter the 

information they receive (Citri and Malenka, 2008). In contrast, long-term 

synaptic plasticity describes longer lasting modifications of synaptic 

strength, which can either enhance synaptic activity, referred to as Long-

term potentiation (LTP), or decrease synaptic strength, a phenomenon 

called Long-term depression (LTD). Importantly, the ability of an organism to 

learn and remember depends on the existence of long-term synaptic 

plasticity. In particular, the synaptic plasticity and memory hypothesis 

supports the notion that synaptic plasticity is induced in synapses during 

memory formation and it is both necessary and sufficient for the encoding 

and storage of the memory (Takeuchi, Duszkiewicz and Morris, 2013). 

 

1.1.2 The hippocampal formation 

Hippocampal formation is a subcortical region found in all vertebrates. In 

primates, it is located in the medial temporal lobe and belongs to the limbic 

system of the brain (Fig 1.1). It has a crucial role in memory storage, 

consolidation and recall and deficits in this structure can lead to impaired 

long-term memory. Hippocampal formation can be divided into 3 parts: 

hippocampus proper (HPC) or Ammon‟s horn, dentate gyrus (DG) and 

subiculum (Fig.1.1).  HPC can be further subdivided into four distinct 

subregions, known as CA1-CA4 (CA from cornu ammonis) (Fig.1.1)(Stephan 

and Manolescu, 1980). Although hippocampal formation is considered a 
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phylogenetically primitive brain region, several species differences have been 

found, in terms of cytoarchitecture and connectivity. The main neuronal cell 

types of hippocampal formation are the excitatory pyramidal cells and the 

inhibitory interneurons, which are distributed in layers. HPC contains 6 layers 

(starting from the surface): the alveus (pyramidal neurons axons), the stratum 

oriens (inhibitory cells), the stratum pyramidale (pyramidal neurons and some 

types of interneurons) and three more layers, mostly containing neuronal 

fibers, the stratum lucidum, radiutum and lacunosum-moleculare(D., P. and 

G., 1995) (Fig.1.2). DG consists of 3 cell layers: the polymorphic, the granule 

cell and a cell-free layer, the molecular layer (Amaral, Scharfman and 

Lavenex, 2007). Subiculum is a three-layer structure, which contains a deep, 

polymorphic, a  

Figure 1.1: Hippocampal formation anatomy in rodents, monkeys and humans. a) 

Schematic illustration of the orientation of the hippocampal axis. b) Schematic 

representation of the precise position of hippocampal formation in the brains of 

rats, macaque monkeys and humans. c) Drawings of Nissl cross-sections of mouse, 

rhesus and human hippocampi. A, anterior; C, caudal; D, dorsal; DG, dentate gyrus; 

EC, entorhinal cortex; L, lateral; M, medial; P, posterior; R, rostral; V, ventral;  

 (Strange et al., 2014) 



 pyramidal and a molecular layer, and constitutes a continuation of the 

stratum lacunosum-moleculare of CA1.  

In terms of connectivity, hippocampal formation sends and receives 

signals through three fiber systems: the angular bundle, which connects it with 

the entorhinal cortex (EC), the fimbria-fornix, which provides connection with 

the forebrain, the hypothalamus and the brain stem, and the hippocampal 

commissure, which connects the two parts of hippocampal formation of the 

two hemispheres (Andersen et al. 2007). In its simplest form, the hippocampal 

formation circuit is known as the „trisynaptic circuit‟ (Andersen, Bliss and 

Skrede, 1971) (Fig.1. 3).  Layers 2 and 3 from EC project to the DG granule 

cells (perforant pathway) which are connected to CA3 subfield pyramidal 

neurons (mossy fibers). There is also a direct projection from EC to CA3 

(alvear pathway). The circuit is completed with a third projection, from CA3 to 

CA1 subfield (schaffer collaterals) and back to layer 5 of EC, creating a 

Figure 1.2: Schematic illustration of the histological appearance of the cell layers 

within the hippocampal formation.  

http://what-when-how.com/neuroscience/the-limbic-system-integrative-systems-

part-1/ 
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feedback loop (Fig.1.3).  

Hippocampal formation is one of the most important structures for the 

initial encoding of memories and the navigation in space. The memory 

impairments after lesions in the hippocampal formation of the famous patient 

H.M. (Milner and Scoville, 1957), and the discovery of the „place cells‟ in the 

HPC of rats (O‟Keefe and Dostrovsky, 1971; O‟Keefe, 1976) have been 

milestones in the study of hippocampal formation. Early studies in rodents 

with specific lesions in HPC recapitulated the H.M.‟s amnesic symptom in a 

lesser extent. However it was proved that hippocampal formation has a crucial 

role in memory consolidation (Hölscher, 2003) . Both H.M. patient and 

animals had memories from before the lesions, but had difficulty or were 

unable to learn or remember recent information. In other words, normal 

hippocampal function is required for generating personal or episodic 

memories (Milner and Scoville, 1957). On the other hand, the theory of a 

cognitive map in the „place cells‟ supports that hippocampal cells can hold 

environmental representations, encoding at the same time information 

regarding the direction or the speed of the movement (Hölscher, 2003). 

Additionally, other studies have shown that hippocampal formation is also 

involved in the storage of timing information, which are important for learning 

sequences. In any case, it has been suggested that the mechanisms 

supporting navigation in space are the same with those underlying episodic 

memory. Hippocampal formation receives information from all senses, 

through the EC, and creates episodic memories (autobiographical memory of 

events) or self-referenced maps of the environments one has explored. 

Importantly, using the same mechanisms, the episodic memories and the self-

referenced maps can turn into allocentric, context independent memories 

(Buzsáki and Moser, 2013).  



 

1.1.3 The prefrontal cortex 

The early days of fetal life period are critical in the development of one 

of the most important parts of information processing in the brain, the 

neocortex. Neocortex sends and receives information from subcortical 

nuclei.  It is part of the cerebral cortex of mammals and is the biggest part of 

the human brain.  The largest neocortical area in humans is the prefrontal 

cortex (PFC) (Fig.1.4) which is considered to be a very complex brain area, 

in terms of connectivity with other regions, but mostly in terms of function.  It 

is strategically positioned to coordinate many neural processes, via efferent 

and afferent projections to sensory and motor systems and subcortical 

structures. Like all cortical regions, PFC has two neuronal cell types: the 

excitatory pyramidal cells and the inhibitory interneurons. They are 

distributed in five layers, in contrast to other cortical regions which have 6 

layers, as layer 4 is absent in PFC (Van De Werd et al., 2010). Interneurons 

Figure 1.3: Schematic diagram illustrating the afferent fibers from the entorhinal 

cortex, (perforant and alvear pathways), the internal circuitry, which includes the 

connections of the mossy fibers and Schaffer collaterals and the efferent 

projections of the hippocampal formation through the fimbria-fornix system of 

fibers.  

http://what-when-how.com/neuroscience/the-limbic-system-integrative-systems-

part-1/ 
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can be categorized into different subclasses, based on their morphology 

(e.g. basket or chandelier cells) and the location of their target (e.g. 

perisomatic region or dendrites) or based on their electrophysiological 

profile (fast spiking, adapting, irregular spiking or intrinsic bursting). A very 

common classification is the molecular classification, which divides 

interneurons based on the calcium-binding proteins they express 

(Pravalbumin-, Somatostatin- Calretinin- expressing) (Defelipe et al., 2013). 

Human PFC is divided in many areas, each one of them appears to be 

responsible for distinct aspects of PFC functions, but at the same time, all 

together have to cooperate for normal behaviors.  Human PFC can be 

roughly divided into lateral, medial and orbitofrontal PFC. As part of the 

neocortex, PFC also makes reciprocal connections with thalamus, 

hypothalamus, hippocampal formation, amygdala and other associative 

regions of the brain. As reviewed by Seamans and colleagues (Seamans, 

Lapish and Durstewitz, 2008),  the corresponding regions of the rat PFC 

with regards to the anatomy, function and connectivity, appear to be the 

medial PFC (mPFC), which can be divided into the dorsal part of the 

anterior cingulate cortex (dACC), the Prelimbic cortex (PL) (medial part) and 

the Infralimbic cortex (IL) (ventral part) (Fig.1.4).  Many studies have 

revealed the conservation of PFC circuitry across species.  Generally, the 

rat medial PFC resembles to the primate ACC and dlPFC.  Dorsal ACC in 

rodents is functionally distinguished by the ventral part, as it is activated 

during tasks that require attention and awareness (Margulies et al., 2007), in 

contrast to the ventral part which is linked to affective behaviors (Vogt et al., 

2005). PL and IL cortices are high interconnected regions in rodents, which 

share different roles. PL projects mainly to associative and sensory-motor 

areas of the neocortex, and limbic structures, such as amygdala, while IL 

projects mainly to areas involved in autonomic and visceral activity but in 

general, they have been associated with cognitive and emotional processes 

and anatomically linked with the limbic system (Vertes, 2004). 



PFC is not the brain structure responsible for simple, automatic 

behaviors, but rather for more complicated aspects of behavior (executive 

functions), such as social and emotional control, thinking, judging and 

decision making. One of the most important functions of PFC is working 

memory, which enables us to hold active representations in mind for a few 

seconds. Working memory is not only important as a simple type of memory 

storage. It supports other cognitive functions, including language ability, 

learning, attention, planning and imagining (Goldman-Rakic, 1996). 

Because of its critical role in intelligence, consciousness and in personality 

formation, PFC is often referred as the „‟CEO of the brain‟‟.  Despite its great 

„power‟, PFC has been characterized as one of the most vulnerable brain 

areas and due to its association with psychiatric disorders the prefrontal 

neuron has been given the name of „psychic cell‟, by Dr Patricia Goldman-

Rakic (Goldman-Rakic, 1999). 

 

Figure 1.4: Prefrontal cortex in human and mouse brain. a) Schematic 

illustration of prefrontal cortex division in the human brain. b) Representative 

image of a coronal section of the mouse brain, containing the prefrontal cortex. 

The corresponding regions of the human prefrontal cortex are the dorsal part of 

the ACC, the PrL and the IL cortices. dACC, dorsal anterior cingulate cortex; PrL, 

Prelimbic; IL, Infralimbic 
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1.1.4 Sex differences in normal brain function 

Sex is rarely incorporated as a variable by researchers and the vast 

majority of research and experiments are being conducted in male subjects. 

However, several sex differences have been observed in the brain, both in 

normal and pathological function.  For example, recently, it was found that 

synaptic pruning of medial PFC is documented in both male and female 

adolescent rats, whereas only female rats lose a significant number of 

dendrites (Koss et al., 2014).  Similarly, the increase in the volume of white 

matter under PFC continues in both male and female rats as they reach 

adulthood.  However, at Postnatal day 90, white matter is larger in males than 

females (Markham, Morris and Juraska, 2007).  Finally, it has been found that 

female but not male rats lose a significant number of neurons in the mPFC 

between PD 35 and 45(onset of puberty), suggesting that pubertal hormones 

may influence the anatomical changes observed in PFC. 

 

1.2 Schizophrenia 

1.2.1 Schizophrenia pathology 

Schizophrenia (SZ) belongs to the broader family of schizophrenia 

spectrum and other psychotic disorders. It is a chronic, severe mental 

disorder with more than 21 millions of people affected worldwide, according to 

the latest data from the World Health Organization (http://www.who.int/). 

People who suffer from SZ lose contact with reality and are incapable of 

everyday functioning (Harvey et al., 2012). Its symptoms are mainly 

categorized in positive (e.g. delusions, hallucinations), negative (e.g. avolition, 

blunted emotion) and cognitive (e.g. working memory deficits), and arise after 

late adolescence/early adulthood (Arguello et al., 2010; Stahl, 2013). The 

most frequently reported neural deficits of SZ are thinning of the cortex, 

especially of the PFC (Cannon et al., 2002), down-regulated expression of the 

γ-aminobutyric acid (GABA) synthesis enzyme GAD-1 in several cortical 

regions, including the PFC (Mitchell et al., 2015) and excessive striatal 

Dopamine release (Kegeles et al., 2010).  



During the last 50 years, extensive research concerning the 

pathophysiology and the underling mechanisms has revealed the multi-

factorial character of SZ. Twin studies and Genome-wide studies have 

revealed several susceptible genetic loci for the risk of schizophrenia, as well 

as possible epigenetic mechanisms that might contribute to its manifestation, 

whereas epidemiological results have linked the risk of SZ with environmental 

factors (reviewed in (Gejman, Sanders and Duan, 2010). Most recent findings 

(Hilker et al., 2017) revealed a 79% heritability of SZ, suggesting a high 

genetic risk. However the low concordance rate of 33% reported in 

monozygotic twins, could imply that an environmental dimension might be 

needed to trigger the emergence of the disorder.  

 

1.2.2 Schizophrenia hypotheses 

Despite the great effort of scientific community, the precise contributions 

and interactions of genetic, environmental or other stochastic factors remain 

unclear. However, several hypotheses have been proposed for the 

pathophysiology of SZ. First, the dopamine (DA) hypothesis proposed initially 

that excessive DA transmission in the brain was responsible for schizophrenic 

symptoms, and was reconceptualized (Davis et al., 1991) and formulated as a 

subcortical hyper-dopaminergic and prefrontal hypo-dopaminergic condition 

(reviewed in (Howes and Kapur, 2009; Brisch, 2014). When the Glutamate 

hypothesis started to emerge (Carlsson and Carlsson, 1990), it was proposed 

that SZ is a state of NMDA receptor hypofunction in the brain (Olney, 

Newcomer and Farber, 1999), shifting the scientific community towards 

another neurotransmitter system for the etiology of the disease (reviewed in 

(Nakazawa et al., 2012; Snyder and Gao, 2013). But growing evidence 

strengthens the neurodevelopmental hypothesis of SZ which supports the 

notion that SZ arises as a consequence of disturbed nervous system 

development, leading to inadequate or poorly innervated brain. The theory 

was formulated thirty years ago (Weinberger, 1987) and has gained a lot of 

support since then. It does not exclude a genetic dimension, while it involves 

environmental and other stochastic factors, like prenatal viral infections or 

obstetric complications, including hypoxia and ischemia, all affecting the 
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normal brain development and function, possibly synergistically (Fatemi and 

Folsom, 2009). The fact that SZ symptoms arise after late adolescence/ early 

adulthood is in agreement with a neurodevelopmental model of the disorder, 

where deficits occur early in development, but impact function and behavior 

when the maturation of the brain is complete. As a consequence of the 

complexity of SZ, the current approved pharmacotherapy includes anti-

psychotic drugs which reduce some positive symptoms of psychosis, at a cost 

of several side effects, and with minimal improvement on cognitive or negative 

symptoms. In some cases, the intolerable side effects and the toxicity from 

medications increase the number of non-compliant patients, emphasizing, at 

the same time, how crucial is to better understand the complexity of SZ and 

design new therapeutic approaches and more effective medication. 

 

 

1.2.3 Sex differences in schizophrenia 

As reviewed by McCarthy and colleagues (McCarthy et al., 2012), there 

are important sex differences in cognitive and emotional responses relevant to 

learning and memory, fear, anxiety, as well as the risk and consequences of 

several neurological disorders, such as Parkinson‟s  and Huntington‟s 

disease. With regards to SZ, it is well reported that the risk of developing SZ 

is up to 4 times higher in males, with more severe symptoms and an earlier 

onset reported (Abel, Drake and Goldstein, 2010). In particular, men exhibit 

more negative symptoms and cognitive deficits, compared to women (Leung 

and P Chue, 2000; Abel, Drake and Goldstein, 2010). Studies have reported 

poor performance in tasks evaluating attention and executive functions, in 

male patients (Goldstein et al., 1994; Seidman et al., 1997; Hoff et al., 1998). 

On the other hand, female patients show more affective symptoms 

(Szymanski et al., 1995; Koster et al., 2008; Morgan, Castle and Jablensky, 

2008) and tend to exhibit more intense auditory hallucinations and delusions, 

compared to men(Goldstein et al., 1998; Leung and Pierre Chue, 2000). 

However, it has been shown that women with SZ perform better at cognitive 

tasks, compared to males (Fiszdon et al., 2003; Bozikas et al., 2010) and tend 

to respond better in anti-psychotic treatments, at lower doses, although their 



response seems to depend on several factors (e.g. treatment type, 

menopause stage) (Abel, Drake and Goldstein, 2010). The precise 

mechanisms underlying the sex differences in symptomatology, emergence 

and treatment of SZ still have not been elucidated, leaving great gaps in our 

understanding of SZ pathology and the development of more effective 

treatments for both men and women.  

 

 

Chapter 2 
 

2.1 Introduction 

 

2.1.1 Modeling Schizophrenia 

2.1.1.1 Animal models of Schizophrenia 

Despite the extended research on humans, the scientific community has 

obtained significant information concerning SZ etiopathology from animal 

model studies. A reliable animal model should present symptom homology 

(face validity), replicate the theoretical neurobiological base of the disease 

(construct validity) and show the expected pharmacological response or lack 

of it, after treatment with known antipsychotics or novel drugs tested 

(predictive validity). All animal models try to recapitulate the core symptoms of 

the disorder and the timing of the anomalies manifestation and are sorted in 

four categories: drug-induced, genetic manipulation, lesion and 

neurodevelopmental models.  Drug-induced models use substances like 

amphetamine, phencyclidine or dizocilpine (MK-801) which act on 

dysfunctional-in-SZ neurotransmitter systems, like dopamine and glutamate 

systems (C. Jones, Watson and Fone, 2011). A significant number of studies 

support the validity and superiority of the PCP over the Amphetamine model, 

even though a few discrepancies weaken its power (C. Jones, Watson and 
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Fone, 2011). Genetic mouse models have been invaluable in understanding 

the genetic dimension of SZ. In most cases, they replicate the mRNA or 

protein alterations observed in the human condition, while helping to connect 

individual schizophrenia endophenotypes with underlying risk genes. Four 

well-known genetic mouse models lack or carry mutations in genes 

expressing synaptic proteins: the Disrupted in schizophrenia-1 (DISC-1) 

mouse model, the Reeler mouse, the Dysbindin mutant and the Neuregulin 1 

mutant mouse (C. Jones, Watson and Fone, 2011). The neonatal ventral 

hippocampal lesion model of SZ is the most widely used lesion model. It is 

produced by injecting the excitotoxin, ibotenic acid locally, during postnatal 

day 7 (Lipska, Jaskiw and Weinberger, 1993).. Neurodevelopmental models 

can be generated by prenatal or perinatal exposure to adverse environmental 

factors, such as stress (post-weaning social isolation stress model) (Fone and 

Porkess, 2008), maternal immune activation (Poly I:C prenatal exposure 

model) (Reisinger et al., 2015)or neuroblasts proliferation disruption 

(gestational MAM model)(Moore et al., 2006; Lodge, Behrens and A. A. 

