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I.  Abstract (English) 

The early nutritional environment is critical for the development of neural circuits 

regulating energy homeostasis and food intake. The lateral hypothalamus (LH) links homeostatic 

hypothalamic nuclei to the mesocorticolimbic dopamine neurons that modulate food reward. The  

LH is sensitive to leptin in adults and higher exposure to this hormone in neonates through 

maternal high-fat feeding might promote neuronal LH afferent projection growth and leptin 

sensitivity. Here we examined whether a maternal high-fat diet (HFD) increases the density of 

projections from the ventromedial (VMH) and dorsomedial (DMH) hypothalamus to LH orexin-

A (ORX-A) neurons, which directly modulate dopamine producing cells. We next examined 

whether elevated leptin exposure enhances second messenger signaling in the LH, by either 

increasing the activity of leptin-sensitive afferents to this nucleus, or directly activating LH 

neurons harboring leptin receptors. Finally, we aimed to phenotypically identify neuronal 

populations in the LH that are activated by leptin during the neonatal period. Mothers were fed 

either a control diet (CD) or HFD (60% Kcal from fat) from gestation day 13-14 throughout 

lactation. To evaluate diet-induced changes in the density LH afferents, fluorescent retrograde 

microbeads were injected stereotaxically into the LH ORX-A field on PND5-6. By PND9-10, 

HFD pups exhibit a greater density of projections from the DMH and VMH compared to CD 

pups. To assess leptin-sensitivity in the LH, the production of leptin-induced second messengers 

(pERK and pSTAT3) was quantified by double immunofluorescence histochemistry in 

phenotypically identified cells (ORX-A for pERK, and CART and GABA for pSTAT3) 

following vehicle or leptin treatment (3mg/kg ip). On PND15-16, HFD offspring displayed 

increased pSTAT3 in LH neurons, some of which expressed CART. Interestingly, there was no 

change in pERK activation of LH ORX-A cells. Thus,  maternal HFD during the perinatal period 
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has an important effect on the offspring, to increase both LH afferent fiber density and LH 

sensitivity to leptin. This programming effect might influence food intake mechanisms in 

adulthood and lead to metabolic dysregulation in the long term. All work was funded by CIHR 

grant #298195 to Dr. Claire-Dominique Walker.  
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II. Resume (Français) 

L'environnement nutritionnel au cours de la periode perinatale est essentiel au 

développement des circuits neuronaux régulant l'homéostasie énergétique et la prise alimentaire. 

Cet environnement est modifié par la diète de la mère et en particulier, une alimentation 

maternelle riche en graisses (60% de gras) peut augmenter les taux de leptine circulante chez les 

petits et modifier les circuits impliqués dans la prise alimentaire. L'hypothalamus latéral (LH) et 

en particulier les neurones contenant de l’orexine-A (ORX-A) relie les noyaux hypothalamiques 

responsables de l’homéostasie aux neurones dopaminergiques mésocorticolimbiques qui 

modulent la récompense alimentaire. Cette région est sensible à la leptine chez les adultes et une 

exposition plus élevée à cette hormone chez les nouveau-nés pourrait modifier la sensibilité de ce 

noyau à la leptine. Notre étude examine l’hypothèse qu’un régime alimentaire maternel riche en 

graisses augmente la densité des projections neuronales des noyaux ventromédian (VMH) et 

dorsomédianl (DMH) de l’hypothalamus aux neurones LH ORX-A, ceux-là même qui modulent 

directement les cellules productrices de dopamine. Nous avons ensuite examiné la réponse 

intracellulaire des neurones de l’hypothalamus latéral a une injection de leptine (3mg/kg, bw, ip) 

chez les nouveau-nés issus de mères contrôles (CD) ou recevant une diète riche en gras (HFD). 

Nous avons également cherché à identifier le phenotype des populations de LH activées par la 

leptine exogène. Nous avons comparé les réponses des ratons issus de  mères  nourries avec un 

régime contrôle (CD) ou riche en gras (HFD) à partir du jour de gestation 13-14 jusqu’à la fin de 

l’allaitement. Pour évaluer les changements induits par le régime alimentaire sur la densité des 

afférences au LH, nous avons injecté des microbilles rétrogrades fluorescentes dans le champ LH 

ORX-A a 5-6 de vie postnatale. Quatre jours plus tard, nous observons une augmentation des 

afférences du VMH (et dans une moindre mesure du DMH) vers le LH chez les ratons HFD 
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comparés à ceux des mères CD.  Pour évaluer la sensibilité à la leptine dans l’hypothalamus 

latéral, nous avons mesuré la production des seconds messagers pERK et pSTAT3 par double 

histochimie d'immunofluorescence dans des cellules identifiées phénotypiquement (ORX-A pour 

pERK, et CART et GABA pour pSTAT3). Chez les ratons HFD, nous observons une 

augmentation de pSTAT3 dans les neurones de LH, dont certains expriment CART. Il n’y a pas 

de changement dans l’activation pERK des cellules LH ORX-A. En conclusion, les changements 

de gras dans la diète maternelle au cours de la période périnatale ont des effets importants sur la 

progéniture, notamment en  augmentant à la fois la densité des afférences hypothalamiques vers 

l’hypothalamus latéral, mais aussi en modifiant la sensibilité de ce noyau à la leptine circulante. 

