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Abstract (Italian)  
 

Il fenotipo di un organismo, cioè l’insieme delle sue caratteristiche morfologiche e funzionali, è 

determinato dall’espressione del suo patrimonio genetico e dalle influenze dell’ambiente 

circostante. Nei mammiferi l’ambiente materno precoce riveste un ruolo fondamentale nel 

regolare lo sviluppo postnatale e il fenotipo. Studi condotti su roditori hanno dimostrato come la 

qualità delle cure materne influenzi comportamento, risposta allo stress e metabolismo della 

progenie in età adulta.  

Nel modello murino caratterizzato dalla delezione condizionale (ristretta ai neuroni eccitatori del 

prosencefalo) del gene NPY-1r, che codifica per il recettore Y1 del neuropeptide Y (NPY), è 

stato dimostrato che gli effetti della delezione genica si manifestavano solo nei maschi allevati 

da madri adottive ad alto grado di cure materne; in questa condizione i topi knockout (NPY1rrfb) 

mostrano minor peso corporeo, aumento del comportamento ansioso in età adulta, minori livelli 

plasmatici di leptina, minor quantità di tessuto adiposo e ridotta espressione dell’mRNA 

codificante per NPY-1r rispetto ai topi controllo (NPY1r2lox).  

Il presente studio ha lo scopo di esaminare il fenotipo comportamentale e metabolico di maschi e 

femmine knockout (NPY1rrfb) e di controllo (NPY1r2lox) allevati da madri caratterizzate da un 

diverso grado di cure materne e di indagare sul comportamento emozionale, riproduttivo e di 

motivazione materna delle femmine per valutare l’impatto dell’inattivazione condizionale di 

NPY-1r in area limbica e delle cure materne in risposta al challenge riproduttivo.  

Dall’incrocio di tre diverse linee murine abbiamo ottenuto una prole costituita da topi NPY1rrfb e 

NPY1r2lox dati in adozione, alla nascita, a madri di quattro diversi ceppi caratterizzati da un 

diverso grado di cure materne, è stato osservato il comportamento materno spontaneo durante la 

prima settimana di vita dei piccoli, ed è stato monitorato il peso corporeo di maschi e femmine 

NPY1rrfb e NPY1r2lox dallo svezzamento all’età adulta.  

Al raggiungimento dell’età adulta sono stati effettuati tre diversi esperimenti. Nel primo 

esperimento abbiamo indagato sugli effetti della delezione condizionale di NPY-1r sul 

comportamento emozionale (simil-ansioso, di risposta alla novità, e agonistico) e sul fenotipo 

metabolico in risposta a due differenti tipi di dieta in topi maschi e femmine NPY1rrfb e 

NPY1r2lox adottati alla nascita da madri di ceppo Balb/c, C57Bl/6J, CD-1 e FVB/J.  

I risultati ottenuti dai test comportamentali hanno mostrato che in generale, i soggetti 

sperimentali erano caratterizzati da alti livelli di ansia ma la delezione condizionale di NPY-1r 

non sembra influire sul comportamento ansioso, mentre si osserva un effetto, dipendente dal 

genotipo e dal ceppo di adozione, sul comportamento aggressivo nei maschi: infatti i maschi 



5 
 

NPY1rrfb allevati da madri ad alto grado di cure materne mostrano una riduzione del 

comportamento agonistico. 

Il challenge metabolico costituito dalla somministrazione di una dieta ad alto contenuto calorico 

(HFD) non causa un aumento di peso nelle femmine, mentre nei maschi, indipendentemente dal 

genotipo e dall’adozione si osserva un aumento ponderale nel passaggio dalla dieta standard 

(STD) al regime di dieta ipercalorica. Questo effetto risulta avere una portata maggiore nei 

maschi NPY1rrfb allevati da madri ad alto grado di cure materne, nei quali si osserva un 

incremento ponderale, un aumento dei livelli di glucosio plasmatici e un aumento del tessuto 

adiposo viscerale (WAT) rispetto ai maschi NPY1r2lox.  

Il secondo esperimento riguarda un challenge riproduttivo in femmine NPY1rrfb e NPY1r2lox 

accoppiate con maschi di ceppo C57Bl/6J e sottoposte a diversi test comportamentali, prima e 

durante la gravidanza: anedonia, esplorazione di un’arena, test di costruzione del nido, per 

valutare il comportamento simil-depressivo, ansioso e di motivazione materna. Al parto è stato 

registrato numero, sesso e peso dei piccoli e valutata la crescita e sopravvivenza delle nidiate. Le 

femmine NPY1rrfb hanno avuto una significativa riduzione del successo riproduttivo (la 

percentuale di femmine che al PND 6 ha almeno un piccolo) rispetto ai controlli. Inoltre, i 

piccoli nati dalle femmine NPY1rrfb mostrano alla nascita un peso corporeo minore rispetto ai 

piccoli delle femmine di controllo.  

A differenza di quanto osservato nei maschi, in cui gli effetti della delezione genica di NPY-1r 

sono riscontrabili solo quando la prole è allevata da madri ad alto grado di cure materne, in 

questo studio è emerso che la delezione genica influenza la riproduzione nelle femmine e che 

questo effetto non sembra dipendere dalla qualità delle cure materne ricevute. Per comprendere 

se la riduzione del successo riproduttivo nelle femmine NPY1rrfb sia attribuibile alla mancanza di 

motivazione materna o a una ridotta stimolazione da parte dei piccoli, nel terzo esperimento ho 

utilizzato la procedura di adozione incrociata tra femmine NPY1rrfb e NPY1r2lox che non ha 

fornito però dati conclusivi.  

Sono tutt’ora in corso le analisi delle reti perineuronali, che potrebbero contribuire alla 

comprensione delle cause alla base della riduzione del successo riproduttivo osservato e del 

ruolo del sistema NPY limbico/recettore Y1 nella modulazione del comportamento riproduttivo. 
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Abstract (English)  

 

The phenotype is the set of morphological and functional traits of an organism, resulting from 

the interaction between genotype and environmental factors. In mammals, early maternal 

environment plays a key role in the regulation of postnatal phenotypic development. Several 

studies in rodent models showed the influence of maternal cares on behavior, stress response and 

metabolism in adult offspring.  

In the mouse model characterized by a conditional deletion of Y1 receptor of neuropeptide Y 

(NPY) gene in excitatory neurons of the forebrain, the gene deletion affected only male mice 

reared by high maternal care foster dams; knockout males (NPY1rrfb) showed lower body 

weight, higher level of anxious behavior, lower plasmatic leptin levels, less abdominal adipose 

tissue and lower levels of NPY-1r mRNA expression compared to controls (NPY1r2lox).  

The aim of the present study was to investigate phenotypic differences in behavior and 

metabolism of NPY1r2lox and NPY1rrfb males and females, and if limbic inactivation of NPY-1r 

and/or early maternal environment affect emotional, reproductive and maternal behavior of 

females. The generation of NPY1rrfb and NPY1r2lox offspring was achieved by mating three 

different genetically modified mouse lines. At birth, litters were fostered to dams of four 

different strains characterized by different levels of maternal behavior, spontaneous maternal 

behavior was observed in the first week of pup’s life and we monitor body weight from weaning 

to adulthood.  

Upon reaching adulthood, three different experiments were performed. In the first experiment, 

we investigated the effects of conditional deletion of NPY-1r on emotional behaviour (anxious-

like, novelty-response, and agonistic) and metabolic phenotype in response to two different types 

of diet in male and female NPY1rrfb and NPY1r2lox mice adopted at birth from mothers of Balb/c, 

C57Bl/6J, CD-1 and FVB/J strain.  

The results obtained from the behavioural tests showed that in general, the experimental subjects 

were characterised by high levels of anxiety, but the conditional deletion of NPY-1r does not 

seem to affect anxious behaviour, whereas a genotype- and adoption strain-dependent effect on 

aggressive behaviour is observed in males: in fact, NPY1rrfb males reared by mothers with a high 

degree of maternal care show a reduction in agonistic behaviour. 
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When challenged with exposure to a high fat diet, female mice reduction of limbic NPY-1r or 

fostering at birth did not affect body weight growth on a standard diet and did not induce 

susceptibility to diet induced obesity. Conversely NPY1rrfb male mice, especially when reared by 

high quality of maternal care foster mother were more susceptible to develop metabolic 

disorders. Although, regardless of the adoption, both NPY1rrfb and NPY1r2lox male mice fed HFD 

showed increased body weight growth than STD fed groups, NPY1rrfb males showed much 

greater body weight gain, increased glucose blood levels, and higher amount of WAT than their 

control (NPY1r2lox) when on HFD.  

In the second experiment we performed a reproductive challenge in NPY1rrfb and NPY1r2lox 

females, mated with C57Bl/6J male mice. Before and during pregnancy females were subjected 

to different behavioural tests: sucrose preference test (anhedonia), open field and nest-building 

test were performed to evaluate depression-like, anxious and maternal motivation behavior. At 

delivery pups were sexed and weighed, and body weight growth and survival of offspring were 

monitored during the first postnatal week. NPY1rrfb females showed decreased reproductive 

success compared to control females. Moreover, although no differences were observed in litter 

size, NPY1rrfb females’ litters showed lower body weight at birth compared to control females’ 

litters. At difference with previous data on males, the effects of NPY-1r gene inactivation on 

female reproduction was affected by gene deletion regardless of the foster mother strains.  

To assess whether the decreased reproductive success of NPY1rrfb females was due to a lack in 

maternal motivation or to decreased pups stimulation we performed a third experiment which 

consists of a cross fostering experiment between NPY1rrfb and NPY1r2lox females. The data 

achieved by this experiment are not definitive. Currently analyses of of perineuronal nets are still 

in progress. These data studies can contribute to understand the mechanisms involved in the 

decreased reproductive success of NPY-1rrfb females and the role of the limbic NPY system/Y1 

receptor in the modulation of reproductive behavior.  
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Chapter 1 
 

1.1 Neuropeptide Y (NPY) 

Neuropeptide Y (NPY) is a mammalian 36 amminoacid peptide isolated for the first time in 1982 

from pig brain by Tatemoto e colleagues (Tatemoto et al., 1982). NPY forms the family of 

pancreatic peptides, together with peptide YY (PYY) and the pancreatic polypeptide (PP) 

(Tatemoto et al., 1982). In rodents and humans NPY is widely distributed in central and 

peripheral CNS areas, such as: amygdala, hippocampus, nucleus of the solitary tract, locus 

coeruleus, nucleus accumbens and cerebral cortex (Allen et al., 1983; de Quidt & Emson, 1986; 

Dumont et al., 1992; Gustafson et al., 1986). NPY exerts several physiological functions, it is 

involved in neuronal excitability (Vezzani et al., 1999), neuroendocrine secretion (M. J. Morris 

& Pavia, 1998), regulation of food intake (Beck, 2000; Flood et al., 1987; Stanley & Leibowitz, 

1984), metabolic functions (Krysiak et al., 1999; Small et al., 1997), circadian rhythm (White, 

1993), cognition (Flood et al., 1987; Redrobe et al., 1999). NPY play a key role also in various 

psychiatric disorder, for example depression (Redrobe et al., 2002), anxiety (Ants Kask et al., 

2002a) and epilepsy (Hökfelt et al., 1998). At peripheric level NPY is localized in neurons of the 

sympathetic nervous system (Lundberg et al., 1982): affects cardiovascular system and acts as an 

immunomodulatory element. It acts as a vasoconstrictor (Wahlestedt et al., 1990) and enhances 

the noradrenergic system’s response to stress, furthermore, contributes to bone remodelling and 

lipid accrual (Shi & Baldock, 2012).   

 

1.2 NPY receptors 

NPY interacts with five different receptors that includes Y1, Y2, Y4, Y5 and y6 subtypes. They 

belong to a family of rhodopsin-like G-protein coupled receptors (Michel et al., 1998). NPY and 

PPY interacts with high affinity with Y1, Y2 and Y5 subtypes. Whereas PP shows selectivity to 

Y4 receptor binding (Bard et al., 1995). The subtype y6 (that exist as a truncated non-functional 

form in primates) is functional only in mouse and rabbit (Gregor et al., 1996). Several studies 

used different approach (ligand binding techniques, in situ hybridization, immunohistochemistry) 

to determine the localization of NPY receptors (Dumont et al., 1998; Herzog, 1999; Kopp et al., 

2002). One of the most common pathways is the inhibition of the adenylate cyclase via pertussis 

toxin sensitive G-proteins (i.e. Gi and G0) that cause the decrease of cAMP cellular level 

(Michel, 1991; Olasmaa & Terenius, 1986). Another type of response is carried out via inositol 
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phosphate. IP induces the mobilization of intracellular Ca2+ stores that determine an increasing 

of intracellular Ca2+ concentration (Motulsky & Michel, 1988; Perney & Miller, 1989).    

 

1.2.1 Y1 receptor 

The first cloned (from rat forebrain) subtype among NPY receptors was Y1r, reported as an 

orphan receptor (Eva et al., 1990). Subsequently the human, mouse, monkey Y1 cDNA was 

isolated (Eva et al., 1992; Gehlert et al., 2001; Herzog et al., 1992; Larhammar et al., 1992). The 

Y1 receptor is a typical G protein-coupled receptor of the rhodopsin superfamily. The Y1 

receptor exert his action through the inhibition of adenylate cyclase via pertussis toxin sensitive 

GTP binding protein and mobilization of Ca2+ from intracellular stores. Furthermore, Y1r 

regulates the mitogen-activated protein kinase (MAPK) pathway via phosphorylation of 

extracellularly regulated kinase (ERK) and this effect is PI-3-kinase dependent (Mannon & 

Mele, 2000). The Y1r gene is in the same cluster of Y5r on mouse chromosome 8B3-C2 and 

they are transcribed in opposite directions from a common promoter region suggesting that they 

have evolved from a gene duplication event (M. Nakamura et al., 1995). This mode of 

transcription of both genes from opposite strands of the same DNA sequence suggests that 

transcriptional activation of one of the receptors could modulate the gene expression of the other. 

Considering that Y1r and Y5r are involved in the regulation of food intake, it is likely that the 

coordinate expression of their specific genes can modulate the NPY activity. The expression of 

the Y1r seems to be under the control of different promoters activated in a tissue-specific manner 

(Ball et al., 1995). In most instance Y1r is located in post-synaptic sites with a distribution in 

several brain areas: cerebral cortex, hippocampus, mammillary nucleus, geniculate nucleus, 

limbic system (amygdala, bad nucleus of the stria terminalis) hypothalamus (medial preoptic 

area, paraventricular nucleus, dorsomedial, ventromedial and arcuate nuclei) (Kishi et al., 2005). 

The evaluation of physiological functions of the Y1 receptor relied for a long time on 

pharmacological tools but over the years several knockout murine models were developed 

(Pedrazzini, 2004). Despite the intermodal approach of pharmacological studies and the use of 

germline knockout models, data collected by pharmacological and in vivo studies has shown 

some conflicting results (S. Lin et al., 2004).  

 

1.2.2 Y2 receptor 

The Y2 is mainly a pre-synaptic receptor, implicated in inhibition of neurotransmitter release. 

The Y2r is expressed in SNC, intestine and blood vessel (Goumain et al., 1998; Rose et al., 
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1995; Zukowska-Grojec et al., 1998). The Y2 receptor is accessible to circulating factors and 

mediating peripheral signals on the regulation of energy homeostasis (Broberger et al., 1997). In 

conditional Y2 receptor knockout mouse model the deletion of the receptor in the hypothalamus 

of these adult mice showed a significant decrease in bodyweight and a significant increase in 

food intake (Sainsbury et al., 2002). Furthermore, Y2−/− mice showed changes in behavioral 

traits such as anxiety-related behavior suggesting that the Y2 receptor has an inhibitory role on 

the anxiolytic-like effects of NPY (Redrobe et al., 2003; Tschenett et al., 2003).  

 

1.2.3 Y4 receptor  

 The Y4 receptor is mainly expressed in the peripheric tissues such as the pancreas, intestine, 

colon, heart, and liver (Bard et al., 1995; Lundell et al., 1995). However, the expression of the 

Y4 mRNA and specific binding sites have also been found in the areas of the hypothalamus such 

as the paraventricular nucleus and in certain brainstem nuclei including the area postrema and 

the nucleus tractus solitarius (Herzog, 1999; Larsen & Kristensen, 2000). The Y4 receptor 

showed higher affinity for PP binding compared to the other NPY receptors.  

 

1.2.4 Y5 receptor 

The Y5 receptor is distributed in several hypothalamic areas: Y5 mRNA was detected in the 

medial preoptic area, paraventricular nucleus, suprachiasmatic nucleus, dorsomedial nucleus, 

ventromedial nucleus, lateral hypothalamic area, arcuate nucleus, and mammillary nuclei 

(Durkin et al., 2000; Larsen & Kristensen, 1998; Nichol et al., 1999). In the rodents, the 

distribution of Y5R mRNA was rather similar to the distribution of Y1R mRNA. The Y5 receptor 

is involved in the regulation of anxiety along with Y1 receptor.  

 

1.2.5 y6 receptor 

The y6 receptor for NPY is a pseudogene in humans and other primates (Matsumoto et al.,1996) 

and is missing in rat genome (Burkhoff et al., 1998), in pig and guinea pig is not functional 

(Starbäck et al., 2000; Wraith et al., 2000). The pharmacological characteristics of the y6R were 

not clearly defined, and the roles of y6R need further investigation.  
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1.3 NPY-1r and feeding  

Among all the physiological functions of NPY, one of the most important is to stimulate feeding 

behavior, inducing, in particular, the intake of carbohydrates (Eva et al., 2006). Feeding behavior 

is essential in the regulation of energy homeostasis and it is closely regulated by neuronal, 

metabolic and endocrine signals integrated by the hypothalamus. Within the hypothalamus, NPY 

is mainly synthesized in neurons whose cell bodies lie in the arcuate nucleus (ARC) or 

dorsomedial hypothalamic nucleus (DMH) and send projections to adjacent areas, that are 

involved in the daily regulation of ingesting behavior and energy balance (e.g. paraventricular 

nucleus, ventromedial hypothalamic nuclei, and the lateral hypothalamic area) (Allen et al., 

1983; Bai et al., 1985). There are also short projections in the ARC, populated by two subsets of 

neurons, orexigenic NPY neurons and anorexigenic proopiomelanocortin (POMC) neurons 

involved in the regulation of feeding control by NPY in an inhibitory manner (Marcos & 

Coveñas, 2021). It was demonstrated that the cerebral injection of NPY into either the ventricles 

or the hypothalamus, exerts a robust hyperphagia even in satiated rats, decreases energy 

expenditure, promote the lipogenic enzymes action in the liver and adipose tissues; overall these 

effects leads to to the development of obesity (Clark et al., 1984; Levine & Morley, 1984; Lin et 

al., 2006; Sainsbury et al., 1997). NPY is involved also in decreasing of  thermogenesis, in 

brown adipose tissue (BAT), through inhibition of sympathetic outflow to BAT (Nakamura et 

al., 2017). Moreover, hypothalamic NPY synthesis and release in the ARC/PVN neurons are 

increased in poor metabolic conditions, such as starvation, lactation (Smith & Grove, 2002) or 

insulin deficient diabetes (Dube et al., 1992; Frankish et al., 1993). Leptin and insulin synthesis 

occur peripherally and through their releasing in the plasma, they act centrally to inhibit feeding 

and to increase energy expenditure (Könner et al., 2009). Among the orexigenic neuronal 

systems, NPY is a the most important neuropeptide implicated in mediating leptin action in the 

hypothalamus. Distinct neuronal populations in the ARC express leptin receptors and coexpress 

various neuropeptides including NPY (Dryden et al., 1995; Leshan et al., 2006; Stephens et al., 

1995). Leptin acts an inhibitor of the synthesis and release of NPY and counteracts the effect of 

NPY on feeding, whereas NPY opposes the anorectic effect of leptin (Varela & Horvath, 2012). 

Similarly, central administration of insulin decreased the expression of NPY in rat ARC neurons 

whereas the NPY neurons become overactive when the levels of insuline fall during 

undernutrition (Dube et al., 1995; Schwartz et al., 1992; Sipols et al., 1995). Chronically elevated 

NPY-ergic tone has been shown to be associated with an obese status. Obese rodents fed with a 

22-week high fat diet (HFD) (Huang et al., 2003) or gene mutation resulting in defective leptin 

signalling (Huijsduijnen et al., 1993; Mercer et al., 1996) show increased hypothalamic NPY 
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mRNA expression compared to lean controls. For most obesity cases, an elevated NPY-ergic 

tone is likely due to a central resistance to peripheral signals of energy excess such as leptin, 

which increases in response to a prolonged positive energy balance (Enriori et al., 2007; Fam et 

al., 2007; Huang et al., 2003; S. Lin et al., 2000). Among all the NPY receptors, Y1-r and Y5-r 

were involved in regulation of food intake (Wolak et al., 2003) and both are expressed in the 

hypothalamic sites implicate in the daily regulation of ingesting behavior and energy balance 

(Durkin et al., 2000; Kishi et al., 2005). The importance of the Y1r receptor subtype in regulation 

of feeding behavior was demonstrated also by pharmacological studies using selective agonists 

and antagonists. In rats, intracerebroventricular (icv) administration of NPY-1r agonists were 

shown to stimulate feeding and to induce hyperinsulinemia independently on food intake, 

(Mullins et al., 2001) whereas with used selective Y1-r antagonists, block appetite stimulation 

elicited by icv administration of NPY (Kanatani et al., 2001). Furthermore, peripheral 

administration of a highly selective Y1-r antagonist inhibits NPY-induced feeding and this 

compound is devoid of activity when administered to Y1-r knockout mice (Kanatani et al., 

2001). After all, changes in feeding behavior and energy balance induce a marked plasticity in 

the Y1-r function and expression in specific regions of the hypothalamus, these evidence allows 

to underline the prominent role of Y1-r system in the stimulation of feeding and in the 

development of obesity (Eva et al., 2006). 

 

1.4 NPY-1r in anxiety and stress 

It is well known that one of the most important role of NPY consists of the regulation of 

emotional behavior and responsiveness to stressful stimuli. For example, intra-amygdalar or icv 

microinjection of NPY exerts a potent anxiolytic effect in several behavioral models of anxiety 

(Broqua et al., 1995; Karlsson et al., 2005; Pich et al., 1993; Sajdyk et al., 1999) and NPY 

knockout mice exhibit an anxiogenic-like phenotype (Bannon et al., 2000; Karl et al., 2008). 

Moreover, NPY inhibits several metabolic and behavioral responses to stress (Bannon et al., 

2000; Broqua et al., 1995; Kask et al., 2002; Thorsell et al., 2000). The idea that a functional 

antagonism exists between NPY and the corticotropin-releasing factor (CRF) has been 

demonstrated in various nuclei involved in the stress/anxiety circuits such as the hippocampus 

(A. Thorsell et al., 2000), the hypothalamus (Hastings et al., 2001), the locus coeruleus 

(Charney, 2004), the periaqueductal grey (Charney, 2004) and the septal complex (Kask et al., 

2001).    NPY inhibits the anxiogenic-like effect of CRF (Charney, 2004; Kagamiishi et al., 

2003; A. Kask et al., 2001), suggesting that this neuropeptide may act as a modulator to buffer 

against the stressor-induced release of CRF in the amygdala, a structure critical for the 
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generation, expression and maintenance of the emotional behaviors in both animals and humans 

(Davis, 1998; Reichmann & Holzer, 2016; Rogan & LeDoux, 1996). In addition, NPY has been 

shown to play as a neuromodulator agent on the hypothalamic-pituitary adrenal axis (HPA) 

(Heilig et al., 1994).  

The anxiolytic action of NPY is primarily mediated through the NPY-1r system. 

Pharmacological studies demonstrated the involvement of the Y1 receptor in the anxiolytic 

effects of NPY using agonist, antagonist and antisense oligonucleotide of NPY-1r (Eva et al., 

2006). NPY icv injections or directly into the central amygdala (CeA), elicits behavioral 

responses in several animal models of anxiety (Britton et al., 1997; Heilig, 1995; Sajdyk et al., 

1999; Tasan et al., 2010). Conversely, using antisense oligonucleotide targeting to NPY-1r, were 

observed the opposite behavioral effects to the one induced by NPY administration (Heilig, 

1995). Contrary to expectations, a restraint stress causes a decrease in anxiety in NPY-1r knock-

out mice suggesting that compensatory changes in Y2r might be in part responsible for the 

altered phenotype of these animals (Thorsell et al., 1998; Wittmann et al., 2005). Several studies 

demonstrated that endogenous NPY signaling (that mediated mainly by Y1-r) is implicated in 

neuronal stress response.  

The expression and content of NPY mRNA is dynamic and sensitive to acute and repeated 

restraint stress in several brain regions including forebrain, pons and medulla (Krukoff et al., 

1999; Makino et al., 2000). However, it is not clear how the exposure to restraint may alter the 

brain expression of NPY, and the reasons why restraint induces increase, decrease and no 

changes in NPY mRNA and peptide depending upon strain, region or stressor paradigm. For 

example, exposure to acute restraint induce a reduction of NPY mRNA and protein 

concentrations in the amygdala and cortex of rats (Thorsell et al., 1998).  

In contrast, chronic exposure to restraint, upregulates NPY gene expression in the amygdala and 

in the arcuate nucleus, suggesting that increased synthesis and release of NPY may act to 

‘‘buffer’’ the behavioral effects of stress-promoting signals such as CRF (Annika Thorsell et al., 

1999). 

 According with these observations, Mele et al. (2004) demonstrated that acute exposure to 

restraint increases Y1-r gene expression in the central and medial amygdala and PVN of 

Y1R/LacZ mice, suggesting that the up-regulation of the Y1-r may be a part of a compensatory 

mechanism triggered by the stress-induced reduction of functional NPY transmission in the 

amygdala. Conversely repeated restraint failed to affect Y1R /LacZ transgene expression in the 

amygdala and PVN of mice, suggesting that a change in Y1-r gene promoter transcriptional 

activity is not required for adaptation to restraint stress (Mele et al., 2004). 
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1.5 NPY-1r and reproduction   

It is known that NPY, acting at all levels of the hypothalamic-pituitary-gonadal (HPG) axis, is a 

crucial neuronal modulator of several reproductive functions, including the generation of GnRH 

pulses and LH hormone surges, metabolic regulation of reproduction, puberty, and sexual 

behaviour. These effects depend on the environment of steroid hormones, NPY secretion levels, 

and the specific brain region. (Eva etal. 2006).  

Furthermore NPY exerts a facilitatory role in the generation of preovulatory GnRH and 

gonadotropin surges (Crowley & Kalra, 1987; Kalra & Crowley, 1984) and this ability to elicit 

GnRH release and LH surge is increased immediately before proestrous (Besecke et al., 1994).  

Neuropeptide Y (NPY) has been reported to modulate the secretion of LH from the pituitary 

gland, possibly by affecting the secretion of LHRH from the hypothalamus and the sensitivity of 

the pituitary gland to LHRH (Minami et al., 1990). Furthermore, the LH surge is significantly 

decreased in NPY knockout mice (Xu et al., 2000). The effect of NPY on the GnRH occurred 

when progesterone and estradiol levels are high, during proestrous as NPY has a negative effect 

on GnRH levels, pulse amplitude and frequency when levels of estrogen and progesterone levels 

are low (Christian & Moenter, 2010; Hill et al., 2004; Khorram et al., 1987).                              

Moreover, NPY acts as a mediator in communication among energy balance, GnRH secretion 

and sexual behaviour in many species (Ammar et al., 2000; Morris & Crews, 1990; Narnaware 

& Peter, 2001). Metabolic challenges, such as starvation and increased energy expenditure, could 

induces an increase in NPY production and release, and the inhibition of the pulsatile mode 

of LH secretion (Kalra et al., 1991; Lewis et al., 1993), and NPY levels are reduced by 

treatments that gain metabolic deficit and restore HPG axis function (Kalra et al., 1997). 