Grace, 2009). Importantly, the majority of the behavioral and cellular 

alterations resembling SZ phenotype appear progressively after puberty, 

resembling the human condition. 

 

2.1.1.2Gestational MAM 17 model in rats 
 

The MAM model of SZ has been developed and characterized in rats. It 

utilizes the anti-mitotic (anti-proliferative) agent Methylazoxymethanol acetate 

(MAM), in pregnant rat dams at gestation day 17 (GD17). It targets specifically 

neuroblasts development without affecting glial cells, while disturbing the 

normal brain development of offspring. As reviewed by Jones and colleagues 

(C. Jones, Watson and Fone, 2011), different gestation days of MAM 

treatment have been tested, finally concluding that when MAM is injected 

before GD15, the behavioral and histological deficits are too extensive and 

that GD17 constitutes the optimal day in rats.  Prenatally-exposed rats (MAM-

17 rats) show behavioral, histological and molecular abnormalities which 

resemble to SZ phenotype and arise after puberty.  In particular, at the 



behavioral level, MAM-17 rats show enhanced locomotor activity in response 

to amphetamine (Moore et al., 2006) or MK-801, and spontaneous 

hyperactivity when placed in a novel environment  (Le Pen et al., 2006), all 

considered as equivalent to positive symptoms of SZ. Additionally, these 

animals show sensorimotor gating problems, as revealed by impaired 

Prepulse inhibition (PPI) of the acoustic startle reflex (Le Pen et al., 2006; 

Moore et al., 2006; Hazane et al., 2009), a cross-species measure, also 

disrupted in human condition, and deficits in social behavior (Flagstad et al., 

2004; Gourevitch et al., 2004; Le Pen et al., 2006; Hazane et al., 2009), which 

is interpreted as the equivalent of negative symptoms of SZ. Several studies 

have revealed cognitive deficiencies in MAM-17 rats, including impairments in 

spatial learning and memory (Gourevitch et al., 2004; Hazane et al., 2009; 

Gastambide et al., 2015a; Ratajczak et al., 2015a) contextual discrimination 

deficits(Gill, Miller and Grace, 2017), impaired cognitive flexibility (Moore et 

al., 2006) and deficits in problem-solving procedure (Robert E Featherstone et 

al., 2007). Despite the fact that MAM-17 rats show difficulties in learning 

working memory tasks (Howe et al., 2015), their performance is found normal, 

as well as their sustained attention ability (Robert E Featherstone et al., 

2007). Histological findings have shown decreased total brain weight in MAM-

17 rats  (Flagstad et al., 2004) and reduced thickness in cortical and 

subcortical regions, including HPC, PFC, dorsal striatum and 

hypothalamus(Flagstad et al., 2004; Moore et al., 2006; Robert E 

Featherstone et al., 2007; Matricon, Bellon, Frieling, Kebir, Le Pen, Beuvon, 

Daumas-Duport, Thérèse M Jay, et al., 2010; Sanderson et al., 2012), which 

have been observed in human patients. Also, laminar disorganization in the 

entorhinal cortex, heretopias in CA3 subregion of HPC, along with decreased 

neuronal soma size has been reported (Matricon, Bellon, Frieling, Kebir, Le 

Pen, Beuvon, Daumas-Duport, Thérèse M Jay, et al., 2010) in the brain of 

MAM-17 rats. The face validity of the MAM 17 model in rats is further 

supported by evidence of dysregulated Dopamine system (reviewed (Grace, 

2017)) and Parvalbumin loss in ventral subicullum, dorsal hippocampus 

regions and medial PFC (Penschuck et al., 2006; Lodge, Behrens and A. a 

Grace, 2009; Kathryn M Gill and Grace, 2014). With regards to synaptic 

transmission, a few electrophysiological deficits have been found in MAM-17 
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rats, including hyperactivity of Ventral tegmental area dopamine neurons 

(Lodge and Grace, 2007), alterations in synaptic plasticity of Nucleus 

accumbens after HPC neurons activation, but unaltered synaptic plasticity 

(Sanderson et al., 2012). The predictive validity of GD17 MAM model has 

recently started to be tested by few studies, using anti-psychotic drugs(Valenti 

et al., 2011; Belujon, Patton and Grace, 2014) or treating animals with a novel 

a5GABAA benzodiazepine-positive allosteric –modulator (Gill, Miller and 

Grace, 2017), to ameliorate psychotic-like symptoms, or using a novel 

mGluR5positive allosteric modulator to restore cognitive deficits (Gastambide 

et al., 2012). Most recently, peripubertal diazepam treatment was tested for its 

efficacy in attenuating/restoring specific behavioral and physiological 

phenotypes of MAM-17 rats (Du and Grace, 2013, 2016).    

 

2.1.2 Aim of the study 

As mentioned earlier, a reliable animal model should meet the triad of 

validity criteria and it seems that the GD17 MAM model in rats fulfills them. 

The fact that it is based on the neurodevelopmental hypothesis of SZ, the 

leading theory for the pathophysiology of the disorder, together with the 

absence of confounding drugs or surgical interventions in the offspring, as 

seen in pharmacological and lesion models, can be considered important 

advantages of this model (C. Jones, Watson and Fone, 2011). On the other 

hand, genetic models have largely contributed in understanding specific 

genes impact on certain endophenotypes of SZ, but cannot replicate the 

complexity of the disorder. The need of creating more advanced animal 

models to study complex psychiatric disease, such as SZ, is growing. Genetic 

and environmental factors need to be integrated by developing animal models 

that will be based on gene-environment interaction (Ayhan et al., 2009; 

Papaleo, Lipska and Weinberger, 2012; McOmish, Burrows and Hannan, 

2014). Therefore, we pursued the development aim of MAM model in mice. 

Given the difficulties in the development of genetic rat models, along with the 

increased number of genetic mouse models that already exist, we believe that 

this would give us in the near future, the possibility to create an advanced 

animal model, by incorporating genetic and environmental dimensions in one 



model. This would help to better understand the complexity of SZ, the 

potential pathogenic or protective function of certain genes and gene 

mutations, even at specific time points of development. In addition, we aim to 

validate the MAM model in both sexes, as SZ affects both men and women.  

Although a higher incidence is observed in men, along with an earlier age of 

onset and a more severe phenotype, women patients also suffer from the 

disorder. Hence, it is important to investigate both sexes in an effort to 

elucidate the underlying mechanisms that lead to the sexual dimorphism, 

which could help the development of more effective therapeutics.  

 

 

2.2 Materials and Methods 

 

2.2.1 Animals and MAM treatment 

All experiments were conducted in adult (>3 months old) C57BL/6 male 

and female offspring of pregnant dams treated with either saline or MAM. 

Mice were housed in groups (3-4 per cage) and provided with standard 

mouse chow and water ad libitum, under a 12 h light/dark cycle (light on at 

7:00 am) with controlled temperature (23 +/- 1 Celsius). All procedures were 

performed according to the Guidelines of the Research Ethics Committee of 

the University of Crete and the European Union ethical standards outlined in 

the Council Directive 2010/63EU of the European Parliament on the 

protection of animals used for scientific purposes. 

Time pregnant dams received intraperitoneal (i.p.) injections of MAM (MRI 

global, Kansas City, MO) (26mg/kg) or saline (1ml/kg) on GD 16 or 17. 

According to species comparison of Carnegie stages of embryonic 

development(https://embryology.med.unsw.edu.au/embryology/index.php/Carnegie

_Stage_Comparison), GD16 rather than GD17 of mice corresponds better to 

the GD17 of rats, regarding the morphological development of the embryo. In 

addition, the latest predictive model (Workman et al., 2013) proposes that 

equivalent maturation stages of brain development between mouse and rat 

differ 1-2 days, with the latter maturing later. Based on these data, we initially 

https://embryology.med.unsw.edu.au/embryology/index.php/Carnegie_Stage_Comparison
https://embryology.med.unsw.edu.au/embryology/index.php/Carnegie_Stage_Comparison
https://embryology.med.unsw.edu.au/embryology/index.php/Carnegie_Stage_Comparison
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tested mice treated on both GDs in validation experiments, referred from now 

on as MAM-16 and MAM-17mice. We continued our study using the offspring 

with the most intense phenotype to reduce the number of animals used. All 

injections were conducted between 01.00-03.00p.m. Time pregnant BALB/c 

dams were used as foster mothers, until pups were weaned on day 25.  

All behavioral experiments were conducted between 10.00a.m.-5.00p.m.. 

 

2.2.2 MK-801 challenge 

 Locomotor hyperactivity in response to MK-801 was assessed in a total 

of 30 female animals, 10 mice per group (saline, MAM-16, MAM-17). Animals 

were moved to the experimentation room, 1 h prior the test, for acclimation. 

The experiment took place under low illumination conditions. Animals were 

placed in an open field arena (45x45x45cm) for a 3-hour habituation period. 

After subcutaneous (s.c.) saline injection (1ml/kg), they were placed back to 

the arena for 30 minutes, and finally they received an i.p. injection of MK-801 

and placed back for 90 more minutes. Locomotor activity was video-recorded 

during the whole task, using a recording camera. All videos were analyzed 

with ANY-maze tracking software. For each animal, total distance traveled 

was measured throughout the experiment in 10min bins.  

 

2.2.3 Prepulse Inhibition (PPI) of the acoustic startle reflex 

 The expression of PPI of the acoustic startle reflex was assessed in a 

total of 27 male mice (10 saline, 12 MAM-16 and 7 MAM-17). We used a 

custom-made PPI apparatus, which consisted of a mini-chamber (3x7x2cm), 

located inside a ventilated plywood sound attenuating box, dimly lit. Animals 

were habituated to the mini-chamber prior to testing for 3 non-consecutive 

days, 10 minutes each day, to reduce anxiety levels. All acoustic noise bursts 

and background noise were delivered through a computer, connected to a 

speaker located inside the box. Throughout the habituation sessions a 

background noise level of 68dB was maintained. At testing day, after a 7-

minute acclimation period (68dB background noise), animals were submitted 

to a series of 5 startle stimuli, referred as pulse-alone (115dB, duration 50ms), 



with inter-trial intervals of 20-25 seconds, aiming to accustom the animals to 

the startle pulses. Subsequently, animals received 15 pulse-alone (115dB, 

50ms), 15 prepulse+pulse, where the prepulse was 6-12 dB above 

background, had duration of 20ms and inter-stimulus interval between the 

prepulse and the pulse 40ms, and 10 prepulse-alone stimuli, pseudo-

randomly presented every 20-25 sec. The behavior of the animal was 

monitored throughout the task, using a camera placed inside the box.  Animal 

response to each noise burst was tracked with OpenVision control tracking 

software, exported as image processing data and analyzed with custom-made 

Matlab code (http://github.com/NBLab/PPI). In order to calculate the startle 

response, 5 image frames before each sound (1 sec) and 1 image frame after 

each sound (20msec)were analyzed for animal movement. Animal movement 

was counted as the number of pixels that changed from one frame to the 

other. Startle amplitude was calculated as the ratio of the number of moved 

pixels after the sound to the number of moved pixels before the sound. Mean 

amplitude of startle response to pulse alone (P) and Prepulse+pulse (PP+P) 

trials, was calculated for each animal. The level of PPI was assessed by 

expressing the Prepulse+pulse response amplitude as a percentage decrease 

from pulse alone response amplitude, using the following formula: %PPI=100-

[100 x (PP/P)]. 

 

2.2.4 Contextual fear conditioning 

 The contextual fear conditioning paradigm was used to assess fear 

memory formation, as outlined before (Nikoletopoulou et al., 2017), in 17 

female (8 saline and 9 MAM-16) and 19 male (8 saline and 11 MAM-16) mice. 

Specifically, animals were transferred to the experimentation area 1 h prior 

the experiment for acclimation and at every single day of the task, both 

groups of animals (saline and MAM-treated) were used.  On the 1st day of the 

experiment (training day), mice were placed in the fear-conditioning chamber 

(MedAssociates, St Albans, VT, USA), which was controlled through a 

custom-made interface connected to the computer, for 10 minutes. After a 7 

min of habituation to the chamber, a mild electrical foot shock (0.7mA, 1sec) 

http://github.com/NBLab/PPI
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was delivered and the animal remained for another 3 minutes. The following 

day, mice were returned to the training chamber but did not receive any 

electrical shock. The activity of each animal was recorded and freezing 

behavior was analyzed with the JWatcher software 

(http://www.jwatcher.ucla.edu/). Every 5 seconds the observer scored the 

behavior of the animal (moving or not moving-freezing) and the freezing 

behavior was calculated using the formula:  %freezing=[not moving/(moving + 

not moving)].  

 

2.2.5 Delayed alternation task in the T-maze 

 The T-maze apparatus includes a start arm and two goal arms (45X5cm 

each). The delayed alternation task in the T-maze is a classic behavioral task 

used for the study of working memory(Konstantoudaki et al., 2018). 15 female 

(7 saline and 8 MAM-16) and 16 male (8 saline and 8 MAM-16) were tested. 

Mice were initially handled by the experimenter for about a week, food-

restricted so that animals maintained 85-90% of their initial weight and then 

habituated in the T-maze apparatus for 2 days. Mice were subjected to 10-trial 

sessions, 3 sessions per day. At the first trial of each session, mice were 

allowed to freely choose between the right or left goal arms. In the following 

trials, mice had to alternate the goal arms in order to receive reward, initially 

with no temporal delay between the trials. Once they reached a pre-defined 

criterion for the alternation procedure (i.e., 2 consecutive sessions of ≥70% 

correct choices (performance), delays were introduced starting at 5 seconds 

and increasing by 5 seconds when the criterion for each delay was achieved, 

until mice completed the alternation procedure with a 15 seconds delay. Upon 

successful completion of the above mentioned trials, mice were tested for 2 

days, 3 sessions a day, in a random set of delays ranging from 5 seconds to 

25 seconds in order to better test performance in the working memory task. 

 



2.2.6 Tissue preparation  

 For the histological experiments 3-6 animals per group were used. Mice 

were deeply anesthetized with 20mg/ml avertin (250mg/kg, i.p.), perfused with 

phosphate buffer saline (PBS) and subsequently withice cold phosphate-

buffered 4% paraformaldehyde. Brains were removed, post-fixed for 24 hours 

and preserved in PBS-azide at 4oC, until slicing with a vibratome (VT1000S, 

Leica Microsystems, Wetzlar, Germany). 40-κm-thick coronal slices were cut 

sequentially in sets of four sections. 3-5 sections per animal were used for 

neuroanatomy and immunohistochemistry experiments, which corresponded 

to different rostro-caudal levels of the brain.  

 

2.2.7 Neuroanatomy based on Nissl staining 

 Slices containing the PFC, HPC or barrel cortex (BC) were stained with 

cresyl violet, as previously described (Konstantoudaki et al., 2016). Briefly, 

sections were incubated in xylene (5min), 90% and 70% ethanol solutions 

(3min), dH2O, followed by 10-min incubation in 0.1% Cresyl Violet solution. 

Sections were then dehydrated with increasing concentrations of ethanol 

(70%, 90%,100%), incubated in xylene for 5min and coverslipped with 

permount. Sections containing PFC were taken from Bregma 2.22 to 1.70 

mm, sections containing dorsal HPC were taken from Bregma -1.34 to -

2.06mm and finally, sections containing BC corresponded to three different 

levels: Bregma -0.94 to -1.22mm, -1.34 to -1.70mm and -1.82 to -2.06mm.  

This categorization aimed to minimize the bias in the measurements, if BC 

thickness changed along the rostro-caudal axis. Images from whole sections 

were obtained in 5x magnification of a light microscope (Axioskop2FS, Carl 

Zeiss AG, Oberkochen, Germany). Multiple overlapped pictures were taken 

for each slice and merged using Adobe Photoshop CS6 software. We 

measured cortical thickness for PFC and BC as well as the horizontal and 

vertical dimensions of HPC. According to the literature, three subdivisions of 

PFC have been recognized, in terms of cyto-architecture, chemo-anatomy, 

connectivity and function (Heidbreder and Groenewegen, 2003; Etkin, Egner 

and Kalisch, 2011; Giustino and Maren, 2015), namely the anterior cingulate 
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(ACC), prelimbic (PrL) and infralimbic (IL) cortices. The width of each different 

subdivision was measured from midline to the beginning of the white matter. 

For HPC, a horizontal straight line was taken from the dorsal tip of the third 

ventricle, reaching the corpus callosum, for the horizontal plane measurement 

and a vertical straight line was taken in the middle of the natural curve the 

structure forms, extending until the beginning of thalamus. The exact position 

of the BC was identified using the online mouse brain atlas (http://www.brain-

map.org/). Two vertical lines from the edge of corpus callosum, reaching layer 

I of the cortex (650κm in between distance) were used for thickness 

measurement. To ensure the accuracy of the measurements, the two lines 

were taken 260κm inwards the approximate borders of BC. The average of 

the two measurements was calculated and used for the analysis. All area 

measurements were conducted manually, using Adobe Photoshop CS6 

software. 

 

2.2.8 Fluorescent immunohistochemistry 

 Free floating sections, adjacent to the Nissl-stained sections, containing 

PFC or HPC (as described above) were stained using indirect fluorescent 

immunohistochemistry for detection of PV–containing interneurons. Briefly, 

sections were rinsed with Tris-buffered saline (TBS, 1M), blocked for 90 

minutes with 10% fetal bovine serum (FBS), 0.4% Triton in TBS-Tween 0.01% 

and incubated with primary antibody (rabbit-polyclonal anti-PV, 1:3000, PV27, 

Swant, Inc., Switzerland) in 5% FBS, 0.2% Triton in TBS-Tween 0.01%, 

overnight at 4oC. Sections werethen incubated in secondary antibody (Goat-

anti-rabbit, Alexa-488 conjugated, 1:500, Thermo Fisher Scientific, Inc., 

U.S.A.) for 2 hours at room temperature. They were subsequently rinsed with 

TBS-Tween 0.01% and incubated with Propidium Iodide in TBS for 7 minutes, 

after a 30 minute incubation with RNAseA (Quiagen, Inc., U.S.A.) in TBS.  