Cet effet de programmation pourrait influencer les mécanismes de consommation de nourriture à 

l'âge adulte et conduire à une dysrégulation métabolique à long terme. Tous les travaux ont été 

financés par la subvention n ° 298195 des IRSC au Dr. Claire-Dominique Walker. 
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A. Introduction 

Obesity and metabolic disease rates have been rising since the 20th century, and 

determining the etiology of these pathologies associated with altered feeding behaviour has 

become a major concern of modern health research (Moreira 2014). Food seeking behaviour is 

dependent on the central nervous system’s ability to sense the body’s metabolic demand for 

food, and appropriately modulate the reward associated with eating. Regions within the 

hypothalamus (including the arcuate nucleus, ARC; the ventromedial hypothalamus, VMH; and 

dorsomedial hypothalamus, DMH) sense energy stores and nutrient status, and communicate 

with the mesolimbic dopamine system (including the ventral tegmental area, VTA; and nucleus 

accumbens, NAcc) by way of an important relay station called the lateral hypothalamus (LH, 

Gao 2008, Bonnavion 2016). The activity of the LH, in addition to these other regions, is 

sensitive to circulating metabolic signals such as ghrelin and leptin. Leptin is secreted by the 

white adipose tissue in proportion to fat mass, and serves as a satiety signal in adults. 

Interestingly, it has a neurotrophic effect during perinatal brain development, specifically during 

the maturation of the hypothalamic and dopaminergic feeding circuitry (Bouret 2004). Changes 

in the maternal diet, in particular increases in fat intake via a high-fat diet (HFD), have been 

shown to increase leptin levels in both neonates and adults (Bouret 2012, Walker 2008) and 

might have long lasting “programming” effects on the development of the hypothalamic circuits 

and on the interactions of these with the mesolimbic system. My project therefore examines the 

effects of increased neonatal leptin exposure caused by a maternal HFD on the development of 

metabolic hypothalamic projections to the LH and potential consequences for the responsiveness 

of this region to circulating leptin in neonates.  

Afferent and efferent connections to the lateral hypothalamus 
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The LH is a central hub connecting hypothalamic regions involved in energy homeostasis 

with the mesolimbic dopamine reward circuitry, thereby integrating the body’s metabolic need 

for energy with the rewarding aspects of food (Bonnavion 2016, Stuber 2016). A simplified 

illustration of inputs and outputs of the LH that regulate food intake can be observed in Figure 1. 

In the adult, the ARC, DMH, and VMH form the major components of homeostatic afferents to 

the LH that control food intake (Stuber 2016, Elmquist 2005). Additional projections from 

extrahypothalamic regions to the LH such as the amygdala (AMY) and bed nucleus of the stria 

terminalis (BNST) are involved in the emotional regulation of eating (Bonnavion 2016, Yoshida 

2006). Specific neuronal populations within the LH send efferent projections to the VTA to 

modulate dopamine (DA) reward associated with food (Gjerde 2015, Kempadoo 2013). The 

circuitry centered around the LH matures during the first two weeks of life in rats (Bouret 2012) 

and our laboratory has recently shown that orexin-A cells (ORX-A) in the LH make direct 

connections with the VTA already by day 9 postnatally (Gjerde 2015). Therefore, these neurons 

are potentially sensitive to the programming effects of early dietary changes (Lenninger 2009, 

Bouret 2017). 

Hypothalamic afferents 

The ARC is an important homeostatic regulator of appetite, and forms direct connections 

with the LH by PND12 (Bouret 2004). In the ARC there are two major cell populations: the 

proopiomelanocortin (POMC)/cocaine and amphetamine-regulated transcript (CART) neurons, 

and agouti-related peptide (AgRP)/Neuropeptide Y (NPY) neurons. These neurons regulate food 

intake through several hypothalamic efferents, including those to the LH ORX-A cells. 

POMC/CART and AgRP/NPY cells have antagonistic roles on food intake, the former being 

anorexigenic and the latter orexigenic (Lau 2014). POMC is a precursor to α-melanocyte-
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stimulating hormone (α-MSH) that acts via the MC4R receptor to decrease feeding in adults. In 

particular, LH ORX-A cells express MC4R and are directly inhibited by the release of ɑ-MSH 

from POMC fibers originating in the ARC (Elias 1998). In the ARC, POMC cells frequently co-

localize with CART, another hypothalamic peptide that decreases food intake (Lau 2014, 

Kristensen 1998). AgRP-containing fibers also directly innervate LH ORX-A neurons, and 

prevent ɑ-MSH from binding MC4R thereby removing the inhibition of food intake (Elias 1998, 

Stuber 2016, Sweeny 2017). Both AgRP- and POMC- containing cells in the ARC express the 

functional form of the leptin receptor, LepRb, allowing for indirect modulation of ORX-A cells 

in response to leptin (Cottrell 2010). The ARC becomes sensitive to leptin during the first week 

of postnatal life (Bouret 2004, Gjerde 2015), and even begins to express fully functional 

receptors during embryogenesis (Udagawa 2000). Before the establishment of direct connections  

from the ARC, which do not mature until PND12 in rats (Bouret 2004), the LH might still be 

regulated indirectly by this nucleus through ARC connections to other hypothalamic areas such 

as the DMH and VMH, which projecting axons to the LH may have already matured (Gao 2008, 

Bouret 2004, Zaborszky 1979). 

Axons from neurons originating in the VMH synapse on the LH to regulate body weight 

and feeding behavior (Yoshida 2006), although it remains unclear when during development this 

connection matures. In adults, the VMH is well known to increase energy expenditure (Kinyua 

2016, Dhillon 2006, Kim 2011) and lesions to this nucleus increase feeding (Choi 2013, Stuber 

2016). VMH glutamatergic neurons expressing steroidogenic factor-1 (SF1) are known to co-

express leptin receptors, making the activity of these cells subject to modulation by the 

nutritional environment (Dhillon 2006). Leptin depolarizes SF1 cells to maintain body weight 

homeostasis by increasing thermogenesis (Kinyua 2016, Dhillon 2006, Kim 2011). Indeed, mice 
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with SF1 neurons lacking LepRb are obese (Dhillon 2006). There is robust pSTAT3 expression 

in the VMH in response to leptin at PND10 indicating early leptin sensitivity (Bouret 2010). 