The stimulatory and inhibitory effects of NPY on GnRH secretion are mainly mediated by Y1 

receptors. Receptor Y1 has been implicated in the enhancement (Jain et al., 1999; Leupen et al., 

1997) and the inhibition of LH release (El Majdoubi et al., 2000; Pralong et al., 2000; Sindelar et 

al., 2004) although also Y5R has been in part implicated in the inhibition of the LH surge 

(Raposinho et al., 1999). Y1R-positive fibers were found in close apposition to GnRH cell 

bodies in the preoptic area and Y1R mRNAs and NPYIR cells are also expressed in the anterior 

pituitary tissue and in gonadotrope-enriched pituitary cell cultures (Hill et al., 2004; Leupen et 

al., 1997). 

Stimulatory effects of NPY through Y1-r on the LH preovulatory surge drawn from the 

observation that NPY and Y1-r agonists similarly stimulate LH release and that Y1-r selective 

antagonists attenuate both the LH surge in proestrous rats and surges induced by GnRH and 
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NPY in pentobarbital-blocked proestrous rats (Jain et al., 1999; Leupen et al., 1997; Besecke et 

al., 1994; Raposinho et al., 2000). NPY-induced augmentation of GnRH release occurs only 

during proestrous. It has been shown Y1-r mediated signalling may be influenced by steroid 

environment and that estrogens upregulate responsiveness to NPY through regulation of Y1-r 

gene expression in both the pituitary and the hypothalamus (Hill et al., 2004; Xu et al., 2000). 

Estrogens increase Y1-r gene expression through the regulation at transcriptional levels. 17β-

estradiol increases Y1-r gene promoter transcriptional activity and this effect requires the 

presence of estrogen receptor-α and it is inhibited by co expression of estrogen receptor-β 

(Musso et al., 2000). 

Inhibitory effects of NPY on LH secretion and sexual behavior were first proposed to be 

mediated by Y5-r since agonists that bind this receptor subtype inhibit LH release whereas Y5-r 

antagonists prevent NPY inhibition of LH surges (Raposinho et al., 1999). However, several 

evidence suggests that the Y1-r subtype also mediates NPY-induced inhibition of the 

gonadotrope axis. The central administration of a Y1-r antagonist to juvenile animals leads to the  

stimulation of LH release and to elicit precocious GnRH release (El Majdoubi et al., 2000; 

Pralong et al., 2000). Moreover, it has been suggested that the activation of Y1-r in the ARC 

inhibits sexual behavior through the activation of μ-opioid receptor in the medial preoptic area 

(Mills et al., 2004). This effect is inhibited by the selective Y1-r antagonist and is under the 

stimulatory or the inhibitory control of estrogen and progesterone, respectively. 

Furthermore, studies performed on Y1-r knockout mouse model suggested a physiological role 

for the NPY-Y1r pathway in the adaptation of gonadotrope axis activity to metabolic changes. 

Adult Y1 receptor deficient mice show an increased resistance to the fasting-induced inhibition 

of the gonadotropin axis that is associated with increased circulating leptin levels (Pralong et al., 

2000). The depletion of the Y1-r restores normal pituitary LH content and seminal 

vesicle weight in ob/ob mice, suggesting the existence of NPY effects independent on leptin 

action (Pralong et al., 2000). Furthermore, in juvenile mice lacking for the Y1 receptor, 

starvation fails to induce the expected delay of puberty despite the decrease of circulating leptin 

levels and the increase of NPY mRNA expression in the hypothalamus (Gonzales et al., 2004). 

 

1.6 Generation of NPY1rrfb conditional knockout mouse model  

The mouse model used in this study, is a conditional knockout developed by Max Planck 

Institute of Heidelberg by Rolf Sprengel and described in detail in Bertocchi et al. (2011). The 

deletion of the NPY-1r gene is restricted to excitatory neurons of the forebrain. Lox P sites were 

inserted around exon 2 and exon 3 (which code for NPY-1r) using gene targeting procedure. 
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Inactivation of NPY-1r gene was achieved using recombinase Cre that promote site-specific 

recombination trough interaction with Lox P sites.   

 

Fig. 1.1 Generation of a modified NPY-1r allele. To generate a loxP tagged NPY1r allele, loxP sites around exons 2−3, which 

cover the entire NPY-1r coding region, were inserted using standard gene targeting techniques in embryonic stem (ES) cells. 

Light grey boxes represent exons. Dark grey boxes are the coding regions with, in black, the trans-membrane domains. B: BglII, 

E: EcoRV, K: KpnI, M: MscI, P: PstI, S: SphI. Frt and loxP sited are in blue and red triangles, respectively. Circles indicate the B 

and K restriction sites; borders of the targeting vector. Arrows indicate the size of genomic fragments generated on Southern 

blotting by cleavage with MscI. 

A mouse line carrying a floxed NPY-1r allele (NPY1r+/loxP mice) was generated by homologous 

recombination in embrionic stem cells (ES). Genomic DNA of the positive clones was digested 

with MscI and hybridized with a 1Kb probe, probe A, sitting outside at the 5” end of the 

targeting vector and obtained by PCR. In the Southern blot, wild-type allele was identified by the 

presence of a 14.3 Kb fragment, whereas recombinant allele by an additional 8.3 Kb fragment. 

ES cells of clone 441, positive for the recombination (NPY1r+/loxP-neo), were expanded for 

injection into C57BL/6J blastocysts that were then implanted into pseudo-pregnant ICR female 

recipients. PCR and Southern blot analysis of tail DNA revealed that 50% of the pups contained 

the modified allele. To verify the efficiency of the Cre/loxP system, ubiquitous Cre-mediated 

deletion of the floxed exons was induced by using Cre-deleter transgenic mice, in which Cre is 

expressed in all tissues, including germ cells (Schwenk et al., 1995). Heterozygous mice 

NPY1r+/-/CREdel, were analysedby PCR and Southern blot and then crossed to obtain the 

homozygous mouse. The ubiquitous Cre-mediated deletion of NPY1r was verified by in situ 

hybridization. The neo cassette was removed in vivo by crossing NPY1r+/loxP-neo mice to flp 

transgenic mice, carrying the Flippase (flp) recombinase, which recognizes and cuts at Flippase 

Recognition Target (frt) sites (Fig. 1.2 A). NPY1r mRNA expression was observed to extend 

along the rostral-caudal axis in the brain of NPY1r+/loxP mice and is reduced of about 50% in 

NPY1r+/- mice and completely absent in NPY1r-/- mice (Fig. 1.2 B). 
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B) 

 

 
 

Fig.1.2 Verification of the efficiency of the Cre/loxP system. (A) The neo cassette was removed in vivo by crossing 

NPY1r+/loxPneo mice. (B) in situ hybridization on coronal brain sections from NPY1r+/loxP, NPY1r+/- and NPY1r-/- germinal 

knockout mice confirmed the functionality of the LoxP sites at the targeted NPY1rloxP locus.  

Hereafter, in order to obtain the deletion of the NPY1r gene only in several brain regions, three 

different mouse lines were generated: 1. NPY1r2lox expressing the LoxP sites flacking the NPY1r 

gene, 2. NPY1r2lox/Tgα-CamKII-tTA mice line, expressing the tTA in a region- and cell type-specific 

manner under the control of the α-CamKII promoter (Mayford et al., 1996) and 3.  

 

NPY1r2lox/TgLC1 mice line, bearing a transgene containing the tTA-responsive promoter for Cre 

expression (Schönig et al., 2002). In this genetic paradigm, region-specific and postnatal 

inactivation of NPY-1r can be achieved by crossing NPY1r2lox/Tgα-CamKII-tTA with NPY1r2lox/TgLC1 

mice and the extent of Cre expression could be restricted by Doxycycline (Dox) (Chiu et al., 

2008; Krestel et al., 2004). In the resulting animals, chronic treatment with Dox from conception 

prevents NPY-1r inactivation by suppression of tTA-dependent Cre expression. Dox withdrawal, 

by switching litters at birth to Dox-free foster mothers, induces forebrain specific NPY-1r 

knockout (NPY1rrfb mice) that is fully achieved around postnatal day P40. To assess temporal 

and spatial regulation of Cre activity in vivo, the pattern of Cre expression in the brain of Tgα-

CamKII-tTA/LC1 mice was assessed by means of immunohistochemistry. Cre immunostaining of 

coronal brain sections showed a specific, intense labeling of the Tgα-CamKII-tTA/LC1 mouse anterior 

A
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forebrain, including the hippocampal formation, the cortex and the amygdaloid nuclei, indicating 

an α-CaMKII-driven Cre expression in these selected brain regions. Cre-like immunoreactivity 

was absent in the hypothalamus (Fig. 1.3 A). When Dox was applied from conception, 

consistently with previous results (Chiu et al., 2008; Krestel et al., 2004), no Cre activity was 

detectable in the brain. When Dox was applied from conception until birth and pups were shifted 

at PND0 to Dox-free foster mothers, the Cre specific immunosignal increased over time in the 

cortex, the hippocampus and the amygdaloid nuclei, reflecting postnatal increase in tTA from the 

transgenic α-CaMKII promoter (Chiu et al., 2008; Krestel et al., 2004) (Fig. 1.3 A). In order to 

increse the sensitivity of this analysis, Tgα-CamKII-tTA/LC1 mice were crossed to the RosaR26 Cre 

reporter mouse line, harboring a lacZ gene silenced with a floxed transcriptional terminator 

sequence (Soriano, 1999). Through an X-Gal staining, it was demonstrated that lacZ gene 

expression was similar to the regional distribution of Cre immunoreactivity (Fig. 1.3 B).  

 

 

 

Figure 1.3. Temporal and spatial regulation of Cre activity. (A) Cre-immunolabeled and (B) corresponding X-Gal–stained 

(lacZ) coronal brain sections of Dox-naive (No Dox), and prenatally Dox-treated TgαCaMKII-tTA/LC1 (A) and TgαCaMKII-

tTA/LC1/Rosa/R26R (B) mice shifted at P0 to Dox-free (Dox till P0). All sections were taken at P20, P40, and P200. The lacZ gene of 

Rosa/R26R permitted the visualization of Cre activity by X-Gal staining. In Dox naïve mice, the Cre immunoreactivity of 

coronal brain sections showed a specific, intense labeling in the anterior forebrain of the TgαCamKII-tTA/LC1 mouse, including the 

hippocampal formation, the cortex, and the amygdaloid nuclei. In contrast, anti-Cre staining was absent in the hypothalamus. 

When Dox was applied from conception until birth, the Cre-specific immunosignal was absent at P0 and increased over time in 

the cortex, the hippocampus, and the amygdaloid nuclei, reflecting postnatal increase in tTA from the transgenic αCaMKII 

promoter. Cre-induced lacZ expression was similar to the regional distribution of Cre immunoreactivity; Please note the absence 

of Cre-induced lacZ activity at P20. CA1, CA1 pyramidal cell layer; CA3, CA3 pyramidal cell layer; DG, dentate gyrus granule 

cell layer; BLA, basolateral amygdala; CeA, central amygdala; MeA, medial amygdala. (Scale bar: 200 μm) 
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1.7 Effects of of NPY1rrfb conditional knockout  

The effects of the conditional deletion of limbic NPY1r were first described by Bertocchi et al. 

(Bertocchi et al., 2011). In order to achieve the Cre recombinase activation and subsequently the 

conditional knock-out of Y1R, at birth (PND0) control (NPY1r2lox) and conditional mutant 

(NPY1rrfb) pups were fostered to two different mouse strains: C57Bl/6J and FVB/J.  

Maternal behavior observation from PND1 to PND7 showed that FVB/J foster dams are 

characterized by higher level of maternal care (HABN) compared to C57Bl/6J dams (LABN). In 

situ hybridization of NPY-1r mRNA showed that the strain of foster mother influences the 

expression of limbic NPY-1r. In fact, in NPY1rrfb mice fostered to FVB/J mothers, Cre 

recombination led to a significant reduction of NPY-1r mRNA expression in the hippocampal 

CA1 and CA3 pyramidal and in the dentate gyrus (DG) granule cell layers, compared with their 

control littermates. When litters were raised by C57Bl/6J mothers, NPY1r2lox mice showed lower 

NPY-1r mRNA in CA1, CA3, and DG than FVB/J fostered NPY1r2lox mice, suggesting that 

limbic NPY-1r expression depends on maternal care and that HABN might increase the 

expression of NPY-1r. More importantly, NPY1rrfb mice fostered to C57Bl/6J mothers did not 

show the expected down-regulation of NPY-1r mRNA, possibly due to the already low NPY-1r 

expression in C57BL/6J-fostered NPY1r2lox mice. These results suggest that limbic NPY-1r 

expression might be regulated through epigenetic mechanism by early maternal environment 

(Bertocchi et al., 2011) (Fig. 1.4 A-B). The differences in the expression of limbic NPY-1r 

reflect different behavioral and physiological consequences depending on the early maternal 

environment. In fact, only NPY1rrfb male mice reared by FVB/J dams showed: lower body 

weight growth, lower serum leptin level, lower abdominal adipose tissue when compared to their 

control littermates (NPY1r2lox). NPY1rrfb mutants also displayed higher peripheral corticosterone 

and higher density of NPY immunoreactive fibers and corticotropin releasing hormone (CRH) 

immunoreactive cell bodies in the PVN suggesting that conditional inactivation of limbic Y1R 

might decrease body weight gain by activation of the HPA axis. On the contrary, no differences 

between NPY1r2lox and NPY1rrfb mice reared by C57Bl/6J were observed. NPY-1r conditional 

knock-out induced effects also on behavior. NPY1r2lox and NPY1rrfb mice were tested for 

anxiety-like behavior through Elevated Plus Maze and Open Field test. In both paradigms, 

NPY1rrfb mice reared by FVB/J dams showed higher level of anxiety as compared to their 

control. No differences were observed in mice reared by C57Bl/6J. Interestingly, both the 

metabolic and the behavioral profile displayed by NPY1r2lox and NPY1rrfb mice reared by 

C57Bl/6J, was similar to those displayed by NPY1rrfb reared by FVB/J. The conditional NPY-1r 
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KO mouse model thus provided the first experimental genetic evidence that limbic Y1-Rs are 

required for regulation of body weight and anxiety behavior and are key targets of maternal care-

induced programming of energy homeostasis (Bertocchi et al., 2011). 

 

 

 

 

Fig 1.4 Expression of NPY-1r mRNA and Y1-r peptide in the brain of control and conditional mutants raised by 

FVB/J and C57Bl/6J dams. (A) Representative autoradiograms of in situ hybridization of NPY-1r mRNA on brain 

coronal sections of NPY1r2lox and NPY1rrfb mice fostered to FVB/J (Left) and to C57BL/6J (Right) dams. (Scale bar:1.5 mm.) (B 

Left) Quantitative signal intensity (OD) analysis of in situ hybridization revealed the strongest significant decrease of NPY 

-1r mRNA expression in CA1 and DG cell bodies of FVB/J fostered NPY1rrfb mice compared with their control littermates. (B 

Right) Quantitative signal intensity (OD) analysis of in situ hybridization revealed no significant differences between C57Bl/6J 

fostered NPY1rrfb and NPY1r2lox mice. A decrease of NPY-1r mRNA expression was detected in the CA1, CA3, and DG of 

C57Bl/6J fostered NPY1r2lox compared with FVB/J fostered NPY1r2lox mice (Left). (A and B). CA1, CA1 stratum pyramidale; 

CA3, CA3 stratum piramidale; DG, dentate gyrus; BLA, basolateral amygdala; CeA, central amygdala; MeA, medial amygdala. 
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Chapter 2 

 

2.1 Rational and purpose 

In 2011, Bertocchi e colleagues, used the same conditional knockout mouse model described in 

this work. They demonstrated that the conditional inactivation of the NPY-1r gene exerts effects 

on males mice reared by HABN foster mothers on behavior, body weight growth, serum leptin 

levels, amount of adipose tissue and the expression of NPY and CRH hypothalamic expression.  

In detail, NPY1rrfb male mice reared by FVB/J foster mothers, exhibit a reduced exploration and 

higher levels of freezing in the OF test and decreased amount of time and frequency of entries in 

open arms in EPM test; moreover they showed lower body weight, lower amount of adipose 

tissue and lower levels of leptin serum levels compared to Npy1r2lox males although no 

differences in food intake were recorded; furthermore, NPY1rrfb males displayed higher density 

of NPY immunoreactive fibers and CRH positive cell bodies in the PVN compared to their 

control littermates.  

They showed that NPY/Y1R pathways in limbic area are modulated by early maternal care. 

Furthermore, following experiments showed that NPY-1r system display sexual dimorphic 

phenotype for behavioral and metabolic traits, and it is sensitive to gonadal steroids action 

(Bertocchi et al., 2020; Lin et al., 2004; Olofsson et al., 2009).  

Previous experiments carried out in our laboratory in past years were focused to investigate the 

role of limbic expression of NPY-1r on behavior and metabolism of NPY1r2lox and NPY1rrfb 

mice of both sexes and fostered by dams with different levels of maternal care. The primary 

purpose of this work is to contribute to the knowledge of NPY-1r system and to investigate the 

effects of the conditional deletion of the Y1-r gene related to the early maternal environment on 

behavior and metabolism of NPY1r2lox and NPY1rrfb males and females reared at birth by 

different strain of foster mothers: Balb/c and C57Bl/6J that showed lower maternal care (LABN) 

conversely to CD-1 and FVB/J characterized by higher quality of maternal care toward pups 

(HABN).  

The secondary objective was to assess if pregnant females could show phenotypic differences in 

reproductive behavior and maternal behavior due to the genetic background and the early 

maternal environment.  

In the first experiment (Chapter 4) we investigated on emotional, agonistic, anxiety-like behavior 

and metabolism of NPY1r2lox and NPY1rrfb males and females fostered by HABN and LABN 
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dams of four different strains.  

With the aim of understand if NPY-1r deletion and the early maternal environment could be 

affected reproduction and behavior during pregnancy in females, we exposed NPY1r2lox and 

NPY1rrfb females from the four different adoptions to a reproductive challenge described in 

second experiment (Chapter 5). In this experiment NPY1r2lox and NPY1rrfb dams were mated 

with C57Bl/6J wild type males, and we performed behavioral test to assess anxiety-like 

behavior, depressive-like behavior and maternal motivation behavior of dams. Moreover, we 

also recorded offspring features (number of pups for each litter, body weight of pups). 

In the last experiment (Chapter 6) we exposed NPY1r2lox and NPY1rrfb fostered at birth by CD-1 

foster dams to the same sequence of behavioral test described in Chapter 5, but at delivery we 

randomly assigned females to four groups (not cross fostered and cross fostered dams) as 

follows: 1) NPY1r2lox females left undisturbed with their pups; 2) NPY1rrfb females left 

undisturbed with their pups; 3) NPY1r2lox cross-fostered with NPY1rrfb; 4) NPY1rrfb cross-

fostered with NPY1r2lox; at the end of behavioral test, NPY1r2lox and NPY1rrfb females were 

sacrificed and brains were collected to perform perineuronal nets analysis in the mPOA. Brain 

analyses are still in progress.  
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Chapter 3 

 

3.1 General materials and methods   

                                                                          

 3.1.1 Animal and housing  

All mice used in this work were born and reared in the Laboratory of Behavioural Biology at the 

University of Parma. Mice were housing with a temperature of (22 ± 1 °C) and humidity- 

controlled (50± 10 °C) room on a 12-hours light/dark cycle (11:00 AM – 11:00 PM). All the 

animals have ad libitum access to food (4RF21- standard diet, Mucedola, Milano) and water. All 

experiments were conducted in accordance with the European Community Council Directive of 

24 November 1986, 86/609/EEC and 6106/10/EU and approved by the University of Parma 

Ethical Committee for animal research and by the Italian Ministry of Health (Aut. N 1143-2016- 

PR Protocol 2712C.2 of 13/07/2016). The generation procedure of NPY1r2lox mice and NPY1rrfb 

was described in the next paragraph and in Bertocchi et al. (Bertocchi et al., 2011). In the 

meanwhile, female mice of four different strains BALB/c, C57Bl/6J, CD-1 swiss, and FVB/J 

used as foster mothers were paired with same-strain males. Females were kept with their 

respective males for 7-10 days. Pregnant females were initially housed in groups of two. Few 

days after birth mice were taken and placed in separated cages until delivery. Within 12 hours 

after birth (Post Natal Day 0) NPY1r2lox mice and NPY1rrfb pups were weighed, sexed, and 

fostered randomly to a lactating female belongs to one of the foster groups. Maternal behaviour 

was observed from PND 1 to PND 7, for two hours a day. At PND 27 pups were weaning and 

housed in groups of siblings of the same sex.  

 

3.1.2 Generation of NPY-1r knockout mice and cross fostering procedure 

 For obteining NPY1r2lox and NPY1rrfb mice, two genetically modified mouse lines were crossed:  

1) NPY1r2lox/Tgα-CamKII-tTA (expressing tTa under control of the promoter α-Ca2+ 

/calmoduline kinase II-tTa)  

2) NPY1r2lox/TgLC1  encoding LC1 (tTa responsive Cre transgene).  

Breeding pairs were exposed to chronic Dox treatment from mating to the birth of pups (50mg/L 

in drinking water, 1% sucrose). At birth, littermates includes knockout mice (named NPY1rrfb) 

and control mice (named NPY1r2lox). At PND 0 mice were weighed, sexed, and fostered to Dox-

free lactating females. Pups were weighed also at PND 10 and PND 27 (weaning). At weaning 
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all mice were marked with an ear tag and a PCR of tail DNA was carried out to verify the 

genotype. Mice were housed in groups (2-5 per cage) with same sex siblings.  

 

                                 (A)  
 

 

 

 

     

 

 

                            (B) 

 

                               

 

 

 

 

 

 

 
 

 

 

 

 

Fig. 3.1 Generation of NPY1rrfb mutants and NPY1r2lox control. (A) After Dox removal, the αCamKII promoter-driven tTA 

activates transcription of the transgene TgLC1, thereby inducing Cre expression in excitatory neurons of the forebrain. The Cre 

recombinase interacts with loxP sites in the gene-targeted NPY1r2lox alleles and removes the NPY1r2lox coding region leading to 

the inactivation of the NPY-1r gene (NPY1r−). Frt and loxP sites are in blue and gray triangles, respectively; exons in open 

boxes, coding regions in gray boxes; black boxes, transmembrane spanning codons. (B) By mating the compound transgenic 

mice NPY1r2lox/TgαCamKII-tTA and NPY1r2lox/TgLC1 under Dox treatment, pups with four different genotypes were generated. (C) 

At the day of birth, the litters were transferred to Dox naive foster mothers to induce the Cre-mediated NPY-1r gene inactivation 

in the forebrain of NPY1r2lox/TgαCamKII-tTA/LC1 mice (named herein NPY1rrfb). Littermates comprising NPY1r2lox/TgαCamKII-tTA, 

NPY1r2lox/TgLC1, and NPY1r2lox genotypes were used as controls (named herein NPY1r2lox controls).  

 

3.1.3 Maternal behavior observation 

Maternal behavior exhibited by foster mothers of 4 different strains was observed from PND 1 to 

PND 7. Foster dams was observed in their home cages in the last two hours of the dark phase of 

light/dark cycle (from 9:00 AM to 11:00 AM) because mice are most active during the dark 
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phase (Latham & Mason, 2004). Observations was conducted with the aid of red light lamp (25-

W). At the end of two hours of test was collected a total of 30 observation for each lactating 

female, once every 4 minutes. Behavioral categories of maternal behavior was choosen 

according to Palanza et al. 2002 (Palanza et al., 2002), namely:  

• Arched back nursing (the lactating female was arched with her body over pups, in order 

to give them nourishment and heath simultaneously) 

• Nursing (the lactating female allows offspring to suckle) 

• Licking pup (female was licking or grooming pups) 

• Nest building (female was involved in nest building activity, inside or outside the nest) 

• Eating  

• Drinking 

• Grooming (female was cleaning herself) 

• Active (female was moving in the cage) 

• Resting (female was outside the nest, not displaying any other behavior, motionless, 

without pups) 

• Out of nest (female was anywhere in the cage, not interacting with pups) 

Arched back nursing, nursing, licking pup and nest building were considered pup-related 

behavior, whereas others behavior described were considered non pup-related behavior.  

 

 

 

 

 

 

 

        Fig. 3.2 Maternal behavior observation scheme (Created with BioRender.com) 

 

 

3.1.4 Genotyping  

Genotyping was performed on tail DNA at PND 27. All mice were identified by using the tTA 

gene as a marker gene for conditional knock-out. Animals positive for the tTA marker were 

considered as knock-out (NPY1rrfb) whereas the others were controls (NPY1r2lox). Procedure of 

DNA extraction was performed using the Wizard Genomic DNA purification kit (Promega, 

Madison, WI, USA). PCR was performed by using as a marker gene the tTA (primer: 

https://biorender.com/
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tTA1(GTGATTAACAGCGCATTAGAGC),tTA4(GAAGGCTGGCTCTGCACCTTGGTG), 

Eurofins Genomics, Ebersberg) that was amplified in a 20ul reaction mix composed by: 1U of 

GoTaq Dna polymerase (Promega, Madison, WI, USA), dNTPS  0.2 mM, 8 pmol of each 

primer in 1X Reaction Buffer. The reaction was carried out at 95°C for 5 min (first denaturation 

step) followed by 34 cycles of 95°C for 40 sec, annealing at 56°C for 40 sec and elongation at 

72°C for 1 min. At the end of the 34 cycles, the reaction was stopped through an elongation step 

at 72°C for 10 min. The presence of the PCR product (tTA) was evaluated through 

electrophoresis on 2.5% agarose gel.  

 

3.1.5 Body weight growth monitoring (PND 34-PND 90) 

Offspring body weight growth was monitored from PND 34 to PND 90 with a digital balance 

accurate to 0.01 g (Sartorius, Germany). The operation of weight was conducted with the animal 

weighing functions (animal’s weight is automatically calculated as the average of a defined 

number of individual weighing operations). Animals were weighted once a week in the same 

range of time, from 10:00 AM to 11:00 AM.   

 

3.1.6 Statistical analysis                      

A 2-way ANOVA (strain of foster mother and time) for repeated measures was used to analyse 

maternal behavior observation, while a 4-way ANOVA (sex, genotype, adoption, and PND) for 

repeated measures was run to analyse body weight growth from weaning to adulthood, A 

Tukey’s test for post hoc comparisons followed the ANOVAs Data were analysed with Statistica 

10.0 software (Stat-Soft, Tulsa, OK, USA). Significance was determined when p<0.05. Data are 

presented as mean ± standard error of the mean. 

 

3.2 General results  

 

3.2.1 Maternal behavior observation  

The observation of spontaneous maternal behavior allows us to calculate the weekly percentage 

of time spent in pup related behavior and non-pup related behavior of foster dams of Balb/c, 

C57Bl/6J, CD-1 and FVB/J strains. As showed in picture, CD-1 and FVB/J foster mothers spent 

more time in arched back nursing (effect of dams strain: F(3, 97)=16,6256; p<0.001) and nursing 

(effect of dams strain: F(3,97)=5,9613; p<0.001) compared to Balb/c and C57Bl/6J dams; Arched 
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back nursing posture allows to provide heat and nourishment to the pups, a greater amount of 

time spent in arched back than in nursing posture suggest that CD-1 and FVB/J strains were 

characterized by higher levels of maternal care (HABN mothers) whereas Balb/c and C57Bl/6J 

showed lower levels of maternal care (LABN mothers). Furthermore CD-1 and FVB/J dams 

showed lower amount of time spent out of the nest (effect of dams strain: F(3.97)=16,9539; 

p<0.001) and in others activities (effect of dams strain: F(3,97)=33,6636; p<0.001) compared to 

Balb/c and C57Bl/6J.  