Finally, sections were rinsed with TBS, mounted onto slides and coverslipped 

with Mowiol solution. After PV immunostaining, images were obtained with a 

confocal microscope (Leica TCS, SP1, Leica Microsystems, Mannheim, 

Germany) using the 10x objective. Multiple overlapped pictures were taken for 

http://www.brain-map.org/
http://www.brain-map.org/


eachregion of interest and merged using Adobe Photoshop CS6 software.  

For HPC containing sections, PV-positive cells were counted manually for the 

CA1 area. For PFC-containing sections, PV-positive cells were summed in the 

ACC and PrL areas. Merged images were cropped in the regions of interest, 

according to mouse brain atlas and the background color of each cropped 

image was converted to black, while the cells were colored green. Images 

were then loaded into Matlab, where the number of green cells was counted 

in each image, regardless of staining intensity. 

 

2.2.9 Electrophysiology 

 Electrophysiological experiments were performed using the in vitro slice 

preparation as previously described (Konstantoudaki et al., 2016). Mice were 

decapitated under halothane anesthesia. The brain was removed immediately 

and placed in cold, oxygenated (95% O2 / 5% CO2) artificial cerebrospinal fluid 

(aCSF) containing (in mM): 125 NaCl, 3.5 KCl, 26 NaHCO3, 1 MgCl2 and 10 

glucose (pH= 7.4, 315 mOsm/l). The brain was blocked and glued onto the 

stage of a vibratome (Leica, VT1000S, Leica Biosystems GmbH, Wetzlar, 

Germany).  400-κm-thick brain slices containing either the PFC or the HPC 

were taken and were transferred to a submerged chamber, which was 

continuously superfused with oxygenated (95% O2 / 5% CO2) aCSF 

containing (in mM): 125 NaCl, 3.5 KCl, 26 NaHCO3, 2CaCl2, 1 MgCl2 and 10 

glucose (pH= 7.4, 315 mOsm/l) at room temperature. After 1-2 hours of 

equilibration, slices were transferred to a submerged recording chamber, 

which was continuously superfused with oxygenated (95% O2 / 5% CO2) 

aCSF(same as constitution as the one used for maintenance of brain slices), 

at room temperature. Extracellular recordings were conducted in one or two 

slices per animal for each region studied.    

For HPC recordings, extracellular recording electrodes filled with NaCl 

(2M) were placed on pyramidal layer of CA1 subregion of dHPC containing 

slices (Bregma -1.34 to -2.06mm).  Platinum/iridium metal microelectrodes 

(Harvard apparatus UK, Cambridge, UK) were placed on CA1 subregion, 

about 300κm away from the recording electrode and near CA3 subregion. For 
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PFC recordings, both the recording and stimulating electrodes were placed on 

layer II/III, (in-between distance 300κm), of PFC-containing slices (Bregma 

2.22 to 1.70 mm). Stimulation of the regions evoked field excitatory 

postsynaptic potentials (fEPSPs) that were amplified using a Dagan BVC-

700A amplifier (Dagan Corporation, Minneapolis, MN, USA), digitized using 

the ITC-18 board (Instrutech, Inc, Longmont, CO, USA) on a PC, using 

custom-made procedures in IgorPro (Wavemetrics, Inc, Lake Oswego, OR, 

USA). The electrical stimulus consisted of a single square waveform of 

100κsec duration given at intensities of 0.05-0.3mA, generated by a stimulator 

equipped with a stimulus isolation unit (World Precision Instruments, Inc, 

Sarasota, FL, USA).  

 

2.2.10 Data acquisition and analysis 

Data were acquired and analyzed using custom-written procedures in 

IgorPro software. The fEPSP amplitude was measured from the minimum 

value of the synaptic response (4-5 ms following stimulation) compared to the 

baseline value prior to stimulation. Both parameters were monitored in real-

time in every experiment. A stimulus-response curve was then determined 

using stimulation intensities between 0.05 and 0.3mA. For each different 

intensity level, two traces were acquired and averaged.  Baseline stimulation 

parameters were selected to evoke a response of 1mV. For the long-term 

potentiation experiments, baseline responses were acquired for at least 20 

minutes. Then two theta-burst stimulation trains (5 bursts of 100Hz/5Hz) were 

applied in dHPC-containing slices, while three 1second tetanic stimuli (100Hz) 

with an inter-stimulus interval of 20 seconds were applied in PFC containing 

slices. Finally, responses were acquired for at least 30 minutes and 50 

minutes post theta-burst and post-tetanus, for HPC and PFC recordings, 

respectively. Synaptic responses were normalized to the average 10 minutes 

pre-theta burst/pre-tetanic fEPSP.  

 

 



2.3 Results 
 

The MAM model has not been previously studied in mice. Therefore, we 

first conducted validation experiments, in three groups of animals: a) mice that 

were in injected with saline at GD16 (saline group), b) mice that were injected 

with MAM at GD17 (MAM-17 group), which is the same injection time-point as 

in rats, and c) mice that were injected with MAM at GD16 (MAM-16 group), 

the time point that we predict will have a stronger phenotype and similar to the 

rat MAM model. The validation experiments included the investigation of 

histological alterations of the HPC, PFC and BC, behavioral tests of 

„schizotypic-like‟ symptoms (MK-801-induced hyperlocomotion in female mice 

and PPI of the acoustic startle reflex test in male mice), due to sexual 

dimorphic results reported in the literature (see discussion below), as well as 

immunostaining for the PV protein, in both sexes. 

 

2.3.1 Morphological alterations in brain regions after MAM exposure 
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Histological analysis, using Nissl staining, revealed anatomical alterations 

Figure 2.1: Anatomical alterations in cortical and subcortical brain regions. A) 

Representative images of coronal sections containing the dorsal hippocampus of 

Saline- and MAM- exposed male and female mice. B) Bar graphs showing the vertical 

(V) and horizontal (H) plane measurements in each group.  

C) Representative images of coronal sections containing the prefrontal cortex. D) Bar 

graphs showing the width of each subregion.  

E) Representative images of coronal sections containing the Barrel cortex. F) Bar 

graphs showing the absence of differences in barrel cortex thickness between saline 

and MAM-exposed mice, in both sexes. MAM, methylazoxymethanol acetate; ACC, 

Anterior cingulate cortex; PrL, Prelimbic; IL, Infralimbic).  

 



in cortical and subcortical brain regions in MAM treated mice. For HPC, a 

decrease in the vertical plane of the hippocampal formation in female MAM-17 

mice (Kruskal-Wallis test, p=0.03) and a trend towards a decrease in female 

MAM-16 mice (Kruskal-Wallis test, p=0.08) were observed (Fig. 2.1A, B). 

Similar effects were identified in male mice, in which both MAM-16 and MAM-

17 mice exhibit significantly reduced vertical dimension, compared to saline-

treated mice (Kruskal-Wallis test, p=0.01 and p=0.03, respectively). At the 

horizontal plane, analysis revealed a significant effect of MAM treatment in 

female mice for both MAM-16 (Kruskal-Wallis test, p=0.006) and MAM-17 

group (Kruskal-Wallis, p=0.02) but no significant alterations were observed in 

either group of MAM-treated male mice, compared to saline-treated mice 

(Kruskal-Wallis test, p=0.70and p=0.30, for MAM-17 and MAM-16, 

respectively) (Fig. 2.1A, B). 

For the PFC, we analyzed the width of ACC, PrL and IL. ACC width was 

found statistically decreased in MAM-16 female and in MAM-16 male mice, 

compared to their respective saline-treated mice (Kruskal-Wallis test, 

p=0.02and p=0.006, respectively), whereas no alterations were observed in 

MAM-17 female and male mice (Kruskal-Wallis test, p=0.43) (Fig. 2.1C, D). 

No significant alterations were found in the width of PrL subregion between 

MAM-treated and saline-treated animals (Kruskal-Wallis test, p=0.20 for both 

females and males [MAM-16/MAM-17]). Additionally, the analysis of the IL 

cortex width showed a trend for thinning only in female MAM-16 mice 

(Kruskal-Wallis test, p=0.06) and no alterations in male MAM-16 mice 

(Kruskal-Wallis test, p=0.35) or MAM-17 mice groups (Kruskal-Wallis test, 

p=0.71 and p=0.60, for females and males, respectively). Finally, no 

significant differences were identified between MAM-16, nor MAM-17 and 

saline-treated mice in BC of females (Kruskal-Wallis test, p=0.80 and 0.60, 

MAM-16 and MAM-17, respectively) and or males (Kruskal-Wallis test, p=0.60 

and.1 for MAM-16 and MAM-17, respectively) (Fig. 2.1E, F). 
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2.3.2 Schizotypic-like symptoms in MAM mice 

We subsequently examined the possible schizotypic-like symptoms of the 

MAM-treated mice at the behavioral level, such as the enhanced locomotor 

activity in response to an MK- 801 challenge and the reduced PPI of the 

acoustic startle reflex. Animals were separated by sex, in an effort to reduce 

the number of subjects used. In particular, female mice were examined for 

their locomotor activity in response to MK-801, since females are more 

sensitive in this task (Andiné et al., 1999). Male mice were used in the PPI 

task, as there have been indications for control females exhibiting reduced 

levels of PPI (Kumari, Aasen and Sharma, 2004; Matsuo et al., 2016).  

In female mice, no differences were observed among the groups with 

regards to locomotor activity during the first three hours of the test or the 



Figure 2.2: Schizotypic-like’ phenotype of male and female MAM-treated mice. 

A-B. Locomotor hyper-activity of female mice after systemic treatment with MK-801. 

A) Line plot showing the locomotor activity in the open field, expressed as distance 

(m) travelled, during habituation phase (0-180min), after saline injection (180min-

210min) and after treatment with 0.2mg/kg of MK-801 (210min-300min). B) Bar 

graph showing the mean total distance travelled for each group, during the first 50 

minutes after the MK-801 injection. C-D. Prepulse inhibition of the acoustic startle 

reflex of male mice. C) Bar graphs showing the mean startle response of each group 

at pulse alone (Pulse) and prepulse – pulse (PP) trials. D) Percent of Prepulse 

inhibition.            

30min after saline (s.c.) injection.  In all groups, locomotor activity decreased 

over time, indicative of normal habituation in the apparatus. Administration of 

MK-801 (0.2 mg/kg, i.p.) resulted in enhanced locomotor activity in all groups 

(repeated measures ANOVA, F(2,27)=3.47,p=0.04). Post-hoc analysis showed 

a significant effect of MAM treatment in the MAM-16 group (p=0.04), but no 

significant effect of MAM exposure in the MAM-17 group (p=0.5) (Fig. 2.2A). 

In addition, analysis of the total distance travelled, showed that MAM-16 mice 

had already travelled significantly longer inside the apparatus 50 minutes after 

the MK-801 injection (post-hoc LSD test, p=0.02), compared to saline-treated 

mice, while MAM-17 mice did not seem to differ significantly from the control 

group (post hoc, p= 0.15) (Fig.2.2B). 

In male mice, no significant differences were found in the startle response 

among the three groups (Kruskal-Wallis test, p=0.43) (Fig.2.2C). Saline-
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treated mice significantly inhibited their startle reflex in response to the 

prepulse-pulse tone (p=0.01), and so did the MAM-17 mice (p=0.06). 

However, MAM-16 group did not inhibit the startle reflex in response to the 

prepulse-pulse tone (p=0.20). When all three groups were tested for their PPI 

index, we found a significant decrease in MAM-16 group, compared to saline 

(Kruskal-Wallis test, p= 0.03), but normal expression of PPI in MAM-17 mice 

(Kruskal-Wallis test, p= 0.14) (Fig.2.2D). 

 

 

2.3.3 PV expression in MAM-16 mice 

Based on the behavioral and anatomical results, that showed a stronger 

„schizotypic‟ phenotype of MAM-16, compared to MAM-17 mice we continued 

our experiments with MAM-16 mice, because they had a stronger phenotype 

compared to MAM-17 mice. Decreased PV expression has been identified as 

a histological marker of SZ from post-mortem studies (Lewis et al., 2001; 

Zhang and Reynolds, 2002; A. Y. Wang et al., 2011). Using fluorescent 

immunohistochemistry for the PV protein, we counted the number of PV-

positive cells in brain slices containing the HPC or PFC. Our analysis, 

revealed a sex- selective decrease in PV-positive interneurons in the brain of 

MAM-16 mice. In the CA1 HPC region, the analysis showed no alterations in 

the number of PV-positive cells in female MAM-16 mice (Mann-Whitney test, 

p=0.52), while in male MAM-16 mice a statistically significant decrease was 

observed in the number of PV-positive cells (Mann-Whitney test, p=0.02) (Fig. 

2.3A, B). Similarly, no alteration in the number of PV-positive cells of PFC was 

observed in MAM-16 female mice (Mann-Whitney test, p=0.50), but 

decreased number of PV-positive cells in MAM-16 male mice (Mann-Whitney 

test, p=0.05) (Fig. 2.3C,D). 



Figure 2.3: Parvalbumin expression in HPC and PFC of MAM-16 mice 

A) Representative images of coronal hippocampal sections from saline and MAM-16 

mice. White frames indicate the borders of CA1 region. B) Bar graphs showing a 

significant reduction in the number of PV-positive cells in CA1 of male MAM-16 mice 

C) Representative images of coronal sections containing PFC, from saline and MAM-16 

mice. D) Bar graphs showing a significant reduction in the number of PV-positive cells 

in PFC of male MAM-16 mice  
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2.3.4HPC function deficits in both Male and Female MAM-16 mice 

The MAM model in rats has also been shown to affect HPC function 

(Moore et al., 2006; Penschuck et al., 2006; Matricon, Bellon, Frieling, Kebir, 

Le Pen, Beuvon, Daumas-Duport, Thérèse M. Jay, et al., 2010; Hradetzky et 

al., 2012; Snyder, Adelman and Gao, 2013; Kathryn M. Gill and Grace, 2014). 

To assess HPC function in our model, the contextual-fear conditioning 

paradigm was used in both female and male mice. Mice were trained and 

tested for fear memory 24 hours later. Both female and male MAM-16 mice 

showed a statistically significant decrease of their freezing behavior, 

compared to saline mice (t-test, p =0.03 and p=0.02, females and males, 

respectively) (Fig. 2.4A), suggesting that prenatal MAM exposure can cause 

deficits in contextual fear memory of both male and female mice. We next 

investigated synaptic transmission and plasticity in hippocampal CA3 to CA1 

synapses. We found that the fEPSP was similar for both females and males in 

response to increasing current stimulation (repeated measures ANOVA, 

F(1,14)=0.7, p=0.2 for females, F(1,14)= 0.5, p=0.4 for males) (Fig.2.4B). Theta-

burst stimulation induced LTP in both male and female saline-treated mice. 

MAM-16-treated mice, both males and females, exhibited significant reduction 

in the LTP (repeated measures ANOVA, F(1,14)=10.1, p=0.001 for females and 

F(1,14)= 8.2, p=0.001 for males) (Fig. 2.4C). 



Figure 2.4: HPC function in male and female MAM-16 mice. A) Graphs showing 

reduced freezing behavior 24hours following training in the contextual fear 

conditioning task. B) Graphs showing the fEPSP in response to increasing current 

stimulation (left-females, right-males). C) Graphs (top) and representative traces 

(bottom) showing LTP following theta-burst stimulation in HPC in females and male.  

 

2.3.5 Male but not female MAM-16 mice exhibit PFC function deficits 

SZ patients and several animal models of SZ exhibit PFC deficits 

(Weinberger, 1987; Barch et al., 2003; Keedy et al., 2006; C. a Jones, Watson 

and Fone, 2011). Therefore, we investigated PFC function by examining 

working memory function as well as synaptic transmission and plasticity in 
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PFC brain slices. Saline and MAM-16 treated mice were subjected to the 

delayed alternation task, which examines spatial working memory function. 

Saline and MAM-16 mice were initially trained to alternate the left and right 

arm in the T-maze in order to receive their food reward. No significant 

difference was observed in the training for the alternation procedure, for both 

the female and male mice (one-way ANOVA,F(1,14)=0.80,p=0.20). Once delays 

were introduced in the alternating procedure, female MAM-16 required the 

same number of trials to reach criterion compared to female saline-treated 

mice (Fig. 2.5A)(one-way ANOVA, F(1,14)=0.20,p=0.30). However, this was not 

the case for male MAM-16 mice that required increased number of trials in 

order to reach criterion (one-way ANOVA, F(1,14)= 5.7,p=0.02). In addition, 

performance in the T-maze did not differ between female MAM-16 mice and 

their respective saline-treated mice (t-test, p=0.3), while in male MAM-16 a 

significant reduction was observed (t-test, p=0.04) compared to their 

respective saline-treated mice (Fig. 2.5B). 

Working memory function is supported by both synaptic transmission and 

synaptic plasticity in the PFC (Miller and Cohen, 2001; Blumenfeld, 2006; 

Konstantoudaki et al., 2018). Therefore, we recorded fEPSPs from layer II/III 

of the PFC of saline or MAM-16 female and male treated mice (Fig. 2.5C). We 

found no alterations in the fEPSP peak in female MAM-16 mice (Fig.2.5D) 

(repeated measures ANOVA, F(1,14)=0.7, p=0.5). However, in male MAM-16 

mice the fEPSP peak was found reduced at various intensities of current 

stimulation (F(1,14)=6.2, p=0.01) (Fig. 2.5E).  



To determine whether synaptic plasticity in the PFC is affected, we induced 

Figure 2.5: PFC function male and female MAM-16 mice. A) Graphs showing the 

number of cumulative trials in the delayed alternation task in the T-maze at 0, 5 

and 10sec delays. B) Graphs showing the performance (% correct trials) at the 

20sec delay. C) Illustrations indicating the position of the electrodes for the 

recordings in the PFC. D-E) Graphs showing the fEPSP in response to increasing 

current stimulation for male and female mice. F-G) Graphs (top) and 

representative traces (bottom) showing LTP following tetanic stimulation.  
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LTP by tetanic stimulation. Brain slices from both saline and MAM-16 treated 

female mice enhanced the fEPSP following tetanic stimulation that lasted for 

at least 50min (repeated measures ANOVA, F(1,14)=0.6, p=0.6)  (Fig. 2.5F). On 

the other hand, brain slices from saline-treated male mice exhibited 

enhancement of the fEPSP that lasted for at least 50min, while brain slices 

from male MAM-16-treated mice exhibited an initial enhancement of the 

fEPSP, which was significantly reduced and approached baseline levels about 

15 min following the tetanus (repeated measure ANOVA, F(1,14)=2.2, 

p=0.03)(Fig.2.5G). Therefore, it seems that LTP in the PFC is impaired in 

male MAM-16 mice but not in female MAM-16 treated mice, similar to the 

working memory deficits. 