Furthermore, this nuclei also receives input from other leptin-sensitive regions including the 

ARC in adults (Zaborszky, 1979). The VMH is a known regulator of the LH ORX-A cells, 

specifically cells in the medial ORX-A field (Yoshida 2006), though it remains unclear when 

VMH fibers reach the LH during development. Nevertheless, leptin action in the VMH may 

influence the activity of the LH ORX-A neurons during the first few weeks of life. 

The DMH also provides input to the LH ORX-A cells, and is involved in the circadian 

control of appetite in the adult (Amorim 2015, Chou 2003). In a study done by Chou et al., 

lesions to the DMH cause significant alterations in the timing of food intake throughout the day 

(2003). Others have shown that lesions to this region cause significant hypophagia and decrease 

body weight (Bellinger 2002). The DMH projects to medial and lateral areas of the LH ORX-A 

cell field, and it has been suggested that these connections are important in the regulation of 

appetite, energy balance, and wakefulness (Yoshida 2006). Similar to the VMH, robust leptin-

induced pSTAT3 expression in the DMH is seen during the first week of neonatal life (Bouret 

2010). Importantly, the DMH also receives leptin-sensitive afferent projections from the ARC by 

PND6 (Bouret 2004), providing an indirect pathway for the leptin activity in the ARC to regulate 

LH during perinatal development. Despite the early maturation of ARC-DMH connections, it 

remains unclear precisely when DMH-LH projections are established. However, given the 

importance of DMH-LH afferents on food intake in the adult, we believe that the DMH may also 

be influencing LH activity during the first few weeks of life. 

Extrahypothalamic afferents 
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 In addition to hypothalamic afferents, LH ORX-A cells also receive large input from 

extrahypothalamic brain regions, including the AMY, PFC, and BNST, which are involved in 

emotional processing in adults (Ahn 2002, Yoshida 2006). The medial and central nuclei of the 

AMY make direct connections with LH ORX-A neurons (Yoshida 2006), and are thought to play 

a role in anxiety associated with sleep insomnia rather than food intake (Ida 2000, Sanford 

2017). The basolateral and basomedial AMY (BLA and BMA) connect to the LH indirectly via 

the PFC, a center involved in executive function (Petrovitch 2005). Activation of BLA/BMA-

PFC-LH circuitry increases feeding in response to a learned cue (Petrovitch 2005). It has been 

confirmed that the PFC synapses directly on ORX-A cells (Yoshida 2006), and may be relaying 

information from the AMY to modulate food intake. Additionally, parts of extended AMY, 

including the BNST, provide direct input to ORX-A neurons in the LH (Yoshida 2006). Upon 

stimulation, BNST-LH projections stimulate robust feeding with a preference for calorically-

dense food (Jennings 2013, Stuber 2016). Leptin receptors are expressed in the AMY (Han 

2003), PFC (Ates 2014), and BNST (Scott 2009), as early as E12.5 (Udagawa 2000), although it 

is still unclear when inputs from these regions reach the LH during development.  

Lateral hypothalamus efferents to the VTA 

The LH integrates metabolic information from the hypothalamus and sends efferent 

projections to many different regions, including the VTA, which alters the motivation to eat 

(Gjerde 2015, Kempadoo 2013). Specifically, LH ORX-A and neurotensin (Nts) cells synapse on 

VTA DA-producing cells (Gjerde 2015) to alter food reward (Kempadoo 2013, Baimel 2017). 

These projections from the LH to VTA are already observed by PND9 (Gjerde 2015). In adults, 

leptin-induced stimulation of Nts cells directly modulates DA production in the VTA and 

influences the activity of ORX-A cells in the LH, thereby providing additional indirect input to 
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VTA DA neurons (Lenninger 2011). As Nts cells are minimally responsive to leptin by PND10 

(Gjerde 2015), we focused our interest on LH ORX-A cells as direct modulators of VTA DA 

neurons during the perinatal period. Nonetheless the activity of Nts-VTA connections is highly 

relevant in determining the rewarding aspects of food intake. 

Cell types and peptides of the lateral hypothalamus 

 The LH contains various orexigenic and anorexigenic neuronal populations that relay 

inputs from metabolic hypothalamic regions to the VTA, and are illustrated in Figure 2. The 

major orexigenic peptides in the LH are ORX-A and melanin-concentrating hormone (MCH), 

and the anorexigenic peptides include Nts and CART (Bonnavion 2016). These neuronal 

populations are sensitive to metabolic factors including leptin, ghrelin, glucose, and fatty acids 

(Bouret 2012, Bouret 2017). Below we will briefly discuss some of the peptides that will be 

examined in our studies. 

Orexin 

 Orexin is a small peptide that is specific to the LH, and is considered one of the primary 

stimulators of food intake. ORX has two functional forms, ORX-A and ORX-B, which are 

cleaved from prepro-orexin and contain 28 and 33 amino acids, respectively (Sakurai 1998). 

Both forms are involved in appetite, arousal, and stress, although ORX-A has been shown to 

have a more potent effect on food intake than ORX-B (Nunez 2009, Yamamada 2000), and will 

be the primary focus of our studies. There are two ORX receptors, OX1-R and OX2-R. OX1-R 

binds ORX-A with a higher affinity than ORX-B, and OX2-R shows equal binding affinity for 

both forms of ORX (Williams 2001). Importantly, both of these receptors are expressed in the 

VTA (Xu 2013). ORX-A neurons in the LH co-express galanin, another peptide that stimulates 

food intake in adults (Laque 2013), but are anatomically distinct from orexigenic LH MCH 
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neurons (Bonnavion 2016). ORX-A cells are directly inhibited by glucose (Burdakov 2006, 

Bonnavion 2016), and stimulated by ghrelin (Sheng 2014, Toshinai 2003) and possibly free fatty 

acids (Chang 2004). Because they do not express LepRb, ORX-A cells are indirectly inhibited by 

leptin-sensitive afferent projections originating within the LH (Louis 2010, Goforth 2014) or 

from other brain nuclei (Bouret 2004). Upon activation, LH ORX-A cells co-release glutamate 

and ORX to the VTA to modulate dopamine release (Kempadoo 2013, Lenninger 2009, 

Moorman 2010). Given the direct modulation of VTA DA production by ORX-A neurons, this 

research examines if the perinatal environment can alter the circuitry and activation of these cells 

in the LH, which may participate in the  changes in food reward in adults. 