 

 

 

Fig. 3.3 Maternal behavior of Balb/c, C57Bl/6J, CD-1 and FVB/J foster dams. Average percentage of time spent in 

spontaneous maternal behavior of Balb/c, C57Bl/6J, CD-1 and FVB/J dams in the first week of pups life (PND1-PND7). Data are 

presented as mean ± SEM, *indicates a significative difference with p <0.05. 

 

Fig. 3.4 Percentage of total nursing (Arched back and Nursing) of Balb/c, C57Bl/6J, CD-1 and FVB/J foster dams. 

Average percentage of time spent in total nursing behavior of Balb/c, C57Bl/6J, CD-1 and FVB/J dams in the first week of pups 

life (PND 1-PND 7). Data are presented as mean ± SEM, *indicates a significative difference with p <0.05. 
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3.2.2 Monitoring of body weight growth (PND 34-90)  

From PND 34 animals were weighted weekly until PND 90. Overall, regardless of genotype, 

there is a difference between males and females (main effect of the sex: F(1,217) =134.25; p < 

0.001), but also the strain of the dams seems to act on the statistical analysis (effect of fostering: 

F(3,217) =31.93; p< 0.001). Body weight increases in males and females mice during days in both 

genotypes (interaction between PND, sex and genotype: F(8,1736)=2.95; p=0.002804), with an 

interaction among sex and fostering (F(24,1736) =2.76; p< 0.001). Thereafter we analysed 

separately males and females. In males there is an effect of genotype and adoption (respectively 

F(1,111)=5.62; p=0,019449 and F(3,111)=23.04; p<0.001), in the interaction between days and 

genotype (F(8,888)=4.72; p=0,000011) and in the interaction between days and adoption 

(F(24,888)=53.29; p<0.001). In females results showed a significative effect of adoption 

(F(3,106)=10.62; p=0,00004) and of the interaction between days and adoption (F(24,848)=28.10; 

<0.001).  

 

Fig. 3.5 Body weight growth of NPY1r2lox and NPY1rrfb male mice reared by, Balb/c, C57Bl/6J, CD-1 and FVB/J foster 

dams. Starting from PND 48, NPY1rrfb male mice reared by FVB/J and CD-1 showed a lower growth rate as compared to 

NPY1r2lox littermates. *indicates a significant difference between NPY1r2lox and NPY1rrfb with p<0.05.   
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3.3 Discussion  

The first step of this work was the generation of the conditional knockout model used for the 

experiments described in following sections. By the crossing of three different murine lines we 

obtained NPY1r2lox and NPY1rrfb males and females offspring, fostered, at birth by four different 

strains of dams. In the first week of pups life we assess spontaneous maternal behavior. Our data 

showed that CD-1 and FVB/J spent a greater amount of time in nursing behavior, both arched 

back nursing posture and nursing posture, compared to Balb/c and C57Bl/6J dams. Data suggest 

that CD-1 and FVB/J dams were characterized by higher levels of maternal care (HABN) 

opposite to Balb/c and C57Bl/6J (LABN) that showed lower levels of maternal care. 

Furthermore, conversely to HABN dams, LABN dams spent a lot of time out of nest and in other 

non-pups related behavior. Statistical analysis revealed that HABN mothers showed significative 

higher amount of time spent on total nursing (arched back and nursing posture) and lower levels 

of time spent in other activities, out of the nest, compared to LABN dams. Starting from weaning 

to adulthood (PND34 - PND90) we carried out monitoring of bodyweight of NPY1r2lox and 

NPY1rrfb males and females from the four adoptions.  

As we expected, females showed lower bodyweight compared to males, regardless of the strain 

of foster mothers. Only when reared by CD-1 and FVB/J dams, NPY1rrfb males showed lower 

bodyweight compared to NPY1r2lox littermates. Taken together these data confirm what reporting 

by Bertocchi and colleagues, the involvement of NPY-1r system in the regulation of metabolism 

and the early maternal environment can exerts an effect in programming the effects of limbic 

NPY-1r in energy homeostasis. Furthermore, the effects of the conditional deletion of NPY-1r 

are different between sexes. In following chapters, we investigate sex-differences in metabolism 

and behavior of NPY1r2lox and NPY1rrfb mice, with a focus on reproductive in females.  
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Chapter 4 

 

4.1 Experiment 1: Effects of early maternal environment and limbic NPY-1r 

expression on behavior and metabolism in NPY1r2lox and NPY1rrfb males and 

females reared by different strain of foster mothers  

 

As described in the previous chapter, the first step of the experiment was the generation of 

NPY1r2lox and NPY1rrfb offspring, reared at birth, by four different strains of foster mothers. In 

the first week of pup’s life maternal behavior was observed, and body weight of pups were 

collected from PND 34 to PND 90. In adulthood NPY1r2lox and NPY1rrfb males and females 

fostered by HABN and LABN dams were tested for behavioral and metabolic challenge. To 

assess if conditional deletion of NPY-1r gene and early maternal environment can affect anxiety 

like, agonistic and aggressive behavior, males and females were subjected to elevated plus maze 

test, novelty induced suppression of feeding test and resident-intruder test. Furthermore, with the 

aim to rate metabolic alterations due to reduced limbic NPY-1r expression, NPY1r2lox and 

NPY1rrfb mice were exposed to two different diets (a standard diet and an hypercaloric diet) and 

glucose blood levels were detected through glucose tolerance test. Behavioral tests were carried 

out between PND 90 and PND 110 from 3 PM to 7 PM. At PND 90 animals were isolated in 

plexiglas cages (45cm*25cm*20cm) and, after a habituation period of 1 week.  

 

4.2 Materials and methods  
 

4.2.1 Elevated Plus Maze test (EPM) 

NPY1r2lox mice and NPY1rrfb reared by HABN / LABN dams were tested in the EPM in a half-

lit room to simulate the dark phase that is known to be the more active phase of rodents. The 

EPM apparatus consists of a plus-cross shaped (30*5cm) originating from a central platform 

(5*5cm) elevated 40 cm above the floor. Two arms, opposing each other, are enclosed by 

plexiglas walls (20 cm) and the leftover arms are open. All mice were transported to the testing 

room at least 1 hour prior the behavioral test for habituation. Each animal was placed on the 

center platform facing one of the open arms and was allowed to explore the maze for 5 minutes. 

The test was recorded with a video camera placed above the apparatus. To reduce any persistent 

olfactory cues, the maze was cleaned with clean damp cloth and a solution of 2% ethylic alcohol 

between successive trials. At the end of the procedure, we analysed the amount of time spent in 
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each zone of the maze and the frequency of transitions between different arms by an observer, 

previously trained, using specific software (The Observer, Noldus, NL).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Elevated plus maze test (EPM) scheme (Created with BioRender.com) 

 

4.2.2 Novelty Induced Suppression of Feeding test (NISF) 

To measure the latency of an animal to approach and eat a familiar food in a novel environment 

and assess the animal anxiety-like state NISF test is very effective (Dadomo et al., 2011). The 

paradigm of NISF test consists of to place a little piece of peanut (a palatable food for mice) in a 

Petri dish located in a corner of their home cage and latency of animals to eat the peanuts was 

collected. We repeat this procedure for three consecutive days for each experimental subject. On 

the fourth day, the Petri dish containing the peanut was presented in a novel cage with fresh 

bedding (Merali et al., 2003). The latency was recorded on all days with a cut-off time of 600s. 

In case of maximum latency, the peanut was left in the cage of the animal. A reduced latency to 

begin consumption of the palatable snack in the novel cage indicate a reduction of the anxiety, 

using this test. 

 

 

 

 

 

 

 

 

Fig. 4.2 Novelty induced suppression of feeding (NISF) test scheme (Created with BioRender.com) 

Center 

Open arm Closed arm 
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4.2.3 Resident/Intruder test 

Aggressive and social behavior was assessed with Resident/Intruder paradigm. The animals were 

individually housed and in the homecage of each experimental subject (the resident), were 

placed a same-sex intruder of BALB/c strain, which are known to show low level of aggression. 

Experimental animals were observed and video-recorded for 10 minutes with a camera. Latency 

to the first attack by the resident against the intruder was recorded and the test was terminated if 

clear signs of distress in the intruder transpired. Behavior was scored by the software The 

Observer (Noldus, NL). Specific behaviors analysed were: numbers and duration of attack, tail 

rattling (rapid vibration of the tail, typically occurs shortly before and during an attack flurry), 

circling and chasing (the resident chases rapidly the intruder shortly before an attack occurrs), 

upright posture (following being defeated, mice rear up on their hindlegs and assume a defensive 

upright posture), immobility with contact (resident mice are in a freezing posture with contact to 

the intruder), startle response (defensive response to threatening stimuli), social exploration 

(resident explores the intruder, it includes ano-genital exploration), immobility without contact 

(resident mice are in freezing posture within the cage), rearing (mice rear up on their hindlegs), 

digging (mice dig bedding), environment exploration and walking. In order to promote a clear 

representation of the data, specific behavioral elements were grouped into the following broad 

behavioral categories: offensive behavior (attack, tail rattling, circling and chasing) defensive 

behavior (upright posture, immobility with contact and startle response) and social behavior 

(exploration of the intruder, social interaction).  

 

 

 

   

 

 

 

Fig. 4.3 Resident-intruder test scheme (Created with BioRender.com) 

 

4.2.4 Body Weight and Food Intake 

On PND 120 male and female NPY1r2lox and NPY1rrfb mice were weighed and individually 

housed in plexiglass cages (45cm*25cm*20cm) with wood shaving bedding changed weekly. 

After the first week on a standard diet, to obtain baseline measurement, NPY1r2lox and NPY1rrfb 

https://biorender.com/
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reared by HABN and LABN mothers were randomly assigned to two experimental groups: one 

fed standard diet (STD - 6.55% kcal from fat and 3.9 kcal/g; 4RF21, Mucedola, Italy) and the 

other fed a custom pelleted high fat diet (HFD - 45% kcal from fat and 5.2 kcal/g manufactured 

by Mucedola) obtained by a modification of the STD formula. Throughout the study, food and 

water were available ad libitum to all experimental animals. Body weight and food intake were 

determined from 10 AM to 11 AM every two days for 3 weeks. Pre-weighed food was carefully 

placed in the U-shaped metallic feed hopper of each cage and then reweighed on a per-cage 

basis. Food crumbles with a diameter greater than 1 mm were recovered from the cage and 

weighed as well. Food intake was quantified by calculating the difference between pre- and post-

weighed food for the entire duration of the experiment and averaged over baseline and weekly. 

Food intake was transformed to kcal and expressed as fold changes vs baseline. 

 

 

 

 

 

 

Fig. 4.4 STD diet and HFD diet (Created with BioRender.com)  

 

4.2.5 Glucose Tolerance test (GTT)  

On the 21st day of the diet, Glucose Tolerance Test was performed following overnight fasting 

(12h). Blood glucose levels obtained from tail bleeding were monitored at 0, 30, 60 and 120 min 

after i.p. injection of d-glucose (Carlo Erba Reagent S.r.L., Milan, Italy) at 1g/Kg. Blood 

concentrations were all determined through an Accucheck Aviva (Roche Diagnostics, USA) 

blood glucose meter during the light phase between 9:00 AM and 11:00 AM. Mice were then 

returned to their diet regimen for 5 days to allow body weight recovery. 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Glucose tolerance test (GTT) scheme (Created with BioRender.com) 
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High fat diet 
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4.2.6 Tissue collection and plasma analysis 

On day 26 of diet exposure, following 12 hours fasting, mice were euthanized by decapitation 

after a brief CO2 exposure. Trunk blood was collected in heparinized tubes (Sarsted, Germany) 

and centrifuged at 4000 RPM, at 4°C for 10 min, then placed at -20°C until analysis. Abdominal 

white adipose tissue (perigonadal, visceral, retroperitoneal fat pads) was collected and weighed, 

then frozen in liquid nitrogen for later analysis. Brains were removed, immediately frozen in 

liquid nitrogen, then stored at -80°C until analysis. 

 

4.2.7 Statistical analysis  

A 3-way ANOVA (genotype, adoption and time) for repeated measures was used to analyse 

body weight, food intake and glucose tolerance test data. A 2-way ANOVA (adoption and 

genotype) was run to analyse abdominal fat pads, and behavioural tests. A Tukey’s test for post 

hoc comparisons followed the ANOVAs. 

 

 

 

4.3 Results 

 

4.3.1 Elevated plus maze (EPM) test 

Data were analysed using parametric analysis of variance (ANOVA) with strain of foster mother 

(Balb/c, C57Bl/6J, CD-1 and FVB/J), genotype (NPY1r2lox vs NPY1rrfb) and gender (males and 

females) as between-subjects factors, and total duration, total frequency and zones of the EPM as 

within-subjects repeated measures. All the animals were analysed for total frequency of entrance 

and total time spent in the three zones of EPM (closed arms, open arms, center). Regardless of 

sex, all subjects spent more time in the closed arms of the apparatus. We observed a main effect 

of the genotype in total time spent in the closed arms of the maze (F(1,240) =5.3008; p=0.022172), 

with NPY1r2lox animals that often spent more time in closed arms when compared with their 

respective NPY1rrfb. Moreover, this effect seemed to be connected also to sex and adoption: in 

fact, NPY1r2lox males reared by C57Bl/6J, Balb/c and FVB/J spent more time in closed arms than 

their respective NPY1rrfb. About females, NPY1r2lox reared by C57Bl/6J spent less time than 

their NPY1rrfb in closed arms of the maze, whereas females NPY1r2lox reared by Balb/c, FVB/J 
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and CD-1 dams showed an increase in time spent in closed space when compared with their 

NPY1rrfb (interaction between sex, genotype and adoption: F(3,240) =2.7456; p=0.043683). Regard 

total time spent in the center zone of the maze, overall NPY1r2lox animals spent less time than 

NPY1rrfb mice exploring the center (main effect of genotype: F(1,240) =14.9934; p<0.001). We 

only observed a direct effect of the fostering when we analysed total time spent in the open arms 

of the apparatus (F(3,240) =5.26513; p=0.001556), with mice reared by Balb/c and FVB/J showing 

less time spent in the open arms of the maze than the other groups.  

 

 

Fig. 4.6 Elevated Plus Maze test. Time spent in the center, open and close arm of EPM. Interaction among sex, genotype and 

adoption was observed in total duration spent in closed arms of the maze. Main effect of genotype detected in time spent in the 

center of the apparatus; effect of the adoption detected in time spent in open arms. Values are presented as mean ± SEM.  

 

When we analysed the frequency of entrance in the three zones of the EPM it emerged that the 

number of transitions in the closed arms of the maze was higher than in the open arms, according 

with the results of the total duration previously showed. Overall, regardless sex, there is an effect 

of genotype (F(1,240)=23.1100; p<0.001) and fostering (F(1,240) =4.0140; p=0.008199) on the 

closed frequency: NPY1r2lox entered more times in the closed arms of the apparatus than 

NPY1rrfb mice, and mice reared by C57Bl/6J and FVB/J dams, regardless of the genotype, 

presented less frequency of entrance in the closed space of the maze. About the frequency in the 
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open arms, males reared by Balb/c, and marginally, by FVB/J mothers showed less frequency of 

entrance in the open arms than the other groups (interaction between sex and fostering: F(1,240) 

=3.2949; p=0.021233).  

 

  

Fig.4.7 Elevated plus maze test. Frequency of entries in open and close arms and center of EPM. No significant differences 

were observed between males and females in total numbers of entrance in closed and center. Main differences were due to 

genotype and adoption. Values are presented as mean ± SEM. 

 

4.3.2 Novelty induced suppression of feeding (NISF) test 

NISF test provide the results on latency to consumption of a palatable snack over habituation and 

during the test in a novel environment. NPY1rrfb and NPY1r2lox mice reared by HABN or LABN 

mothers have been tested for NISF for 4 days, 3 days of habituation in their homecage and 1 day 

of test in a new cage. Regardless of gender, there is a significant decrease in latency to eat the 

palatable food during the habituation (main effect of the days: F(2,510) =173.7857; p<0.001), but 

no effect of fostering, genotype or sex was detected. During the test (day 4) we observed a main 

effect of the genotype (F(1,255)=9.2848; p=0.002553) and a tendency of the interaction between 

sex and genotype (F(2,510)=3.5640; p=0.060182). In fact, when individually analysed, regardless 

the fostering strain males showed an effect of the genotype: NPY1r2lox presented a higher latency 
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when compared with NPY1rrfb male mice. No significant differences were detected in females at 

day 4.  

 

  

Fig. 4.8 Novelty induced suppression of feeding test. Day 1-3 represent the habituation; Day 4 represent the test in a novel 

environment. Latency decreased during the habituation. At Day 4 NPY1r2lox males lingered more than NPY1rrfb littermates. 

Values are presented as mean ± SEM. 

 

4.3.3 Resident-Intruder test 

Aggressive behavior was analysed through the Resident-Intruder paradigm. Overall males, 

regardless the fostering and the genotype, showed more agonistic and aggressive behaviors than 

females (effect of gender: F(1,155) =13.25480; p<0.001). In particular NPY1r2lox male mice reared 

by Balb/c mothers showed the highest percentage of time spent in aggressive behavior, when 

compared with the other groups, while NPY1rrfb male mice reared by C57Bl/6J showed the 

highest percentage of agonistic behavior. Males reared by CD-1 and FVB/J mothers presented a 

significant difference between the two genotypes:  NPY1rrfb males spent less time in aggressive 

behavior than their controls. Overall there is an interesting interaction among sex, genotype and 

adoption (F(3,155)=3.20754; p=0.024805). 
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Fig. 4.9 Resident intruder test. Time spent in agonistic behavior. We observed a decrease of the agonistic behavior in NPY1rrfb 

males when reared by high maternal care dams (FVB/J and CD-1). Values are presented as mean ± SEM.  

 

As expected, latency of attack reflected the percentage of time spent in agonistic behavior: 

females presented an higher latency, when compared with males (main effect of sex: F(1,240) 

=11.9453; p<0.001). There was also a strong effect of adoption (F(3,240)=10.1135; p<0.001) with 

animals reared by C57Bl/6J and CD-1 dams that showed a lower latency of attack than the 

animals reared by other foster dams. We observed an effect of genotype (F(1,240)=7.3805; 

p<0.007073): NPY1rrfb  lingered more before attack than their controls. Overall, NPY1r2lox male 

mice reared by FVB/J and CD-1 dams showed a lower latency of attack when compared with 

males reared by other groups (interaction among sex, fostering and genotype: F(3,240)=3.6411; 

p=0.013438). 
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Fig. 4.10 Resident intruder test; Latency of attack. We observed an increase of latency in NPY1rrfb males when reared by High 

maternal care dams (CD-1 and FVB/J). Values are presented as mean ± SEM.  

 

 

We decided to investigate social behavior of all the animals with the resident intruder paradigm, 

analysing the amount of social interaction between subjects. Overall a significant interaction 

among sex and adoption was highlighted by the statistical analysis (F(3,155)=5.0368; p=0.002336): 

regardless genotype, females reared by CD-1 and Balb/c mothers displayed an higher amount of 

social behavior than other groups.  
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Fig. 4.11 Resident intruder test. Percentage of time spent in social interaction. We observed higher number of social behaviors 

in females when reared by CD-1 and Balb/c mother compared to the other groups. Values are presented as mean ± SEM. 

 

 

4.3.4 Body weight and Food Intake 

As adult, NPY1r2lox and NPY1rrfb mice of both genders were exposed to standard (STD) or high 

fat (HFD) diet. Overall male mice, regardless of diet and genotype, showed an higher body 

weight than females (effect of sex: F(1,205)=431.99; p<0.001), even if there is also a strong effect 

of the diet, with an increase in males body weight during high fat diet (interaction between sex 

and diet: F(1,205)=15.47; p<0.001).The strain of the foster mother seemed to affect body weight: 

in fact NPY1r2lox and NPY1rrfb  C57Bl/6J and FVB/J animals weighted less than the others 

(effect of the adoption: F(1,205)=14.06; p<0.001) during STD, whereas in HFD males reared by 

FVB/J and CD-1 mothers showed an higher body weight than C57Bl/6J and Balb/c offspring. 

Overall during days we observed an increase of weight due to the diet and the adoption 

(interaction among days, adoption and diet: F(30,2050)=3.43; p<0.001) but only in males fed with 
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HFD (interaction among days, sex and diet: F(10,2050)=26; p<0.001). As challenged with standard 

diet animals of both genders didn’t show any differences due to genotype (F(1,87)=0.520; 

p=0.653338) but males weighted more than females (effect of sex: F(1,87)=169.93; p<0.001) and 

CD-1 and Balb/c mice, regardless of the sex, were heavier than FVB/J and C57Bl/6J (main effect 

of the adoption: F(3,87)=19.22; p<0.001).  

 

 

STD DIET 

 

  

Fig. 4.12 Body weight during the metabolic challenge. Metabolic consequences of STD in NPY1r2lox and NPY1rrfb male and 

female mice reared by high maternal cares (CD-1 and FVB/J) or low maternal cares (Balb/c and C57Bl/6J) mothers. Regardless 

of genotype, male mice on STD showed a greater body weight as compared to females. Animals of both genders reared by CD-1 

and Balb/c dams showed an increase of body weight when compared to other groups. Values are presented as mean ± SEM.  

 

 

During HFD males and females showed a strong difference in body weight (main effect of sex: 

F(1,118)=377.63; p<0.001); NPY1rrfb  CD-1 males showed an higher body weight when compared 

to the other groups, and weight increased during days (interaction among days, sex, genotype 

and adoption: F(30,1180)=1.54; p<0.05). Overall, all NPY1rrfb males showed an higher body weight 
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or a slight increase of weight when compared to their controls, but in males reared by C57Bl/6J 

NPY1rrfb weighted less than NPY1r2lox.  

 

 

HFD DIET 

 

  

Fig. 4.13 Body weight during the metabolic challenge. Metabolic consequences of HFD in NPY1r2lox and NPY1rrfb male and 

female mice reared by high maternal cares (CD-1 and FVB/J) or low maternal cares (C57Bl/6J and Balb/c) mothers. Male mice 

on HFD showed a greater body weight as compared to females. NPY1rrfb males reared by CD-1 dams showed an increase of 

body weight when compared to their controls. Overall NPY1rrfb males presented a higher weight than NPY1r2lox male mice, 

except for males reared by C57Bl/6J dams. Values are presented as mean ± SEM.  
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diet: F(1,189)=16.984; p<0.001). Mice exposed to STD had regular levels of glycemia, confirming 

and adequate glucose tolerance, with an interaction between time, sex and adoption 

(F(9,234)=1.979; p<0.05). Males fed with STD showed more blood glucose than females, 

regardless of the genotype (main effect of sex: F(1,78)=25.736; p<0.001).  

 

 

STD DIET 

 

  
Fig. 4.14 Glucose tolerance test (GTT). Glucose levels during STD in NPY1r2lox and NPY1rrfb male and female mice reared by 

high maternal cares (CD-1 and FVB/J) or low maternal cares (C57Bl/6J and Balb/c) mothers. Male mice on STD, regardless 

genotype, showed a higher level of glycemia as compared to females. Values are presented as mean ± SEM.  

 

Exposure to HFD led to higher blood glucose level in both males and females (main effect of 

sex: F(1,111)=214.571; p<0.001), especially NPY1rrfb males had an increase in glycemia 

(interaction among sex and genotype: F(1,111)=6.310; p=0.013446). Above all, NPY1rrfb males 

reared by CD-1 and FVB/J mothers showed an higher levels of blood glucose when compared to 

NPY1rrfb with C57Bl/6J and Balb/c mothers (interaction between sex and adoption: 

F(3,111)=5.156; p=0.002248). 
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HFD DIET 

   

  

Fig. 4.15 Glucose tolerance test (GTT). Glucose levels during HFD in NPY1r2lox and NPY1rrfb male and female mice. Male 

mice on HFD, regardless genotype, showed a higher level of glycemia as compared to females. NPY1rrfb male reared by CD-1 

and FVB/J mothers presented increased amount of blood glucose, as compared to mice reared by C57Bl/6J and Balb/c mothers. 

Values are presented as mean ± SEM.  

 

 

4.3.6 Tissue collection and plasma analysis 

As we saw an increase in body weight of mice when fed with HFD, we decided to investigate if 

there was an increase in visceral adiposity too. At sacrifice we observed a significant abdominal 
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p<0.001). Overall males showed an higher amount of abdominal white adipose tissue (effect of 
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fed HFD presenting an increase in WAT when compared to mice fed with STD (main effect of 

the diet: F(1,96)=87.2007; p<0.001) . Females, regardless of genotype, showed an effect of the 

adoption: when reared by FVB/J and fed with HFD they had less white adipose tissue than the 
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other groups (interaction among diet and adoption: F(3,87)=2.8669; p<0.05 ) . NPY1rrfb males fed 

with HFD and compared with their controls, showed similar amount of WAT when reared by 

C57Bl/6J or Balb/c mothers (LABN), but when reared by CD-1 and FVB/J (HABN) mothers the 

levels of abdominal fat increased compared to NPY1r2lox mice (interaction between sex, diet and 

adoption: F(3,86)=4.1370; p=0.008645).   

 

 

 

A )                                                              STD DIET 

 

  

  
Fig. 4.16 White adipose tissue harvested at sacrifice. A) Amount of WAT in NPY1r2lox and NPY1rrfb male and female mice 

reared by low maternal care dams (Balb/c and C57Bl/6J) on STD and HFD diet. Male mice on HFD, regardless genotype, 

showed a higher level of abdominal fat as compared to males in STD. Overall males reared by C57Bl/6J dams and fed with HFD 

presented an increase in abdominal fat as compared with their respective females. All values are presented as mean ± SEM. 
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B)                                                                   HFD DIET 

     

 

  
Fig. 4.17 White adipose tissue harvested at sacrifice. B) Amount of WAT in NPY1r2lox and NPY1rrfb male and female mice 

reared by high maternal care dams (CD-1 and FVB/J) on STD and HFD diet. Overall NPY1rrfb males reared by CD-1 and FVB/J 

dams presented an increase in WAT when fed with HFD, as compared with females. All values are presented as mean ± SEM.  
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4.4 Discussion 

In this study we assessed the effects of conditional NPY-1r knockout in limbic areas on anxiety-

like, aggressive-social behavior and metabolism of male and female mice reared by foster 

mothers that display different levels of maternal care To this aim we examined adult male and 

female NPY1r2lox and NPY1rrfb mice reared by high maternal care dams (CD-1 and FVB/J foster 

dams) and low maternal care dams (Balb/c and C57Bl/6J foster dams). 

Overall, our findings show that conditional NPY-1r inactivation induces behavioral effects only 

in males reared by high maternal care dams by reducing aggressive behavior. Interestingly in 

females reared by low maternal care dams, especially C57Bl/6J mothers this effect seems to be 

inverted and NPY1rrfb female mice showed a reduction of the percentage of agonistic behavior. 

In the Resident/Intruder paradigm NPY1rrfb male mice were characterized by higher attack 

latency when reared by high maternal care dams and consequently, they spent less time than 

control mice engaged in agonistic behavior. These results are in apparent contrast to what was 

described by Karl et al. (2004) who said that germinal ablation of the Y1 receptor gene led to a 

pronounced increase in territorial aggressive behavior by affecting the serotoninergic system. 

Moreover, a critical role of Y1-r and 5-HT-1A receptor in integrating behavioral pathways to 

enabling aggression has been demonstrated (Karl et al., 2004). In NPY-1r conditional knockout 

mouse model, however, reduced Y1-r expression restricted in the CA1, CA3 and DG areas of the 

hippocampus induced the opposite response and decreased territorial aggression.  