 

2.4 DISCUSSION 
 

This part of the study describes the SZ neurodevelopmental MAM 

model in mice and identifies sex differences in prefrontal cortical and 

hippocampal function deficits. Regarding the model, we find that the MAM 

model in mice is better reproduced by exposure to the mitotoxin on the 16th 

day of gestation, compared to the 17th day of gestation in rats. Both male and 

female mice exhibit thinning of the cortex and the hippocampus and 

indications of positive symptoms (reduced PPI in males and increased 

locomotor activity in response to MK-801 in females). PV reduction is only 

observed in male mice. HPC-dependent cognitive function is equally affected 

in both male and female mice, while PFC-dependent cognitive function is 

differentially adapted in MAM-16-treated male and female mice.  

 

2.4.1 Comparison with the MAM model in male rats 

The MAM model has been established and extensively studied in male 

rats (Modinos et al., 2015). Our results in mice indicate that the MAM model 

can also be used in mice by performing the MAM treatment one-day earlier, 

compared to rats. Species comparison of embryonic development has 

indicated that the mouse embryo brain development mouse occurs faster by 



1-2 days compared to the rat. Therefore, the GD 16th in mice is the equivalent 

to GD 17th of rats and corresponds to a peak proliferation stage of neural 

cells, which then migrate particularly in the HPC and cortex (Bayer and 

Altman, 2004).It is expected that MAM administration after this peak stage of 

proliferation, would affect brain development in a lesser degree; possibly 

affecting only those regions that are formed later in brain development. 

 Our histological analysis shows thinning of the ACC in both male and 

female MAM-16 mice, but not MAM-17 mice. On the other hand, the HPC is 

affected in both MAM-16 and MAM-17 male and female mice. These findings 

are in agreement with the histopathological deficits found in MAM-17 rats, 

where both mPFC and HPC (dorsal and ventral part) have decreased 

thickness or total size, compared to control animals(Flagstad et al., 2004; 

Moore et al., 2006; Robert E. Featherstone et al., 2007; Matricon, Bellon, 

Frieling, Kebir, Le Pen, Beuvon, Daumas-Duport, Thérèse M. Jay, et al., 

2010; Hradetzky et al., 2012). Finally, no alterations in the width of BC, a 

sensory cortex, are found, in agreement to Moore et al. (Moore et al., 2006). 

However, there are reports of shrinkage in the sensory-motor cortex  (Robert 

E Featherstone et al., 2007; Matricon  et al., 2010).  

Several studies have shown decreased PPI of the acoustic startle reflex in 

male MAM-17 rats(Le Pen et al., 2006; Moore et al., 2006; Hazane et al., 

2009), which is one of the positive symptoms also observed in SZ patients. 

PPI is characterized as a cross species measure of sensory-motor gating and 

in animals can be indicative of both hyper-dopaminergic and hypo-

glutamatergic function of the brain(Van Den Buuse, 2010). We also find 

decreased PPI in MAM-16, but not in MAM-17 treated mice. Both MAM-

treated groups exhibit normal responses in startle stimuli, indicating that MAM 

exposure has not affected either the auditory pathway or the motor output of 

the acoustic startle circuit; therefore the observed decrease in PPI is due to a 

sensorimotor gating deficit. These experiments imply a stronger effect of 

prenatal MAM exposure on GD16. 

Another consistent finding regarding the deficiency in post-mortem studies 

of SZ patients is the decreased PV-immunoreactivity or mRNA levels of the 
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PV expressing gene in the cortex, including the dorsolateral PFC, ACC, and 

HPC(Zhang and Reynolds, 2002; Torrey et al., 2005; A. Y. Wang et al., 2011; 

Konradi et al., 2011). Our findings showing reduced PV expression in male 

PFC and HPC are in agreement with human reports and with studies of MAM-

17 male rats (Penschuck et al., 2006; Lodge, Behrens and A. A. Grace, 

2009). Therefore, our study proposes that the MAM-16 model in mice is 

comparable to the MAM-17 rat model with regards to „schizotypic-like‟ 

alterations. 

Both SZ patients and the MAM-17 rats exhibit significant cognitive deficits, 

including working memory and spatial memory deficits. Specifically, MAM-17 

rats have deficits in the water-maze and Y-maze spontaneous alternation 

tasks(Gourevitch et al., 2004; Snyder, Adelman and Gao, 2013; Gastambide 

et al., 2015b; Ratajczak et al., 2015b; Gill, Miller and Grace, 2017). In our 

study, male MAM-16 mice exhibit deficits in learning and performance of the 

delayed alternation task and in fear memory. In addition, we find significant 

decrease in both the fEPSP and LTP in male HPC. Studies in rats have 

shown reduced intrinsic excitability in MAM-17 rats, which could account for 

the reduced fEPSP observed in our study, but no difference in LTP 

(Sanderson et al., 2012). For LTP, a slightly different protocol of theta-burst 

was used which could account for the difference in our findings (three trains 

instead of 2, 10sec instead of 20sec). Furthermore, adaptations in up-down 

states have been observed in male MAM rats, indicative of impaired PFC 

function(Moore et al., 2006).  

 

2.4.2 Sex differences possibly observed in humans and other animal 
models of schizophrenia 

Our study revealed significant sex differences in PV-expression, PFC-

dependent but not HPC-dependent cognitive deficits. While the number of PV-

expressing neurons decreased in male MAM-16 mice, no alterations were 

identified in either PFC or HPC in female mice. Since we have not measured 

the total number of cells in each region of interest, we cannot exclude the 

possibility that there is a total loss of neuronal cells in MAM-16 mice PFC and 

HPC, which could result in a concomitant reduction of PV-positive neurons. 



However, our results show that reductions in PFC and HPC occurred in both 

males and females, suggesting that the reduction of PV in males is a sex 

specific adaptation. In humans, there is also indication of female patients that 

do not show alterations in PV-positive interneurons of HPC (Zhang and 

Reynolds, 2002).  

Although SZ affects both men and women, a higher incidence is 

observed in men, along with an earlier age of onset and a more severe 

phenotype. Particularly, men exhibit more negative and cognitive symptoms 

compared to females and show more severe structural brain deficits(Leung 

and Pierre Chue, 2000; Abel, Drake and Goldstein, 2010; Ochoa et al., 

2012).However, sex is not always incorporated as a variable and the vast 

majority of research is conducted in male subjects, leaving gaps in our 

knowledge regarding sex-related manifestations of the disease that could 

affect management. 

With regards to MAM model in rats, the majority of the studies have 

been conducted in male rats. To our knowledge, there are three studies that 

evaluated female rats at the behavioral and electrophysiological level(Hazane 

et al., 2009; Pen, Jay and Krebs, 2011; Snyder, Adelman and Gao, 2013) 

indicating the presence of positive symptoms and reduced HPC function, in 

agreement to our findings. Sex differences have also been observed in other 

developmental animal models studies, including the Poly I:C exposure model 

and the neonatal ventral hippocampal lesion model (for review see (Hill, 

2016)). Our study further reports that female MAM-16 mice do not exhibit 

significant impairments in PFC function, as indicated by similar performance 

in the delayed alternation task in the T-maze, same LTP emergence and 

maintenance. Stronger deficits in PFC function have also been found in the 

Disc1 mouse model, showing enhanced excitation-to-inhibition ratio in male 

but not in female PFC(Holley et al., 2013). Although there is a lack of a 

significant number of studies that include both male and female subjects, the 

data so far indicate increased vulnerability of the male PFC to 

neurodevelopmental insults(Hill, 2016). Our study further shows that working 

memory function and synaptic transmission and plasticity are rescued in 

female MAM-16 mice. Overall, our description of the mouse MAM SZ model, 
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from the viewpoint of sex comparisons, proves that our model mirror disease 

sex-specific phenotypes in human and could offer an ideal platform to study 

differences in pathophysiology and treatment responses to the direction of 

tailoring management.   

 

2.4.3 Possible mechanisms of PFC vulnerability in males but similar 
vulnerability of female HPC 

Estrogens have been shown to exert a protective effect on the 

hippocampus, particularly in response to stress during adulthood. It is likely 

that due to the early development of the hippocampus (i.e. before 

adolescence), estrogens are not able to rescue HPC function in prenatal 

insults. On the other hand, the PFC continues to develop through 

adolescence at which time estrogens in females could exert their possible 

protective effect (McEwen, Nasca and Gray, 2015; Davis et al., 2016). 

Furthermore, male sensitivity to perinatal testosterone may be interrupted by 

MAM exposure in a way that the brain, and particularly the PFC, is affected in 

adulthood (McCARTHY, 2008). The MAM mouse model having a sex 

differences phenotype similar to that of the human population could be used 

in conjunction with investigation of developmental events to shed light on 

different developmental changes that could be affected in males and females. 

 

 

 

 
 

 

 

 



Chapter 3 
 

 

 

3.1 Introduction 
 

3.1.1 Stress, CRF and brain malfunction 

3.1.1.1 Defining stress 

The concept of stress has been strongly linked to negative and unpleasant 

situations that can disturb the normal function of an organism, permanently or 

temporarily, causing uncomfortable feelings. However, the idea of a beneficial 

type of stress, the eustress, a term created by Hans Selye in 1976 (Selye, 

1976), has given a second dimension in the concept of stress, the one that 

can promote the progress and the well-being. The first and most common 

definition of stress, given by Selye states, is that “Stress is the non-specific 

response of the body to any demand”. Although this concept was criticized as 

too general, it incorporates both the biological/physiological and 

psychological/cognitive dimensions, while at the same time, it promotes the 

molecular, genotypic and phenotypic analysis of stress response in every 

organism (Fink, 2010). 

Thus stress represents the normal response of an organism in any 

stressful stimulus (stressor). It includes the activation of the nervous system, 

the endocrine system and the immune system. When we perceive something 

as a potential threat, our brain sends activating signals to our sympathetic 

nervous system, that prepare our body to respond to the threat; the so-called 

“fight or flight” response (Canon 1915), that alert the body. Another principal 

effector of stress response includes the hypothalamic-pituitary-adrenal (HPA) 

axis (Fig.3.1). In the presence of a stressful stimulus, the activation of HPA 

axis starts with the secretion of the corticotropin-releasing-factor (CRF) from 

the paraventricular nucleus of the hypothalamus, which is then released into 

the portal circulation. It accesses the anterior pituitary gland and subsequently 
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mediates the release of pro-opiomelanocortin (POMC)-derived peptides, such 

as adrenocorticotropic hormone (ACTH) and β-endorphin. ACTH is delivered 

through systemic circulation to the adrenal gland cortex, where it stimulates 

glucocorticoids (GCs) synthesis and secretion (cortisol in humans and fish 

and corticosterone in rodents) (Smith and Vale, 2006). GCs are the final 

mediators of stress response, acting on several systems and controlling the 

HPA axis activity, by creating a negative feedback loop. However, the HPA 

axis can also be activated by non-aversive, positive, stimuli, such as sexual 

encounter, which also result in GCs secretion (Dedic et al., 2017). In any 

case, the ultimate goal of the response is to adapt through physiological 

alterations, in order to reinstate homeostasis and promote survival of the 

organism. 

3.1.1.2 CRF system components 

CRF (also referred to as corticotropin-releasing-hormone – CRH) has 

been characterized as the neuropeptide of stress, as it is the basic 

physiological activator of the HPA axis. It is a 41-amino-acid polypeptide, 

produced after the proteolytic cleavage of the C-terminal region of a pre-

proCRF precursor (Dautzenberg and Hauger, 2002). Since its isolation and 

Figure 3.1: Schematic diagram of Hypothalamus-Pituitary-Adrenals (HPA) axis.  

 



identification in 1981 from the ovine hypothalamus (Vale et al., 1981)a great 

number of studies have revealed the existence of a whole family of CRF-

related peptides, highly conserved across species (Lederis et al., 1990). Their 

actions are detected in both brain and periphery, and are linked to various 

physiological processes, including feeding, reproduction-related behaviors, 

learning and memory, regulation of the autonomic nervous system (Smith and 

Vale, 2006).CRF is the mostly studied member of its family, which includes 

the non-mammalian urotensin (teleost fish) and sauvagine (frog), and the 

mammalian urocortins 1,2 and 3 (UCN). Among UCNs, UCN 1 shares the 

higher homology with CRF (43%). It was first described by Vaughan et al. in 

1995(Vaughan et al., 1995)and is now considered to be more conserved than 

CRF across species (Dautzenberg and Hauger, 2002).  

CRF is highly expressed throughout the brain and periphery. Numerous 

studies on mRNA or protein levels, mostly in rats, have consistently shown 

that apart from the paraventricular nucleus  of hypothalamus, CRF immuno-

reactive cells are found in limbic regions, such as the bed nucleus of the stria 

terminalis, the central amygdaloid nucleus and the hippocampus, in the brain 

stem, but also in the cerebral cortex (Olschowka et al. 1982; Swanson et al. 

1983; Palkovits et al. 1985;Delville et al. 1992; I. et al. 2005) (Fig.3.2). Most 

recently, with the use of genetic techniques and advanced whole-brain optical 

imaging, CRF protein expression has been mapped in the mouse brain, 

revealing consistent results with rat studies and adding important details for 

the specific site of expression (soma, fibers) and the morphology of CRF-

positive cells in the mouse brain (Kono et al., 2017; Peng et al., 2017). CRF is 

also expressed in peripheral tissues, including adrenal glands, placenta, 

gastrointestinal tract, testis, thymus and skin (Smith and Vale, 2006). On the 

other hand, the distribution of UCN1 in the mammalian brain is more 

restricted; high expression has been found mostly in the Edinger –Westphal 

nucleus, while low levels have been observed in other regions, such as the 

lateral septal area (Tamás, Hitoshi and Akira, 1998; Morin et al., 1999; 

Weitemier, Tsivkovskaia and Ryabinin, 2005). In periphery, UCN1 is highly 

expressed in the glands (pituitary, thymus, testis), the gastrointestinal tract, 

the spleen and the cardiac myocytes (Dautzenberg and Hauger, 2002). 
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(Dedic et al., 2017) 

Figure 3.2: Schematic illustrations of the spatial distribution and relative expression of 

CRF family peptides and their receptors in the mouse brain. Abbreviations: Anterior 

pituitary (APit), arcuate nucleus (ARC), basolateral nucleus of the amygdala (BLA), bed nucleus 

ofthe stria terminalis (BNST), caudate putamen (CPu), central nucleus of the amygdala (CeA), 

cerebellum (Cb), cingulate cortex (CingCx),corpus callosum (cc), cortical nucleus of the 

amygdala (CoA), Barrington’s nucleus (Bar), diagonal band of Broca (DBB), Edinger Westphal 

nucleus (EW), frontal cortex (FrCx), globus pallidus (GPe), inferior colliculi (IC), inferior olive 

(IO), intermediate lobe of the pituitary (IPit), locus coeruleus (LC), lateral septum (LS), 

laterodorsal tegmental nucleus (LDTg), lateral hypothalamic area (LHA), lateral superior olive 

(LSO), medial nucleus of the amygdala (MeA), medial preoptic area (MPO), medial septum 

(MS), medial vestibular nucleus (MV), nucleustractus solitarii (NTS), olfactory bulb (OB), 

occipital cortex (OccCx), parietal cortex (ParCx), parabrachial nucleus (PB), periaquaductal gray 

(PAG), perifornical area (PFA), piriform cortex (Pir), pontine gray (PG), posterior pituitary (Ppit), 

pedunculopontine tegmental nucleus (PPTg), premammillary nucleus (PMV), paraventricular 

nucleus of the hypothalamus (PVN), red nucleus (R), raphe nuclei (RN), reticular thalamic 

nucleus (RTN), superior colliculi (SC), substantia nigra (SN), supraoptic nucleus (SON), spinal 

trigeminal nucleus (Sp5n), superiorparaolivary nucleus (SPO), ventral medial hypothalamus 

(VMH), ventral tegmental area (VTA). 

 



CRF and UCNs action is mediated through two receptors, CRF1 and 

CRF2, which belong to the class B family of G-protein coupled receptors and 

share 70% amino acid homology (Chen et al., 1993; Souza and Grigoriadis, 

2002; Grammatopoulos and Chrousos, 2018). Both CRF1 andCRF2 genes 

encode more than one splice variants. One functional splice variant has been 

identified for CRF1 in humans and rodents, while for CRF2 there are three 

and two functional isoforms in humans and rodents, respectively (as reviewed 

in (Smith and Vale, 2006). In rodents, CRF1 has a widespread distribution in 

the brain. Increased mRNA levels and protein are expressed in the pyramidal 

cells of the cortex, in hippocampal formation and in the basal nucleus of 

amygdala, but also in the anterior pituitary, the hypothalamus and the brain 

stem (Chalmers, Lovenberg and De Souza, 1995; Chen et al., 2000, 2004; 

Kühne et al., 2012; Primus et al., 1997) (Fig.3.2). In periphery, CRF1 is 

expressed in the skin and the gastrointestinal track (E Chatzaki et al., 2004; E 

Chatzaki et al., 2004; Pisarchik and Slominski, 2004). In contrast, CRF2 

shows a differential distribution in the brain, compared to CRF1. It is 

expressed in subcortical structures, with high levels found in the lateral 

septum, the hypothalamus, the olfactory bulb and the dorsal raphe nucleus 

(Chalmers, Lovenberg and De Souza, 1995; Lovenberg et al., 1995; Primus et 

al., 1997; Lukkes et al., 2011; A. et al., 2017) (Fig.3.2). In periphery CRF2 

expression is mostly observed in the heart and skeletal muscles (Chalmers, 

Lovenberg and De Souza, 1995; Perrin et al., 1995).  

Another important component of CRF system is the soluble glycoprotein, 

CRF-binding protein (CRF-BP). It was first isolated in maternal plasma (Linton 

et al., 1988). As reviewed in Kemp et al. 1998 (Kemp, Woods and Lowry, 

1998), it was discovered that, despite the increased levels of CRF peptide 

during pregnancy, the ACTH concentrations remained at normal levels, due to 

a specific protein that blocked the ACTH-releasing activity of CRF. Today, two 

soluble proteins are known, which bind both CRF and UCN1 with high affinity, 

acting possibly as regulators of the free available peptides (for review see 

(Smith and Vale, 2006; Dedic et al., 2017). Interestingly, 40-60% of CRF in 

the human brain is bound to the CRF-BP (Behan, Heinrichs, et al., 1995). 