Neurotensin 

 The LH contains a population of anorexigenic neurons expressing Nts. This 13-amino 

acid peptide is not only found in the LH, but also expressed in hypothalamic (medial preoptic 

area, MPOA; paraventricular nucleus, PVN) and extrahypothalamic (NAcc, AMY, lateral 

septum, VTA, pituitary gland) sites (Brown 2015, Boules 2013, Bello 2004). In the adult, 

neurotensin agonists have been shown to decrease food intake and body weight (Feifel 2010). 

Nts also plays roles in other homeostatic processes including the reproductive and stress axes, 

and can be detected in the pituitary in thyrotropes by PND2 and gonadotropes by PND21 (Bello 

2004, Boules 2013). Its expression is influenced by sex steroids at the onset of puberty, 

suggesting a role for Nts during reproductive development (Bello 2004). However, it is unclear 

when hypothalamic Nts cells are born, and if this peptide plays a role in neonatal development. 

Similar to ORX cells, LH Nts neurons are crucial modulators of food reward, and make direct 

connections with VTA DA neurons in addition to LH ORX-A neurons (Brown 2015, Kempadoo 

2015, Goforth 2014). Unlike ORX-A cells, Nts cells are GABAergic and express LepRb in 
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adults, but not by PND10 in neonates (Brown 2017, Gjerde 2015). However, Nts neurons may 

become directly sensitive to leptin by PND15-16, and are therefore potential targets of leptin 

during the later portion of neonatal development. 

Cocaine and amphetamine-regulated transcript 

 CART is another anorexigenic neuropeptide (116 or 129 amino acids in length) present in 

the LH among other regions, such as the ARC (Kristensen 1998, Bonnavion 2016). Interestingly, 

in the LH CART often colocalizes with MCH, which is known to increase appetite (Bonnavion 

2016, Lau 2014). Increasing CART expression in LH CART/MCH cells of the LH decreases 

food intake in adults, suggesting this peptide may counteract the orexigenic actions of MCH 

(Lau 2014). As MCH neurons do not express LepRb (Bonnavion 2016), it has been previously 

thought that CART neurons are not directly sensitive to leptin (Lau 2014). However, recent 

studies have shown that there exist a population of CART neurons in the LH that express LepRb 

mRNA (Farzi 2018). It is unclear when during development these cells become leptin-

responsive, though leptin has the ability to modify hypothalamic CART expression to regulate 

food intake in adults (Kristensen 1998). It is therefore possible that leptin targets and influences 

the activity of this population of neurons during the critical perinatal period of development. 

Leptin and food intake 

Leptin, a 16-kDa peptide hormone derived from adipose tissue and secreted in proportion 

to energy stores, relays peripheral information regarding energy status to brain regions involved 

in metabolism and food reward (Flak 2016, Gao 2008). In adulthood, leptin regulates several 

hypothalamic nuclei (including the ARC, DMH, VMH, and LH) as well as the mesolimbic 

dopamine system (including the VTA) to reduce food intake (Flak 2016). Interestingly, though 

leptin levels are elevated during neonatal development compared to adulthood (Cottrell 2009), it 
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has little to no impact on feeding in newborns (Proulx 2002). Instead, leptin has been found to 

promote neuronal development during this time period (Bouret 2012). 

Leptin receptor signaling and central distribution 

Leptin binds to various forms of LepR, which are part of the JAK/STAT cytokine-

receptor superfamily. There are six isoforms of leptin receptors (LepRa-f) and among these only 

LepRe is a soluble leptin receptor at the blood brain barrier, where it binds and sequesters 

circulating leptin (Cottrell 2010). Other forms of the LepR have an extracellular leptin binding 

portion, a transmembrane domain and various lengths of a cytoplasmic portion which are 

phosphorylated to activate intracellular signalling cascades (Fruhbeck 2006, Munzberg 2015). 

LepRb has the longest intracellular portion, and is the only receptor form capable of maximal 

leptin-induced signalling (Munzberg 2015). LepRb is expressed at a particularly high density in 

the ARC, VMH, DMH, LH, and VTA in adults and is also detected in these same regions in 

neonates (Caron 2010), suggesting a crucial role for the hormone during both the developing 

period and in adulthood. 

Leptin stimulates the production of intracellular messengers phosphoSTAT3 (pSTAT3) 

and phosphoERK (pERK, Bouret 2012). Of the two intracellular second messengers, pSTAT3 is 

recognized as the hallmark of LepRb signalling  as it is crucial for the neurodevelopmental 

(Bouret 2012) and orexigenic actions of leptin (Bates 2004). pERK is also produced after LepRb 

activation and contributes to a reduction in food intake in the adult (Bouret 2012, Munzberg 

2015, Fruhbeck 2006), but this second messenger also reflects intracellular activation via other 

receptors (Fruhbeck 2006, Zhang 2002). Thus, pERK is a less specific signalling molecule 

associated with leptin activation. It is recognized, however, that pERK promotes cell growth and 

survival, making it of great importance in the developing neonate (Fruhbeck 2006). In addition to 
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activating the transcription of genes that reduce food intake in adults, both pSTAT3 and pERK 

pathways induce the production of  suppressor of cytokine signalling-3 (SOCS3) that terminates 

activation of  LepRb to leptin (Munzberg 2015, Cottrell 2010, Leshan 2006) and causes neuronal 

desensitization. The overproduction of SOCS3 is thought to be in part responsible for leptin 

resistance in obesity (Engin 2017). Interestingly, the process of desensitization is region-specific, 

occurring primarily in the ARC, and does not occur in newborns (Bouret 2017, Proulx 2002).  