Consistently, NPY1r2lox mice, reared by FVB/J and CD-1 dams, characterized by high expression 

of NPY-1r in these hippocampal areas showed higher aggressive behavior than NPY1rrfb mice. 

However, when reared by C57Bl/6J dams the percentage of time spent by NPY1rrfb male mice in 

agonistic behavior increases, suggesting that levels of maternal care might be a key to better 

understand aggressive behavior in adults. Anyway, aggressive behavior of NPY1r2lox mice is 

higher in males reared by CD-1 as compared to males reared by C57Bl/6J. It is apparent that 

aggressive behavior is influenced by many environmental and experimental variables and further 

studies are required to clarify the networks involved in this behavior. We already know that 

female aggression can differ widely based on females’ reproductive state and genetic 

background, and the opponent type.  

In our study, as expected, levels of agonistic behaviour in females are significantly lower than 

males, regardless genotype, but NPY1rrfb females reared by C57Bl/6J dams showed lower 

percentage of aggressive behavior. Female mice spent most of the time in social investigation: in 

particular, NPY1r2lox females reared by FVB/J, CD-1 and Balb/c displayed more social behavior 

than NPY1rrfb females reared by the same foster mothers, while NPY1r2lox females reared by 
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C57Bl/6J spent less time than the other groups in social investigation. These results are apparent 

in contrast with literature, in particular Sankoorikal and colleagues, in 2006 proved that 

C57BL/6J mice showed higher levels of sociability than Balb/c mice when tested for social 

approach (Sankoorikal et al., 2006). It is possible that these changes in sociability depend on the 

task used and, in addition to possible environmental factors, the differences in sociability are 

likely to be because of genetic differences between strains.  

Anxiety-like behavior was assessed by means of the Elevated Plus maze (EPM) test and the 

Novelty Induced Suppression of Feeding (NISF) test. Contrary to what expected, reduced NPY-

1r mRNA expression in limbic areas did not affect anxiety-like behavior in the EPM test, but 

there is an effect of the adoption, as mice reared by Balb/c and FVB/J dams spent less time and 

showed a lower frequency of entrance in the open space of the apparatus. Overall, both 

NPY1r2lox and NPY1rrfb males and females reared by high or low maternal care dams spent most 

of the time in the close arms of the EPM and rarely explored the open arm, suggesting that, 

regardless of sex, genotype and adoption, they are characterized by an anxious-like phenotype 

and high trait-anxiety. 

 In the NISF test, anxiety-like behavior is evaluated through the latency to eat a highly palatable 

snack in a novel environment. This test is based on the principle that rodents show a clear 

preference for lipid-rich foods, such as peanuts (e.g. Gaillard et al., 2008) and that the latency to 

close in and consume a familiar snack in a novel environment is markedly increased in a novel 

cage with clean bedding (Merali et al., 2003). In this test regardless of the adoption, both male 

and female NPY1r2lox and NPY1rrfb mice showed a regular daily reduction in the latency to 

consume the peanut, but the latency only increased in NPY1r2lox male mice when the peanut was 

presented in a clean bedding-filled cage on day 4. Thus indicate that NPY1rrfb males present 

lower anxiety-like behavior as compared with their controls: these results contrast with our 

observation in the EPM, where both control and conditional knockout mice displayed a 

behavioral profile indicative of high anxiety.  

Remarkably NPY1rrfb male mice reared by CD-1 and FVB/J dams showed significantly shorter 

latency to eat the peanut on all trials as compared to their controls, while NPY1rrfb and NPY1r2lox 

males reared by Balb/c and C57Bl/6J showed a similar trend. No differences due to genotype or 

adoption were observed between NPY1r2lox and NPY1rrfb female mice. These data indicate that, 

regardless the adoption, male and female NPY1r2lox and NPY1rrfb mice are not so sensitive to 

novelty-induced inhibition of feeding, as they did not show the expected environment-induced 

avoidance in approaching the highly palatable food. Since these effects are more pronounced in 

males and especially in NPY1rrfb males reared by HABN mothers, this suggest that a reduction 
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of hippocampal NPY-1r may affect brain paths involved in the processing of reward-related 

behavioral responses.  

Even if these findings seem to be in contrast with the high level of anxiety observed in EPM it is 

possible to hypothesize that more than a lower level of anxiety, the behavior displayed by our 

subjects in the NISF test might be an indicator of an enhanced reward-related response and 

further studies are needed to test this hypothesis. Otherwise another explanation could be the 

display of an autistic-like response: in fact the high anxiety displayed in the EPM associated by 

insensitivity to a novel environment shown in the NISF test might be factors related to autism 

spectrum disorder (Crawley, 2007). The absence of the inhibition of palatable food intake in 

novel environment might be interpreted as a resistance to change and response to the changes in 

routine, characteristics of autism (Crawley, 2007).  

In this study we also analyzed the effects of limbic NPY-1r on energy balance and vulnerability 

to high fat diet induced obesity and metabolic syndrome. Our results shows that reduction of 

limbic NPY-1r promotes (high fat) diet-induced obesity and partial glucose intolerance in male 

mice only when reared by dams that showed a high level of maternal care. These findings are 

supported by the higher body weight, abdominal adipose tissue and blood glucose level observed 

in male mice with conditional NPY-1r knockout fostered at birth to CD-1 and FVB/J dams.  

In female mice reduction of limbic NPY-1r or fostering at birth did not affect body weight 

growth on a standard diet and did not induce susceptibility to diet induced obesity. Male mice 

characterized by low limbic NPY-1r expression induced by conditional gene inactivation showed 

reduced body weight growth, starting when gene deletion was achieved. However, when 

challenged with exposure to a high fat diet, however, NPY1rrfb male mice, especially when 

reared by HABN foster mother were more susceptible to develop metabolic disorders.  

Although, regardless of the adoption, both NPY1rrfb and NPY1r2lox male mice fed HFD showed 

increased body weight growth than STD fed groups, NPY1rrfb males showed much greater body 

weight gain than their control (NPY1r2lox) when on HFD. This greater increase in body weight 

started from the second day of HFD and persisted throughout the 21 days of the diet regimen. 

Thus, contrary to what reported in males, NPY1rrfb female mice did not show lower body weight 

growth and when challenged with high fat diet, they didn’t develop diet-induced obesity and 

glucose intolerance. As expected, in male mice, HFD induced an increase of abdominal adipose 

tissue in both genotypes than the STD groups, regardless of the adoption.  

Remarkably, NPY1rrfb on HFD showed much greater WAT than NPY1r2lox mice on HFD only 

when reared by high maternal care dams (CD-1 and FVB/J), indicating that the increase of body 

weight showed by NPY1rrfb mice fed HFD might be linked to the high level of white adipose 
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tissue. Eventually, NPY1rrfb mice on HFD also showed impaired glucose clearance in the glucose 

tolerance test. Even though HFD did not induce fasting hyperglycemia in either genotype, 

NPY1rrfb mice reared by high maternal care mothers on HFD showed higher blood glucose level 

as compared to their controls 30 minutes after the glucose injection, indicating impairment in 

glucose clearance. This effect is not remarkable in NPY1rrfb vs NPY1r2lox fostered at birth to 

C57Bl/6J or Balb/c dams.  

Taken together, these results suggest that NPY1rrfb male mice, only when reared by mothers that 

display an high level of maternal behavior, are characterized by a phenotype that predisposes 

them to develop metabolic disease as demonstrated by their high abdominal adipose tissue and 

glucose clearance impairment both of which are predictive factors for obesity and metabolic 

syndrome (Björntorp, 1991a; Jensen, 2008; Ahmed H. Kissebah & Krakower, 1994). In line with 

our previous study (Bertocchi et al., 2011), the effects of conditional limbic NPY-1r deletion on 

metabolism are shown in male mice reared by high maternal care dams, which spent most of the 

time crouching over the pup in the active form of nursing known as arched-back nursing (ABN). 

Such high proportion of time spent in the ABN posture was consistent during the first postnatal 

week. According with the results of the previous study (Bertocchi et al., 2011), NPY1rrfb males 

showed lower body weight growth starting from approximately PND 48, which coincides with 

the maximal level of NPY-1r gene Cre-mediated inactivation, but this effect is remarkable only 

in males reared by dams that displayed high amount of maternal care.  

Indeed, in situ hybridization performed at the end of metabolic challenge on both groups (STD- 

and HFD-fed mice) showed that NPY-1r mRNA expression in NPY1rrfb mice on STD was 

reduced in CA1, CA3 and DG as compared to NPY1r2lox mice (Paterlini et al., 2021). This 

profile of expression is similar to the one observed in male mice reared by FVB/J by Bertocchi 

and colleagues. After the high fat diet regimen, however, we observed an upregulation of NPY-

1r mRNA expression in CA1 and CA3, in NPY1rrfb males fed with HFD and interestingly, the 

differences in the expression of NPY-1r mRNA between NPY1rrfb and NPY1r2lox disappeared. 

This finding may suggest that low limbic NPY-1r expression might be responsible for the 

enhanced predisposition to develop diet-induced obesity and glucose intolerance (metabolic 

syndrome) in response to high fat diet, which in turn may induce increased expression of NPY-1r 

mRNA in limbic structures due to compensatory mechanisms. HFD per se have has reported to 

strongly influence synaptic plasticity and gene expression (Lennox et al., 2015; Molteni et al., 

2002; Stranahan et al., 2008; Underwood & Thompson, 2016).  

While NPY1rrfb males reared by CD-1 and FVB/J mothers and exposed to HFD showed a fast 

and enduring increase in body weight as compared to controls, NPY1rrfb females seemed to be 
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“shielded” from the effect of a hyper caloric food. In fact, even when challenged with a HFD, 

both NPY1rrfb and NPY1r2lox female mice, regardless of the adoption, only showed a slight 

increase in body weight and a small gain of abdominal adipose tissue as compared to the control 

group on STD diet. Interestingly, these effects are found regardless of genotype and adoption, 

suggesting that neither lower expression of NPY-1r in limbic areas and the quality of maternal 

care are factors promoting metabolic disorders in females. HFD regimen, furthermore, did not 

promote glucose intolerance in females; NPY1rrfb and NPY1r2lox females on either STD or HFD 

showed similar blood glucose level curves after glucose administration.  

These weaker effects of high fat diet on females may be due to several factors and environmental 

variables. First of all estrogens have been shown to act like “protectors” against metabolic effects 

of high fat diet (Litwak et al., 2014; Riant et al., 2009). Riant and colleagues showed that the 

activation of the estrogen pathway prevents the occurrence and the course of insulin resistance 

and glucose intolerance induced by high-fat feeding in wild-type mice (Riant et al., 2009). For 

this reason, estrogens might exert a “shielded” action in NPY1rrfb and NPY1r2lox female, despite 

the strain of foster mother and the amount of maternal behavior displayed in early postnatal span, 

that resulted in lower HFD-induced metabolic changes than males.  

Conditional deletion of NPY-1r in forebrain excitatory neurons did not affect body weight 

growth in female mice, although a reduction of NPY-1r mRNA expression was observed in 

CA1, CA3, DG of NPY1rrfb females as compared to controls. Furthermore, NPY-1r mRNA 

expression was significantly reduced also in the hypothalamic PVN and medial nucleus of the 

amygdala (MeA): such a reduction in NPY-1r expression in PVN and MeA was not observed in 

NPY1rrfb males (Paterlini et al., 2021). Therefore the differential pattern of NPY-1r inactivation 

in females and males might be responsible for the sex differences observed in the role of limbic 

NPY-1r in the regulation of body weight.  

Based on present and previous studies, we confirm that limbic NPY-1r is differently regulated in 

males and females and its actions are strongly dependent upon sex. We also demonstrated that, 

especially in males, the different effects seem to be linked to the early environment and the 

amount of maternal care received during first postnatal days. 
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Chapter 5 

 

5.1 Experiment 2: Effects of early maternal environment and limbic NPY-1r 

expression on behavior and reproduction in NPY1r2lox and NPY1rrfb females 

 

It is known that the conditional knockout of NPY-1r in limbic area exerts different effects on 

phenotype in males and females. As we observed in experiment described in chapter 5, 

compared to males, female mice seem to be “resilient” in showing the behavioral and metabolic 

effects of the conditional deletion of NPY-1r and early post-natal environment. Our hypothesis 

was that the deletion of NPY-1r can exerts an effect on pregnancy and reproductive behavior. To 

assess if the conditional deletion of limbic NPY-1r can play a role in reproduction in this 

experiment NPY1r2lox and NPY1rrfb females reared at birth by Balb/c, C57Bl/6J, CD-1 and 

FVB/J foster dams (at birth) have been subjected to a reproductive challenge. The experimental 

outline was as follows: control (NPY1r2lox) and knockout (NPY1rrfb) females were exposed to a 

reproductive challenge. At PND 120 females underwent Open field test as baseline of anxiety-

like behavior. At PND 143 female were mating with C57BL/6J wild-type males. After one week, 

males were removed from female’s cages. At PND 159 female were tested for anhedonic-like 

behavior, and at PND 160 was performed Open field test (during supposed pregnancy). At PND 

161 female underwent the nest building assessment. At pups birth, offspring were sexed and 

weighed and at PND 4 of pups we performed retrieving test. Maternal behavior of NPY1r2lox and 

NPY1rrfb females were observed from PND 1 to PND 7.    

 

5.2 Materials and methods  

 

5.2.1 Open field test (OF)  

To assess anxiety-like behavior we performed OF test. Animals were placed in the test room at 

least 3 hours before the beginning of the test (habituation period to new environment and 

different light). Each animal was placed in a corner of the open arena of polyethylene (53cm 

x53cm) and left free to explore them for 5 minutes. The arena surface was divided in 3 

concentric zones: border, medium and center. Each session of test was videotaped with a camera 

placed above the arena. All the trials of test were analyzed with an ethological software system 

(The Ethovision, Noldus, NL). For each subject tested we scored: time spent in each zone of the 
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arena and the total distance traveled by the animals. To evaluate anxiety level of animals we 

consider time spent in the center zone. We performed OF test two times: before reproductive 

event (baseline), and during pregnancy. Between trials arena was cleaned 3 times: with water, 

with alcohol and finally water.  

 

 

 

 

Fig. 5.2 Open Field Test scheme (Created with BioRender.com) 

 

 

5.2.2 Sucrose preference test  

Sucrose preference test was used to evaluate anhedonia, the decreased response to rewards, that 

is associated to depressive state. To evaluate depressive-like behavior during reproductive event, 

experimental animals were subject to sucrose preference test. Each animal can choose between 

two bottles placed in their home cage: one of the bottles contain water solution, and the other 

contain a 1% sucrose solution. All bottles were weighed two times: before the beginning of the 

test, and 24 hours later. Sucrose preference was expressed as percentage of sucrose solution 

consumed on the total amount of liquid intake by every experimental animal.   

 

 

 

 

 

 

 

 

 

 

Fig. 5.3 Sucrose preference test scheme (Created with BioRender.com) 

 

Medium zone 

Center zone 

H2O Sucrose solution 
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5.2.3 Nest building assessment test 

At PND 160, the day before the expected delivery, we were evaluated nest building of females, 

as a measure of maternal motivation. The test consists in 3 observations, during 6 hours. At 9:00 

AM a pressed cotton square (5cm x 5cm, “Nestlet”, Datesand Ltd.) was placed in homecage of 

every female. Nests were assessed at 11:00 AM, 1:00 PM and 3:00 PM, and we used a rating 

scale from 1 to 5 to score the nest (Deacon, 2006).  Values of rating scale are the following: 

• 1 Nestlet not noticeably touched (> 90 % intact) 

• 2 Nestlet partially torn up (50-90 % intact) 

• 3 Nestlet mostly shredded (> 50% torn up) 

• 4 Nestlet torn up, material is gathered into a nest, with walls less than mouse body 

height (curled up on its side) on 50 % of its circumference. 

• 5 Nestlet is totally torn up, with walls larger than mouse body height (curled up on side) 

on 50 % of its circumference.  

 

 

Fig. 5.5 Nest building assessment test scheme (Created with BioRender.com) 

 

 

5.2.4 Delivery and body weight pups 

We recorded the number of the days from mating (the day in wich male was placed into female’s 

cage) to delivery. Offspring body weight growth was monitored at birth (PND 0) and at PND 6 

with a digital balance accurate to 0.01 g (Sartorius, Germany). We recorded also the number of 

pups in each litter, and reproductive success, defined as the percentage of dams with at least one 

pup alive at PND 6.  

 

 

5.2.5 Maternal behavior observation  

During the first week of pup’s life, we observed spontaneous maternal behavior of knockout and 

control females. Maternal behavior observation procedure was previous described in “Foster 

mothers maternal behavior observation” paragraph (Chapter 4).   

https://biorender.com/
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5.2.6 Retrieving test  

To assess maternal motivation behavior and the quality of maternal care, we performed 

retrieving test at PND 4 of offspring. We removed the mother from her homecage, and we placed 

pups (males and females separately) in the corner of the cage on the opposite side of the nest. 

Latency to retrieve pups from the corner of the cage to the nest was recorded. The test has a cut-

off of 10 minutes. At the end, all pups were replaced into the nest.  

 

 

 

  

 

 

 

 

 

Fig. 5.6 Retrieving test scheme (Created with BioRender.com) 

 

5.2.7 Tissue collection  

Females were sacrificed by decapitation from PND 6 to PND 12 of pups, following CO2 

exposure. Trunk blood was collected in heparinized tubes (Sarsted) and centrifuge 4000 RPM at 

4°C for 10 minutes. Brains were collected and stored at -80°C for later analysis and abdominal 

adipose tissue (visceral, brown, subcutaneous, perigonadal and retroperitoneal fat) were 

collected, weighed and frozen in liquid nitrogen for later analysis.  

 

 

5.2.8 Statistical analysis  

A 3-way ANOVA (genotype, adoption and time) for repeated measures was run to analysed the 

Open Field test. A 2-way ANOVA (genotype and adoption) was run to analysed sucrose 

preference test, retrieving test, offspring body weight at birth, litter size and spontaneous 

maternal behavior. When necessary, a post-hoc analysis through Tukey Test was performed. 

Reproductive success was analysed by means of the Fisher-exact p test. A Wilcoxon matched 

pairs test was used to evaluate days passed from mating to delivery. Reproductive success was 

https://biorender.com/
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assessed by means of the Fisher-exact p test. Data were analysed with Statistica 10.0 software 

(Stat-Soft, Tulsa, OK, USA). Significance was determined when p<0.05. Data are presented as 

mean ± standard error of the mean.  

 

5.3 Results 

 

5.3.1 Open Field Test  

We perform Open Field Test in two different times: before and during pregnancy. NPY1rrfb and 

NPY1r2lox female mice reared by the four different strains of foster mothers were tested for 

anxiety like behavior. We assessed time spent in each zone of the arena (border, medium and 

center zone), and total locomotor activity during the test. The cumulative statistical analysis 

showed that during pregnancy females spent more time in the medium zone of arena compared 

to the baseline (F(1,102)=10,503; p=0,00161), conversely females spent less time in the border 

zone during pregnancy compared to the baseline (F(1,102)=10,479; p=0,00163). No differences 

were recorded for the time spent in the center zone. Regarding locomotor activity, there’s an 

effect of the strain of foster mothers (F(3,102)=10,651; p<0,00001) females reared by CD-1 foster 

mothers showed the highest levels of locomotor activity and females reared by Balb/c dams 

showed the lowest levels of locomotor activity of the four strains of adoptions. Moreover, during 

pregnancy females showed reduced levels of locomotor activity, probably due to the increase in 

body weight. We also performed separate statistical analysis for each strain of adoption. 

 

 

NPY1rrfb and NPY1r2lox females reared by BALB/c foster mothers  

 

Statistical analysis carried out on NPY1rrfb and NPY1r2lox female reared by BALB/c foster 

mothers did not showed differences due to genotype in time spent in border zone, in medium 

zone and in the center of the arena. On the other hand, there is a difference, regardless the 

genotype, in total locomotor activity during the test: in detail pregnant NPY1rrfb and NPY1r2lox 

females showed lower locomotor activity compared to the baseline (F(1,9)=9,6407; p= 0,01262). 
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Fig. 5.7 Open field test. a) Time spent in the border, b) medium and c) center zone of the arena and d) total locomotor activity. 

NPY1rrfb and NPY1r2lox showed decreased in total distance traveled in pregnancy compared to the baseline. Values are presented 

as mean ± SEM. *indicates a significant effect with p<0.05.   

 

 

NPY1rrfb and NPY1r2lox females reared by C57Bl/6J foster mothers 

 

Females NPY1rrfb and NPY1r2lox reared by C57Bl/6J foster mothers showed less time spent in 

the border zone and in the center zone during pregnancy (respectively F(1,47)=13,117; p=0,00072, 

F(1,47)=6,2315; p=0,01611) compared to the baseline, regardless to the genotype. Conversely, 

NPY1rrfb and NPY1r2lox females spent more time in the medium zone during pregnancy 

compared to the baseline (F(1,47)=14,696; p=0,00037). Pregnancy involves a reduction in 

locomotor activity (F(1,47)=17,752; p=0,00011) compared to the baseline, regardless to genotype. 
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Fig 5.8 Open field test. a) Time spent in the border, b) medium and c) center zone of the arena and d) total locomotor activity. 

NPY1rrfb and NPY1r2lox showed decreasing time spent in the border and center zone during pregnancy, and an increase in the 

time spent in the medium zone. Total locomotor activity decreases during pregnancy in both genotypes. Values are presented as 

mean ± SEM. *indicates a significant effect with p<0.05.   

 

NPY1rrfb and NPY1r2lox female reared by CD-1 foster mothers  

 

Statistical analysis carried out on NPY1rrfb and NPY1r2lox females reared by CD-1 foster mothers 

showed no differences in time spent in the border zone, and medium zone. Interesting, NPY1rrfb 

females significantly spent less time in the center zone compared to NPY1r2lox females 

(F(1,16)=5,8141; p=0,02828). Pregnant females, regardless to genotype, showed a reduction in 

locomotor activity compared to the baseline (F(1,16)=7,7831; p=0,01311).  
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Fig. 5.9 Open field test. a) Time spent in the border, b) medium and c) center zone of the arena and d) total locomotor activity. 

No difference was recorded in time spent in the border and medium zone. But NPY1rrfb spent less time in the center zone 

compared to NPY1r2lox females. Total locomotor activity decreases during pregnancy in both genotypes. Values are presented as 

mean ± SEM. *indicates a significant effect with p<0.05.   

 

NPY1rrfb and NPY1r2lox females reared by FVB/J foster mothers  

 

Statistical analysis on NPY1rrfb and NPY1r2lox females reared by FVB/J foster mothers showed 

no differences in time spent in border zone, medium zone and the center of the arena. However, 

pregnant females of both genotypes showed a reduction in locomotor activity compared to the 

baseline (F(1,30)= 4,4759; p= 0,04279).  
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Fig. 5.10 Open field test. a) Time spent in the border, b) medium and c) center zone of the arena and d) total locomotor activity. 

Regardless to genotype pregnant females spent less time in border zone compared to the baseline.  NPY1rrfb females spent more 

time in the center zone during pregnancy in contrast to NPY1r2lox females that spent less time in center zone during pregnancy. 

Total locomotor activity decreases during pregnancy in both genotypes. Values are presented as mean ± SEM. *indicates a 

significant effect with p<0.05.   

 

5.3.2 Sucrose preference test  

To evaluate depressive-like behavior, we tested NPY1rrfb and NPY1r2lox females from the 

different fostering. We perform sucrose preference test during pregnancy in order to assess if 

physiological state of pregnancy can lead to an increase of consumption of sucrose solution 

rather than water solution. Statistical analysis showed a tendency to significance of the 

interaction between genotype and adoption (F(3,102=2,4385; p=0,068797). More in detail, 

NPY1rrfb and NPY1r2lox females reared by Balb/c and CD-1 foster mothers showed no 

differences in consumption of sucrose solution. Conversely, NPY1rrfb females reared by 

C57Bl/6J and FVB/j foster mothers showed a reduction in sucrose consumption (respectively 

F(1,46)=6,0899; p=0,017376, F(1,29)= 5,0408; p= 0,032549) compared to NPY1r2lox females.  
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Fig. 5.11 Sucrose preference test. NPY1rrfb females reared by C57Bl/6J and FVB/J strains of foster mothers showed a lower 

consumption of sucrose solution compared to NPY1r2lox littermates. No differences were recorded in females of both genotypes 

reared by Balb/c and CD-1 foster mothers. Values are presented as mean ± SEM. *indicates a significant effect with p<0.05.   

 

 

5.3.3 Nest building assessment 

Nest building assessment test was performed the day before the expected delivery. After 2 hours 

from the nestlet placement, percentage of dams that showed a nest score ≥ 4 was higher in 

NPY1rrfb females reared by Balb/c dams, compared to the other strain of adoptions although this 

difference is not statistically significant. The second observation, 4 hours after the nestlet 

placement, showed higher percentage of NPY1rrfb females reared by Balb/c and C57Bl/6J dams 

with a nest score ≥ 4, compared to females belongs to CD-1 and FVB/J adoptions. The last 

observation, 6 hours after nestlet placement, revealed a significative effect of genotype in 

C57Bl/6J adoption (Fisher exact test value= 0.0387; p<0.05), with an higher percentage of 

NPY1rrfb females reached a nest score ≥ 4. Even though there’s no statistical significance, 
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females reared by Balb/c mothers showed the same trend of C57Bl/6J fostered females. No 

difference were recorded in CD-1 and FVB/J females.  
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6 hours assessment 

 

  
 

  
 

Fig. 5.12 Nest building assessment. 2 hours, 4 hours and 6 hours assessment, % of dams with score ≥ 4. A higher percentage of 

NPY1rrfb dams reared by Balb/c and C57Bl/6J foster mothers showed a nest score ≥ 4 compared to NPY1r2lox. *indicates a 

significant effect with p<0.05.   
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5.3.4 Delivery and body weight of pups 

 

Days from mate to delivery 

Days from mating to delivery were recorded for NPY1rrfb and NPY1r2lox females. The mating 

day is defined as the day in which males were placed in the same cage with females. And the day 

of delivery is the day in which females gave birth to pups. Data not showed differences in the 

number of days in females of both genotypes reared by Balb/c, C57Bl/6J and FVB/j foster 

mothers. Indeed, NPY1rrfb females reared by CD-1 foster mothers showed a lower number of 

days from mate to delivery compared to NPY1r2lox females (effect of genotype: F(1,64)= 6,9350; 

p= 0,01059).  

 

 

  

Fig. 5.15 Days from mate to delivery. NPY1rrfb females reared by CD-1 foster mothers showed a lower number of days from 

mate to delivery compared to NPY1r2lox females. No differences were observed in the other groups. Values are presented as mean 

± SEM. *indicates a significant effect with p<0.05.   
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Number of pups  

 

At birth, offspring of NPY1rrfb and NPY1r2lox females were sexed and weighed. The analysis of 

the number of pups in each litter showed no differences due to genotype or strain fostering of 

females.    

 

 

 

   

Fig. 5.16 Number of pups. No differences were observed in both genotypes and strain of adoption. Values are presented as 

mean ± SEM.  

 

 

Despite no differences was recording in the number of pups delivered, NPY1rrfb pups showed 

lower body weight compared to NPY1r2lox pups, the trend is the same for females from the four 

different adoptions. In particular, statistical analysis revealed a significant effect of dam’s 

genotype on body weight of pups (F(1,176)=10,880; p=0,00118); NPY1rrfb pups weighed less 

compared to NPY1r2lox pups. When we analysed apart the four strain of foster mothers we 

observed no significant effect of genotype in NPY1rrfb and NPY1r2lox reared by Balb/c foster 

0

2

4

6

8

10

N
u

m
b

er
 o

f 
p

u
p

s

Balb

BALB/c fostering

0

2

4

6

8

10

N
u

m
b

er
 o

f 
p

u
p

s

C57

C57Bl/6J fostering

0

2

4

6

8

10

N
u

m
b

er
 o

f 
p

u
p

s

CD1

CD-1 fostering

0

2

4

6

8

10

N
u

m
b

er
 o

f 
p

u
p

s

FVB

FVB/J fostering



66 
 

mothers (probably due to the small number of experimental subjects), whereas NPY1rrfb pups 

showed lower body weight when reared by C57Bl/6J (F(1,64)= 7,7611; p=0,00702), CD-1 (F(1,64)= 

8,3960; p= 0,00514) and FVB/J (F(1,37)= 6,9406; p= 0,01223) foster mothers, compared to 

NPY1r2lox pups.  