CRF-BP is expressed throughout the brain, including cerebral cortex and 
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subcortical structures, such as amygdala, bed nucleus of the stria terminalis 

and raphe nuclei, while high levels are found in the anterior pituitary(Kemp, 

Woods and Lowry, 1998; Smith and Vale, 2006). CRF-BP expression outside 

the brain has also been reported in the human liver (Behan, De Souza, et al., 

1995) and in the adrenal glands of rats (Chatzaki, Margioris and Gravanis, 

2002). When CRF and UCN1 are not bound to CRF-BP they can activate 

either CRF1 or CRF2 receptor. CRF shows higher affinity for CRF1 than 

CRF2, while UCN1 binds with high affinity in both receptors. On the other 

hand, UCN2 and UCN3 display high selectivity for CRF2 and bind to 

CRF1with low affinity (as reviewed in (Kemp, Woods and Lowry, 1998; Smith 

and Vale, 2006; Dedic et al., 2017). 

Basic research and several clinical pharmacological studies have focused 

on the intracellular effects of CRF and its related peptide action. The results 

have revealed important information concerning the signal transduction upon 

CRF receptors activation.  Two major signaling pathways can be activated 

upon CRF/UCN1 binding to CRF1 or CRF2: the Gs-coupling (PKA pathway) 

and the Gq-coupling (PKC pathway) pathways, both leading to gene 

transcription events. CRF/UCN1 binding to CRF1 alters its conformation and 

increases its affinity to Gαs subunit. The subsequent stimulation of adenylyl 

cyclase, leads to cyclic AMP (cAMP) production and the cAMP-dependent 

protein kinase A (PKA) activation. Similarly, CRF2 activation either by UCNs 2 

& 3 or CRF and UCN1 stimulates the cAMP-PKA pathway, leading to 

downstream events of signal transduction, like CREB phosphorylation(Hauger 

et al., 2006). Despite the fact that both CRF1 and CRF2 are capable to 

activate the phospholipase C – Protein kinase C (PLC-PKC) signaling 

pathway, possibly through Gq-coupling, the choice of which pathway will be 

selected, depends on yet unclarified factors (Hauger et al., 2009). Data from 

cell culture studies have revealed additional signaling pathways linked to CRF 

system activation, including the Nitric oxide synthase – guanylyl cyclase 

pathway, the Caspase pro-apoptotic pathway and the nuclear factor-kappaB 

(NF-θB) transcription factor pathway ((Hauger et al., 2006). Another very-well 

studied signaling cascade linked to CRF system is the extracellular signal-

regulated kinase (ERK) – Mitogen-activated protein (MAP) kinase (ERK-



Figure 3.3: Major intracellular signal transduction pathways for CRF1 and CRF2. The 

dominant mode of signaling for both receptors signaling is Gs-coupled AC-PKA 

cascade. AC, Adenylyl cyclase; PKA, Protein kinase A 

(Hauger et al., 2009) 

MAPK) cascade. The MAP kinase pathway is considered a very crucial 

signaling pathway, as it is involved in the regulation of synaptic plasticity, by 

stabilizing dendritic spine structures, regulating ion channel transmission and 

transcription of genes, but also, in receptor scaffolding and trafficking (Sweatt, 

2004).Besides the functional differentiation of the two CRF receptors, as 

indicated by their different distribution, it seems that the same peptide acting 

on the same CRF receptor can activate different signaling pathways in 

specific areas of the brain or in different cell types. Similarly, different peptides 

can activate distinct cellular signaling pathways via the same CRF receptor. 

(Fig.3.3) 
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There are the mechanisms that regulate the CRF receptors signaling. The 

general regulatory pathway of receptors signaling includes three steps: 

desensitization and phosphorylation of the receptor, endosomal internalization 

and finally, dephosphorylation (recycling) or degradation (down-regulation). 

Desensitization takes place after continuous or prolonged exposure to high 

levels of a ligand (e.g. CRF). The excessive stimulation of the CRF receptor 

activates cellular mechanisms which aim to reduce its responsiveness. The 

agonist-dependent desensitization (homologous desensitization) includes the 

phosphorylation of the CRF receptor by G-protein coupled receptor kinases 

(GKRs), at specific residues of serine/threonine, followed by β-arrestins 

recruitment and binding to the receptor, which terminates the signal 

transduction (by Ga protein uncoupling) (DeWire et al., 2007; Hauger et al., 

2009; Slater, Yarur and Gysling, 2016). Β- arrestins and clathrins together 

with other adapter proteins mediate the receptor internalization (early 

endosomes formation) (Luttrell and Lefkowitz, 2002). The sequestration of 

CRF receptor is followed by either dephosphorylation of the receptor, which 

can return to the cell membrane (recycling), or by degradation in the 

lysosomes (Fig.1.3). However, second-messenger-dependent kinases, like 

PKA and PKC, can also phosphorylate CRF receptors in serine/threonine 

residues, causing desensitization (heterologous desensitization). In this case, 

β-arrestins contribution is not required and the agonist occupancy is not a 

prerequisite (Luttrell and Lefkowitz, 2002; Hauger et al., 2006, 2009).  

 

3.1.1.3 Anxiety and CRF: Function or malfunction? 

The term anxiety has been used to describe two different states; a normal 

and a pathologic. When referring to normal state, anxiety is considered as an 

adaptive response. It is the normal negative emotion we feel for a potential 

threatening situation, which alerts the organism to cope with the stressful 

stimulus. In other words, anxiety can be matched to the concept of stress 

response. Given the natural diversity among organisms, including humans, a 

differential perception of what is stressful is expected; what makes someone 

anxious may not affect others. However, in a pathological condition, there is 



excessive negative feeling, which remains after the potential threat has 

disappeared, inducing a positive feedback, in which anxiety produces more 

anxiety(Perkins and Corr, 2014).As proposed by two independent scientist 

groups (Trimmer et al., 2015; Bergstrom and Meacham, 2016), it is possible 

that anxiety arises from adaptive, homeostatic mechanisms, which have 

become dysregulated by unknown factors, leading to maladaptive behaviors. 

As a psychiatric disorder, anxiety is characterized by two core symptoms: 

uncontrollable fear and worry (Stahl, 2013).  Fear expression has been linked 

to the amygdala function. Amygdala is a subcortical region near the 

hippocampal formation, divided into many subnuclei, which have distinct 

anatomical connections with other brain regions. Both animal and human 

studies have revealed the reciprocal connections of amygdala and PFC 

(reviewed in (Kim, Loucks, et al., 2011). Amygdala integrates sensory and 

cognitive information and then determines the fear response, through 

connections with the hypothalamus. Several studies have shown that in this 

interplay, the role of PFC is related to the emotion regulation, by either 

suppression of the feeling, or by reappraisal of the situation/stimulus (Banks 

et al., 2007; Erk et al., 2010; Kim, Gee, et al., 2011). As reviewed by Martin 

and Ressler (Martin and Ressler, 2009), anatomical and neuroimaging data 

have revealed that a very common functional deficit observed in the brains of 

people suffering from anxiety disorders, like Generalized anxiety disorder and 

post-traumatic stress disorder (PTSD), is the hyperactivity of amygdala and 

the hypoactivity of PFC. Several neurotransmitter systems are connected to 

anxiety/fear symptoms; among them are GABA, Serotonin (5-HT), Glutamate 

and Nor-adrenaline. On the other hand, the feeling of worry, which is the 

second core symptom of anxiety, has been linked to the cortico-striato-

thalamo-cortical circuit (CSTC). Striatum is part of the basal ganglia circuit. It 

receives inputs from both cortex and thalamus. The CSTC loop is completed 

through thalamic projections which are sent back to the cortex (Haber, 2016). 

There is strong evidence that malfunction of this circuit loop underlies the 

symptoms of worry in anxiety, implicating several neurotransmitter systems, 

including GABA, DA and 5-HT (Felmingham et al., 2014; Lee et al., 2015; 

Sareen et al., 2018). 
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The CRF system seems to have a discrete relation to anxiety.  Being the 

neuropeptide of stress and acting as a neurotransmitter, CRF together with all 

the components of CRF system have been extensively studied, with regards 

to their involvement in the pathophysiology of anxiety. Pharmacological 

studies have given valuable insights into the CRF system contribution in 

anxiety behaviors, although additional information has been obtained by 

genetic approaches, which can mimic long-lasting CRF system 

dysregulations. A comprehensive review by Dedic and colleagues (Dedic et 

al., 2017) reports a remarkable number of studies on genetically engineered 

mice with gain or loss of function of CRF-family members and their receptors. 

The first CRF over-expressing (CRF-OE) mice were generated by Stenzel-

Poore and colleagues (Stenzel-Poore et al., 1992). They expressed CRF in a 

ubiquitous manner, had high levels of plasma corticosterone and exhibited 

increased anxiety-related behavior. Interestingly, one of the several 

conditional over-expressing mice that specifically over-expressed CRF in the 

forebrain pyramidal cells showed a mild anxiogenic phenotype (Vicentini et 

al., 2009). When CRF1 gene was totally ablated or conditionally knocked out 

from the forebrain cells, mice exhibited reduced anxiety-related 

behavior(Timpl et al., 1998; Muller et al., 2003), implying that CRF1 is 

implicated in the modulation of anxiety. In order to unravel the specific 

neurotransmitter systems, which are controlled by CRF1, specific deletion of 

CRF1 gene from Glutamatergic, GABAergic, Dopaminergic or Serotonergic 

neurons was tested. Deletion of CRF1 from forebrain glutamatergic circuits 

resulted in reduced anxiety, while deletion from midbrain dopaminergic cells 

enhanced anxiety levels (Refojo et al., 2011; Kratzer et al., 2013), revealing a 

possible antagonistic function of these systems, controlled by CRF system 

(Dedic 2017). In contrast, deletion of CRF2 gene, has given conflicting data 

so far, with regards to anxiety phenotype, subverting the initial simplistic view 

that CRF2 has anxiolytic function. 

 



3.1.2 Stress and CRF system in cognition: sex matters 

3.1.2.1 Stress effects at different developmental stages 

An organism can receive stressful stimuli from the very beginning of its 

life, even before its birth (prenatal period), until the late stages of its 

development (adulthood) and during ageing. Although the basic mechanism 

of stress response is the same, the developmental stage of the organism 

plays a crucial role on how this response affects brain, and especially 

cognitive function. Lupien and colleagues have proposed the life cycle model 

of stress that shows how the different developmental stages can shape the 

effects of stress on different brain areas (Lupien et al., 2009).  

During pregnancy, acute or repeated activation of mother‟s stress axis can 

increase the fetal HPA axis activity, through placenta, affecting the 

development of cortical and subcortical regions. For example, decreased 

dendritic spine density has been observed in the ACC and the orbitofrontal 

(OB) cortex of rats exposed to stress, during the last week of gestation 

(Murmu et al., 2006), while in another study ,the offspring of stressed 

pregnant rats showed alterations in synaptic plasticity of HPC, which 

underlied the observed impaired learning and memory (Jianli et al., 2006). In 

humans, maternal stress exposure (cortisol increases), especially during the 

early stages of pregnancy, has been linked with low cognitive function and 

deficits in the emotional processing of the child (Laplante et al., 2004; P. and 

A., 2010; Buss et al., 2012). On the other hand, early post-natal life, in both 

rodents and humans, is considered a stress hypo-responsive period (Levine, 

1994; R. and L., 2003). Several paradigms have been developed for the 

induction of post-natal stress and studies have revealed confounding results. 

The most commonly used paradigm for induction of post-natal stress is the 

maternal separation stress. Prolonged maternal separation has been shown 

to increase the CRF-binding sites in the brain, including PFC, HPC and 

hypothalamus (Anisman et al., 1998), leading to morphological changes and 

cognitive impairments in adulthood (Hulshof et al., 2011; Aisa et al., 2018). 

However, recent studies have proposed a rather positive impact of postnatal 

stress in the adult brain. It seems that during this period of development, 
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Figure 3.4: Schematic illustration of Yerkes Dodson Law. 

 

stress exposure may lead to adaptive programming in adulthood; that is, 

better coping behavior under similar stressful situations (Novais et al., 2017).  

Transition to adolescence coincides with the sexual maturation period in 

humans and marks the beginning of another critical period of brain 

development. The significant structural and cellular alterations that take place, 

during adolescence seem to render the brain more vulnerable to stress and its 

effects in cognitive function. Indeed, studies in rodents and humans have 

shown heightened activation of HPA axis under stress(Gunnar et al., 2009; 

Klein and Romeo, 2013), while human studies have revealed increased 

baseline levels of GCs in adolescents with early-life stress experiences 

(Evans and English, 2002; Halligan et al., 2007).Furthermore, according to 

animal and human studies in adolescent subjects, regions like amygdala, 

HPC and PFC show alterations after chronic exposure to stress, including 

structural remodeling of and reductions in synaptic-plasticity protein markers, 

which could account for the observed deficits in learning and memory or the 

increased emotional reactivity seen in adolescents (reviewed in (Romeo, 



2017). It is not surprising, that several psychiatric disorders, including anxiety 

and schizophrenia, emerge during adolescence. 

The effect of stress in adult subjects holds the greatest number of studies, 

compared to the other developmental stages. Studies have revealed 

differential effects between acute and chronic or prolonged stress, often 

reporting conflicting results. In particular, an inverted U-shaped relationship of 

stress and cognitive function has been proposed. In was initially introduced by 

Yerkes and Dodson in 1908 (M. and D., 2004), known also as the Yerkes-

Dodson law (Fig.3.4), who suggested that the optimal cognitive performance 

can be achieved under particular (optimal) stress conditions, but can be 

impaired under less or excessive stress. Studies in rodents have shown both 

beneficial and adverse effects of acute stress in cognitive function. Acute 

immobilization stress in mice improved their cognitive function, possibly due to 

increased cholinergic activity in the brain (Das et al., 2000), while enhanced 

working memory function was observed in acutely stressed rats, which was 

accompanied by a high and sustained expression of AMPA and NMDA 

receptors in pyramidal neurons of PFC (Yuen et al., 2009). Salehi and 

colleagues (Salehi, Cordero and Sandi, 2010) were the first to confirm the 

inverted U-shaped relationship between acute stress (of different intensities) 

and the early learning and memory phases, using an HPC-dependent task. 

Earlier findings have also shown an inverted U-shaped effect of GCs 

elevations and hippocampal function (Diamond et al., 1992). However, 

converging evidence support that acute stress impairs spatial recognition 

memory in adult animals (Cazakoff, Johnson and Howland, 2010). Recently, it 

was found that acute stress resulted in disruption of spatial memory, through 

overactivation of CA1 interneurons of dorsal HPC (Yu et al., 2018). 

Interestingly, Conrad and colleagues(Conrad et al., 2004) have shown that 

only male rats exposed to acute stress exhibited impairments in spatial 

memory, while an opposite effect (facilitation) was observed in females. In 

addition, another study revealed impaired decision-making processes in 

acutely stressed animals (Bryce and Floresco, 2016). Human studies have 

also reported an inverted U-shaped relationship between acute GCs 

elevations and cognitive performance, but the favorable effect of acute stress 
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seems to be paired with emotional memories, while the adverse effect with 

the retrieval of neutral memories (Lupien et al., 2009). Beneficial effect of 

acute stress on attentional performance has been supported (Chajut and 

Algom, 2003; Hu et al., 2012; Plieger et al., 2017), while other studies have 

shown impaired extinction memory retrieval and working memory function 

(Qin et al., 2009; Raio et al., 2014). 

Several lines of evidence support that chronic stress exposure has 

damaging effects of structure and function of brain regions, such as HPC, 

PFC and amygdala, which translate into behavioral deficits. For example, 

dendritic atrophy and loss of synapses have been observed in CA1 (Sousa et 

al., 2000) and CA3(Watanabe, Gould and McEwen, 1992) subfields of HPC 

and in PFC (J. et al., 2007). In contrast, hypertrophy in the basolateral 

amygdala has been reported in adult rodents, after chronic stress(Cohen et 

al., 2006). It has been suggested that chronic stress affects the glucocorticoid 

receptors (GRs) levels in PFC and HPC, dampening the GCs negative 

feedback mechanism (Mizoguchi et al., 2003). These structural alterations 

underlie the behavioral deficits, including impairments in attention (Bondi et 

al., 2007), in decision-making (Dias-Ferreira et al., 2009) and spatial learning 

and memory performance (Sousa et al., 2000; Conrad et al., 2003). Notably, 

the effects of chronic stress in adult subjects can be totally or partially 

reversed after a few weeks of non-stress(Sousa et al., 2000). In humans, 

most of the studies concerning chronic stress exposure effects on adult brain 

have focused mostly in stress-related disorders or the impact of early-life 

stress in adulthood. Increased basal cortisol levels in depressed patients (or 

decreased in PTSD), hippocampal atrophy, accompanied by deficits in 

hippocampal function are common features of depression and PTSD (Lupien 

et al., 2009; Novais et al., 2017). With regards to PFC function, a link between 

working memory function and poverty during childhood has been reported. It 

particular, it was found that the longer the period of poverty, the higher the 

levels of stress during childhood and the lower the working memory function 

in adults (Evans and Schamberg, 2009). 

 



3.1.2.2 Sex differences in stress response 

One of the most intriguing, but less studied observations has been the 

differential manner that exposure to stress affects male and female brain. 

These differences are observed at all stages of life, starting from embryonic 

life. During gestation, males show higher risk for short-term and long-term 

deficits, while in childhood, adverse events appear to preferentially affect 

women, increasing the risk for affective disorders (Bale and Epperson, 2015). 

Sex differences are initially observed in the neuroendocrine response. In 

rodents, higher levels of GCs have been reported in females compared to 

males, under acute or chronic stress conditions (Wilson and Biscardi, 1994; 

Seale et al., 2004). It is widely supported that gonadal hormones (estrogens 

and testosterone) display opposite effects on ACTH secretion; estrogens 

increase ACTH and GCs levels, in response to acute stress, while 

testosterone shows an inhibitory effect on HPA activity (Viau and Meaney, 

1991).Other studies have also reported similar effects, after exogenous 

replacement of estrogens and testosterone (Handa et al., 1994; D. et al., 

2004; Viau et al., 2005). However, increased HPA activity in response to 

restraint stress, has been reported, after systemic blockade of estrogens 

(Young et al., 2001). In humans, differences in stress response between men 

and women seem to be more complicated.  Although basal levels of cortisol 

do not show significant differences, ACTH secretion is found higher in men, 

implying an increased sensitivity of the adrenal gland in women (Roelfsema et 

al., 1993), which has been also observed after systemic stimulation of HPA 

axis, using human CRF and vasopressin peptides (Born et al., 1995). 