Role of leptin in development  

 As alluded to earlier, leptin is important to  promote axon outgrowth during perinatal 

development, rather than reducing food intake (Bouret 2010). Leptin is found in mouse embryos 

at embryonic day 14.5 (E14.5), which is surprising given that there is little white adipose tissue 

(the primary source of leptin in the adult) at this developmental stage (Udagawa 2006, Hoggard 

1997). Instead, leptin can be produced by other peripheral tissues such as the liver, cartilage, and 

bone during fetal development (Hoggard, 2006). During postnatal development, circulating 

leptin levels are elevated in neonatal mice and rats compared to adults (Cottrell 2009, Ahima 

1998) and although leptin can regulate the expression of metabolic peptides NPY and POMC in 

the ARC during the first 10 days of life, it has no impact on food intake (Proulx 2002). Instead, 

leptin serves most prominently as a neurotrophic factor (Bouret 2010, Bouret 2012) during this 

developmental period. For example, ob/ob mice lacking leptin show disrupted axonal projections 

from the ARC to other hypothalamic regions, which persisted to adulthood unless exogenous 

leptin was administered specifically during the first two weeks of life, marking a crucial window 

of hypothalamic development (Bouret 2012). Given the restricted action of the neurotrophic role 

of leptin during the perinatal period, and the switch in function to modulate food intake in the 

adult, we are particularly interested to determine whether developmental changes in leptin levels 
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might have lasting consequences on the developmental programming of circuits regulating food 

intake. 

The significance of high-fat feeding during the early developmental period 

 Hypothalamic feeding circuits mature during the neonatal period, and can be influenced 

by a perinatal high fat diet (Bouret 2004). Interestingly, rat dams fed a HFD during gestation and 

lactation give birth to pups that are not significantly heavier compared to pups from CD mothers 

(Desai 2014, Kirk 2009, Proulx 2002). However, by three weeks of age HFD pups gain 

significantly more weight than control-fed pups and display higher proportion of fat mass, higher 

leptin levels together with leptin resistance, all of which persists through adulthood (Desai 2014, 

Kirk 2009, Walker 2008). We and others have shown that maternal HFD feeding  increases 

plasma leptin levels in the offspring as early as PND10 (d’Asti 2010, Kirk, 2009). Previous 

experiments from our group have shown that a maternal HFD blunts offspring NAcc DA 

transmission in anticipation of food (Naef 2012) and locomotor  responses to amphetamine (Naef 

2011), suggesting significant long-term changes in the mesolimbic dopamine reward pathway. 

Elevated neonatal leptin exposure induced by maternal high fat feeding might also cause 

abnormal development of hypothalamic projections  between  the ARC and the paraventricular 

hypothalamus (PVH, Bouret 2012). Whether this also modifies other hypothalamic projections 

that relay the metabolic signal to the DA reward pathway is currently unclear and some of the 

experiments in this project will address this issue. Thus, modulating the early neonatal 

environment through maternal HFD might alter the programming of hypothalamic circuits, their 

connections and sensitivity to metabolic hormones and finally, their interplay with the 

mesolimbic DA system. This could lead to significant changes in food reward mechanisms in the 

long term, which would predispose the offspring to metabolic syndrome in adulthood. 
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B. Rationale, objectives, and aims 

The mechanisms that regulate food intake during adulthood are established during critical 

periods of neonatal development, most likely during the establishment of the neuronal circuits 

that underlie metabolic regulation and reward processing. One of the important structures 

allowing communication between homeostatic and hedonic feeding centers is the lateral 

hypothalamus, which is highly interconnected with other brain areas and is sensitive to several 

metabolic hormones, such as leptin, ghrelin, and glucose in the adult.  Projections to and from 

the LH mature during the first two weeks in rats, and may be influenced by significant changes 

in hormone levels in response to the perinatal nutritional environment. Indeed, maternal HFD 

feeding elevates circulating leptin concentrations in the offspring, and due to the important 

neurotrophic role of this hormone during neonatal development, might influence the timing 

and/or density of LH afferent formation, as well as modify LH responsiveness to leptin. The 

goals of this research project are to examine whether a maternal HFD alters the density of 

projections between the DMH/VMH and the LH in young offspring and to determine whether 

this is associated with modifications in the cellular responsiveness to leptin within the LH. 

Aim 1: Does a maternal HFD alter  hypothalamic projection density to the LH ORX-A neurons 

in offspring 

The first aim of this project is to see if a perinatal HFD alters the density of afferents to 

LH ORX-A cells from the DMH and VMH between PND5-6 and PND9-10. To accomplish this, 

we stereotaxically injected retrograde tracer beads to the LH ORX-A neuronal field at PND5-6 

of animals from either a CD or HFD, and counted labeled cells in the DMH and VMH using 

stereology at PND9-10. We were interested in the DMH and VMH as they have critical roles in 

food intake in the adult, and because they are leptin-sensitive early during development though 
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the time afferent fibers from these regions reaches the LH remains relatively unknown. We 

focused on afferents to LH ORX-A cells, as these cells are directly influencing DA firing activity 

in the VTA. We hypothesized that HFD pups will have a greater density of projections to the LH 

by PND9-10 from the VMH and DMH compared to CD pups. 