 

  

  

Fig. 5.17 Body weight of pups. Analysis of body weight of pups showed that NPY1rrfb offspring from C57Bl/6J, CD-1 and 

FVB/J fostering showed a lower body weight compared to NPY1r2lox offspring. Values are presented as mean ± SEM. *indicates 

a significant effect with p<0.05.   

  

 Reproductive success 

 

We define reproductive success as the number of females (expressed as percentage) with at least 

one pup alive, one week after delivery (PND 6). Statistical analysis suggests a significant effect 

of genotype, as shown in pictures NPY1rrfb females showed a reduction in reproductive success 

compared to NPY2lox females regardless to the strain of foster mothers. More in detail, the values 

of Fisher Exact Test were 0,0517; p< 0,1 for NPY1rrfb reared by Balb/c, 0,0002; p<0,01 for 
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NPY1rrfb reared by C57Bl/6J, 0,0009; p<0,01 for NPY1rrfb reared by CD-1 and 0,0009; p< 0,01 

01 for NPY1rrfb reared by FVB/J foster dams.  

 

  

        

Fig. 5.18 Reproductive success. NPY1rrfb showed lower reproductive success compared to NPY1r2lox offspring regardless to the 

strain of adoption. We define reproductive success as the % of the dams with at least one pup alive at PND 6. *indicates a 

significant effect with p<0.05.   

 

5.3.5 Maternal behavior  

A 3-way ANOVA (genotype, adoption and days) for repeated measures was conducted on 

maternal behavior observation of NPY1r2lox and NPY1rrfb dams reared by Balb/c, C57Bl/6J, CD-

1 and FVB/J foster mothers. Statistical analysis showed an effect of days on several behavior, 

with an increase during the days of out of nest activity, eating, and active behavior, and a 

decrease during days in pup-related behavior (arched back nursing, nursing and licking pups). 

Furthermore there’s an effect of adoption on nursing (F(3, 60)= 2,9933; p=0,03780) with females 

reared by CD-1 dams that showed higher weekly percentage of nursing behavior compared to the 

others strain of adoption.  
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Fig. 5.19 Maternal behavior observation. No differences in maternal behavior were recorded in NPY1rrfb and NPY1r2lox dams. 

Values are presented as mean ± SEM. *indicates a significant effect with p<0.05.   

 

5.3.6 Retrieving test 

We performed retrieving test on PND 4 of pups from Balb/c, C57Bl/6J and FVB/J fostered 

NPY1r2lox and NPY1rrfb dams. Statistical analysis revealed a significant effect of genotype 

(F(1,44)=5,4316; p=0.02442) on first pup retrieving latency, with NPY1rrfb mothers that showed 

an higher amount of latency time to retrieve the first pup to the nest compared to NPY1r2lox 

mothers. No significant statistics differences were recorded about the last retrieving of pups to 

the nest, and in number of pups retrieved.   
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Fig. 5.20 Retrieving test. NPY1rrfb dams showed higher latency of first pup retrieving compared to NPY1r2lox dams. Values are 

presented as mean ± SEM. *indicates a significant effect with p<0.05.  *indicates a significant effect with p<0.05.   
 

5.3.7 Tissue collection   

At the end of experimental procedures, samples of female’s adipose tissue: brown (BAT), white 

(WAT) and subcutaneous (SC) fat were collected and weighed. Statistical analysis showed no 

differences between genotypes or strain of foster mothers.    
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Fig. 5.21 Brown adipose tissue harvested at sacrifice. Amount of BAT in NPY1r2lox and NPY1rrfb female mice reared by 

HABN and LABN maternal care dams (Balb/c, C57Bl/6J, CD-1 and FVB/J dams). No differences were recoded. All values are 

presented as mean ± SEM.  

 

 

  

   

Fig. 5.22 White adipose tissue harvested at sacrifice. Amount of WAT in NPY1r2lox and NPY1rrfb female mice reared by 

HABN and LABN maternal care dams (Balb/c, C57Bl/6J, CD-1 and FVB/J dams). No differences were recoded. All values are 

presented as mean ± SEM.  
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Fig. 5.23 Subcutaneous adipose tissue harvested at sacrifice. Amount of SC in NPY1r2lox and NPY1rrfb female mice reared by 

HABN and LABN maternal care dams (Balb/c, C57Bl/6J, CD-1 and FVB/J dams). No differences were recoded. All values are 

presented as mean ± SEM.  
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5.4 Discussion 

In this experiment we examined the effects of limbic conditional inactivation of NPY-1r and the 

early maternal environment on female’s behavior and reproduction.  

In this study we used NPY1r2lox and NPY1rrfb females reared at birth by different strains of foster 

mothers with different levels of maternal care. In previous chapters we demonstrate that females 

are not affected by conditional deletion of Y1-r gene on behavior and metabolism, regardless of 

genotype and adoption. Females seems to be resilient to develop alterations due to the 

conditional inactivation of the limbic NPY-1r in emotional behavior and metabolic functions. 

However, when challenged with reproduction NPY1rrfb females showed alterations on behavior 

and reproduction compared to NPY1r2lox littermates.  

One of the most interesting findings is that regardless to the strain of foster dams, NPY1rrfb 

females showed lower reproductive success compared to NPY1r2lox females, that means reduced 

pups’survival at PND 6, and lower offspring body weight at birth, but no differences were 

recorded in spontaneous maternal behavior although only few NPY1rrfb females had at least one 

pup alive at PND 6, a small number of animals to appreciate differences in maternal behavior 

observation. 

The evaluation of reproductive parameters showed a regular cycle activity (data not shown), and 

no alterations due to genotype or by foster strain of mothers. No differences were found in the 

litter size but NPY1rrfb pups showed reduced bodyweight compared to NPY1r2lox pups regardless 

to the strain of adoptions of dams. The reason for the difference in body weight of pups is not 

known, one of the hypotheses should be in nutritional state of the mothers, or in a genetic 

predisposition to intrauterine growth restriction, or in epigenetic mechanisms that can influence 

fetal growth (Cetin et al., 2013). Another possible explanation should be an alteration of fetal 

nutrition due to a reduction in placental transport by NPY1rrfb females (Lager & Powell, 2012) or 

a difference in pups lactation post-partum immediately. The lower body weight of NPY1rrfb 

offspring could be due to several different reasons, such as alterations in milk production and/or 

ejection, regulated by an epigenetic mechanism of “lactational imprinting” and by the intensity 

of suckling stimulus of pups (Wall & McFadden, 2012) or olfactory alterations that induce the 

reduction of the ability of dams to recognize pups and to develop maternal and nurturing 

behavior (Ehret & Buckenmaier, 1994). During the reproductive challenge, in post-partum 

period, we’ve observed that NPY1r2lox spent most time crouched over the litter in the nest to 

nurse and to furnish heath to pups, conversely NPY1rrfb females were often out of the nest, active 

in the cage, and their pups were scattered around the cage, without milk in their stomach. An 

interesting finding, in 2009, by Ladyman and Woodside demonstrated that in rats, administration 
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during lactation, in 3rd ventricle of an antisense oligodeoxynucleotide (ODN) targeted to NPY-

Y5 receptor induce a decrease in food intake of mothers, and in litter body weight of treated 

females compared to controls. The Y1 and Y5 receptors were co-localized in hypothalamic brain 

regions and together with Y1 receptor exert a modulation on food intake, and on anxiety 

behavior; thus it is conceivable that there is a strong link between the regulation of energy 

balance and its effects on reproduction. Interestingly, Ladyman and Woodside observed no 

differences in the timing of milk ejections, but dams treated with Y5 antisense ODN spent 

significantly lower amounts of time on the nest nursing their pups. These data suggest that 

there’s no difference in milk production by the mothers, but in total amount of milk received by 

pups (Sharon R. Ladyman & Woodside, 2009).  

About the decreased reproductive success observed in NPY1rrfb females, it’s not clear the 

mechanism responsible for the higher mortality rate of pups. We hypothesized that the mortality 

of pups of NPY1rrfb females is linked to an alteration in the social recognition of mothers toward 

pups. This hypothesis could be supported by the higher amount of latency time of knockout 

females in the retrieving test, and by our observation during experiments of a lack of maternal 

care displayed by the mothers. An increased pup mortality rate was observed also in other 

murine models. For example an experiment conducted on knockout melanin-concentrating 

hormone (MHC) knockout mouse model showed decreased survival rate of pups, higher retrieval 

latency, and a reduction in milk production compared to control mice (Alachkar et al., 2016). 

Melanin-concentrating hormone together with NPY is an orexigenic peptide involved in 

regulation of food intake, emotional behavior, energy homeostasis (Chung et al., 2011), and 

exert its effect also through Y1 receptor (Chaffer & Morris, 2002).  

Taken together these data confirm the strong link between energy balance and reproductive 

functions. Another interesting experiment used an autism mouse model, in which was observed a 

high mortality rate of pups, due to the inability of mothers to establish an adequate mother-pup 

bonding. Pups were found scattered around the cage, neglected by mother, and without milk in 

their stomach. Furthermore, mothers showed a reduction in number of pups retrieved in the nest 

during pup retrieval assay and failed in pup-related behavior compared to controls. Lacking in 

maternal care of pups and increasing in offspring mortality were not related to cognitive and 

olfactory deficits, or hormonal abnormalities, nor in alteration in milk production (Grabrucker et 

al., 2021).  

The failed mother-pup bonding that we observed, could be also by alterations in NPY1rrfb pups. 

Infact, NPYrfb pups seems to be inactive and less capable to stimulate dam to elicit nursing 

response, that implies a higher mortality. However, we need further investigation to understand 
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the mechanisms through which the conditional deletion of NPY-1r induce decreased body 

weight and reduced reproductive success in NPY1rrfb females.  

The second aim of the experiment was to assess the effects of pregnancy on behavior of 

NPY1r2lox and NPY1rrfb females. We perform open field test two times: before pregnancy 

(baseline) and during pregnancy, in line with results of elevated plus maze test in experiment 1, 

both the genotype showed high levels of anxiety-like behavior, with a higher amount of time 

spent in border zone compared to time spent in medium and center zone. NPY1rrfb females 

reared by CD-1 dams spent less time on center zone of the arena compared to NPY1r2lox females. 

And pregnancy induce a reduction in time spent on the center zone compared to the baseline. 

Females of both genotypes reared by C57Bl/6J spent more time in the medium zone during 

pregnancy compared to the baseline. Pregnancy has no effects on anxiety-like behavior, and as 

expected this physiological state induce a reduction in locomotor activity within the arena, in 

order to reduce energy expenditure to facilitate a positive energy balance (Ladyman et al., 2020). 

When tested for depressive-like behavior NPY1rrfb females reared by C57Bl/6J and FVB/J foster 

mothers showed a lower consumption of sucrose solution compared to NPY1r2lox dams, while no 

differences due to genotype were recorded in females reared by Balb/c and CD-1 foster mothers. 

In addition to anxiety-like and depressive-like behavior, we exposed females to behavioral test 

during pregnancy and post-partum to evaluate the maternal motivation behavior of NPY1r2lox and 

NPY1rrfb dams. In nest building assessment test, contrary as expected, no differences were 

observed due to genotype in females reared by CD-1 and FVB/J in the percentage of dams that 

made a nest with a score ≥ 4, while in females reared by Balb/c and C57Bl/6J we observed a 

higher percentage of NPY1rrfb compared to NPY1r2lox  with a score ≥ 4 although in Balb/c 

adoption this difference not reached statistical significance.  

Interestingly, when we performed retrieving test, we observed a significant difference in latency 

to retrieve the first pup in the nest: NPY1r2lox showed lower latency time compared to NPY1rrfb 

dams. These results showed that conditional deletion of limbic NPY-1r during the reproductive 

challenge affects only partially the behavioral profile of females in anxiety-like and depressive-

like behavior but exerts an effect in retrieving pups by mothers. Conversely, reduced expression 

of NPY-1r effects were recorded in offspring features: NPY1rrfb females regardless to adoption 

strain showed lower body weight of pups at birth, and a decreased reproductive success 

compared to NPY1r2lox females.  

However, further studies are needed to better understand the mechanism beyond conditional 

knockout NPY1rrfb mother-pup interaction and how NPY and NPY-1r might influence this 

interaction.   



75 
 

Chapter 6 

 

6.1 Experiment 3: Effects of cross fostering procedure on reproductive success 

of NPY2lox and NPY1rrfb females reared by CD-1 foster mothers  

In this experiment we used NPY2lox and NPY1rrfb females reared by CD-1 foster mothers at birth. 

The timeline of the experiment was the same described in chapter 5 for the Experiment 2. The 

purpose of this experiment was to assess if cross fostering procedure can exert an effect on 

reproductive success. At PND 143 females were mating with C57BL/6J wild-type males. After 

one week, males were removed from female’s cages. On the day of delivery, pups were sexed 

and weighed as well, then cross fostering was performed, and experimental group were created 

as follow:   

Not cross-fostered:  

• NPY2lox females left undisturbed with their pups (n=15) 

• NPY1rrfb females left undisturbed with their pups (n=15)                                                                       

Cross-fostered: 

• NPY2lox cross fostered with NPY1rrfb (n=8) 

• NPY1rrfb cross fostered with NPY2lox (n=8)          

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 Cross-fostering procedure scheme.  At the top in the picture NPY1r2lox and NPY1rrfb females left indisturbed with their 

own pups. In the bottom of picture NPY1r2lox mothers cross-fostered with NPY1rrfb pups, and NPY1rrfb female cross-fostered 

with NPY1r2lox pups.  (Created with BioRender.com) 

 

♀ NPY1r2lox ♀ NPY1rrfb 

♀ NPY1r2lox/ NPY1rrfb ♀ NPY1rrfb/ NPY1r2lox 

https://biorender.com/
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6.2 Materials and methods  
 

6.2.1 Open field test (OF)  

To assess anxiety-like behavior we performed OF test. Animals were placed in the test room at 

least 3 hours before the beginning of the test (habituation period to new environment and 

different light). Each animal was placed in a corner of the open arena of polyethylene (53cm 

x53cm) and left free to explore them for 5 minutes. The arena surface was divided in 3 

concentric zones: border, medium and center. Each session of test was videotaped with a camera 

placed above the arena. All the trials of test were analyzed with an ethological software system 

(The Ethovision, Noldus, NL). For each subject tested we scored: time spent in each zone of the 

arena and the total distance traveled by the animals. To evaluate anxiety level of animals we 

consider time spent in the center zone. We performed OF test two times: before reproductive 

event (baseline), and during pregnancy. Between trials arena was cleaned 3 times: with water, 

with alcohol and finally water.  

 

6.2.2 Sucrose preference test  

Sucrose preference test was used to evaluate anhedonia, the decreased response to rewards, that 

is associated to depressive state. To evaluate depressive-like behavior during reproductive event, 

experimental animals were subject to sucrose preference test. Each animal can choose between 

two bottles placed in their home cage: one of the bottles contain water solution, and the other 

contain a 1% sucrose solution. All bottles were weighed two times: before the beginning of the 

test, and 24 hours later. Sucrose preference was expressed as percentage of sucrose solution 

consumed on the total amount of liquid intake by every experimental animal.    

 

6.2.3 Nest building assessment test 

 

At PND 160, the day before the expected delivery, we were evaluated nest building of females, 

as a measure of maternal motivation. The test consists in 3 observations, for 6 hours. At 9:00 

AM a pressed cotton square (5cm x 5cm, “Nestlet”, Datesand Ltd.) was placed in homecage of 

every female. Nests were assessed at 11:00 AM, 1:00 PM and 3:00 PM, and we used a rating 

scale from 1 to 5 to score the nest (Deacon, 2006).  Values of rating scale are the following: 

• 1 Nestlet not noticeably touched (> 90 % intact) 

• 2 Nestlet partially torn up (50-90 % intact) 

• 3 Nestlet mostly shredded (> 50% torn up) 
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• 4 Nestlet torn up, material is gathered into a nest, with walls less than mouse body 

height (curled up on its side) on 50 % of its circumference. 

• 5 Nestlet is totally torn up, with walls larger than mouse body height (curled up on side) 

on 50 % of its circumference.  

 

 

6.2.4 Delivery and body weight pups 

We recorded the number of the days from mating (the day in wich male was placed into female’s 

cage) to delivery. Offspring body weight growth was monitored at birth (PND 0) and at PND 6 

with a digital balance accurate to 0.01 g (Sartorius, Germany). We recorded also the number of 

pups in each litter, and reproductive success, defined as the percentage of dams with at least one 

pup alive at PND 6. We also monitoring body weight of females four time during the 

reproductive challenge: the day of mating, when male were removed from female’s cage, at 

delivery and at sacrifice.  

 

6.2.5 Maternal behavior observation  

During the first week of pup’s life, we observed spontaneous maternal behavior of knock-out and 

control females. Maternal behavior observation procedure was previous described in “Foster 

mothers maternal behavior observation” paragraph.   

 

6.2.6 Tissue collection  

Females were sacrificed by decapitation at PND 6 of pups, following CO2 exposure. Trunk 

blood was collected in heparinized tubes (Sarsted) and centrifuge 4000 RPM at 4°C for 10 

minutes. Brain was collected and frozen in liquid nitrogen for later analysis.  

 

6.2.7 Statistical analysis  

A 2-way ANOVA (genotype and adoption) was run to analyze open field test, sucrose preference 

test, retrieving test, offspring body weight at birth and litter size and spontaneous maternal 

behavior. When necessary, a post-hoc analysis through Tukey Test was performed. Reproductive 

success was analyzed by means of the Fisher-exact p test. A Wilcoxon matched pairs test was 

used to analyzed days passed from mating to delivery. Reproductive success was analyzed by 

means of the Fisher-exact p test.  Data were analysed with Statistica 10.0 software (Stat-Soft, 
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Tulsa, OK, USA). Significance was determined when p<0.05. Data are presented as mean ± 

standard error of the mean. 

 

6.3 Results 
 

6.3.1 Open field test 

NPY1r2lox and NPY1rrfb female mice were tested for anxiety-like behavior through the OF test 

before and during pregnancy. Both during baseline and pregnancy, NPY1rrfb female mice showed 

a trend to spend most of the time in the borders of the arena (F(1,11)=3.9367; p=0.07276) and less 

time in the medium zone (F(1,11)=3.8408; p=0.07584) compared to NPY1r2lox. A significant 

reduction of time spent in the center zone was observed in pregnant NPY1r2lox and NPY1rrfb 

females as compared to the baseline test (F(1,11)=12,416; p=0.00477). Furthermore, regardless of 

genotype, pregnant NPY1r2lox and NPY1rrfb females showed significantly reduced locomotor 

activity (distance moved in the arena) compared to the baseline (F(1,11)=96,114; p<0.01.  

 

   

  

Fig. 6.3.1 Open field test. a) Time spent in the border, b) medium and c) center zone of the arena and d) total locomotor activity. 

NPY1rrfb females showed a trend to spend more time in the border zone than in medium zone. During pregnancy females spent 
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less time in the center zone regardless to genotype. Total locomotor activity decreases during pregnancy in both genotypes. 

Values are presented as mean ± SEM. 

 

6.3.2 Sucrose preference test 

As pictured in Fig. 6.2, no differences were observed in depressive-like behavior due to genotype 

between NPY1r2lox and NPY1rrfb females.  

 

 

Fig. 6.2 Sucrose preference test. No differences were recorded in depressive-like behavior of females of both genotypes. Values 

are presented as mean ± SEM. 

 

6.3.3 Nest building assessment 

After two hours from the placement of the nestlet, 50% of NPY1r2lox and 60% of NPY1rrfb 

pregnant females showed a nest score ≥ 4. At the last observation (6 hours), 62,50% of 

NPY1r2lox pregnant female showed a perfect nest whereas 80% of NPY1rrfb pregnant females 

built a perfect nest (Fig.6.3). Statistical analysis showed no differences between genotype in nest 

building. 

 

Fig. 6.3 Nest building assessment. 2 hours and 6 hours assessment, data showed as percentage of dams with score ≥ 4. No 

differences were recorded due to genotype.  
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6.3.4 Reproductive event 
  

Days from mating to delivery 

Days from the mating to the delivery of NPY1r2lox and NPY1rrfb female mice were recorded. We 

defined “day of mating” the day in which male was placed in the females’cage and counted the 

days from “day of mating” to the exact day in which females gave birth (PND 0). A Wilcoxon 

matched pairs test showed that NPY1rrfb gave birth after a lower number of days from mating to 

P0 than NPY1r2lox females (z=5,905164, p<0.001).  

 

Fig. 6.3.4 Days from mate to delivery. NPY1rrfb females showed a lower number of days from mate to delivery compared to 

NPY1r2lox females. Values are presented as mean ± SEM.  
 

Body weight of pups 

Offspring of NPY1r2lox and NPY1rrfb females was sexed and weighed within 12 hours after birth 

(PND 0). Although no differences were observed in the number of pups delivered, as showed in 

pictures, NPY1rrfb pups showed significant lower body weight compared to NPY1r2lox pups 

(F(1,44)=5,1773; p=0.02781).  

 

Fig. 6.3.5 Number and body weight of pups. No differences in number of pups delivered were observed in both genotypes.  

Pups from NPY1rrfb females showed significant lower body weight at birth compared to NPY1r2lox pups. Values are presented as 

mean ± SEM. *indicates significant difference with p<0.05. 
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Body weight during  

Body weight was monitored during the main steps of reproductive challenge: mating, male 

separation, delivery and sacrifice. Monitoring of body weight from mating to the delivery was 

performed on pregnant females whereas analysis of body weight from the delivery to sacrifice 

was performed only on females presenting at least one pup alive on PND 6. As showed in Fig. 

6.6 A, no differences in body weight were observed from mating to the delivery due to genotype. 

At birth of pups, four experimental groups were created (not cross-fostered NPY1r2lox and 

NPY1rrfb and cross-fostered NPY1r2lox and NPY1rrfb females). Analysis of body weight from the 

delivery to sacrifice showed a difference between non-cross-fostered and cross-fostered dams 

(Fig.6.6 B). NPY1rrfb and NPY1r2lox females showed a greater increase in body weight from the 

delivery to sacrifice as compared to cross-fostered NPY1r2lox and NPY1rrfb females (effect of 

activity: F(1,13)=23,215; p=0.00034).   

 

  
Fig. 6.6 Body weight during reproductive event. No differences were observed in both genotypes and strain of adoption. 

Values are presented as mean ± SEM. *indicates significant difference with p<0.001.  

 

 

Reproductive success 

We analysed reproductive success, defined as the number of NPY1r2lox and NPY1rrfb females 

who had at least one pup alive 7 days after giving birth (PND 7). As pictured in Fig.6.7, only 

20% of NPY1rrfb females left with their pups showed at least one pup alive, on the contrary 80% 

of NPY1r2lox females showed at least one pup alive at P6 (Fisher exact p, one-tailed p<0.001). As 

showed in picture, cross-fostering procedure influenced the reproductive success in both 

genotypes, in fact, NPY1r2lox females showed a reduction in reproductive success (from 80% to 
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50%), in contrast to NPY1rrfb females that show an increased in reproductive success (from 20% 

to 50%).  

 

 

Fig 6.7 Reproductive success. NPY1rrfb showed lower reproductive success compared to NPY1r2loxfemales. Cross-fostering 

procedure induce an increasing in NPY1rrfb and a decreasing in NPY1r2lox reproductive success. We define reproductive success 

as the % of the dams with at least one pup alive at PND 6. *indicates a significative difference with p<0.001.  
 

6.3.5 Maternal behavior observation  

We performed maternal behavior observation during the first week of pup’s life. The protocol 

was the same described in chapter 3. Statistical analysis showed no differences in pup-related 

and not pup-related behaviors between the four groups considered: NPY1r2lox, NPY1rrfb, and 

NPY2lox cross-fostered with NPY1rrfb and viceversa, NPY1rrfb cross-fostered with NPY1r2lox 

dams.  

 

Fig 6.8 Maternal behavior observation. Maternal behavior observation from PND 1 to PND 7, of NPY1rrfb and NPY1r2lox 

females and NPY1rrfb and NPY1r2lox cross-fostered. No differences were recorded. Values are presented as mean ± SEM. 
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6.4. Discussion 

In this experiment we focused on NPY1r2lox and NPY1rrfb females reared by CD-1 strain of foster 

mothers characterized by high quality of maternal care. The aim of this experiment was to assess 

if cross-fostering procedure between NPY1r2lox and NPY1rrfb mice might affect the reproductive 

success in females.  

At this aim, we used four experimental groups: 1) NPY1r2lox left with their own pups; 2) 

NPY1rrfb left with their own pups; 3) NPY1r2lox cross-fostered with NPY1rrfb 4) NPY1rrfb cross-

fostered with NPY1r2lox. When we evaluate reproductive success, we observed the 80% of 

NPY1r2lox with at least one pup alive at PND 7, while only the 19% of NPY1rrfb mice had at least 

one pup alive at PND 7.  

Interestingly, the cross-fostering procedure influenced reproductive success in both the genotype. 

In fact, NPY1r2lox showed a decrease in the percentage of reproductive success (80% vs 50%), 

conversely NPY1rrfb females showed an increase of reproductive success (19% vs 50%). These 

data suggest that we could hypothesized the contribution of a combination of factors in the 

correct interaction between mothers and pups.  

The observation of spontaneous maternal behavior showed no significative difference in time 

spent in pup-related and non-pup-related by the four experimental groups of dams. Analysis of 

reproductive parameters showed a shorter time from mating to delivery in NPY1rrfb females 

compared to controls. However, no difference was recorded for litter size, but NPY1rrfb offspring 

showed a lower body weight at birth, as discuss in previous chapter.  

Monitoring of body weight of dams at three different time (mating, isolation and delivery) 

showed no difference due to genotype, body weight recorded at delivery and at sacrifice, in 

cross-fostered and non cross-fostered NPY1r2lox and NPY1rrfb females, showed a higher body 

weight at sacrifice compared to non cross-fostered dams of both genotypes. During pregnancy 

NPY1r2lox and NPY1rrfb females were tested for emotional behavior. Anxiety-like behavior was 

assessed through the Open Field Test (OPF) performed before mating (baseline) and during 

pregnancy. Results showed an increase in anxiety levels, during pregnancy, regardless of 

genotype, females spent less time in the center of arena, and decreased locomotor activity 

compared to the baseline. No differences were recorded in depressive-like behavior and in nest 

building assessment due to genotype.  

The results of this experiment confirm what we observed in reproductive challenge described in 

Chapter 5. The conditional deletion of limbic NPY-1r affect anxiety-like behavior during 

pregnancy, but not depressive-like behavior in CD-1 reared females of both genotypes. Maternal 

motivation behavior evaluated through nest building assessment showed no differences between 
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NPY1r2lox and NPY1rrfb females. The most relevant findings were the effect of cross-fostering on 

reproductive success, when cross-fostered NPY1r2lox females showed decreased survival rate of 

pups conversely to NPY1rrfb females that showed an increased in pups’ survival. However, 

further analysis are needed to explain the underlying reasons of the unsuccessful mother-pup 

interaction observed in NPY1rrfb females.  
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Chapter 7 

 

Brain analysis (still in progress)  
 

During pregnancy mammalian female brain is characterized by structural and functional 

modification that involves different areas and neuronal circuitries. These changes begin during 

gestation and persists throughout early post-natal period and lactation, depending on the 

demands of pups (Hillerer et al., 2014). Therefore neuronal plasticity of the dam’s brain it’s 

required to ensure an adequate response to pups requirements (Russell et al., 2001).                          