Similarly, Kirschbaum and colleagues (Kirschbaum et al., 1999) have shown 

that after a psychosocial stress test, the hypothalamic response of men was 

significantly higher, compared to women, while the salivary cortisol levels did 

not reveal a similar pattern. 

Sex differences have been also found at the behavioral level of stress 

response. Different types of stressors (duration, intensity, etc.) can evoke 

different behavioral stress responses.  For example, it has been shown that 

acute uncontrollable stress facilitates associative learning and induces 

helplessness in male, but not female rats (Wood and Shors, 1998; Dalla et al., 
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2007), while after chronic stress exposure, female rats were found more 

vulnerable than males (Paré et al., 1999). Interestingly, sex differences have 

been also observed in cognitive function, after stress. Acute exposure can 

improve PFC-mediated cognitive function, by enhancing glutamatergic 

transmission in PFC, whereas chronic stress exposure can decrease 

glutamatergic transmission, leading to impaired PFC function (Yuen et al., 

2012; Yuen, Wei and Yan, 2016). This inverted U relationship of stress to 

cognitive function, that has been proposed, applies only for males.  

Furthermore, previous studies assessing the effects of chronic stress in 

learning and memory, both hippocampal-dependent and PFC-dependent, in 

rats, have shown impaired performance only in male animals, unaltered 

performance in females and a concomitant dimorphic activity of several 

neurotransmitter systems(reviewed in (Luine, 2002; Luine et al., 2017). 

Interestingly, there are a few studies reporting even enhanced performance of 

females in spatial memory tasks, after chronic stress(Conrad et al., 2003; 

Luine et al., 2017). It seems that estrogens make females more resilient to 

repeated stress. As shown by Wei and colleagues (Wei et al., 2014), estradiol 

protected glutamatergic transmission and PFC-cognitive function from the 

effects of repeated stress, in female rats and reversed the impairments seen 

in male animals. 

Apart from gonadal hormones and especially the role of estradiol in 

shaping the differential response between men and women, there are other 

factors that could potentially underlie the sexually dimorphic stress response, 

either independently or in a synergistic manner. For example, the sex 

differences could reflect anatomical differences observed in the brains of 

males and females, such as the increased size of LC which has been found in 

females (Pinos et al., 2001) or the dimorphic distribution of GRs (Kitraki et al., 

2004). Alternatively, they could be attributed to activation of different brain 

structures, as neuroimaging studies have revealed. For example, it has been 

reported that women show increased activation of the limbic system and the 

dorsal ACC, in response to psychological stress, while men exhibit high 

activation in the right PFC (Wang et al., 2007). The fact that these structures 

are implicated in different functions of the brain, could explain the difference in 



behavioral stress responses between men and women (Goldstein et al., 2010; 

Verma, Balhara and Gupta, 2011). 

Recently, a lot of attention has been given to CRF, the neuropeptide of 

stress, as there are several lines of evidence supporting a potential role in the 

sexual dimorphism in stress response. First of all, a direct link exists between 

CRF and gonadal hormones. It has been shown that CRF gene promoter 

contains estrogen and testosterone responsive elements, allowing gonadal 

hormones to regulate CRF expression in asexually dimorphic manner 

(Vamvakopoulos and Chrousos, 1993; Shapiro, Xu and Dorsa, 2000; Bao et 

al., 2006).Other findings supporting CRF contribution in stress response have 

been found in the context of the arousal system. Studies have shown that LC 

neurons activation under stress conditions is mediated by CRF. Interestingly, 

electrophysiological recordings have revealed increased sensitivity of 

noradrenergic neurons of LC upon CRF exposure, in female rats, compared 

to male rats(Curtis, Bethea and Valentino, 2005), suggesting a mechanism 

that could explain the sexually dimorphic stress response (Bangasser and 

Valentino, 2014). With regards to CRF and its receptors distribution in the 

brain, studies have revealed increased CRF mRNA expression in female mice 

hypothalamus. Although no significant sex difference in CRF1 mRNA or 

protein expression has been reported in brain cortex, including PFC 

(Bangasser et al., 2010; Li et al., 2016), CRF1 binding in the ACC has been 

found greater in female rats, both juvenile and adult animals(Jill M 

Weathington, Hamki and Cooke, 2014)(Jill M. Weathington, Hamki and 

Cooke, 2014). These differences could explain the increased HPA 

activity/activation observed in females, in response to stressors. 

Recent studies have identified sex differences in CRF1 signaling and 

trafficking. In particular, Bangasser and colleagues (Bangasser et al., 

2010)revealed increased CRF1-Gs coupling in unstressed females compared 

to male rats, which remained at the same levels for females, but increased in 

males, after exposure to the same stressor, which was attributed to 

inadequate internalization of CRF1 in female mice, after stress.  Indeed, 

immuno-precipitation experiments in cortical tissue revealed increased 

βarrestin2 coupling with CRF1 in stressed male, but not female rats 
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(Bangasser et al., 2010), suggesting that if the βarrestin2 pathway is not 

preferred by females, then there is lack of CRF1 internalization, which could 

render females more vulnerable to hyper-arousal conditions (Bangasser and 

Valentino, 2014). Expanding this proposed sex-biased CRF1 signaling, it 

could be hypothesized that it predisposes females or males to certain stress-

related psychiatric disorders, which show different prevalence in each sex. 

 

3.1.2.3 Restraint stress and cognitive function 

Among the behavioral tasks that have been developed to induce stress, 

restraint stress is a commonly psychical stressor used in rodents. The animal 

is placed in a ventilated, plastic tube, where it is restrained, but not totally 

immobilized. Several different paradigms have been developed, with regards 

to the intensity and the duration of the restraint procedure. Depending on the 

time the animal remains restrained, the task can be mild (a few minutes), 

moderate (a few hours) or severe (several hours), while depending on the 

duration it can be acute or chronic (lasting for days or weeks). Each of these 

manipulations aims to activate the HPA axis, several neurotransmitters 

systems and finally, to alter the emotional and cognitive processes in the 

brain. 

As discussed in section 1.2.1 acute and chronic exposure to stress can 

produce opposite effects on cognitive function. Acute restraint stress for 2 

hours increased corticosterone levels, enhanced working memory, lasting for 

1 day after the test, and increased glutamatergic transmission in PFC of rats 

(Yuen et al., 2009) . In another study, the effects of mild restraint stress 

(30minutes) on long-term spatial memory were tested. Mice were restrained 

immediately after the acquisition phase of a spatial object recognition task and 

24 hours later, their hippocampal-dependent long term memory was tested. It 

was found that acute restraint stress was able to disrupt long-term memory, 

possibly through the observed over-activation of CA1 interneurons, which 

could in turn reduce the activity of pyramidal neurons(Yu et al., 2018). 

Similarly, Drouet and colleagues have shown that 1 hour of restraint stress in 

rats resulted in higher HPA activation (high corticosterone levels) and blunted 



PFC activity (e.g. decreased cFos expression),only in animals showing high 

PFC GABA/glutamate ratio (Drouet et al., 2015). These results suggested a 

possible association of the enhanced reactivity to acute stressors with 

impaired PFC function and the excitation/inhibition balance. In accordance 

with other studies, the use of restraint stress in both male and female subjects 

have revealed opposite effects between the two sexes. For example, Shansky 

and colleagues (Shansky et al., 2006) evaluated the effects of stress on 

working memory, utilizing two different intensities of acute restraint stress (60 

or 120 minutes), in male and female rats. The low intensity restraint stress 

(60minutes) affected PFC function only in females with high levels of 

estrogens (proestrus phase), while the high intensity restraint stress, 

produced significant impairments in PFC function in both sexes. Studies with 

chronic restraint stress have been extensively used. The results are in 

accordance with other studies of chronic stress. They suggest a potential 

protective role of estrogens against the effects of chronic stress in anxiety and 

cognitive function, and a differential impact of chronic stress in the two sexes, 

during adolescence (Bowman, Ferguson and Luine, 2002; K. et al., 2010). 

Restraint stress has been also tested in transgenic mice for CRF system 

components(Muller et al., 2003; Makino et al., 2005), while in a lot of studies 

pharmacological approaches have been combined with restraint stress, 

utilizing CRF receptors antagonists, in order to ameliorate anxiety or 

depressive symptoms. A commonly used non-selective CRF receptor 

antagonist is the synthetic peptide a-helical CRF9-41 (Rivier, Rivier and Vale, 

1984). This peptide does not cross the blood-brain barrier (BBB), and its use 

is restricted to in vitro experiments or local infusions, usually intra-cerebro-

ventricular (i.c.v.).However, there are several studies supporting its anxiolytic 

effects (Krahn et al., 1986; Adamec and McKay, 1993; Heinrichs et al., 1994; 

Wierońska et al., 2003). Another widely used CRF receptor antagonist is 

antalarmin (Webster et al., 1996), which belongs to the family of non-peptide 

CRF1 antagonists. Antalarmin has the advantage of being able to cross the 

(BBB), allowing per os administration. Its effects on stress-induced 

psychological and behavioral changes have been extensively investigated in 

rodents and in primates. For example, it has been shown that acute 
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intraperitoneal (i.p.) administration of antalarmin in rodents has an anxiolytic 

effect, either reversing the effects of immobilization stress or the effects of 

CRF local infusion in the brain (Zorrilla et al., 2002; X.-D. Wang et al., 2011). 

On the other hand, chronic treatment with antalarmin, decreased baseline 

ACTH and corticosterone levels in rats, (Bornstein et al., 1998), without 

affecting the HPA axis response in acute stress (Wong et al., 1999) and 

reversed the physical effects of chronic mild stress in mice (Ducottet, Griebel 

and Belzung, 2003).  

 

3.1.2.4 Role of CRF system in HPC and PFC function 

Hippocampal formation and PFC have been two of the most attracting 

brain regions for neuroscientists, not only because of their crucial role in 

cognition and behavior, but also because of the significant deficits they show 

in several common neurologic and neuropsychiatric disorders, such as 

Alzheimer‟s and Parkinson‟s disease, Autism Spectrum Disorder (ASD) and 

SZ. Their role in learning and memory requires their integrity and their 

continuous normal function, which is based on the balanced interplay of 

several neurotransmitter systems. The link of CRF system with stress and 

stress-related neuropsychiatric disorders, along with the spatial distribution of 

CRF family peptides and their receptors, in brain regions affected in 

neuropsychiatric disorders, constitute strong evidence supporting its role in 

HPC and PFC function. As described earlier in this chapter (section 1.1.2.), 

CRF peptide is expressed throughout the brain, including HPC and PFC 

regions, where none of its related peptides has been described to be 

expressed. Between the two CRF receptors, studies have revealed that CRF1 

expression prevails against CRF2 in the rodent HPC and cortex, including 

frontal, cingulate, parietal and occipital cortices, and only orbito-frontal cortex 

shows a concomitant expression of both receptors (Dedic et al., 2017).  

With regards to HPC function, several studies have implicated CRF and 

CRF1in learning and memory and the underlying cellular mechanisms of 

these functions. It has been shown that short-lasting raise of CRF levels can 

be beneficial for HPC-dependent learning and memory, while prolonged 



elevations disrupt its function, leading to cognitive deficits (reviewed in (Chen 

et al., 2012)). Data from in vitro studies have revealed that CRF acts through 

CRF1 receptor in HPC to facilitate synaptic transmission and LTP expression 

through modulation of voltage-gated ion channels (Aldenhoff et al., 1983; 

Wang et al., 1998; von Wolff et al., 2011; Kratzer et al., 2013). Furthermore, 

several lines of evidence support that the observed dendritic atrophy in HPC 

after prolonged exposure to stress, is CRF-induced and underlies the synaptic 

plasticity and memory deficits, seen in anxiety and stress-related disorders 

(Chen et al., 2008, 2010, 2013; Ivy et al., 2010). Pharmacological approaches 

have revealed that the use of CRF1 antagonists could prevent the 

morphological and LTP impairments in HPC, restoring the HPC-dependent 

memory impairments(Chen et al., 2010; Ivy et al., 2010).  Additionally, studies 

using conditional knockout mice with CRF1 forebrain deficiency or postnatal 

forebrain CRF over-expression have shown impaired HPC neurotransmission 

and deficits spatial learning and memory function (Refojo et al., 2011; X.-D. 

Wang et al., 2011). Interestingly, these deficits, as well as, dendritic atrophy in 

HPC subregions, were restored in stressed mice with forebrain CRF1 

deficiency (X.-D. Wang et al., 2011; Xiao-Dong Wang et al., 2011; Wang et 

al., 2013).  

As in HPC, CRF-CRF1 signaling is expected to affect PFC plasticity and 

PFC-dependent cognitive functions. However, very little is known for the direct 

role of CRF system in PFC function, compared to HPC or other brain regions 

and only a few studies have shown the neuronal effects after manipulations of 

CRF system signaling. For example, one study have shown that, CRF peptide 

injection in the rat frontal cortex at high dose, had a significant anxiolytic-like 

effect and induced a transient decrease of excitatory synaptic transmission in 

frontal cortex slices, in an NMDA receptor-dependent manner (Zieba et al., 

2008). One of the latest studies on CRF system role in PFC functions showed 

that subjecting mice to acute stress increases CRF1 mRNA levels and leads 

to PFC dysfunction. Similarly, intra PFC CRF injections mimic the acute-

stress executive dysfunction. Both manipulations resulted in PKA signaling 

pathway activation, while either intra-PFC CRF1 deletion or PKA blockade 

reversed the executive dysfunction (Uribe-Mariño et al., 2016). Yang and 
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colleagues have recently studied the effects of postnatal stress exposure on 

PFC structure and the role of CRF1 in modulating these effects. The stress-

induced dendritic remodeling in PFC pyramidal neurons was prevented by 

concurrent blockade of CRF1 with systemic antalarmin administration, 

abolishing the PFC- cognitive impairments, but not anxiety-related 

behavior(Yang et al., 2015). 

 

3.1.3 Stress and CRF system in neuropsychiatric disorders 

3.1.3.1 Stress-related neuropsychiatric disorders 

Neuropsychiatric disorders constitute a group of serious, chronic and often 

disabling brain diseases, including SZ, Major Depressive disorder, ASD, 

Alzheimer‟s disease and Epilepsy (Taber, Hurley and Yudofsky, 2010). 

Among the various symptoms that have been characterized for each of them, 

cognitive impairments constitute a common symptom (Miyoshi and Morimura, 

2010). On the other hand, stress sensitivity is a significant converging point, 

proposed as a key factor in their onset and their progression. As discussed in 

section 1.1.1, stress response is a normal function, which is activated in order 

to reinstate the homeostasis of an organism. CRF activates HPA axis leading 

to GCs release, which in turn act in the brain, creating a negative feedback 

loop. However, in several neuropsychiatric disorders stress system is found 

dysregulated. Increased HPA activity including high levels of cortisol, ACTH 

and/or cerebrospinal fluid (CSF) CRF have been reported, with a few 

exceptions, in patients with depression, in several cases of anxiety disorders, 

in Obsessive-compulsive disorder, in SZ and ASD, while decreased HPA 

activity has been found in patients suffering from PTSD (reviewed in 

(Jacobson, 2014). Furthermore, although stress response activates the same 

mechanism, the effects of stress differ across the lifespan (Lupien et al., 

2009). For example, the HPA axis of adolescent rodents shows prolonged 

activation in response to stressors, compared to adult animals.  This 

observation is also suggested by human studies, which have shown that 

adolescent period is associated with heightened basal and stress-induced 

activity of the HPA axis. Additionally, the adolescence is a critical period for 



the brain development as some regions including PFC and amygdala 

continue to mature. Thus, it is not surprising that many neuropsychiatric 

disorders, such as SZ emerge during adolescence or early adulthood, when 

the brain is more vulnerable to environmental factors.  

Based on animal and human studies, there have been developed two 

different but not mutually exclusive hypotheses: the neurotoxicity hypothesis 

(Sapolsky, Krey and McEwen, 1986) and the vulnerability hypothesis 

(Gilbertson et al., 2002). According to neurotoxicity hypothesis, prolonged 

exposure to stress hormones may affect brain regions such as HPC and PFC, 

by reducing their ability to resist in other insults or the normal aging 

processes. In contrast, vulnerability hypothesis suggests that the brain is 

already sensitive due to other factors, such as genetic factors or early-life 

stress exposure and the histological, cellular or molecular deficits are already 

present. 

 

3.1.3.2 Stress and schizophrenia –the link 

As discussed in chapter 1 (section 1.2) SZ has been characterized as a 

multifactorial disease, since both genetic and environmental factors contribute 

to its manifestation. There are several lines of evidence that support the 

notion that stress is a crucial risk factor for the disease manifestation and 

progression.  As reviewed by Caceda and colleagues (Cáceda, Kinkead and 

Nemeroff, 2007) studies have shown that stressful situations lead in 

exacerbation of the symptoms or increase the relapse frequency of patients. 

These reports support an increased HPA axis activity in SZ patients, resulting 

in high cortisol levels (Phillips et al., 2006). However, it seems that the 

elevated HPA activity is more pronounced in first-episode patients (Ryan et 

al., 2004; Guest et al., 2011) and there are studies reporting inconsistent 

results. It is rather believed that this HPA increase reflects a higher stress 

sensitivity in SZ (Bradley and Dinan, 2010). Interestingly, it has been 

consistently found a reduced HPA activity (decreased levels of cortisol and 

ACTH) in response to psychological stress, but in physical stressors 

(reviewed in (Jacobson, 2014)). The precise mechanisms that lead to 
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dysregulated HPA axis in schizophrenia are still not clear. What is clearly 

suggested, though, is that genetic predisposition for SZ might not be enough 

to result in a clinical phenotype, without an environmental contribution. On the 

other hand, we cannot ignore the fact that several genes linked with SZ have 

been identified, including DISC1, COMT and PDE4A. These genes  are also 

linked to stress response and Dopaminergic function (Howes et al., 2017). 