Aim 2: Does a maternal HFD alter cellular responses to leptin in the LH 

The second aim of my project is to quantify leptin-activated neurons in the LH early in 

development, and to determine whether a maternal HFD alters LH responsiveness from specific 

neuronal populations. To this end, we also identified the peptidergic phenotype of leptin-

activated cells. Both CD and HFD pups were treated with exogenous leptin at PND10 or PND15-

16 and their brain collected 1h after injection for double fluorescence immunostaining to detect 

markers of leptin signaling (pSTAT3 and pERK) in various peptidergic/aminergic neurons of the 

LH (ORX-A, CART and GABA). We chose to examine PND10 to represent an early time point 

in metabolic circuit development, and PND15-16 to represent an age when several mature 

hypothalamic connections are established and the neonates start to exhibit independent feeding. 

LepRb expression levels and leptin-sensitive afferents to the LH may be different at these two 

time points. We hypothesize that a maternal HFD will increase leptin-induced pSTAT3 and 

pERK in the LH and that this effect will be more prominent on PND15-16 compared to PND10. 

We expect to identify some of the activated cells as being positive for either ORX-A, GAD67-

(GABAergic cells), or CART. 

 

C. Methods 

Animals 

Pregnant Sprague-Dawley rats were obtained on gestation day (GD) 13-14 (Charles River 

Laboratories, Inc., St. Constant, QC, Canada) and housed under controlled conditions of light 

(12h light-dark cycle), temperature, and 70-80% relative humidity. All rats were provided food 

and water ad libitum. On the day of arrival, half of the mothers were placed on a HFD [Teklad 
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diet TD 06414, 60% kilocalories (Kcal) from fat; Harlan Laboratories, Indianapolis, USA] while 

the remaining rats were placed on a chow diet (CD; Teklad Global diet, 6% kcal from fat; Harlan 

Laboratories, Indianapolis, USA). A complete nutritional comparison of the diets used is shown 

in Table 1. The BW and food intake of the animals were measured during gestation and 

throughout the duration of the experiment. The day of parturition was considered postnatal day 

(PND) 0 and on PND1, litters were culled to either 8 or 10 pups per mother. Animals were 

maintained on their diet until pups were sacrificed at either PND9-10 or PND15-16. All 

procedures were reviewed and approved by the Animal Care Committee at McGill University 

and followed ethical guidelines from the Canadian Council on Animal Care (CCAC). 

Retrograde tracer injections in the LH ORX-A cell field 

On PND5-6, pups from both diet groups were weighted prior to surgery to insure 

homogeneous range of weight: CD: 14g-18g,, n=5, HFD:15g-20g, n=7. Pup weights from both 

diet groups at this age were pooled from various experimental series and analyzed as shown in 

Figure 3. Pups were anesthetized with isoflurane and placed in a stereotaxic frame with neonatal 

rat ear bars and anesthesia adaptor (Kopf instruments, Tujunga, CA, USA). Once anesthetized, 

the skull of the pup was made horizontal and alighted using bregma and lambda as reference 

points for the coordinates. Injections were made to the medial and lateral portions of the LH 

ORX cell fields at the following coordinates: anterior/posterior -1.99 to -2.6mm, lateral: 0.8 to 

1.2mm, and ventral: -5.95 to -6.08mm. Either 20 nl or 40 nl of red fluorescent fluorospheres (#F-

8793; Invitrogen, Life technologies Inc, Burlington, ON, USA) was injected using a 0.5-µl 

Hamilton neurosyringe and a Harvard nanopump mounted on the stereotaxic arm (Harvard 

Instruments, St-Laurent, QC, Canada). Spheres were injected over either 2 or 4 minutes, 

respectively, and left to sit for 5 minutes before syringe removal over 1-2 minutes. The skin was 
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sutured using surgical silk, and pups were returned to the mother after reaching full 

consciousness. 4 days following surgery, pups were perfused with 0.9% saline followed by 4% 

paraformaldehyde (PFA) as described below. Brains were collected and stored at -80oC until 

slicing. Tissue was sliced at 50 µm in two series on a cryostat to include the LH, VMH, and 

DMH regions. Following coverslipping using mounting medium (Vector Labs, California, USA), 

slides were kept in the dark to preserve fluorosphere fluorescence until imaging. Each brain was 

examined for appropriate injection placement to the LH ORX neuronal field, and was only taken 

for further analysis if the bottom of the injection fell between -2.24 and -3.36 mm A/P according 

the Paxinos and Watson Atlas of the Rat Brain (Paxinos 2005). 

Leptin administration and tissue collection 

On PND15, male and female pups from either the CD or the HFD mothers were 

randomly separated into two experimental groups: a vehicle-injected (0.9% saline) group, and a 

leptin-injected (3 mg leptin/kg BW; PeproTech, Rocky Hill, NJ, USA) group. Injections were 

intraperitoneally in a volume of 100µl/rat. After injection, pups were returned to their mothers. 

One hour following injection, pups were anesthetized with ketamine/xylazine and perfused 

transcardially with 50ml of 0.9% saline, followed by either 2% PFA (for pSTAT3 detection), 4% 

PFA (for pERK detection), or 10% formalin (for pSTAT3 detection). Before perfusion, a blood 

sample was collected on EDTA (ethylenediaminetetraacedic acid) via cardiac puncture to 

determine plasma leptin levels. Blood samples were centrifuged, and the plasma was collected 

and stored at -20oC until leptin assays were performed. After perfusion, brains were collected ain 

fixative for either 1 hour (2% PFA perfusions) or 2 hours (4% PFA and 10% formalin 

perfusions). Following post-fixation, brains were transferred to 30% sucrose in 0.1M phosphate 

buffer (PB) overnight. Brains were then frozen on dry ice and stored at -80oC until processed for 
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immunohistochemistry. Brains that were perfused with 2% PFA were sectioned using a cryostat 

at -20oC with a thickness of 25 µm. Sections were collected directly on Superfrost Plus slides 

(Fisher Scientific Co., Pittsburgh, PA, USA) or gelatin-coated slides (2% gelatin). Gelatin-coated 

slides were dried under  vacuum overnight and stored at -80oC until staining. Brains that were 

perfused with 4% PFA, 50 µm floating sections were collected and stored in cryoprotectant (30% 

ethylene glycol, 20% glycerol, 37.5% diethylpyrocarbonate H2O, 8% NaCl, 0.02% KCl, 1.4% 

Na2HPO4, and 0.24% KH2PO4 in dH2O, pH 7.4), at -20oC until staining. 