The medial preoptic area (mPOA) is one of the most important brain area involved in the 

expression of maternal behavior and social bonding behavior in rodents (Numan & Stolzenberg, 

2009). Lesions, especially in the dorsal mPOA induce the inhibitions of retrieving without 

affecting feeding, locomotion or sexual behaviors in females (Jacobson et al., 1980).                         

The mPOA area is necessary to the onset and early expression of maternal behavior via reception 

of pup-related information from sensory modalities and it’s responsible to promote 

responsiveness to pup-related stimuli at parturition (riferimenti). During the reproductive cycle 

morphology of MPOA neurons undergoes changes in spine density, number and length of basal 

dendritic branches and an increase in somatic size (Frankfurt et al., 2011; Keyser-Marcus et al., 

2001).                                                                                                                                            

Regulation of neural plasticity involves the construction of the stable extracellular matrix (ECM) 

across peculiar structure called perineuronal nets (PNNs). Perineuronal nets are lattice-like 

aggregates of multiple molecules including chondroitin sulfate proteoglycans (CSPGs), 

hyaluronan and glycoproteins and they’re important to the formation of stable neural circuits in 

adult brain contributing to the closure of developmental of critical periods (Song & Dityatev, 

2018). PNNs surround both excitatory and inhibitory neurons, in several brain areas PNNs 

ensheath GABA-ergic parvalbumin-expressing neurons (Burket et al., 2021).   

In recent years, researcher attention was focused on potential role of PNNs in CNS. Much of the 

knowledge of the effects of CSPGs and PNNs stems from their modification by digestion of the 

GAG chains using chondroitinase ABC (ChABC). The degradation of PNNs by ChABC in 

basolateral amygdala (BLA) medial prefrontal cortex (mPFC), anterior cingulate cortex, BLA, or 

auditory cortex impairs the expression of fear conditioning in rodent models (Gogolla et al., 

2009). Furthermore it was demonstrated the implication of PNNs in spontaneous object 

recognition memory. The attenuation of PNNs in hippocampus and perirhinal cortex can increase 
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synaptic transmission and facilitate long-term depression (LTD) in the perirhinal cortex or CA1 

region, and this correlates with enhanced recognition memory (Khoo et al., 2019; Romberg et al., 

2013).  

Beyond the object recognition memory, it was demonstrated that the regulation of PNNs in 

spatial memory processing. In the conditional knock-out mouse model for NPY-1r used in this 

study, it was demonstrated that overexpression of PNNs in hippocampal CA1 area affects spatial 

memory learning in NPY1rrfb mice (Bertocchi et al., 2021). 

Although (especially in recent years) the knowledge about the role of PNNs made progress, little 

is known regard the implications in brain functions during pregnancy and in  post-partum period. 

Uriarte e colleagues demonstrated that in rats that the expression of PNNs in mPOA increase 

during gestational period substained by gonadal hormones action, following by a minimum peak 

at delivery and a subsequent increase in the first week of pup’s life, with a subsequent final 

reduction at the end of lactation period (Uriarte et al., 2020). The complexity in PNNs trend 

during pregnancy and lactation suggests a fine regulation of neural circuits mediated by PNNs. 

Fluctuability in PNNs levels observed in this experiment could lead to the peculiar state of 

pregnancy, characterized by dynamically changes adjusting to the hormonal environment and to 

the physiological needs of pups.   

Aimed to investigate any differences in the PNNs expression that could lead to the different 

reproductive success rate and to what we observed in behavioral experiment discuss in previous 

chapters, we performed the analyses of PNNs of NPY1r2lox and NPY1rrfb females reared by CD-

1 dams. Analyses are still in progress.  
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Chapter 8 

 

General discussion and conclusions 
 

The phenotype is the set of morphological and functional traits of an organism, resulting from 

the interaction between genotype and environmental factors. In mammals, early maternal 

environment plays a key role in the regulation of postnatal phenotypic development. Several 

studies in rodent models showed the influence of maternal cares on behavior, stress response and 

metabolism in adult offspring. In the mouse model used in this work, characterized by a 

conditional deletion of Y1 receptor of neuropeptide Y (NPY) gene in excitatory neurons of the 

forebrain, the gene deletion influences the phenotype, in relation to the early maternal 

environment. 

NPY is a neuropeptide involved in several different physiologic functions, among wich 

regulation of daily food intake and regulation of energy balance (Eva et al., 2006); stress 

response and ethanol intake (Heilig & Thorsell, 2002), hormonal secretion (LM et al., 1994) 

emotional behavior (Domschke et al., 2010) and reproduction (Satya P. Kalra & Kalra, 2004). 

NPY exert these functions through Y1 G-protein coupled receptor largely expressed in the limbic 

area which hippocampus, amygdala, bed nucleus of the stria terminalis and in the hypothalamic 

areas such as medial preoptic area, paraventricular nucleus, dorsomedial nucleus, ventromedial 

nucleus, arcuate nucleus (Eva et al., 2006).  

The conditional deletion restricted to the excitatory neurons of the forebrain in murine model 

used in this study has highlighted the role of limbic Y1r expression in regulating energy balance 

and anxiety-related behavior (Bertocchi et al., 2011) reduction in body weight growth and 

increased anxiety levels were observed when mice were reared by HABN mothers, suggesting a 

key role of the early maternal behavior in regulation of NPY-1r hippocampal expression 

(Bertocchi et al., 2011). Moreover, NPY system shows sex-dependent difference and is sensitive 

to gonadal steroid action that results in the development of dimorphic phenotypes (Eva et al., 

2020).  

NPY also acts as mediator among energy balance, gonadotropin-releasing hormone (GnRH) 

secretion and sexual behavior (Hill et al., 2008). Based on this evidence, we perform three 

experiments with a detail focus on NPY-1r effects on females. The first step of the experimental 

procedures was to evaluate maternal care quality of four different strains of foster mothers. 

Through the crossing of three different mouse lines we generate a NPY1r2lox and NPY1rrfb males 
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and females offspring, reared at birth, by foster mothers belonging to one of the following 

strains: Balb/c, C57Bl/6J, CD-1 or FVB/J dams.  

The analysis of spontaneous maternal behavior in the first week of pups life confirm higher 

levels of maternal care displayed by CD-1 and FVB/J dams compared to Balb/c and C57Bl/6J 

dams. Time spent in arched back nursing (ABN) and total nursing by CD-1 and FVB/J dams 

(HABN mothers) is significantly higher than Balb/c and C57Bl/6J dams (LABN mothers). 

Monitoring of body weight from PND 34 to PND 90 showed lower body weight of NPY1rrfb 

males compared to NPY1r2lox reared by HABN mothers whereas no differences were recorded in 

females regardless to genotype or adoption, confirming what observed by Bertocchi e colleagues 

(Bertocchi et al., 2011).  

In the first experiment we want to assess sex differences in behavioral and metabolic phenotype 

of NPY1r2lox and NPY1rrfb males and females, reared by four different strains of foster mothers. 

We examined anxiety-like, aggressive-social behavior and response to novelty. Our findings 

show that conditional NPY-1r inactivation induces behavioral effects only in males reared by 

high maternal care dams by reducing aggressive behavior. Interestingly in females reared by 

C57Bl/6J mothers this effect seems to be inverted and NPY1rrfb female mice showed a reduction 

of the percentage of agonistic behavior. In the Resident/Intruder paradigm NPY1rrfb male mice 

were characterized by higher attack latency when reared by high maternal care dams and 

consequently, they spent less time than control mice engaged in agonistic behavior.  

These results are in apparent contrast to what was described by Karl et al. (2004) who said that 

germinal ablation of the Y1 receptor gene led to a pronounced increase in territorial aggressive 

behavior by affecting the serotoninergic system. Consistently, NPY1r2lox mice, reared by FVB/J 

and CD-1 dams, characterized by high expression of NPY-1r in these hippocampal areas showed 

higher aggressive behavior than NPY1rrfb mice.  

However, when reared by C57Bl/6J dams the percentage of time spent by NPY1rrfb male mice in 

agonistic behavior increases, suggesting that levels of maternal care might be a key to better 

understand aggressive behavior in adults.  As expected, levels of agonistic behaviour in females 

are significantly lower than males. Female mice spent most of the time in social investigation: 

NPY1r2lox females displayed more social behavior than NPY1rrfb females excepted for females 

reared by C57Bl/6J.  

Anxiety-like behavior and response to novelty were assessed through EPM and NISF tests. We 

observed that both NPY1r2lox and NPY1rrfb males and females reared by high or low maternal 

care dams spent most of the time in the close arms of the EPM and rarely explored the open arm, 

suggesting that, regardless of sex, genotype and adoption, they are characterized by an anxious-
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like phenotype and high trait-anxiety. Contrary to what expected, reduced NPY-1r mRNA 

expression in limbic areas did not affect anxiety-like behavior in the EPM test, but mice reared 

by Balb/c and FVB/J dams spent less time and a lower frequency of entrance in the open space 

of the apparatus. Results of NISF test showed that regardless of the adoption, both male and 

female NPY1r2lox and NPY1rrfb mice showed a regular daily reduction in the latency to consume 

the peanut, but the latency only increased in NPY1r2lox male mice when the peanut was presented 

in a clean bedding-filled cage on day 4. Thus indicate that NPY1rrfb males present lower anxiety-

like behavior as compared with their controls: these results contrast with our observation in the 

EPM, where both control and conditional knockout mice displayed a behavioral profile 

indicative of high anxiety. NPY1rrfb male mice reared by CD-1 and FVB/J dams showed 

significantly shorter latency to eat the peanut on all trials as compared to their controls, while 

NPY1rrfb and NPY1r2lox males reared by Balb/c and C57Bl/6J showed a similar trend. No 

differences due to genotype or adoption were observed in female mice.  

These data indicate that, regardless the adoption, male and female NPY1r2lox and NPY1rrfb mice 

are not so sensitive to novelty-induced inhibition of feeding, as they did not show the expected 

environment-induced avoidance in approaching the highly palatable food. Since these effects are 

more pronounced in males and especially in NPY1rrfb males reared by HABN mothers, this 

suggest that a reduction of hippocampal NPY-1r may affect brain paths involved in the 

processing of reward-related behavioral responses. We hypothesize that discrepancies in results 

of EPM and NISF tests indicates that behavior displayed by our subjects in the NISF test might 

be an indicator of an enhanced reward-related response. Another explanation could be the 

display of an autistic-like response: the high anxiety displayed in the EPM associated by 

insensitivity to a novel environment shown in the NISF test might be factors related to autism 

spectrum disorder and the absence of the inhibition of palatable food intake in novel 

environment might be interpreted as a resistance to change and response to the changes in 

routine, characteristics of autism (Crawley, 2007). 

 In this experiment we also evaluate the the effects of limbic NPY-1r on energy balance and 

vulnerability to high fat diet induced obesity and metabolic syndrome of NPY1r2lox and NPY1rrfb 

mice. Results demonstrated that regardless of the adoption, both NPY1rrfb and NPY1r2lox male 

mice fed HFD showed increased body weight growth than STD fed groups, NPY1rrfb males 

showed much greater body weight gain than their control (NPY1r2lox) when on HFD. This 

greater increase in body weight started from the second day of HFD and persisted throughout the 

21 days of the diet regimen. Thus, contrary to what reported in males, NPY1rrfb female mice did 
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not show lower body weight growth and when challenged with high fat diet, they didn’t develop 

diet-induced obesity and glucose intolerance.  

As expected, in male mice, HFD induced an increase of abdominal adipose tissue in both 

genotypes than the STD groups, regardless of the adoption. Besides, NPY1rrfb on HFD showed 

much greater WAT than NPY1r2lox mice on HFD only when reared by high maternal care dams 

(CD-1 and FVB/J). At last, NPY1rrfb mice on HFD also showed impaired glucose clearance in 

the glucose tolerance test. Even though HFD did not induce fasting hyperglycemia in either 

genotype, NPY1rrfb mice reared by high maternal care mothers on HFD showed higher blood 

glucose level as compared to their controls 30 minutes after the glucose injection, indicating 

impairment in glucose clearance. This effect is not remarkable in NPY1rrfb vs NPY1r2lox fostered 

at birth to C57Bl/6J or Balb/c dams.  

These results suggest that NPY1rrfb male mice reared by HABN mothers are characterized by a 

phenotype that predisposes them to develop metabolic disease as demonstrated by their high 

abdominal adipose tissue and glucose clearance impairment both of which are predictive factors 

for obesity and metabolic syndrome (Björntorp, 1991b; Jensen, 2008; A H Kissebah & 

Krakower, 1994).  

The in situ hybridization performed at the end of metabolic challenge on both groups (STD- and 

HFD-fed mice) showed that NPY-1r mRNA expression in NPY1rrfb mice on STD was reduced in 

CA1, CA3 and DG as compared to NPY1r2lox mice (Paterlini et al., 2021). This expression 

profile is similar to the one observed in male mice reared by FVB/J dams in Bertocchi 2011. 

After the high fat diet regimen, however, we observed an upregulation of NPY-1r mRNA 

expression in CA1 and CA3, in NPY1rrfb males fed with HFD and interestingly, the differences 

in the expression of NPY-1r mRNA between NPY1rrfb and NPY1r2lox disappeared.  

This finding may suggest that low limbic NPY-1r expression might be responsible for the 

enhanced predisposition to develop diet-induced obesity and glucose intolerance (metabolic 

syndrome) in response to high fat diet, which in turn may induce increased expression of NPY-1r 

mRNA in limbic structures due to compensatory mechanisms. Opposite to what observed in 

male mice NPY1rrfb females seemed to be “shielded” from the effect of a hyper caloric food. 

When challenged with a HFD, both NPY1rrfb and NPY1r2lox female mice, regardless of the 

adoption, only showed a slight increase in body weight and a small gain of abdominal adipose 

tissue as compared to the control group on STD diet.  

Interestingly, these effects are found regardless of genotype and adoption, suggesting that neither 

lower expression of NPY-1r in limbic areas and the quality of maternal care are factors 

promoting metabolic disorders in females. Furthermore, NPY1rrfb and NPY1r2lox females on 
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either STD or HFD diet showed similar blood glucose level curves after glucose administration. 

These weaker effects of high fat diet on females may be due to several factors and environmental 

variables. First of all estrogens have been shown to act like “protectors” against metabolic effects 

of high fat diet (Litwak et al., 2014; Riant et al., 2009).  

Conditional deletion of NPY-1r in forebrain excitatory neurons did not affect body weight 

growth in female mice, although a reduction of NPY-1r mRNA expression was observed in 

CA1, CA3, DG of NPY1rrfb females as compared to controls. Furthermore, NPY-1r mRNA 

expression was significantly reduced also in the hypothalamic PVN and medial nucleus of the 

amygdala (MeA): such a reduction in NPY-1r expression in PVN and MeA was not observed in 

NPY1rrfb males (Paterlini et al., 2021). The differential pattern of NPY-1r inactivation in females 

and males might be responsible for the sex differences observed in the role of limbic NPY-1r in 

the regulation of body weight.  

Based on present and previous studies, we confirm that limbic NPY-1r is differently regulated in 

males and females and its actions are strongly dependent upon sex. We also demonstrated that, 

especially in males, the different effects seem to be linked to the early environment and the 

amount of maternal care received during first postnatal days.  

In the second experiment we exposed NPY1r2lox and NPY1rrfb females reared by Balb/c, 

C57Bl/6J, CD-1 and FVB/J foster mothers to a reproductive challenge. Females of both 

genotypes were mating with C57Bl/6J wild-type males and behavioral tests were performed 

during pregnancy. We observed that females seem to be resilient to metabolic and behavioral 

effects of the conditional deletion of NPY-1r gene. We hypothesized that genotype and the early 

maternal environment can affect reproduction or can exerts an effect on physiological state of 

pregnancy.  

The most interest findings is that regardless to the strain of foster dams, NPY1rrfb females 

showed lower reproductive success compared to NPY1r2lox females, that means reduced 

pups’survival evaluated at PND 6. The reasons of the decreased survival rate of pups were not 

known. One of the possible explanations is an incorrect interaction between mother and pups, 

due to an alteration in maternal or nurturing behavior, or in social recognition of mother toward 

pups. The observation of pups scattered around the cage, without milk in their stomach, ignored 

by dams supporting this supposition. Deficit of social recognition of pups were observed also in 

mouse model of autism syndrome (Grabrucker et al., 2021). Another possible explanation could 

be a reduction in nurturing behavior by dams, that spent more time out of the nest compared to 

NPY2lox females (Ladyman & Woodside, 2009).  
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We cannot exclude that higher mortality of offspring could be due to an olfactory alteration of 

mothers that induce the reduction of the ability of dams to recognize pups and to develop 

maternal and nurturing behavior (Ehret & Buckenmaier, 1994) or in shortage of milk 

production/ejection by the mother or due to inadequate suckling stimulus by pups (Wall & 

McFadden, 2012). Offspring from NPY1rrfb seem to be less active and characterized by a lower 

body weight at birth compared to NPY1r2lox pups, although no differences were recorded in litter 

size. Analysis of days from mating to delivery showed no differences due to genotype in Balb/c, 

C57Bl/6J and FVB/J mothers, while shorter time to give birth were observed in NPY1rrfb 

females reared by CD-1.  

The second aim of the experiment was to assess if the conditional deletion of limbic NPY-1r 

might affect behavior of females during pregnancy. Anxiety-like behavior were evaluated 

through the OPF test performed in two different times: before mating (baseline) and pregnancy. 

In general line, both the genotype showed high levels of anxiety-like behavior, with a higher 

amount of time spent in border zone compared to time spent in medium and center zone.  

Results showed that regardless of genotype or adoption, during pregnancy females display a 

decrease in locomotor activity in order to reduce energy expenditure to facilitate a positive 

energy balance (S R Ladyman et al., 2020). Furthermore NPY1rrfb females reared by CD-1 dams 

spent less time on center zone of the arena compared to NPY1r2lox females. And pregnancy 

induce a reduction in time spent on the center zone compared to the baseline. Females of both 

genotypes reared by C57Bl/6J spent more time in the medium zone during pregnancy compared 

to the baseline. This data suggests that pregnancy has only partially effect on anxiety-like 

behavior of females.  

When tested for depressive-like behavior NPY1rrfb females reared by C57Bl/6J and FVB/J foster 

mothers showed a lower consumption of sucrose solution compared to NPY1r2lox dams, while no 

differences due to genotype were recorded in females reared by Balb/c and CD-1 foster mothers. 

The observation of decreased sucrose solution consumption by NPY1rrfb suggests that a 

depressive-like state could lead in behavior of knockout females toward pups. When we perform 

nest building assessment test, we observed no differences in percentage of dams with an high 

quality of built nest reared by HABN foster mothers, instead of females reared by LABN, in 

which an high percentage of NPY1rrfb achieved a nest a nest score ≥4. Interestingly, when we 

performed retrieving test, we observed a significant difference in latency to retrieve the first pup 

in the nest regardless to strain of foster mothers, NPY1r2lox showed lower retrieval latency time 

compared to NPY1rrfb dams.  
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These results showed that conditional deletion of limbic NPY-1r during the reproductive 

challenge affects only partially the behavioral profile of females in anxiety-like and depressive-

like behavior but exerts an effect in retrieving pups by mothers. Moreover, early maternal 

environment does not seem to be a strong influence on these effects. Conversely, reduced 

expression of NPY-1r effects were recorded in offspring features: NPY1rrfb females regardless to 

adoption strain showed lower body weight of pups at birth, and a decreased reproductive success 

compared to NPY1r2lox females.  

In the third experiment we performed cross-fostering procedure between NPY1r2lox and NPY1rrfb 

females reared by CD-1 dams, in order to assess if cross-fostering could exert an effect on 

reproductive success. We perform the same sequence of behavioral test scheduled for experiment 

2. At delivery, we created 4 experimental groups: NPY1r2lox and NPY1rrfb non cross-fostered 

(left undisturbed with their own pups) and NPY1r2lox and NPY1rrfb reciprocally cross-fostered. 

Interestingly, cross-fostering procedure induce an increase in reproductive success in NPY1rrfb 

females (18,75% vs 50% of dams with at least one pup at PND 6) and a decrease in reproductive 

success in NPY1r2lox females (80% vs. 50% of dams with at least one pup at PND 6).  

This result suggest that survival rate of pups probably depends on a combination of factors that 

involved not only the mothers, but also pups. In conclusion, in this work, we demonstrated that 

the conditional deletion of NPY-1r induce different effects, in sex-dependent manner, 

contributing to develop a sexual dimorphic phenotype.  

Reduced limbic expression of NPY-1r in males affect agonistic and anxiety-like behavior, 

besides metabolic functions, increasing the susceptibility to diet-induced obesity. In contrast, 

females were “shielded” by the actions of sexual hormones, in development of the effects 

observed in males.  However, when challenged for reproduction, females showed a drastic 

decrease in reproductive success, and a lower body weight of pups at birth, suggesting that 

limbic NPY-1r expression affect physiological reproductive functions. 

Nevertheless, further studies are needed to better understand the impact of conditional deletion 

of limbic NPY-1r and early maternal environment on reproduction and the mechanisms 

underlying the effects observed in females are carried out.  

  

 

 

 



94 
 

References 

 

Alachkar, A., Alhassen, L., Wang, Z., Wang, L., Onouye, K., Sanathara, N., & Civelli, O. 

(2016). Inactivation of the melanin concentrating hormone system impairs maternal 

behavior. European Neuropsychopharmacology, 26(11), 1826–1835. 

https://doi.org/10.1016/J.EURONEURO.2016.08.014 

Allen, Y. S., Adrian, T. E., Allen, J. M., Tatemoto, K., Crow, T. J., Bloom, S. R., & Polak, J. M. 

(1983). Neuropeptide Y distribution in the rat brain. Science. 

https://doi.org/10.1126/science.6136091 

Ammar, A. A., Sederholm, F., Saito, T. R., Scheurink, A. J. W., Johnson, A. E., & Södersten, P. 

(2000). NPY-leptin: Opposing effects on appetitive and consummatory ingestive behavior 

and sexual behavior. American Journal of Physiology - Regulatory Integrative and 

Comparative Physiology, 278(6 47-6). 

https://doi.org/10.1152/AJPREGU.2000.278.6.R1627/ASSET/IMAGES/LARGE/AREG70

625004X.JPEG 

Bai, F. L., Yamano, M., Shiotani, Y., Emson, P. C., Smith, A. D., Powell, J. F., & Tohyama, M. 

(1985). An arcuato-paraventricular and -dorsomedial hypothalamic neuropeptide Y-

containing system which lacks noradrenaline in the rat. Brain Research, 331(1), 172–175. 

https://doi.org/10.1016/0006-8993(85)90730-9 

Ball, H. J., Shine, J., & Herzog, H. (1995). Multiple promoters regulate tissue-specific 

expression of the human NPY-Y1 receptor gene. Journal of Biological Chemistry. 

https://doi.org/10.1074/jbc.270.45.27272 

Bannon, A. W., Seda, J., Carmouche, M., Francis, J. M., Norman, M. H., Karbon, B., & 

McCaleb, M. L. (2000). Behavioral characterization of neuropeptide Y knockout mice. 

Brain Research, 868(1), 79–87. https://doi.org/10.1016/S0006-8993(00)02285-X 

Bard, J. A., Walker, M. W., Branchek, T. A., & Weinshank, R. L. (1995). Cloning and functional 

expression of a human Y4 subtype receptor for pancreatic polypeptide, neuropeptide Y, and 

peptide YY. Journal of Biological Chemistry. https://doi.org/10.1074/jbc.270.45.26762 

Beck, B. (2000). Neuropeptides and obesity. Nutrition. https://doi.org/10.1016/S0899-

9007(00)00410-X 

Bertocchi, I., Oberto, A., Longo, A., Mele, P., Sabetta, M., Bartolomucci, A., Palanza, P., 

Sprengel, R., & Eva, C. (2011). Regulatory functions of limbic Y1 receptors in body weight 

and anxiety uncovered by conditional knockout and maternal care. Proceedings of the 



95 
 

National Academy of Sciences, 108(48), 19395–19400. 

https://doi.org/10.1073/pnas.1109468108 

Bertocchi, Ilaria, Mele, P., Ferrero, G., Oberto, A., Carulli, D., & Eva, C. (2021). NPY-Y1 

receptor signaling controls spatial learning and perineuronal net expression. 

Neuropharmacology. https://doi.org/10.1016/j.neuropharm.2020.108425 

Bertocchi, Ilaria, Oberto, A., Longo, A., Mele, P., Sabetta, M., Bartolomucci, A., Palanza, P., 

Sprengel, R., & Eva, C. (2011). Regulatory functions of limbic Y1 receptors in body weight 

and anxiety uncovered by conditional knockout and maternal care. Proceedings of the 

National Academy of Sciences of the United States of America. 

https://doi.org/10.1073/pnas.1109468108 

Bertocchi, Ilaria, Oberto, A., Longo, A., Palanza, P., & Eva, C. (2020). Conditional inactivation 

of Npy1r gene in mice induces sex-related differences of metabolic and behavioral 

functions. Hormones and Behavior. https://doi.org/10.1016/j.yhbeh.2020.104824 

Björntorp, P. (1991a). Metabolic implications of body fat distribution. Diabetes Care. 

https://doi.org/10.2337/diacare.14.12.1132 

Björntorp, P. (1991b). Metabolic Implications of Body Fat Distribution. Diabetes Care, 14(12), 

1132–1143. https://doi.org/10.2337/DIACARE.14.12.1132 

Britton, K. T., Southerland, S., Van Uden, E., Kirby, D., Rivier, J., & Koob, G. (1997). 

Anxiolytic activity of NPY receptor agonists in the conflict test. Psychopharmacology 1997 

132:1, 132(1), 6–13. https://doi.org/10.1007/S002130050313 

Broberger, C., Landry, M., Wong, H., Walsh, J. N., & Hökfelt, T. (1997). Subtypes y1 and y2 of 

the neuropeptide y receptor are respectively expressed in pro-opiomelanocortin- and 

neuropeptide-y-containing neurons of the rat hypothalamic arcuate nucleus. 

Neuroendocrinology. https://doi.org/10.1159/000127265 

Broqua, P., Wettstein, J. G., Rocher, M. N., Gauthier-Martin, B., & Junien, J. L. (1995). 

Behavioral effects of neuropeptide Y receptor agonists in the elevated plus-maze and fear-

potentiated startle procedures. Behavioural Pharmacology, 6(3), 215–222. 

https://doi.org/10.1097/00008877-199504000-00001 

Burket, J. A., Webb, J. D., & Deutsch, S. I. (2021). Perineuronal Nets and Metal Cation 

Concentrations in the Microenvironments of Fast-Spiking, Parvalbumin-Expressing 

GABAergic Interneurons: Relevance to Neurodevelopment and Neurodevelopmental 

Disorders. Biomolecules, 11(8). https://doi.org/10.3390/BIOM11081235 

Burkhoff, A. M., Linemeyer, D. L., & Salon, J. A. (1998). Distribution of a novel hypothalamic 

neuropeptide Y receptor gene and its absence in rat. Molecular Brain Research. 