Integrating genes, DA and stress, it could be proposed that dysregulated 

Dopaminergic function, due to genetic risk variants, could render DA neurons 

more vulnerable to stress or other environmental insults. 

. 

3.1.3.3 CRF system in SZ 

Evidence of a strong link between SZ and stress response reasonably 

implies a potential link of SZ with CRF. Indeed, there is evidence from human 

and animal studies, supporting a role of CRF system in the pathophysiology of 

the disease. Postmortem studies have shown decreased CRF immuno-

reactivity in Cingulate Gyrus of SZ with cognitive deficits(Gabriel et al., 1996), 

while Herringa and colleagues (Herringa, Roseboom and Kalin, 2006) have 

reported decreased expression of CRF-BP mRNA in the basolateral 

amygdala of male schizophrenic patients. Additionally, genetic studies have 

revealed that interactions between CRF-BP and CRF1 polymorphisms lead to 

increased suicide behavior and risk for alcoholism in schizophrenia patients, 

suggesting a possible hyperactive CRF transmission that may lead to HPA 

dysregulations (De Luca et al., 2010; Ribbe et al., 2011). With regards to 

animal studies, it has been shown that CRF-OE mice have similar deficits to 

SZ phenotype (Groenink et al., 2002; Dirks et al., 2003). Interestingly, it was 

shown that the PPI deficits observed in these mice are mediated via CRF1 

and not GC receptors, suggesting a possible role of CRF1 in the emergence 

of psychotic symptoms in stress-related psychiatric disorders (Groenink et al., 

2008). Further support towards s potential role of CRF in SZ is given by 

several studies, reviewed by Bangasser and Kawasumi (Bangasser and 

Kawasumi, 2015) which implicate CRF system in PFC- and HPC-dependent 



cognitive functions, including working memory, attention, declarative memory 

and fear learning.  

 

3.1.4 Aim of the study 

As discussed in the previous sections, anxiety behavior has been linked 

with several psychiatric disorders, such as SZ, while stress has been heavily 

linked to the emergence and progression, as a significant risk factor. It is now 

widely accepted that exposure to stress conditions can either exacerbate the 

symptoms of SZ or lead to relapse. Importantly, it seems that stress exposure 

can lead to deterioration of the cognitive function, by affecting both cortical 

and subcortical regions. Furthermore, there is evidence of a strong link 

between CRF system and SZ pathology, especially with regards to the 

cognitive deficits seen in PFC and HPC. However, CRF system contribution 

has not been clarified yet. Based on the above and on our intriguing finding of 

the sex-biased PFC-cognitive impairment in MAM-16 mice, we aim to identify 

the contribution of CRF system in the cognitive deficits of PFC. We explore 

the stress response and the CRF system function in control and MAM-

exposed mice, in order to clarify the link between stress, CRF system and 

MAM model pathology. We believe that this will provide significant information 

that will guide us to explore how CRF system interventions may improve 

cognitive deficits, observed in the MAM mouse model of schizophrenia.  

 

3.2 Materials and Methods 
 

3.2.1 Animals and treatment 

The experiments were conducted in adolescent (40-45 days old) and/or 

adult (>3 months old) C57BL/6 male and female offspring of pregnant dams 

treated with either saline or MAM on GD16 (as described in chapter 1, section 

2.1). Mice were housed in groups (3-4 per cage) and provided with standard 

mouse chow and water ad libitum, under a 12 h light/dark cycle (light on at 

7:00 am) with controlled temperature (23 +/- 1 Celsius). All procedures were 
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performed according to the Guidelines of the Research Ethics Committee of 

the University of Crete and the European Union ethical standards outlined in 

the Council Directive 2010/63EU of the European Parliament on the 

protection of animals used for scientific purposes. 

All behavioral experiments were conducted between 10.00a.m.-5.00p.m. . 

 

3.2.2 Elevated plus maze 

Elevated plus maze task (EPM) is a standardized behavioral paradigm for 

the evaluation of trait anxiety levels in rodents, based on the conflict of the 

innate curiosity of the animal to explore a new environment and the fear of the 

open arms.  It consists of two open arms (5x35cm), two closed arms 

(5x35x15cm) and one intersection (5x5cm) compartment. Adolescent and 

adult mice, MAM-16 and Saline, from both sexes (8-10 mice from each group) 

were tested. After 1 hour of acclimation in the experimentation area, each 

animal was placed in the intersection, facing a closed arm, opposite the 

experimenter and allowed to explore the apparatus for 5 minutes. The activity 

of the animal was recorded during the task, using a camera above the 

apparatus, and was analyzed with the JWatcher software 

(http://www.jwatcher.ucla.edu/). The number of entries in the different 

compartments and the time spent in each compartment were scored. The 

basal anxiety levels were evaluated by calculating the ratio of open 

arms/closed arms entries/time. 

 

3.2.3 CRF1 protein expression 

For the quantification of CRF1 protein levels in PFC and HPC, total 

protein extraction was conducted, followed by SDS-PAGE procedure and 

western blotting using specific anti-CRF1 antibody. In particular, adult saline 

and MAM-16 mice of both sexes (4 animals per group) were decapitated 

following cervical dislocation, the brains were quickly placed in ice-cold PBS 

and then positioned on a brain mold, where 1.5-mm slices were taken, 

containing the PFC or the HPC. The slices were placed on dry ice and stored 

http://www.jwatcher.ucla.edu/


at -80 °C, until homogenization in lysis buffer (50mM HEPES, 150mM NaCl, 

1% Glycerol, 1% Triton, 1,5 mM MgCl2, 5mM EGTA, 1:1000 inhibitor 

cocktail). Protein extracts were fractionated by SDS-PAGE (40 κg of sample 

protein in each lane, 10% acrylamide separating gel, 4% acrylamide stacking 

gel, electrophoresis at 140 V for 80 min) and transferred onto nitrocellulose 

membrane. The membrane was blocked with 5% BSA (Bovine Serum 

Albumin) in TBS-Tween or PBS-Tween 0.1%, incubated O/N in goat 

polyclonal anti-CRF1 (AA 107-117) (Sigma-Aldrich, Darmstadt, Germany, 

1:3000) or anti-actin (Chemicon, 1:2000), washed, incubated in secondary 

goat anti-rabbit or anti-goat IgG Horseradish Peroxidase Conjugate antibody 

(Invitrogen, 1:5000) and finally incubated in Pierce ECL Western Blotting 

Substrate. The visualization of proteins of interest was conducted with 

Chemiluminescence, which was detected by a Gel imaging system. Analysis 

of the CRF1 expression was performed with ImageJ software, and the raw 

values of CRF1from each sample were normalized to their respective a-Actin 

values.  

 

3.2.4 Chronic antalarmin treatment 

The effects of chronic antalarmin treatment on synaptic plasticity of female 

PFC were tested in adult female MAM-16 and control mice. 7 MAM-16 and 3 

control mice were i.p. injected twice a day (every 12 hours) for 5 consecutive 

days with 20mg/kg of antalarmin hydrochloride (Sigma-Aldrich), dissolved in 

5% DMSO and 95% sterile saline. Two groups of 2 MAM-16 and 3 control 

mice received i.p. injections of saline (1ml/kg), twice a day for 5 days. 16 

hours after the last injections of the 5th day, animals were decapitated under 

halothane anesthesia and brains were used for in vitro electrophysiological 

experiments in the PFC region (as described in chapter 2, section 2.9).  

 

3.2.5 Cognitive function under stress 

The evaluation of cognitive function after exposure to stress was 

conducted at the behavioral level. First, animals were prepared for the object 
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recognition for temporal order cognitive task (described in 3.2.8) followed by 

two hours exposure to the stressor, and immediately after, their anxiety levels 

were evaluated using the Light/Dark Box task. Finally, their cognitive function 

was assessed, using the object recognition task.   

 

3.2.6 Restraint stress 

Restraint stress is a common physical stressor, used in rodents for the 

induction of stress response and the study of drug effects upon the response. 

Animals are restrained in ventilated plastic tubes (e.g. 50ml falcons) for a few 

minutes to hours, depending on the intensity of the task. Restraint stress task 

was utilized for the induction of stress response in male and female animals, 

in order to assess their cognitive function after stress.14 animals (7 males and 

7 females) were restrained (RS group) for 2 hours and 14 animals were kept 

in their home cages, as the control group (No RS). Anxiety levels were 

measured in the Light/Dark box, immediately after the restrained stress 

procedure and in No RS group. 

 

3.2.7 Light dark box task 

Light/Dark test is one of the most widely used tasks for the assessment of 

anxiety behavior in mice. It is based on their natural aversion to illuminated 

areas and their spontaneous exploratory behavior in novel environments. The 

apparatus consists of two chambers of equal dimensions (27x26x24 cm), one 

dark and one illuminated, divided by a partition and a door. Mice were placed 

in the dark part, while the door was kept closed for 10 seconds.  Then, mice 

were allowed to explore freely the two chambers for 5 minutes and their 

activity was monitored throughout the task, using a camera placed above the 

box. The latency to enter the illuminated chamber, as well as the number of 

transitions and the time spent in each compartment were analyzed using the 

JWatcher software. 

 



3.2.8 Object recognition for temporal order 

The object recognition task for temporal order was used to assess the 

recency memory of mice (Konstantoudaki et al., 2018)Animals were initially 

handled by the experimenter for about a week and then they were habituated 

to the apparatus (open field arena) devoid of any objects for 10 minutes, each 

day, for three consecutive days before the beginning of the behavioral test. 

The task comprised two 5-minute sample trials and one 5-minute test trial, 

with an inter-trial interval of 25 minutes. In each sample trial, mice were 

allowed to explore two identical copies of the same object. Different objects 

were used for the two sample trials, which had been confirmed that had no 

ethological significance to the mice and also that mice did not show specific 

preference to any of them. During the test phase one object from sample trial 

1 (old) and one object from sample trial 2 (recent) were presented and the 

animals were allowed to explore the apparatus. The behavior of each animal 

was recorded throughout the task (trial and test phases) and was analyzed 

with JWatcher software. Object recognition memory for temporal order was 

defined as an increase in time exploring the old familiar object compared to 

the time exploring the recent familiar object (Mitchell and Laiacona, 1998). 
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3.3 Results 
 

3.3.1 Altered trait-anxiety levels after prenatal mam exposure, observed 
in adulthood 

Adolescent and adult, male –female and saline or MAM-treated mice were 

tested in the elevated plus maze task. The analysis revealed sex- and age- 

related differences in trait anxiety in saline and MAM-treated mice. For adult 

females, analysis revealed that MAM-16 mice tend to be more anxious 

compared to saline-treated mice, as shown by the Open/Closed arms ratio for 

the entries (O/C entries) (t-test, p= 0.08) and the Open/Closed arms ratio for 

the time spent (O/C time) (t-test, p= 0.09)(Fig.3.5A). However, no differences 

were observed between adolescent saline and MAM-treated animals (t-test, p 

= 0.5 and 0.7, O/C entries and O/C time, respectively) (Fig.3.5C). For adult 

males, analysis showed that MAM-16 mice have decreased trait anxiety 

levels, compared to saline-treated animals, as shown by the increased time 

spent in the open arms (t-test, p = 0.05) and the decreased time spent in the 

intersection (t-test, p = 0.039) (Fig.3.5B).  On the other hand, adolescent 

saline and MAM-16 mice exhibited no significant differences in their basal 

anxiety levels (t-test, p =0.97, 0.3, O/C entries and O/C time, respectively) 

(Fig.3.5D).  
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Figure 3.5: Trait-anxiety levels in adult and adolescent, female - male and saline 

or MAM-treated mice. A-D) Bar graphs showing (left) the time spent in each 

compartment of the EPM apparatus, during the 5 minutes of the task, (middle) the 

ratio of Open/Closed arms for entries and (right) the ratio of Open/Closed arms for 

time. EPM, Elevated plus maze 

Figure 3.6: Western blot analysis of CRF1 expression in PFC samples of female-

male MAM-16 and saline mice. (Top) Bar graphs showing the normalized 

expression levels of CRF1 protein and (bottom) representative protein immuno-

blots of CRF1 and a-Actin as a loading control.  

 

3.3.2 Sexually dimorphic CRF1 expression in PFC, after prenatal MAM 
exposure - Adults 

As described in Chapter 2 (sections 3.4 & 3.5), both cognitive evaluation 

and electrophysiological recordings showed that prenatal MAM exposure, 

affected PFC function only in male mice, while deficits in HPC were observed 

in both sexes. Using western blotting technique, we measured CRF1 protein 

levels in lysates of PFC samples from 4 saline- and 4 MAM-16 mice, for both 

sexes. The SDS-PAGE procedure was conducted separately for male and 

female samples.  Analysis revealed a significant reduction of CRF1 

expression in the PFC of male MAM-16 mice, compared to saline-treated 

mice (t-test, p = 0.004). However, this was not the case for female mice, 

where no alteration was observed between control and MAM-treated animals 



(t-test, p = 0.4) (Fig. 3.6).  

3.3.3 Chronic antalarmin treatment effects on synaptic transmission and 
plasticity in PFC of female mice 

Based on literature, animal studies have shown that females are more 

resilient than males to chronic stress, with regards to PFC-cognitive function 

(Yuen et al., 2012; Wei et al., 2014; Yuen, Wei and Yan, 2016).  Furthermore, 

an inadequate internalization of CRF1 in females after stress has been found 

(Bangasser et al., 2010). Since our results from synaptic plasticity in the PFC 

of MAM-exposed mice revealed no alterations in MAM-16 female mice, while 

the trait anxiety of these animals was found increased, we hypothesized that 

CRF1 signaling could potentially protect PFC-cognitive function of MAM-16 

female mice. So, we blocked CRF1 signaling with chronic antalarmin 

treatment in control and MAM-16 female mice and evaluated the effects on 

synaptic transmission and plasticity in layer II synapses of PFC. Analysis of 

the fEPSPs showed that synaptic transmission was reduced in increasing 

intensity stimulation, in control antalarmin-treated animals (repeated 

measures ANOVA, F(1,10)=4.2, p = 0.02 ) (Fig.3.7A). In contrast, synaptic 

transmission in MAM-16 antalarmin-treated animals seemed to be increased 

in low intensity stimulations (repeated measures ANOVA, F(1,10)=1.5, p = 0.2 ) 

(Fig.3.7B). To determine the effects on synaptic plasticity in the PFC, we 

induced LTP by tetanic stimulation. Our results revealed opposite effects of 

antalarmin in control and MAM-16 mice. In particular, LTP was found 

increased in control animals that received antalarmin (repeated measures 

ANOVA, F(1,10)=5.7, p = 0.02  ), while in MAM-16 animals that received 
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Figure 3.7: Effects of antalarmin treatment on synaptic transmission and 

plasticity of PFC. A-B) Graphs showing the fEPSP in response to increasing current 

stimulation for control (A) and MAM-exposed (B) female mice treated with saline 

or antalarmin. C-D) Graphs showing LTP following tetanic stimulation in control (C) 

and MAM-exposed (D) female mice treated with saline or antalarmin. 

antalarmin, LTP was significantly decreased (repeated measures ANOVA, 

F(1,10)=6.2, p = 0.01) (Fig. 3.7).  

 

 

3.3.4 Female mice are more vulnerable to two hours of restraint stress 

Control male and female mice were restrained for two hours in plastic 

tubes, in order to activate HPA axis, and test their cognitive function. Based in 

our previous results from MAM-treated male and female animals with regards 

to trait anxiety and CRF system alterations (CRF1 receptor protein levels), we 

tried to induce a condition of altered CRF system activity in control animals. 

We evaluated the restraint stress-induced anxiety levels, using the Light-Dark 

box task. Analysis of the latency to enter for the first time the illuminated 

compartment and the time spent in each part of the device showed that 

restrained (RS) female mice spent significantly less time in the illuminated 

area (t-test, p = 0.01) and significantly more time in the dark compartment, 

compared to their respective controls (t-test, p = 0.01), indicating increased 



Figure 3.8: Stress-induced anxiety evaluation in the Light-Dark box in female and 

male mice. A-B) Bar graphs showing the latency to enter the illuminated 

compartment for the first time, the number of transitions between the two 

compartments and the time spent in each compartment, in restrained (RS) and 

non-restrained (NoRS) female (A) and male (B) mice. D, Dark; L, Light 

anxiety levels (Fig.3.8). RS female mice exhibited also decreased number of 

transitions between the two compartments, implying decreased locomotor 

activity (t-test, p <0.001) (Fig.3.8).  In contrast with females, no significant 

alterations were observed in the time spent in each compartment between RS 

and No RS male mice. However, the number of transitions between the two 

compartments was found significantly decreased in RS animals, which could 
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Figure 3.9: Recency memory function in the recognition task for temporal order. 

Graphs showing the discrimination index of female and male mice after two hours 

of restraint stress, compared to their respective control groups. 

imply a decrease in locomotor activity of this group.  

With regards to cognitive function of PFC, we evaluated the recency 

memory, using the recognition task for temporal order. The discrimination 

ratio (DR) between the old and the recent familiar object was measured for 

the test phase of the task. Our results showed no significant differences in the 

discrimination ratio (DR) between restrained animals and their respective 

controls, either in female mice (t-test, p =0.3), or male mice (t-test, p =0.5) 

(Fig.3.9). However, it is possible that increasing the number of animals tested, 

could unravel interesting differences between the groups.  

 

 

 

 

 

 

 

 

 

 

 

 

  



3.4 DISCUSSION 
 

This part of the study extends the sex comparison of MAM-exposed mice, 

with regards to trait anxiety and CRF system involvement in PFC function, 

and explores the effects of acute restraint stress in cognitive function of adult 

male and female mice, at the behavioral level. We find that MAM-exposure 

has no effect on adolescent mice of either sex, while it affects in an opposite 

way the two sexes, during adulthood; heightened levels of trait anxiety in 

MAM-16 female mice and decreased levels in MAM-16 male mice, compared 

to their respective controls. Results from the quantification of CRF1 protein 

expression in PFC samples of MAM-16 and control mice reveal a significant 

decrease only in MAM-16 male mice, while chronic blockade of CRF1 in 

females, abolishes the LTP induction, after tetanic stimulation in PFC of MAM-

16 group. When we induce stress response in control animals (2 hours of 

restraint stress), our results reveal that female mice are more vulnerable to 

restraint stress in terms of anxiety levels and PFC-dependent cognitive 

function.  