Double immunohistochemistry with pERK and ORX-A 

To detect pERK and ORX-A, 4% PFA-perfused sections were brought to room 

temperature (RT) and washed 3x5 minutes in 0.1M tris-buffered saline with tween-20 (TBS-T). 

Sections were treated with 1% NaOH + 1% H2O2 in TBS-T for 30 minutes at RT followed by 

TBS-T washes (3x5 minutes). Sections were treated with 0.3% glycine in TBS-T for 10 minutes 

at RT. After TBS-T washes (3x5 minutes), sections were treated with 0.03% SDS in dH2O, 

washed again (TBS-T, 3x5 minutes), and treated with 100% methanol at -20oC. Following TBS-

T washes (3x5 minutes), the tissue incubated in blocking solution (3% normal horse serum + 

0.3% triton X-100 + 1% BSA in TBS-T) for 1 hour at RT. Sections were incubated in rabbit anti-

pERK primary antibody (1:200 dilution in blocking solution; Cell Signaling Technology, 

Danvers, MA, USA) for 1 hour at room temperature, and then placed in 4oC overnight. The 

following day, sections were washed (3x5 minutes in TBS-T) and incubated for 2 hours in Cy3 

donkey-anti-rabbit secondary antibody (1:500 dilution in blocking solution; Jackson 

ImmunoResearch, West Grove, PA, USA) at RT. Sections were washed (3x5 minutes in TBS-T) 

and treated with goat anti-ORX-A primary antibody (1:200 dilution in blocking solution; Santa 

Cruz Biotechnology, Dallas, TX, USA) overnight at 4C. The final day, sections were washed 
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(3x5 minutes in TBS-T), treated with Alexa 488 donkey anti-goat secondary antibody (1:200 

dilution in blocking solution; Thermo Fisher Scientific Corporation, Carlsbad, CA, USA) for 2 

hours at RT, coverslipped using mounting medium (Vector Labs, California, USA), and stored in 

the dark at 4C until imaging. 

Single immunohistochemistry with pSTAT3 

To detect pSTAT3 alone, sections perfused with 2% PFA were brought to room 

temperature for 30 minutes. Sections were then washed (3x5 minutes in TBS-T) and incubated in 

0.5% NaOH and 0.5% H2O2 in TBS-T for 20 minutes at RT. Sections were then washed again 

for 4x5 minutes in TBS-T. Next, sections were placed in 0.3% glycine in TBS-T for 10 minutes 

at RT and washed (3x5 minutes in TBS-T). Sections were then placed in 0.03% SDS in TBS-T 

for 10 minutes at RT, and washed (3x5 minutes in TBS-T). Tissue was placed in blocking 

solution (4% Normal goat serum + 0.4% Triton-X 100 + 1% BSA in TBS-T) for 1 hour at RT. 

Next, sections were treated with avidin (Vectastain, California, USA) for 15 minutes at RT, 

washed (3x5 minutes in TBS-T), biotin (Vectastain, California, USA), and washed again (3x5 

minutes in TBS-T). Sections were then incubated in rabbit anti-pSTAT3 antibody (1:500 dilution 

in blocking solution; New England Biolabs, Ipswich, USA) for 1 hour at RT and overnight at 

4oC. The following day, sections were washed (3x5 minutes in TBS-T) and placed in 

biotinylated goat-anti-rabbit secondary antibody (1:500 in blocking solution; Vector Labs, 

California, USA) for 2 hours at RT. Next, sections were washed and placed in streptavidin 

conjugated to Cy3 (1:1000 in blocking solution; Jackson ImmunoResearch, West Grove, PA, 

USA) for 2 hours at room temperature. After, sections were washed (3x5 minutes in TBS-T), 

coverslipped using mounting medium (Vector Labs, California, USA) and stored at 4oC prior to 

imaging. 
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Double immunohistochemistry with pSTAT3 and CART or GAD67 

A similar protocol was used for the double detection of pSTAT3 with either GAD67 or CART. 

On the first day after treatment with 0.03% SDS in TBS-T, sections were incubated in avidin 

(Vector Labs, California, USA) for 15 minutes at RT, washed (3x5 minutes in TBS-T), biotin 

(Vector Labs, California, USA), and washed again (3x5 minutes in TBS-T). Next, tissue was 

placed in blocking solution (0.04%Triton-X100 + 2% NGS + 1% BSA in TBS-T for GAD67, 

0.4% Triton-X100 + 4% normal horse serum + 1% BSA in TBS-T for CART) for 1 hour at RT. 

Sections were then incubated in either mouse-anti-GAD67 (1:500, MilliporeSigma, Burlington, 

MA, USA) or goat-anti-CART (1:100; R&D Systems, Minneapolis, MN, USA) primary 

antibody for 2 hours at RT, and overnight at 4oC. The following day, sections were washed (3x5 

minutes in TBS-T) and placed in the appropriate secondary antibody: goat-anti-mouse Alexa568 

for GAD67 (1:500; Life Technologies, Carlsbad, CA, USA) or donkey-anti-goat Alexa488 for 

CART (1:200 in blocking solution; Thermo Fisher Scientific Corporation, Carlsbad, CA, USA). 