96 
 

https://doi.org/10.1016/S0169-328X(97)00302-1 

Cetin, I., Mandò, C., & Calabrese, S. (2013). Maternal predictors of intrauterine growth 

restriction. Current Opinion in Clinical Nutrition and Metabolic Care, 16(3), 310–319. 

https://doi.org/10.1097/MCO.0B013E32835E8D9C 

Chaffer, C. L., & Morris, M. J. (2002). The Feeding Response to Melanin-Concentrating 

Hormone Is Attenuated by Antagonism of the NPY Y1-Receptor in the Rat. Endocrinology, 

143(1), 191–197. https://doi.org/10.1210/ENDO.143.1.8569 

Charney, D. S. (2004). Psychobiological Mechanism of Resilience and Vulnerability: 

Implications for Successful Adaptation to Extreme Stress. American Journal of Psychiatry, 

161(2), 195–216. 

https://doi.org/10.1176/APPI.AJP.161.2.195/ASSET/IMAGES/LARGE/M52F2.JPEG 

Chiu, C., Reid, C. A., Tan, H. O., Davies, P. J., Single, F. N., Koukoulas, I., Berkovic, S. F., Tan, 

S.-S., Sprengel, R., Jones, M. V, & Petrou, S. (2008). Developmental Impact of a Familial 

GABA(A) Receptor Epilepsy Mutation. Annals of Neurology, 64(3), 284–293. 

https://doi.org/10.1002/ana.21440 

Christian, C. A., & Moenter, S. M. (2010). The Neurobiology of Preovulatory and Estradiol-

Induced Gonadotropin-Releasing Hormone Surges. Endocrine Reviews, 31(4), 544. 

https://doi.org/10.1210/ER.2009-0023 

Chung, S., Parks, G. S., Lee, C., & Civelli, O. (2011). Recent updates on the melanin-

concentrating hormone (MCH) and its receptor system: Lessons from MCH1R antagonists. 

Journal of Molecular Neuroscience, 43(1), 115–121. https://doi.org/10.1007/S12031-010-

9411-4/TABLES/1 

Clark, J. T., Kalra, P. S., Crowley, W. R., & Kalra, S. P. (1984). NEUROPEPTIDE Y AND 

HUMAN PANCREATIC POLYPEPTIDE STIMULATE FEEDING BEHAVIOR IN 

RATS. Endocrinology, 115(1), 427–429. https://doi.org/10.1210/ENDO-115-1-427 

Crawley, J. N. (2007). Mouse behavioral assays relevant to the symptoms of autism. Brain 

Pathology. https://doi.org/10.1111/j.1750-3639.2007.00096.x 

Crowley, W. R., & Kalra, S. P. (1987). Neuropeptide Y Stimulates the Release of Luteinizing 

Hormone-Releasing Hormone from Medial Basal Hypothalamus in vitro: Modulation by 

Ovarian Hormones. Neuroendocrinology, 46(2), 97–103. 

https://doi.org/10.1159/000124804 

Dadomo, H., Sanghez, V., Di Cristo, L., Lori, A., Ceresini, G., Malinge, I., Parmigiani, S., 

Palanza, P., Sheardown, M., & Bartolomucci, A. (2011). Vulnerability to chronic 

subordination stress-induced depression-like disorders in adult 129SvEv male mice. 



97 
 

Progress in Neuro-Psychopharmacology and Biological Psychiatry. 

https://doi.org/10.1016/j.pnpbp.2010.11.016 

Davis, M. (1998). Are different parts of the extended amygdala involved in fear versus anxiety? 

Biological Psychiatry, 44(12), 1239–1247. https://doi.org/10.1016/S0006-3223(98)00288-1 

de Quidt, M. E., & Emson, P. C. (1986). Distribution of neuropeptide Y-like immunoreactivity 

in the rat central nervous system-I. Radioimmunoassay and chromatographic 

characterisation. Neuroscience. https://doi.org/10.1016/0306-4522(86)90056-4 

Deacon, R. M. J. (2006). Assessing nest building in mice. Nature Protocols. 

https://doi.org/10.1038/nprot.2006.170 

Domschke, K., Dannlowski, U., Hohoff, C., Ohrmann, P., Bauer, J., Kugel, H., Zwanzger, P., 

Heindel, W., Deckert, J., Arolt, V., Suslow, T., & Baune, B. T. (2010). Neuropeptide Y 

(NPY) gene: Impact on emotional processing and treatment response in anxious depression. 

European Neuropsychopharmacology, 20(5), 301–309. 

https://doi.org/10.1016/J.EURONEURO.2009.09.006 

Dryden, S., Pickavance, L., Frankish, H. M., & Williams, G. (1995). Increased neuropeptide Y 

secretion in the hypothalamic paraventricular nucleus of obese (fa/fa) Zucker rats. Brain 

Research, 690(2), 185–188. https://doi.org/10.1016/0006-8993(95)00628-4 

Dube, M. G., Phelps, C. P., Sninsky, C. A., & Kalra, P. S. (1995). Insulin and insulin-like growth 

factor II suppress neuropeptide Y release from the nerve terminals in the paraventricular 

nucleus: a putative hypothalamic site for energy homeostasis. Endocrinology, 136(12), 

5718–5724. https://doi.org/10.1210/ENDO.136.12.7588328 

Dube, M. G., Sahu, A., Kalra, P. S., & Kalra, S. P. (1992). Neuropeptide Y release is elevated 

from the microdissected paraventricular nucleus of food-deprived rats: an in vitro study. 

Endocrinology, 131(2), 684–688. https://doi.org/10.1210/ENDO.131.2.1639015 

Dumont, Y., Jacques, D., Bouchard, P., & Quirion, R. (1998). Species differences in the 

expression and distribution of the neuropeptide Y Y1, Y2, Y4, and Y5 receptors in rodents, 

guinea pig, and primates brains. Journal of Comparative Neurology. 

https://doi.org/10.1002/(SICI)1096-9861(19981221)402:3<372::AID-CNE6>3.0.CO;2-2 

Dumont, Y., Martel, J. C., Fournier, A., St-Pierre, S., & Quirion, R. (1992). Neuropeptide Y and 

neuropeptide Y receptor subtypes in brain and peripheral tissues. In Progress in 

Neurobiology. https://doi.org/10.1016/0301-0082(92)90038-G 

Durkin, M. M., Walker, M. W., Smith, K. E., Gustafson, E. L., Gerald, C., & Branchek, T. A. 

(2000). Expression of a novel neuropeptide Y receptor subtype involved in food intake: An 

in situ hybridization study of Y5 mRNA distribution in rat brain. Experimental Neurology. 



98 
 

https://doi.org/10.1006/exnr.2000.7446 

Ehret, G., & Buckenmaier, J. (1994). Estrogen-receptor occurrence in the female mouse brain: 

Effects of maternal experience, ovariectomy, estrogen and anosmia. Journal of Physiology-

Paris, 88(5), 315–329. https://doi.org/10.1016/0928-4257(94)90012-4 

El Majdoubi, M., Sahu, A., Ramaswamy, S., & Plant, T. M. (2000). Neuropeptide Y: A 

hypothalamic brake restraining the onset ofpuberty in primates. Proceedings of the National 

Academy of Sciences of the United States of America, 97(11), 6179. 

https://doi.org/10.1073/PNAS.090099697 

Enriori, P. J., Evans, A. E., Sinnayah, P., Jobst, E. E., Tonelli-Lemos, L., Billes, S. K., Glavas, 

M. M., Grayson, B. E., Perello, M., Nillni, E. A., Grove, K. L., & Cowley, M. A. (2007). 

Diet-Induced Obesity Causes Severe but Reversible Leptin Resistance in Arcuate 

Melanocortin Neurons. Cell Metabolism, 5(3), 181–194. 

https://doi.org/10.1016/J.CMET.2007.02.004 

Eva, C., Keinanen, K., Monyer, H., Sprengel, R., & H. Seeburg, P. (1990). Molecular cloning of 

a novel G protein-coupled receptor that may belong to the neuropeptide receptor family. 

Pharmacological Research. https://doi.org/10.1016/S1043-6618(09)80222-3 

Eva, C., Oberto, A., Longo, A., Palanza, P., & Bertocchi, I. (2020). Sex differences in behavioral 

and metabolic effects of gene inactivation: The neuropeptide Y and Y receptors in the brain. 

In Neuroscience and Biobehavioral Reviews. 

https://doi.org/10.1016/j.neubiorev.2020.09.020 

Eva, C., Oberto, A., Sprengel, R., & Genazzani, E. (1992). The murine NPY-1 receptor gene 

Structure and delineation of tissue-specific expression. FEBS Letters. 

https://doi.org/10.1016/0014-5793(92)81490-D 

Eva, C., Serra, M., Mele, P., Panzica, G. C., & Oberto, A. (2006). Physiology and gene 

regulation of the brain NPY Y1 receptor. Frontiers in Neuroendocrinology, 27(3), 308–339. 

https://doi.org/10.1016/J.YFRNE.2006.07.002 

Fam, B. C., Morris, M. J., Hansen, M. J., Kebede, M., Andrikopoulos, S., Proietto, J., & 

Thorburn, A. W. (2007). Modulation of central leptin sensitivity and energy balance in a rat 

model of diet-induced obesity. Diabetes, Obesity and Metabolism, 9(6), 840–852. 

https://doi.org/10.1111/J.1463-1326.2006.00653.X 

Flood, J. F., Hernandez, E. N., & Morley, J. E. (1987). Modulation of memory processing by 

neuropeptide Y. Brain Research. https://doi.org/10.1016/0006-8993(87)91297-2 

Frankfurt, M., Salas-Ramirez, K., Friedman, E., & Luine, V. (2011). Cocaine alters dendritic 

spine density in cortical and subcortical brain regions of the postpartum and virgin female 



99 
 

rat. Synapse, 65(9), 955–961. https://doi.org/10.1002/SYN.20918 

Frankish, H. M., McCarthy, H. D., Dryden, S., Kilpatrick, A., & Williams, G. (1993). 

Neuropeptide Y receptor numbers are reduced in the hypothalamus of streptozotocin-

diabetic and food-deprived rats: Further evidence of increased activity of hypothalamic 

NPY-containing pathways. Peptides, 14(5), 941–948. https://doi.org/10.1016/0196-

9781(93)90070-W 

Gaillard, D., Laugerette, F., Darcel, N., El‐Yassimi, A., Passilly‐Degrace, P., Hichami, A., Khan, 

N. A., Montmayeur, J., & Besnard, P. (2008). The gustatory pathway is involved in 

CD36‐mediated orosensory perception of long‐chain fatty acids in the mouse. The FASEB 

Journal. https://doi.org/10.1096/fj.07-8415com 

Gehlert, D. R., Yang, P., George, C., Wang, Y., Schober, D., Gackenheimer, S., Johnson, D., 

Beavers, L. S., Gadski, R. A., & Baez, M. (2001). Cloning and characterization of rhesus 

monkey neuropeptide Y receptor subtypes. Peptides. https://doi.org/10.1016/S0196-

9781(01)00336-9 

Gogolla, N., Caroni, P., Lüthi, A., & Herry, C. (2009). Perineuronal nets protect fear memories 

from erasure. Science, 325(5945), 1258–1261. 

https://doi.org/10.1126/SCIENCE.1174146/SUPPL_FILE/GOGOLLA.SOM.PDF 

Gonzales, C., Voirol, M. J., Giacomini, M., Gaillard, R. C., Pedrazzini, T., & Pralong, F. P. 

(2004). The neuropeptide Y Y1 receptor mediates NPY-induced inhibition of the 

gonadotrope axis under poor metabolic conditions. The FASEB Journal : Official 

Publication of the Federation of American Societies for Experimental Biology, 18(1), 137–

139. https://doi.org/10.1096/FJ.03-0189FJE 

Goumain, M., Voisin, T., Lorinet, A. M., & Laburthe, M. (1998). Identification and distribution 

of mRNA encoding the Y1, Y2, Y4, and Y5 receptors for peptides of the PP-fold family in 

the rat intestine and colon. Biochemical and Biophysical Research Communications. 

https://doi.org/10.1006/bbrc.1998.8647 

Grabrucker, S., Pagano, J., Schweizer, J., Urrutia-Ruiz, C., Schön, M., Thome, K., Ehret, G., 

Grabrucker, A. M., Zhang, R., Hengerer, B., Bockmann, J., Verpelli, C., Sala, C., & 

Boeckers, T. M. (2021). Activation of the medial preoptic area (MPOA) ameliorates loss of 

maternal behavior in a Shank2 mouse model for autism. The EMBO Journal, 40(5), 

e104267. https://doi.org/10.15252/EMBJ.2019104267 

Gregor, P., Feng, Y., DeCarr, L. B., Cornfield, L. J., & McCaleb, M. L. (1996). Molecular 

characterization of a second mouse pancreatic polypeptide receptor and its inactivated 

human homologue. Journal of Biological Chemistry. 



100 
 

https://doi.org/10.1074/jbc.271.44.27776 

Gustafson, E. L., Card, J. P., & Moore, R. Y. (1986). Neuropeptide Y localization in the rat 

amygdaloid complex. Journal of Comparative Neurology. 

https://doi.org/10.1002/cne.902510306 

Hastings, J. A., McClure-Sharp, J. M., & Morris, M. J. (2001). NPY Y1 receptors exert opposite 

effects on corticotropin releasing factor and noradrenaline overflow from the rat 

hypothalamus in vitro. Brain Research, 890(1), 32–37. https://doi.org/10.1016/S0006-

8993(00)02874-2 

Heilig, M. (1995). Antisense inhibition of neuropeptide Y (NPY)-Y1 receptor expression blocks 

the anxiolytic-like action of NPY in amygdala and paradoxically increases feeding. 

Regulatory Peptides, 59(2), 201–205. https://doi.org/10.1016/0167-0115(95)00103-I 

Heilig, M., Koob, G. F., Ekman, R., & Britton, K. T. (1994). Corticotropin-releasing factor and 

neuropeptide y: role in emotional integration. Trends in Neurosciences, 17(2), 80–85. 

https://doi.org/10.1016/0166-2236(94)90079-5 

Heilig, M., & Thorsell, A. (2002). Brain neuropeptide Y (NPY) in stress and alcohol 

dependence. Reviews in the Neurosciences, 13(1), 85–94. 

https://doi.org/10.1515/REVNEURO.2002.13.1.85/MACHINEREADABLECITATION/RI

S 

Herzog, H. (1999). Regional distribution of Y-receptor subtype mRNAs in rat brain. European 

Journal of Neuroscience. https://doi.org/10.1046/j.1460-9568.1999.00553.x 

Herzog, H., Hort, Y. J., Ball, H. J., Hayes, G., Shine, J., & Selbie, L. A. (1992). Cloned human 

neuropeptide Y receptor couples to two different second messenger systems. Proceedings of 

the National Academy of Sciences of the United States of America. 

https://doi.org/10.1073/pnas.89.13.5794 

Hill, J. W., Elmquist, J. K., & Elias, C. F. (2008). Hypothalamic pathways linking energy 

balance and reproduction. American Journal of Physiology. Endocrinology and 

Metabolism, 294(5), E827. https://doi.org/10.1152/AJPENDO.00670.2007 

Hill, J. W., Urban, J. H., Xu, M., & Levine, J. E. (2004). Estrogen Induces Neuropeptide Y 

(NPY) Y1 Receptor Gene Expression and Responsiveness to NPY in Gonadotrope-

Enriched Pituitary Cell Cultures. Endocrinology, 145(5), 2283–2290. 

https://doi.org/10.1210/EN.2003-1368 

Hillerer, K. M., Jacobs, V. R., Fischer, T., & Aigner, L. (2014). The Maternal Brain: An Organ 

with Peripartal Plasticity. Neural Plasticity, 2014. https://doi.org/10.1155/2014/574159 

Hökfelt, T., Broberger, C., Zhang, X., Diez, M., Kopp, J., Xu, Z. Q., Landry, M., Bao, L., 



101 
 

Schalling, M., Koistinaho, J., DeArmond, S. J., Prusiner, S., Gong, J., & Walsh, J. H. 

(1998). Neuropeptide Y: Some viewpoints on a multifaceted peptide in the normal and 

diseased nervous system. Brain Research Reviews. https://doi.org/10.1016/S0165-

0173(97)00052-0 

Huang, X. F., Han, M., & Storlien, L. H. (2003). The level of NPY receptor mRNA expression 

in diet-induced obese and resistant mice. Molecular Brain Research, 115(1), 21–28. 

https://doi.org/10.1016/S0169-328X(03)00174-8 

Huijsduijnen, O.-H. van, Rohner-Jeanrenaud, F., & Jeanrenaud, B. (1993). Hypothalamic 

Neuropeptide Y Messenger Ribonucleic Acid Levels in Pre-Obese and Genetically Obese 

(fa/fa) Rats; Potential Regulation Thereof by Corticotropin-Releasing Factor. Journal of 

Neuroendocrinology, 5(4), 381–386. https://doi.org/10.1111/J.1365-2826.1993.TB00498.X 

Jacobson, C. D., Terkel, J., Gorski, R. A., & Sawyer, C. H. (1980). Effects of small medial 

preoptic area lesions on maternal behavior: Retreiving and nest building in the rat. Brain 

Research, 194(2), 471–478. https://doi.org/10.1016/0006-8993(80)91226-3 

Jain, M. R., Pu, S., Kalra, P. S., & Kalra, S. P. (1999). Evidence that Stimulation of Two 

Modalities of Pituitary Luteinizing Hormone Release in Ovarian Steroid-Primed 

Ovariectomized Rats May Involve Neuropeptide Y Y1 and Y4 Receptors. Endocrinology, 

140(11), 5171–5177. https://doi.org/10.1210/ENDO.140.11.7107 

Jensen, M. D. (2008). Role of body fat distribution and the metabolic complications of obesity. 

In Journal of Clinical Endocrinology and Metabolism. https://doi.org/10.1210/jc.2008-1585 

Kagamiishi, Y., Yamamoto, T., & Watanabe, S. (2003). Hippocampal serotonergic system is 

involved in anxiety-like behavior induced by corticotropin-releasing factor. Brain Research, 

991(1–2), 212–221. https://doi.org/10.1016/J.BRAINRES.2003.08.021 

Kalra, S. P., & Crowley, W. R. (1984). Norepinephrine-like effects of neuropeptide Y on LH 

release in the rat. Life Sciences, 35(11), 1173–1176. https://doi.org/10.1016/0024-

3205(84)90187-5 

Kalra, S. P., Dube, M. G., Sahu, A., Phelps, C. P., & Kalra, P. S. (1991). Neuropeptide Y 

secretion increases in the paraventricular nucleus in association with increased appetite for 

food. Proceedings of the National Academy of Sciences of the United States of America, 

88(23), 10931. https://doi.org/10.1073/PNAS.88.23.10931 

Kalra, Satya P., Horvath, T., Naftolin, F., Xu, B., Pu, S., & Kalra, P. S. (1997). The Interactive 

Language of the Hypothalamus for the Gonadotropin Releasing Hormone (GNRH) System. 

Journal of Neuroendocrinology, 9(8), 569–576. https://doi.org/10.1046/J.1365-

2826.1997.00619.X 



102 
 

Kalra, Satya P., & Kalra, P. S. (2004). NPY—an endearing journey in search of a neurochemical 

on/off switch for appetite, sex and reproduction. Peptides, 25(3), 465–471. 

https://doi.org/10.1016/J.PEPTIDES.2004.03.001 

Kanatani, A., Hata, M., Mashiko, S., Ishihara, A., Okamoto, O., Haga, Y., Ohe, T., Kanno, T., 

Murai, N., Ishii, Y., Fukuroda, T., Fukami, T., & Ihara, M. (2001). A Typical Y1 Receptor 

Regulates Feeding Behaviors: Effects of a Potent and Selective Y1 Antagonist, J-115814. 

Molecular Pharmacology, 59(3), 501–505. https://doi.org/10.1124/MOL.59.3.501 

Karl, T., Duffy, L., & Herzog, H. (2008). Behavioural profile of a new mouse model for NPY 

deficiency. European Journal of Neuroscience, 28(1), 173–180. 

https://doi.org/10.1111/J.1460-9568.2008.06306.X 

Karl, T., Lin, S., Schwarzer, C., Sainsbury, A., Couzens, M., Wittmann, W., Boey, D., Von 

Hörsten, S., & Herzog, H. (2004). Y1 receptors regulate aggressive behavior by modulating 

serotonin pathways. Proceedings of the National Academy of Sciences, 101(34), 12742–

12747. https://doi.org/10.1073/PNAS.0404085101 

Karlsson, R. M., Holmes, A., Heilig, M., & Crawley, J. N. (2005). Anxiolytic-like actions of 

centrally-administered neuropeptide Y, but not galanin, in C57BL/6J mice. Pharmacology 

Biochemistry and Behavior, 80(3), 427–436. https://doi.org/10.1016/j.pbb.2004.12.009 

Kask, A., Nguyen, H. P., Pabst, R., & Von Hörsten, S. (2001). Neuropeptide Y Y1 receptor-

mediated anxiolysis in the dorsocaudal lateral septum: functional antagonism of 

corticotropin-releasing hormone-induced anxiety. Neuroscience, 104(3), 799–806. 

https://doi.org/10.1016/S0306-4522(01)00116-6 

Kask, Ants, Harro, J., Von Hörsten, S., Redrobe, J. P., Dumont, Y., & Quirion, R. (2002a). The 

neurocircuitry and receptor subtypes mediating anxiolytic-like effects of neuropeptide Y. In 

Neuroscience and Biobehavioral Reviews. https://doi.org/10.1016/S0149-7634(01)00066-5 

Kask, Ants, Harro, J., Von Hörsten, S., Redrobe, J. P., Dumont, Y., & Quirion, R. (2002b). The 

neurocircuitry and receptor subtypes mediating anxiolytic-like effects of neuropeptide Y. 

Neuroscience & Biobehavioral Reviews, 26(3), 259–283. https://doi.org/10.1016/S0149-

7634(01)00066-5 

Keyser-Marcus, L., Stafisso-Sandoz, G., Gerecke, K., Jasnow, A., Nightingale, L., Lambert, K. 

G., Gatewood, J., & Kinsley, C. H. (2001). Alterations of medial preoptic area neurons 

following pregnancy and pregnancy-like steroidal treatment in the rat. Brain Research 

Bulletin, 55(6), 737–745. https://doi.org/10.1016/S0361-9230(01)00554-8 

Khoo, G. H., Lin, Y. T., Tsai, T. C., & Hsu, K. Sen. (2019). Perineuronal Nets Restrict the 

Induction of Long-Term Depression in the Mouse Hippocampal CA1 Region. Molecular 



103 
 

Neurobiology, 56(9), 6436–6450. https://doi.org/10.1007/S12035-019-1526-1/FIGURES/7 

Khorram, O., Pau, K. Y. F., & Spies, H. G. (1987). Bimodal Effects of Neuropeptide Y on 

Hypothalamic Release of Gonadotropin-Releasing Hormone in Conscious Rabbits. 

Neuroendocrinology, 45(4), 290–297. https://doi.org/10.1159/000124743 

Kishi, T., Aschkenasi, C. J., Choi, B. J., Lopez, M. E., Lee, C. E., Liu, H., Hollenberg, A. N., 

Friedman, J. M., & Elmquist, J. K. (2005). Neuropeptide Y Y1 receptor mRNA in rodent 

brain: Distribution and colocalization with melanocortin-4 receptor. Journal of 

Comparative Neurology. https://doi.org/10.1002/cne.20432 

Kissebah, A H, & Krakower, G. R. (1994). Regional adiposity and morbidity. Physiological 

Reviews, 74(4), 761–811. 

Kissebah, Ahmed H., & Krakower, G. R. (1994). Regional adiposity and morbidity. In 

Physiological Reviews. https://doi.org/10.1152/physrev.1994.74.4.761 

Könner, A. C., Klöckener, T., & Brüning, J. C. (2009). Control of energy homeostasis by insulin 

and leptin: Targeting the arcuate nucleus and beyond. Physiology & Behavior, 97(5), 632–

638. https://doi.org/10.1016/J.PHYSBEH.2009.03.027 

Kopp, J., Xu, Z. Q., Zhang, X., Pedrazzini, T., Herzog, H., Kresse, A., Wong, H., Walsh, J. H., 

& Hökfelt, T. (2002). Expression of the neuropeptide Y Y1 receptor in the CNS of rat and 

of wild-type and Y1 receptor knock-out mice. Focus on immunohistochemical localization. 

Neuroscience. https://doi.org/10.1016/S0306-4522(01)00463-8 

Krestel, H. E., Shimshek, D. R., Jensen, V., Nevian, T., Kim, J., Geng, Y., Bast, T., Depaulis, A., 

Schonig, K., Schwenk, F., Bujard, H., Hvalby, Ø., Sprengel, R., & Seeburg, P. H. (2004). A 

Genetic Switch for Epilepsy in Adult Mice. The Journal of Neuroscience, 24(46), 10568 LP 

– 10578. 

Krukoff, T. L., MacTavish, D., & Jhamandas, J. H. (1999). Effects of restraint stress and 

spontaneous hypertension on neuropeptide Y neurones in the brainstem and arcuate 

nucleus. Journal of Neuroendocrinology, 11(9), 715–723. https://doi.org/10.1046/J.1365-

2826.1999.00391.X 

Krysiak, R., Obuchowicz, E., & Herman, Z. S. (1999). Interactions between the neuropeptide Y 

system and the hypothalamic- pituitary-adrenal axis. In European Journal of 

Endocrinology. https://doi.org/10.1530/eje.0.1400130 

Ladyman, S R, Carter, K. M., Khant Aung, Z., Grattan, D. R., & Grattan, D. R. (2020). A 

reduction in voluntary physical activity during pregnancy in mice is mediated by prolactin. 

BioRxiv, 2020.09.10.292466. https://doi.org/10.1101/2020.09.10.292466 

Ladyman, Sharon R., & Woodside, B. (2009). Regulation of maternal food intake and mother–



104 
 

pup interactions by the Y5 receptor. Physiology & Behavior, 97(1), 91–97. 

https://doi.org/10.1016/J.PHYSBEH.2009.02.008 

Lager, S., & Powell, T. L. (2012). Regulation of nutrient transport across the placenta. Journal of 

Pregnancy, 2012. https://doi.org/10.1155/2012/179827 

Larhammar, D., Blomqvist, A. G., Yee, F., Jazin, E., Yoo, H., & Wahlestedt, C. (1992). Cloning 

and functional expression of a human neuropeptide Y/peptide YY receptor of the Y1 type. 

Journal of Biological Chemistry. https://doi.org/10.1016/s0021-9258(19)49854-2 

Larsen, P. J., & Kristensen, P. (1998). Distribution of neuropeptide Y receptor expression in the 

rat suprachiasmatic nucleus. Molecular Brain Research. https://doi.org/10.1016/S0169-

328X(98)00168-5 

Larsen, P. J., & Kristensen, P. (2000). Central Y4 receptor distribution. Radioactive 

ribonucleotide probe in situ hybridization with in vitro receptor autoradiography. Methods 

in Molecular Biology (Clifton, N.J.). https://doi.org/10.1385/1-59259-042-x:185 

Latham, N., & Mason, G. (2004). From house mouse to mouse house: The behavioural biology 

of free-living Mus musculus and its implications in the laboratory. Applied Animal 

Behaviour Science. https://doi.org/10.1016/j.applanim.2004.02.006 

Lennox, R. R., Moffett, C., Porter, D. W., Irwin, N., Gault, V. A., & Flatt, P. R. (2015). Effects 

of glucose-dependent insulinotropic polypeptide receptor knockout and a high-fat diet on 

cognitive function and hippocampal gene expression in mice. Molecular Medicine Reports. 

https://doi.org/10.3892/mmr.2015.3447 

Leshan, R. L., Björnholm, M., Münzberg, H., & Myers, M. G. (2006). Leptin Receptor Signaling 

and Action in the Central Nervous System. Obesity, 14(S8), 208S-212S. 

https://doi.org/10.1038/OBY.2006.310 

Leupen, S. M., Besecke, L. M., & Levine, J. E. (1997). Neuropeptide Y Y1-Receptor 

Stimulation Is Required for Physiological Amplification of Preovulatory Luteinizing 

Hormone Surges. Endocrinology, 138(7), 2735–2739. 

https://doi.org/10.1210/ENDO.138.7.5223 

Levine, A. S., & Morley, J. E. (1984). Neuropeptide Y: A potent inducer of consummatory 

behavior in rats. Peptides, 5(6), 1025–1029. https://doi.org/10.1016/0196-9781(84)90165-7 

Lewis, D. E., Shellard, L., Koeslag, D. G., Boer, D. E., McCarthy, H. D., McKibbin, P. E., 

Russell, J. C., & Williams, G. (1993). Intense exercise and food restriction cause similar 

hypothalamic neuropeptide Y increases in rats. 