 

3.4.1 Comparison with the MAM model in rats and other SZ models 

The assessment of basal anxiety levels was conducted using the EPM 

task, in two age groups, for both sexes. We find no differences in adolescent 

animals, between MAM-16 and control groups of either sex. However, 

increased anxiety has been reported in male MAM-17 rats during 

adolescence, which could be reversed by chronic diazepam treatment). In 

adult animals, we find increased anxiety levels in female MAM-16 mice and 

decreased anxiety levels in male MAM-16 mice. To our knowledge, there are 

no previous studies that have evaluated anxiety behavior in female MAM-17 

rats, while for males, results have been conflicting. The first report from adult 

MAM-17 rats had shown decreased basal anxiety levels (Gastambide et al., 

2015b), as measured by the EPM task, which is in line with our results for 

male MAM-16 mice. However, a recent study by the same group that 

supported increased anxiety in adolescent MAM-17 rats, found identical 

results (increased anxiety) in adult animals(Du and Grace, 2016). In addition, 
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other studies have shown increased stress response in MAM-17 juvenile 

animals(Zimmerman et al., 2013), after acute footshock stress, while 

increased vulnerability to stress exposure (cold stress) was found in adult 

MAM-17 rats with regards to PFC function (Goto and Grace, 2006). It is 

possible that alterations in stress response occurred later in MAM-16 mice, 

compared to MAM-17 rats, and at the time of the test they were not apparent. 

In other neurodevelopmental models of schizophrenia, sexual dimorphism 

has been also observed in anxiety behavior, as well as some discrepancies, 

which could reflect strain differences or variations in experimental procedures. 

For example, in a rat model of prenatal immune challenge, IL-1β exposure 

during gestation (GD17-21) caused a decrease in anxiety-related behavior 

only in female animals (Paris et al., 2011). Studies using the prenatal stress 

model, have found conflicting results. One study reported increased anxiety 

levels only in female rats prenatally exposed to stress (Schulz et al., 2014), 

while others have shown that anxiety occurs in both sexes (Wilson, Schade 

and Terry, 2012; Palacios-García et al., 2015). Furthermore, our results 

regarding the decreased anxiety levels in MAM-16 male mice are in line with 

results from another developmental animal model, the social isolation rearing 

model. Anxiogenic behavior has been reported in male isolation reared rats 

and mice, but not in female animals (Guo 2004, Weiss 2004). However, 

results from the phencyclidine (PCP) model of SZ have shown anxiogenic 

behavior in male and anxiolytic behavior in female mice (Turgeon, Anderson 

and O‟Loughlin, 2010).  Diverse results have been also revealed from genetic 

animal models. Reduced anxiety levels in male mice or in both sexes have 

been reported, or even increased anxiety-behavior in female animals 

(O‟Tuathaigh et al., 2008; Kuroda et al., 2011). 

Despite the variability in the results concerning the rates in comorbidity of 

anxiety and SZ in humans, the general idea suggests a high prevalence of 

anxiety in SZ (Achim et al., 2011). Our results are partially consistent with 

human reports which suggest an elevated HPA axis activity in SZ patients. In 

particular, increased HPA axis activity is more pronounced in first-episode 

patients (Ryan et al., 2004; Guest et al., 2011) (, while increased anxiety often 

exacerbates the psychotic symptoms (Lysaker and Salyers, 2007). 



Importantly, human studies report that women with SZ show more severe 

anxiety and depression symptoms, compared to men (Emsley et al., 1999; 

Abel, Drake and Goldstein, 2010). 

 

3.4.2 Sexually dimorphic CRF1 expression 
 

We measured the protein levels of CRF1 in PFC samples of MAM-16 and 

control animals in order to identify possible alterations after prenatal MAM 

exposure in the CRF system which could support a link between the MAM 

model of SZ in mice and CRF system alterations, as well as with the basal 

anxiety levels. Analysis reveals decreased levels of CRF1 only the PFC of 

male MAM-16 mice, which show decreased levels of trait anxiety, as 

measured in the EPM task. Our results are in line with studies from 

conditional knocked out animals. Specifically, reduced anxiety behavior has 

been recorded in mice from which CRF1 gene was totally deleted or ablated 

from glutamatergic forebrain neurons (Timpl et al., 1998; Refojo et al., 2011; 

Wang et al., 2013). In contrast, we do not find alterations in CRF1 levels in 

female MAM-16 mice, despite their increased basal anxiety, which could 

suggest altered CRF1 expression in PFC. However we cannot exclude the 

possibility that CRF1 expression in other brain regions has been affected. It 

has been shown that specific deletion of CRF1 from dopaminergic neurons of 

the midbrain leads to high anxiety levels(Kratzer et al., 2013).  The observed 

increased anxiety behavior of female MAM-16 mice in the EPM task may 

reflect an increased sensitivity in their stress response, which could be 

attributed to dysfunction of other brain areas, such as amygdala or the cortico-

striatal-thalamo-cortical loop, or alterations in other neurotransmitter systems. 

Alternatively, the observed alterations in CRF1 protein levels could be the 

result of increased β-arrestin-2 coupling of the receptors in male but not 

female MAM-16 mice which leads to desensitization of the receptor. Based on 

recent findings from Bangasser and colleagues (Bangasser et al., 2010; 

Bangasser and Valentino, 2014), the β-arrestin-2 pathway is preferred by 

stressed male but not female rats, leading to CRF1 internalization. If we 

hypothesize that prenatal exposure to MAM mimics the effects of a stressful 

condition, it could be possible that in male mice the β-arrestin-2 pathway is 



91 

 

activated as a compensatory mechanism, leading to CRF1 internalization, 

degradation and finally, in decreased levels. However, according to the above 

studies, this is not the case for female MAM-exposed mice, giving support to 

the hypothesis of increased predisposition of females to certain stress-related 

psychiatric disorders. 

 

3.4.3 Does CRF system protect PFC function in females? 

The results from CRF1 protein measurements led us to further 

hypothesize that the sex-biased PFC-dysfunction observed in MAM-16 mice 

(described in chapter 2) could be at least partially influenced by CRF1 

signaling/activity or that PFC function in female MAM-16 mice is somehow 

protected through CRF1 function. We blocked CRF1 signaling in MAM-16 and 

control female mice, with chronic antalarmin systemic administration. Analysis 

reveals opposite effects on synaptic transmission and plasticity between the 

two groups. We report enhanced LTP induction in control mice and absence 

of LTP in MAM-16 mice. Despite the restricted knowledge concerning the 

direct role of CRF system in PFC function our results are in line with other 

studies, with regards to the effects of antalarmin in control animals. Recently, 

it was shown that systemic administration of antalarmin during early-life stress 

exposure prevented both stress-induced dendritic shrinkage of pyramidal cells 

in layers II/III and V of PFC and the related PFC cognitive deficits (Yang et al., 

2015), which could be compared to the enhanced synaptic plasticity of PFC 

we find in control animals. Similarly, antalarmin treatment has been reported 

to restore HPC structural and functional deficits induced after early life-stress 

exposure(Ivy et al., 2010).  

On the other hand, several studies have shown both facilitating and 

negative effects of CRF on cognitive function. It seems that CRF through 

CRF1 affects differently PFC and HPC function. Specifically, acute elevations 

of CRF can be beneficial for HPC(Wang et al., 1998; Orozco-Cabal et al., 

2006), enhancing synaptic transmission, but not for PFC-dependent cognitive 

function (Zieba et al., 2008; Uribe-Mariño et al., 2016), while prolonged 

exposure to high levels of CRF seems to be detrimental for both structures 



(Chen et al., 2008, 2010, 2012; Hains et al., 2009; Ivy et al., 2010). 

Interestingly, we find that blockade of CRF1 abolishes LTP induction in layer 

II/III of PFC in MAM-16 mice, resembling the observed deficit found in male 

MAM-16 mice. It has been previously shown that in vivo intra-cortical CRF 

infusion into rat sensorimotor cortex induced long-lasting depression of 

synaptic transmission, measured in layers II/III and V(Froc and Christie, 2005)  

Similarly, in rat frontal cortex slices, the CRF-induced depression of synaptic 

transmission was evident only after the simultaneous blockade of GABa and 

GABAb receptors, which had a dis-inhibiting effect on the slice (Zieba et al., 

2008). Based on these observations, we can hypothesize that the decreased 

number of PV interneurons in the PFC of male MAM-16 mice (chapter 2) 

could have a dis-inhibiting effect, which could be combined with the 

decreased number of CRF1 receptors, leading to LTP deficits and PFC 

dysfunction. Furthermore, chronic antalarmin treatment in females seems to 

mimic the decreased levels/activity of CRF1 seen in males, leading to LTP 

deficits. 

 

3.4.4 Cognitive function after restraint stress – does sex matter? 

In this part of the study our first goal was to evaluate the anxiety-related 

behavior after exposure to acute restraint stress, in control mice of both 

sexes. Analysis of their activity inside the Light-Dark box, after 2 hours of 

restraint stress, reveals increased anxiety levels in RS females, compared to 

their control group, as indicated by the increased time spent in the dark 

compartment. In RS males we only report decreased number of transitions 

and no differences in the time spent in each compartment. The decreased 

number of transitions is also observed in RS females and is considered an 

index of decreased exploratory behavior, which could be interpreted as 

anxiety-related behavior (Belzung, Misslin and Vogel, 1987; Bourin and 

Hascoët, 2003). As reviewed in Horst and colleagues (Ter Horst et al., 2012), 

studies have shown inconsistent results with regards to the 

behavioral/emotional effects of acute stress exposure between male and 

female animals. For example, increased anxiety levels following restraint 

stress have been reported in male mice, but not in females (Bowman et al., 
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2009), while exposure to isolation stress reduced anxiety levels in male and 

had no effect on female mice (Guo et al., 2004). However, exposure to a 

psycho-emotional stressor has shown increased anxiety-related behavior in 

both sexes(Avgustinovich and Kovalenko, 2010). The general concept 

proposed is that stress tends to induce more anxiety in male rodents, while in 

females anxiety behavior depends on the type of stressor (Ter Horst et al., 

2012).  Based on the above, our results from the Light/Dark task evaluation 

are in line with other studies.  

The second part of this experiment includes the cognitive evaluation of the 

animals after restraint stress exposure. The recognition task for temporal 

order is extensively used for the assessment of the PFC function. Analysis 

shows no differences with regards to recency memory function after two hours 

of restraint stress, in either sex. However, the low number of animals tested 

so far, might be insufficient to unravel possible effects of restraint stress in 

cognitive function of mice. There are studies supporting a favorable effect of 

acute stress on cognitive function, with the majority of the reports referring to 

PFC cognitive function of male subjects(Wood and Shors, 1998; Das et al., 

2000; Conrad et al., 2004; Dalla et al., 2007; Yuen et al., 2009; Bryce and 

Floresco, 2016). Furthermore, Drouet and colleagues have shown weak PFC 

activity after 1 hour of restraint stress in rats with high PFC GAB/Glutamate 

ratio, suggesting a possible association of increased emotional reactivity in 

acute stress with PFC deficits(Drouet et al., 2015). However, a similar study 

conducted in rats have found impaired PFC function in both male and female 

animals after exposure to two hours of restraint(Shansky et al., 2006).  

Based on literature and taking into consideration our own results, we can 

conclude that acute restraint stress can affect in a different way the two 

sexes. Females seem to be more vulnerable, at the emotional level, while our 

results reveal higher tolerance of male mice against the effects of restraint 

stress. Further experiments would give us a clearer view on how restraint 

stress can affect recency memory of female and male mice.  

 



Chapter 4 
 

 

General discussion 
 

Taking into consideration that SZ is one of the commonest and most 

serious mental disorders, often debilitating for the patients and their families, 

but still incurable, the need to understand its multifactorial character and 

unravel the underlying mechanisms of its pathology is imperative. Another 

important aspect that is rarely incorporated in SZ studies, are the sex 

differences related to the emergence and the symptomatology of the disorder 

(Abel, Drake and Goldstein, 2010), which can be an additional obstacle, in 

developing effective treatment. Based on the above considerations, and in 

support to the two-hit hypothesis (Maynard et al., 2001; Monte et al., 2017) for 

the emergence of SZ, we describe the development of the SZ 

neurodevelopmental MAM model in mice, which has been established and 

extensively studied in rats(Modinos et al., 2015), mostly in male animals and 

we validate it in both sexes.  Furthermore, we investigate whether and how 

CRF system is involved in the pathology of the MAM model of SZ, as a strong 

link between SZ, stress and CRF system seems to exist(Cáceda, Kinkead 

and Nemeroff, 2007; De Luca et al., 2010; Ribbe et al., 2011). 

The first part of the study reveals that GD 16 is the optimal time point for 

the prenatal exposure to the mitotoxin and that both male and female mice 

show „schizotypic-like‟ alterations, as adults (positive symptoms and 

histological deficits), suggesting that MAM-16 model in mice is comparable to 

the MAM-17 rat model. The concurrent study of both sexes demonstrates 

significant differences in PV protein expression and in PFC-dependent 

cognitive deficits, which are also observed in humans and other animal 

models (Leung and Pierre Chue, 2000; Zhang and Reynolds, 2002; Abel, 

Drake and Goldstein, 2010; Ochoa et al., 2012; Holley et al., 2013; Hill, 2016). 

Specifically, we find decreased number of PV-interneurons in HPC and PFC 

only of male MAM-16 mice, accompanied by impaired synaptic plasticity in 

both HPC and PFC and concomitant cognitive deficits. While HPC function is 



95 

 

impaired in both sexes, PFC seems to be more vulnerable in males. A 

possible explanation for these observations, already discussed in chapter 2, 

could be given by the gonadal hormones function. Recent studies suggest a 

protective role of estrogens on hippocampal function, in response to stress.  

However, here, it could be possible that estrogens can only protect the late 

developing PFC of female MAM-exposed mice. The second part of the study 

reveals alterations in basal anxiety levels of MAM-exposed mice, along with a 

potential critical role of CRF system in PFC cognitive deficits of the MAM 

mouse model. In particular, we find increased anxiety levels in females and 

decreased in male mice prenatally exposed to MAM, observed only in 

adulthood. Furthermore, asexually dimorphic expression of CRF1 protein in 

the PFC is added in the observed sex-biased deficits. Alterations in both 

anxiety levels and CRF system components have been reported in the rat 

MAM mode, in other animal models of SZ and in the human condition 

(Herringa, Roseboom and Kalin, 2006; Turgeon, Anderson and O‟Loughlin, 

2010; Achim et al., 2011; Ribbe et al., 2011; Schulz et al., 2014; Gastambide 

et al., 2015b; Du and Grace, 2016),despite the several discrepancies that 

exist in the literature, which complicate our conclusions.  

Our first hypothesis that the sex-biased PFC-dysfunction observed in 

MAM-16 mice could be partially influenced by CRF1 signaling/activity or that 

PFC function in female MAM-16 mice might be protected through CRF1 

function is supported by the systemic antalarmin treatment results, which 

show impaired PFC synaptic plasticity in MAM-16 female mice after chronic 

blockade of CRF1. However, the question to be answered is which are the 

underlying mechanisms for this sexual dimorphism in CRF system function 

that might contribute to men‟s increased vulnerability to develop SZ? 

According to our results, the decreased number of PV-positive interneurons in 

the PFC of male MAM-16 mice could have a double negative effect on PFC 

function: 1) they could disturb the balance between excitation and inhibition, 

by dis-inhibiting PFC circuits, leading consequently to impaired synaptic 

transmission and plasticity and 2) they could lead to decreased CRF1 

expression levels as a homeostatic mechanism for the decreased CRF-IR 

neurons, which are interneurons. Since PV interneurons are not affected in 



the PFC of female MAM-16 mice, but chronic blockage of CRF1 reproduces 

the deficits found in male PFC, the second hypothesis does not seem 

possible. However, it is possible that there is excessive CRF in both male and 

female MAM-exposed animals, probably existing prior to adulthood, which 

leads to the activation of different homeostatic mechanisms between the two 

sexes.  

As discussed earlier, recent findings have shown that β-arrestin pathway 

is preferred by stressed male but not female rats. If we hypothesize that this is 

the case for male MAM-expose mice, then the observed decreased CRF1 

levels could be the result of internalization and degradation processes that 

take place in the PFC, as a compensatory mechanism for the excessive CRF. 

On the other hand, the unaltered levels of CRF1 in the PFC of female MAM-

16 mice imply that β-arrestin pathway is not preferred by females and suggest 

that MAM-16 females develop a different homeostatic mechanism to 

compensate for the increased CRF levels. We hypothesize that this 

compensatory mechanism could be the activation of a different signaling 

pathway in response to CRF1 binding. There are several signaling pathways 

that can be initiated upon CRF1 activation, and the choice of the pathway to 

activated, probably depends on the „needs‟ and the state of the 

organism(Hauger et al., 2009). The AC-PKA signaling pathway is considered 

the dominant pathway for both CRF1 and CRF2 (Hauger et al., 2009). 

Interestingly, it has been shown that acute stress or intra-PFC CRF injections 

lead to PFC dysfunction, which can be reversed with either intra-PFC CRF1 

deletion or after PKA blockade (Uribe-Mariño et al., 2016). An alternative 

signaling pathway that could be activated is the Ras- PI3K –PKB kinase 

signaling pathway. Ras-MAPK and cAMP/PKA are considered competing 

pathways that regulate the expression of plasticity-associated genes(Waltereit 

and Weller, 2003). We hypothesize that in female MAM-16 mice PFC, the AC-

PKA signaling cascade is suppressed and the Ras signaling pathway is 

activated. Several lines of evidence support that Ras signaling pathway has a 

crucial role in LTP and memory function(Jin and Feig, 2010; Liu et al., 

2011)by controlling the synaptic trafficking of AMPA receptors, through 

phosphorylation of GluR1 (Zhu et al., 2002; McCormack, Stornetta and Zhu, 
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2006; Hu et al., 2008; Kielland et al., 2009). This compensatory mechanism 

could reinstate the normal PFC function and rescue PFC function of female 

MAM mice. Consequently, when we chronically block CRF1 with systemic 

antalarmin treatment, it seems that homeostasis is again disturbed. With 

regards to control animals treated with antalarmin, the observed LTP 

facilitation 

The last part of the study constitutes the first step to our ultimate goal, 

which would be to test the cognitive function of MAM-mice after acute stress 

and identify possible sexually dimorphic adaptations in both behavioral stress 

response and PFC-function. This would further help us elucidate the role of 

CRF system in SZ pathology and the underlying cellular mechanism 

responsible for the observed sexual dimorphism. 
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