Https://Doi.Org/10.1152/Ajpendo.1993.264.2.E279, 264(2 27-2). 

https://doi.org/10.1152/AJPENDO.1993.264.2.E279 



105 
 

Lin, E. J. D., Sainsbury, A., Lee, N. J., Boey, D., Couzens, M., Enriquez, R., Slack, K., Bland, 

R., During, M. J., & Herzog, H. (2006). Combined deletion of Y1, Y2, and Y4 receptors 

prevents hypothalamic neuropeptide Y overexpression-induced hyperinsulinemia despite 

persistence of hyperphagia and obesity. Endocrinology, 147(11), 5094–5101. 

https://doi.org/10.1210/EN.2006-0097 

Lin, S., Boey, D., & Herzog, H. (2004). NPY and Y receptors: Lessons from transgenic and 

knockout models. In Neuropeptides. https://doi.org/10.1016/j.npep.2004.05.005 

Lin, S., Storlien, L. H., & Huang, X. F. (2000). Leptin receptor, NPY, POMC mRNA expression 

in the diet-induced obese mouse brain. Brain Research, 875(1–2), 89–95. 

https://doi.org/10.1016/S0006-8993(00)02580-4 

Litwak, S. A., Wilson, J. L., Chen, W., Garcia-Rudaz, C., Khaksari, M., Cowley, M. A., & 

Enriori, P. J. (2014). Estradiol prevents fat accumulation and overcomes leptin resistance in 

female high-fat diet mice. Endocrinology (United States). https://doi.org/10.1210/en.2014-

1342 

LM, B., AM, W., ME, P., JS, T., & JE, L. (1994). Neuropeptide Y stimulates luteinizing 

hormone-releasing hormone release from superfused hypothalamic GT1-7 cells. 

Endocrinology, 135(4), 1621–1627. https://doi.org/10.1210/ENDO.135.4.7925125 

LUNDBERG, J. M., TERENIUS, L., HÖKFELT, T., MARTLING, C. R., TATEMOTO, K., 

MUTT, V., POLAK, J., BLOOM, S., & GOLDSTEIN, M. (1982). Neuropeptide Y 

(NPY)‐like immunoreactivity in peripheral noradrenergic neurons and effects of NPY on 

sympathetic function. Acta Physiologica Scandinavica. https://doi.org/10.1111/j.1748-

1716.1982.tb07171.x 

Lundell, I., Blomqvist, A. G., Berglund, M. M., Schober, D. A., Johnson, D., Statnick, M. A., 

Gadski, R. A., Gehlert, D. R., & Larhammar, D. (1995). Cloning of a human receptor of the 

NPY receptor family with high affinity for pancreatic polypeptide and peptide YY. Journal 

of Biological Chemistry. https://doi.org/10.1074/jbc.270.49.29123 

Makino, S., Baker, R. A., Smith, M. A., & Gold, P. W. (2000). Differential Regulation of 

Neuropeptide Y mRNA Expression in the Arcuate Nucleus and Locus Coeruleus by Stress 

and Antidepressants. Journal of Neuroendocrinology, 12(5), 387–395. 

https://doi.org/10.1046/J.1365-2826.2000.00451.X 

Mannon, P. J., & Mele, J. M. (2000). Peptide YY Y1 receptor activates mitogen-activated 

protein kinase and proliferation in gut epithelial cells via the epidermal growth factor 

receptor. Biochemical Journal. https://doi.org/10.1042/0264-6021:3500655 

Marcos, P., & Coveñas, R. (2021). Neuropeptidergic Control of Feeding: Focus on the Galanin 



106 
 

Family of Peptides. International Journal of Molecular Sciences 2021, Vol. 22, Page 2544, 

22(5), 2544. https://doi.org/10.3390/IJMS22052544 

Mayford, M., Bach, M. E., Huang, Y. Y., Wang, L., Hawkins, R. D., & Kandel, E. R. (1996). 

Control of memory formation through regulated expression of a CaMKII transgene. Science 

(New York, N.Y.), 274(5293), 1678–1683. 

Mele, P., Oberto, A., Serra, M., Pisu, M. G., Floris, I., Biggio, G., & Eva, C. (2004). Increased 

expression of the gene for the Y1 receptor of neuropeptide Y in the amygdala and 

paraventricular nucleus of Y1R/LacZ transgenic mice in response to restraint stress. Journal 

of Neurochemistry, 89(6), 1471–1478. https://doi.org/10.1111/J.1471-4159.2004.02444.X 

Merali, Z., Levac, C., & Anisman, H. (2003). Validation of a simple, ethologically relevant 

paradigm for assessing anxiety in mice. Biological Psychiatry. 

https://doi.org/10.1016/S0006-3223(02)01827-9 

Mercer, J. G., Lawrence, C. B., & Atkinson, T. (1996). Regulation of galanin gene expression in 

the hypothalamic paraventricular nucleus of the obese Zucker rat by manipulation of dietary 

macronutrients. Molecular Brain Research, 43(1–2), 202–208. 

https://doi.org/10.1016/S0169-328X(96)00174-X 

Michel, M. C. (1991). Receptors for neuropeptide Y: multiple subtypes and multiple second 

messengers. In Trends in Pharmacological Sciences. https://doi.org/10.1016/0165-

6147(91)90610-5 

Michel, M. C., Beck-Sickinger, A., Cox, H., Doods, H. N., Herzog, H., Larhammar, D., Quirion, 

R., Schwartz, T., & Westfall, T. (1998). XVI. International union of pharmacology 

recommendations for the nomenclature of neuropeptide Y, peptide YY, and pancreatic 

polypeptide receptors. In Pharmacological Reviews. 

Minami, S., Frautschy, S. A., Plotsky, P. M., Sutton, S. W., & Sarkar, D. K. (1990). Facilitatory 

Role of Neuropeptide Y on the Onset of Puberty: Effect of Immunoneutralization of 

Neuropeptide Y on the Release of Luteinizing Hormone and Luteinizing-Hormone-

Releasing Hormone. Neuroendocrinology, 52(1), 112. https://doi.org/10.1159/000125548 

Molteni, R., Barnard, R. J., Ying, Z., Roberts, C. K., & Gómez-Pinilla, F. (2002). A high-fat, 

refined sugar diet reduces hippocampal brain-derived neurotrophic factor, neuronal 

plasticity, and learning. Neuroscience. https://doi.org/10.1016/S0306-4522(02)00123-9 

Morris, M. J., & Pavia, J. M. (1998). Stimulation of neuropeptide Y overflow in the rat 

paraventricular nucleus by corticotropin-releasing factor. Journal of Neurochemistry. 

https://doi.org/10.1046/j.1471-4159.1998.71041519.x 

Morris, Y. A., & Crews, D. (1990). The effects of exogenous neuropeptide Y on feeding and 



107 
 

sexual behavior in the red-sided garter snake (Thamnophis sirtalis parietalis). Brain 

Research, 530(2), 339–341. https://doi.org/10.1016/0006-8993(90)91307-3 

Motulsky, H. J., & Michel, M. C. (1988). Neuropeptide Y mobilizes Ca2+ and inhibits adenylate 

cyclase in human erythroleukemia cells. American Journal of Physiology - Endocrinology 

and Metabolism. https://doi.org/10.1152/ajpendo.1988.255.6.e880 

Musso, R., Maggi, A., & Eva, C. (2000). 17β-Estradiol Stimulates Mouse Neuropeptide Y-Y1 

Receptor Gene Transcription by Binding to Estrogen Receptor Alpha in Neuroblastoma 

Cells. Neuroendocrinology, 72(6), 360–367. https://doi.org/10.1159/000054605 

Nakamura, M., Sakanaka, C., Aoki, Y., Ogasawara, H., Tsuji, T., Kodama, H., Matsumoto, T., 

Shimizu, T., & Noma, M. (1995). Identification of two isoforms of mouse neuropeptide Y-

Y1 receptor generated by alternative splicing: Isolation, genomic structure, and functional 

expression of the receptors. Journal of Biological Chemistry. 

https://doi.org/10.1074/jbc.270.50.30102 

Nakamura, Y., Yanagawa, Y., Morrison, S. F., & Nakamura, K. (2017). Medullary Reticular 

Neurons Mediate Neuropeptide Y-Induced Metabolic Inhibition and Mastication. Cell 

Metabolism, 25(2), 322–334. https://doi.org/10.1016/J.CMET.2016.12.002 

Narnaware, Y. K., & Peter, R. E. (2001). Neuropeptide Y stimulates food consumption through 

multiple receptors in goldfish. Physiology & Behavior, 74(1–2), 185–190. 

https://doi.org/10.1016/S0031-9384(01)00556-X 

Nichol, K. A., Morey, A., Couzens, M. H., Shine, J., Herzog, H., & Cunningham, A. M. (1999). 

Conservation of expression of neuropeptide Y5 receptor between human and rat 

hypothalamus and limbic regions suggests an integral role in central neuroendocrine 

control. Journal of Neuroscience. https://doi.org/10.1523/jneurosci.19-23-10295.1999 

Numan, M., & Stolzenberg, D. S. (2009). Medial preoptic area interactions with dopamine 

neural systems in the control of the onset and maintenance of maternal behavior in rats. 

Frontiers in Neuroendocrinology, 30(1), 46–64. 

https://doi.org/10.1016/J.YFRNE.2008.10.002 

Olasmaa, M., & Terenius, L. (1986). Neuropeptide Y receptor interaction with betaadrenoceptor 

coupling to adenylate cyclase. Progress in Brain Research. https://doi.org/10.1016/S0079-

6123(08)60249-6 

Olofsson, L. E., Pierce, A. A., & Xu, A. W. (2009). Functional requirement of AgRP and NPY 

neurons in ovarian cycle-dependent regulation of food intake. Proceedings of the National 

Academy of Sciences of the United States of America, 106(37), 15932. 

https://doi.org/10.1073/PNAS.0904747106 



108 
 

Palanza, P., Howdeshell, K. L., Parmigiani, S., & vom Saal, F. S. (2002). Exposure to a low dose 

of bisphenol A during fetal life or in adulthood alters maternal behavior in mice. 

Environmental Health Perspectives. https://doi.org/10.1289/ehp.02110s3415 

Paterlini, S., Panelli, R., Gioiosa, L., Parmigiani, S., Franceschini, P., Bertocchi, I., Oberto, A., 

Bartolomucci, A., Eva, C., & Palanza, P. (2021). Conditional inactivation of limbic 

neuropeptide y-1 receptors increases vulnerability to diet-induced obesity in male mice. 

International Journal of Molecular Sciences. https://doi.org/10.3390/ijms22168745 

Pedrazzini, T. (2004). Importance of NPY Y1 receptor-mediated pathways: Assessment using 

NPY Y1 receptor knockouts. In Neuropeptides. https://doi.org/10.1016/j.npep.2004.05.007 

Perney, T. M., & Miller, R. J. (1989). Two different G-proteins mediate neuropeptide Y and 

bradykinin-stimulated phospholipid breakdown in cultured rat sensory neurons. Journal of 

Biological Chemistry. https://doi.org/10.1016/s0021-9258(18)83236-7 

Pich, E. M., Agnati, L. F., Zini, I., Marrama, P., & Carani, C. (1993). Neuropeptide Y produces 

anxiolytic effects in spontaneously hypertensive rats. Peptides, 14(5), 909–912. 

https://doi.org/10.1016/0196-9781(93)90065-O 

Pralong, F. P., Voirol, M. J., Giacomini, M., Gaillard, R. C., & Grouzmann, E. (2000). 

Acceleration of pubertal development following central blockade of the Y1 subtype of 

neuropeptide Y receptors. Regulatory Peptides, 95(1–3), 47–52. 

https://doi.org/10.1016/S0167-0115(00)00130-0 

Raposinho, P. D., Broqua, P., Hayward, A., Akinsanya, K., Galyean, R., Schteingart, C., Junien, 

J. L., & Aubert, M. L. (2000). Stimulation of the Gonadotropic Axis by the Neuropeptide Y 

Receptor Y1 Antagonist/ Y4 Agonist 1229U91 in the Male Rat. Neuroendocrinology, 

71(1), 2–7. https://doi.org/10.1159/000054514 

Raposinho, P. D., Broqua, P., Pierroz, D. D., Hayward, A., Dumont, Y., Quirion, R., Junien, J. 

L., & Aubert, M. L. (1999). Evidence That the Inhibition of Luteinizing Hormone Secretion 

Exerted by Central Administration of Neuropeptide Y (NPY) in the Rat Is Predominantly 

Mediated by the NPY-Y5 Receptor Subtype. Endocrinology, 140(9), 4046–4055. 

https://doi.org/10.1210/ENDO.140.9.6985 

Redrobe, J. P., Dumont, Y., Herzog, H., & Quirion, R. (2003). Neuropeptide Y (NPY) Y2 

receptors mediate behaviour in two animal models of anxiety: Evidence from Y2 receptor 

knockout mice. Behavioural Brain Research. https://doi.org/10.1016/S0166-

4328(02)00374-1 

Redrobe, J. P., Dumont, Y., & Quirion, R. (2002). Neuropeptide Y (NPY) and depression: From 

animal studies to the human condition. In Life Sciences. https://doi.org/10.1016/S0024-



109 
 

3205(02)02159-8 

Redrobe, J. P., Dumont, Y., St-Pierre, J. A., & Quirion, R. (1999). Multiple receptors for 

neuropeptide Y in the hippocampus: Putative roles in seizures and cognition. Brain 

Research. https://doi.org/10.1016/S0006-8993(99)02119-8 

Reichmann, F., & Holzer, P. (2016). Neuropeptide Y: A stressful review. Neuropeptides, 55, 99–

109. https://doi.org/10.1016/J.NPEP.2015.09.008 

Riant, E., Waget, A., Cogo, H., Arnal, J. F., Burcelin, R., & Gourdy, P. (2009). Estrogens protect 

against high-fat diet-induced insulin resistance and glucose intolerance in mice. 

Endocrinology, 150(5), 2109–2117. https://doi.org/10.1210/en.2008-0971 

Rogan, M. T., & LeDoux, J. E. (1996). Emotion: Systems, Cells, Synaptic Plasticity. Cell, 85(4), 

469–475. https://doi.org/10.1016/S0092-8674(00)81247-7 

Romberg, C., Yang, S., Melani, R., Andrews, M. R., Horner, A. E., Spillantini, M. G., Bussey, T. 

J., Fawcett, J. W., Pizzorusso, T., & Saksida, L. M. (2013). Depletion of Perineuronal Nets 

Enhances Recognition Memory and Long-Term Depression in the Perirhinal Cortex. The 

Journal of Neuroscience, 33(16), 7057. https://doi.org/10.1523/JNEUROSCI.6267-11.2013 

Rose, P. M., Fernandes, P., Lynch, J. S., Frazier, S. T., Fisher, S. M., Kodukula, K., Kienzle, B., 

& Seethala, R. (1995). Cloning and functional expression of a cDNA encoding a human 

type 2 neuropeptide Y receptor. Journal of Biological Chemistry. 

https://doi.org/10.1074/jbc.270.39.22661 

Russell, J. A., Douglas, A. J., & Ingram, C. D. (2001). Chapter 1 Brain preparations for 

maternity — adaptive changes in behavioral and neuroendocrine systems during pregnancy 

and lactation. An overview. Progress in Brain Research, 133, 1–38. 

https://doi.org/10.1016/S0079-6123(01)33002-9 

Sainsbury, A., Cusin, I., Rohner-Jeanrenaud, F., & Jeanrenaud, B. (1997). Adrenalectomy 

prevents the obesity syndrome produced by chronic central neuropeptide Y infusion in 

normal rats. Diabetes, 46(2), 209–214. https://doi.org/10.2337/DIAB.46.2.209 

Sainsbury, A., Schwarzer, C., Couzens, M., Fetissov, S., Furtinger, S., Jenkins, A., Cox, H. M., 

Sperk, G., Hökfelt, T., & Herzog, H. (2002). Important role of hypothalamic Y2 receptors 

in body weight regulation revealed in conditional knockout mice. Proceedings of the 

National Academy of Sciences of the United States of America. 

https://doi.org/10.1073/pnas.132043299 

Sajdyk, T. J., Vandergriff, M. G., & Gehlert, D. R. (1999). Amygdalar neuropeptide Y Y1 

receptors mediate the anxiolytic-like actions of neuropeptide Y in the social interaction test. 

European Journal of Pharmacology, 368(2–3), 143–147. https://doi.org/10.1016/S0014-



110 
 

2999(99)00018-7 

Sankoorikal, G. M. V., Kaercher, K. A., Boon, C. J., Lee, J. K., & Brodkin, E. S. (2006). A 

mouse model system for genetic analysis of sociability: C57BL/6J versus BALB/cJ inbred 

mouse strains. Biological Psychiatry. https://doi.org/10.1016/j.biopsych.2005.07.026 

Schönig, K., Schwenk, F., Rajewsky, K., & Bujard, H. (2002). Stringent doxycycline dependent 

control of CRE recombinase in vivo. Nucleic Acids Research, 30(23), e134–e134. 

Schwartz, M. W., Sipols, A. J., Marks, J. L., Sanacora, G., White, J. D., Scheurink, A., Kahn, S. 

E., Baskin, D. G., Woods, S. C., Figlewicz, D. P., & Porte, D. (1992). Inhibition of 

hypothalamic neuropeptide Y gene expression by insulin. Endocrinology, 130(6), 3608–

3616. https://doi.org/10.1210/ENDO.130.6.1597158 

Schwenk, F., Baron, U., & Rajewsky, K. (1995). A cre-transgenic mouse strain for the 

ubiquitous deletion of loxP-flanked gene segments including deletion in germ cells. Nucleic 

Acids Research, 23(24), 5080–5081. 

Shi, Y. C., & Baldock, P. A. (2012). Central and peripheral mechanisms of the NPY system in 

the regulation of bone and adipose tissue. In Bone. 

https://doi.org/10.1016/j.bone.2011.10.001 

Sindelar, D. K., Ste. Marie, L., Miura, G. I., Palmiter, R. D., McMinn, J. E., Morton, G. J., & 

Schwartz, M. W. (2004). Neuropeptide Y Is Required for Hyperphagic Feeding in Response 

to Neuroglucopenia. Endocrinology, 145(7), 3363–3368. https://doi.org/10.1210/EN.2003-

1727 

Sipols, A. J., Baskin, D. G., & Schwartz, M. W. (1995). Effect of Intracerebroventricular Insulin 

Infusion on Diabetic Hyperphagia and Hypothalamic Neuropeptide Gene Expression. 

Diabetes, 44(2), 147–151. https://doi.org/10.2337/DIAB.44.2.147 

Small, C. J., Morgan, D. G. A., Meeran, K., Heath, M. M., Gunn, I., Edwards, C. M. B., 

Gardiner, J., Taylor, G. M., Hurley, J. D., Rossi, M., Goldstone, A. P., O’Shea, D., Smith, 

D. M., Ghatei, M. A., & Bloom, S. R. (1997). Peptide analogue studies of the hypothalamic 

neuropeptide Y receptor mediating pituitary adrenocorticotrophic hormone release. 

Proceedings of the National Academy of Sciences of the United States of America. 

https://doi.org/10.1073/pnas.94.21.11686 

Smith, M. S., & Grove, K. L. (2002). Integration of the regulation of reproductive function and 

energy balance: lactation as a model. Frontiers in Neuroendocrinology, 23(3), 225–256. 

https://doi.org/10.1016/S0091-3022(02)00002-X 

Song, I., & Dityatev, A. (2018). Crosstalk between glia, extracellular matrix and neurons. Brain 

Research Bulletin, 136, 101–108. https://doi.org/10.1016/J.BRAINRESBULL.2017.03.003 



111 
 

Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter strain. In Nature 

genetics (Vol. 21, Issue 1, pp. 70–71). https://doi.org/10.1038/5007 

Stanley, B. G., & Leibowitz, S. F. (1984). Neuroreptide Y: Stimulation of feeding and drinking 

by injection into the paraventricular nucleus. Life Sciences. https://doi.org/10.1016/0024-

3205(84)90032-8 

Starbäck, P., Wraith, A., Eriksson, H., & Larhammar, D. (2000). Neuropeptide Y receptor gene 

y6: Multiple deaths or resurrections? Biochemical and Biophysical Research 

Communications. https://doi.org/10.1006/bbrc.2000.3656 

Stephens, T. W., Basinski, M., Bristow, P. K., Bue-Valleskey, J. M., Burgett, S. G., Craft, L., 

Hale, J., Hoffmann, J., Hsiung, H. M., Kriauciunas, A., MacKellar, W., Rosteck, P. R., 

Schoner, B., Smith, D., Tinsley, F. C., Zhang, X. Y., & Heiman, M. (1995). The role of 

neuropeptide Y in the antiobesity action of the obese gene product. Nature 1995 377:6549, 

377(6549), 530–532. https://doi.org/10.1038/377530a0 

Stranahan, A. M., Norman, E. D., Lee, K., Cutler, R. G., Telljohann, R. S., Egan, J. M., & 

Mattson, M. P. (2008). Diet-induced insulin resistance impairs hippocampal synaptic 

plasticity and cognition in middle-aged rats. Hippocampus. 

https://doi.org/10.1002/hipo.20470 

Tasan, R. O., Nguyen, N. K., Weger, S., Sartori, S. B., Singewald, N., Heilbronn, R., Herzog, H., 

& Sperk, G. (2010). The Central and Basolateral Amygdala Are Critical Sites of 

Neuropeptide Y/Y2 Receptor-Mediated Regulation of Anxiety and Depression. The Journal 

of Neuroscience, 30(18), 6282. https://doi.org/10.1523/JNEUROSCI.0430-10.2010 

Tatemoto, K., Carlquist, M., & Mutt, V. (1982). Neuropeptide Y - A novel brain peptide with 

structural similarities to peptide YY and pancreatic polypeptide. Nature. 

https://doi.org/10.1038/296659a0 

Thorsell, A., Michalkiewicz, M., Dumont, Y., Quirion, R., Caberlotto, L., Rimondini, R., Mathé, 

A. A., & Heilig, M. (2000). Behavioral insensitivity to restraint stress, absent fear 

suppression of behavior and impaired spatial learning in transgenic rats with hippocampal 

neuropeptide Y overexpression. Proceedings of the National Academy of Sciences of the 

United States of America, 97(23), 12852. https://doi.org/10.1073/PNAS.220232997 

Thorsell, Annika, Carlsson, K., Ekman, R., & Heilig, M. (1999). Behavioral and endocrine 

adaptation, and up-regulation of NPY expression in rat amygdala following repeated 

restraint stress. Neuroreport, 10(14), 3003–3007. https://doi.org/10.1097/00001756-

199909290-00024 

Thorsell, Annika, Svensson, P., Wiklund, L., Sommer, W., Ekman, R., & Heilig, M. (1998). 



112 
 

Suppressed neuropeptide Y (NPY) mRNA in rat amygdala following restraint stress. 

Regulatory Peptides, 75–76, 247–254. https://doi.org/10.1016/S0167-0115(98)00075-5 

Tschenett, A., Singewald, N., Carli, M., Balducci, C., Salchner, P., Vezzani, A., Herzog, H., & 

Sperk, G. (2003). Reduced anxiety and improved stress coping ability in mice lacking NPY-

Y2 receptors. European Journal of Neuroscience. https://doi.org/10.1046/j.1460-

9568.2003.02725.x 

Underwood, E. L., & Thompson, L. T. (2016). High-fat diet impairs spatial memory and 

hippocampal intrinsic excitability and sex-dependently alters circulating insulin and 

hippocampal insulin sensitivity. Biology of Sex Differences. https://doi.org/10.1186/s13293-

016-0060-3 

Uriarte, N., Ferreño, M., Méndez, D., & Nogueira, J. (2020). Reorganization of perineuronal nets 

in the medial Preoptic Area during the reproductive cycle in female rats. Scientific Reports 

2020 10:1, 10(1), 1–12. https://doi.org/10.1038/s41598-020-62163-z 

Varela, L., & Horvath, T. L. (2012). Leptin and insulin pathways in POMC and AgRP neurons 

that modulate energy balance and glucose homeostasis. EMBO Reports, 13(12), 1079. 

https://doi.org/10.1038/EMBOR.2012.174 

Vezzani, A., Sperk, G., & Colmers, W. F. (1999). Neuropeptide Y: Emerging evidence for a 

functional role in seizure modulation. In Trends in Neurosciences. 

https://doi.org/10.1016/S0166-2236(98)01284-3 

Wahlestedt, C., Hakanson, R., Vaz, C. A., & Zukowska-Grojec, Z. (1990). Norepinephrine and 

neuropeptide Y: Vasoconstrictor cooperation in vivo and in vitro. American Journal of 

Physiology - Regulatory Integrative and Comparative Physiology. 

https://doi.org/10.1152/ajpregu.1990.258.3.r736 

Wall, E. H., & McFadden, T. B. (2012). TRIENNIAL LACTATION SYMPOSIUM: A local 

affair: How the mammary gland adapts to changes in milking frequency,. Journal of Animal 

Science, 90(5), 1695–1707. https://doi.org/10.2527/JAS.2011-4790 

White, J. D. (1993). Neuropeptide Y: a central regulator of energy homeostasis. In Regulatory 

Peptides. https://doi.org/10.1016/0167-0115(93)90431-7 

Wittmann, W., Loacker, S., Kapeller, I., Herzog, H., & Schwarzer, C. (2005). Y1-receptors 

regulate the expression of Y2-receptors in distinct mouse forebrain areas. Neuroscience, 

136(1), 241–250. https://doi.org/10.1016/J.NEUROSCIENCE.2005.07.047 

Wolak, M. L., De Joseph, M. R., Cator, A. D., Mokashi, A. S., Brownfield, M. S., & Urban, J. H. 

(2003). Comparative distribution of neuropeptide Y Y1 and Y5 receptors in the rat brain by 

using immunohistochemistry. Journal of Comparative Neurology, 464(3), 285–311. 



113 
 

https://doi.org/10.1002/CNE.10823 

Wraith, A., Törnsten, A., Chardon, P., Harbitz, I., Chowdhary, B. P., Andersson, L., Lundin, L. 

G., & Larhammar, D. (2000). Evolution of the neuropeptide Y receptor family: Gene and 

chromosome duplications deduced from the cloning and mapping of the five receptor 

subtype genes in pig. Genome Research. https://doi.org/10.1101/gr.10.3.302 

Xu, M., Hill, J. W., & Levine, J. E. (2000). Attenuation of Luteinizing Hormone Surges in 

Neuropeptide Y Knockout Mice. Neuroendocrinology, 72(5), 263–271. 

https://doi.org/10.1159/000054595 

Zukowska-Grojec, Z., Karwatowska-Prokopczuk, E., Rose, W., Rone, J., Movafagh, S., Ji, H., 

Yeh, Y., Chen, W. T., Kleinman, H. K., Grouzmann, E., & Grant, D. S. (1998). 

Neuropeptide Y a novel angiogenic factor from the sympathetic nerves and endothelium. 

Circulation Research. https://doi.org/10.1161/01.RES.83.2.187 

 


	Frontespizio tesi dottorato
	tesi_dottorato_GretaRamundo.pdf