Sections were then washed (3x5 minutes in TBS-T) and placed in rabbit anti-pSTAT3 antibody 

(1:500 dilution in blocking solution; New England Biolabs, Ipswich, USA) for 2 hours at RT and 

4oC overnight. On the third day, sections were washed (3x5 minutes in TBS-T) and placed in 

biotinylated goat-anti-rabbit secondary antibody (1:500 in blocking solution; Vector Labs, 

California, USA) for 2 hours at RT. Next, sections were washed and placed in streptavidin 

conjugated to Cy3 (1:1000 in blocking solution; Jackson ImmunoResearch, West Grove, PA, 

USA) for 2 hours at room temperature. Finally, after a final set of washes (3-xmin in TBS-T), 

slides were coverslipped using mounting medium (Vector Labs, California, USA) and stored at 

4oC prior to imaging. 

Imaging and Quantification 
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Images of immunostained tissue sections (for pSTAT3, pSTAT3/CART, 

pSTAT3/GAD67, or pERK/ORX) and sections from tracer-injected brains were taken at either 

20x or 40x using an Olympus BX63 microscope (Olympus Canada Inc., Toronto, ON, Canada) 

with a DP80 camera and motorized stage. For immunostained tissue, multichannel tiling images 

were taken at 20x. The LH was identified using the Paxinos Atlas of the Rat Brain (Paxinos 

2005). All images were obtained using CellSens Software (version 1.12 to 1.15; Olympus 

Canada Inc., Toronto, ON, Canada). Both colocalized and single-stained cells were counted 

using ImageJ (ImageJ 1.50i; National Institutes of Health, USA), and densities (cells/mm^2 area) 

and the percent of ORX cells co-localized with pERK were calculated. 

 For fluorosphere-injected brains with proper placement, serial z-stack tiling images of the 

DMH and VMH were taken at 20x with a step size of 0.35 um to visualize retrogradely-

transported beads. Images were obtained using CellSens Software (version 1.12 to 1.15; 

Olympus Canada Inc., Toronto, ON, Canada). Prior to counting, the VMH and DMH regions 

were contoured using DAPI staining. Projections originating from the DMH and VMH were 

quantified using the optical fractionator probe for unbiased stereology (MicrobrightField 

Bioscience, Vermont, USA). Within these regions, clusters of beads clearly showing a neuronal 

shape (either contained in the axon or clustered in the cell body) were counted as one projection. 

A counting frame of 100 um by 100 um was chosen with a 200 um by 200 um sampling grid and 

a dissector height of 30 um. Projection density was calculated using the estimated population of 

cells and the volume of the counted regions (MicroBrightField Bioscience, Vermont, USA). 

Additionally, 4x serial images were taken of injection placement in the LH and used to normalize 

the volume of beads injected with the density of projections counted. For each brain, the section 

with beads at the most ventral point exhibited the highest signal and was considered the 
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reference point of the bead injection. In this particular section, we calculated the volume of bead 

injection using ImageJ software (ImageJ 1.50i; National Institutes of Health, USA). This value 

was used to nornalize the density of projections per animal by multiplying the density of 

projections counted from the DMH and VMH by the volume of beads injected. 

 To obtain a higher-resolution visualization of both immunostaining and DMH/VMH 

projections, selected sections were imaged using an Olympus FV1200 confocal microscope with 

a prior motorized stage (Olympus Canada Inc., Toronto, ON, Canada). Images were acquired 

using 2x line averaging, and were 2048 pixels x 2048 pixels. Both the 405 nm and 543 nm lasers 

were used, with emission barrier filters BA430-470 and BA550-660, respectively. 

Determination of plasma leptin concentration 

Plasma leptin levels were detected using a rat leptin ELISA kit (Sigma Aldrich, St. Louis, 

MI, USA) with a detection range of 30 to 8000 pg/ml.  

Statistical analysis 

A two-way or one-way ANOVA using diet (HFD versus CD) and treatment (saline or 

leptin injection) as between factors was performed followed by post-hoc Tukey HSD tests as 

appropriate. Values with p<0.05 were considered significant. Values are represented as mean 

±SEM. 

 

D. Results 

Changes in body weight, caloric intake and leptin concentrations in mothers and pups 

Mothers were placed on either a HFD (60% Kcal from fat, 5.1 Kcal/gram) or CD (18% 

Kcal from fat, 3.3 Kcal/gram) starting at gestation day (GD)13-14 and maintained throughout the 

experiment (Postpartum day, PPD10 or PPD15-16). For several experiments HFD mothers were 
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given additional peanut butter (approximately 30g per day; 72% Kcal from fat, 6.7 Kcal/gram) to 

ensure higher caloric consumption and this was added to the determination of total Kcal intake. 

Food intake and BW were measured on two sets of time points dependent on the experimental 

series (left panels=serie 1, right panels=serie 2), either GD16, GD20, PPD1, PPD4, and PPD9 

(serie 1) or GD14, GD18, PPD1, 4, 9 and 15 (serie 2). Kcal per day was calculated as the gram 

of food consumed on a given interval (for example, between GD14 and GD18) multiplied by the 

Kcal/gram of each diet and divided by the number of days in the interval. As shown in Figure 

3A, serie 1 displayed no diet effect (F(1,14)=4.55, p=0.0511), but an age effect (F(1,14)=149.64, 

p<0.0001) and no age x diet interaction (F(1,14)=0.03, p=0.59). For serie 2, there was a 

significant effect of diet (F(1,16)=4.55, p=0.049) on caloric intake per day, but no effect of age 

(F(1,16)=1.8, p=0.199) or diet x age interaction (F(1,16)=1.84, p=0.194). Post-hoc Tukey HSD 

test indicated that the diet effect in serie 2 was seen between GD14 and GD18 (p=0.031). There 

was no significant effect of diet on maternal weight (Figure 3B) at any time point (serie 1: 

F(1,14)=3.59, p=0.079; serie 2: F(1,16)=1.84, p=0.19). The weight of the litters was recorded on 

PND1, PND4, and PND9 (Figure 3C). There was a significant effect of age on pup weight (serie 

1: F(2,28)=404.4, p<0.00001; serie 2: F(1,16)=583.13, p<0.00001), but no effect of diet (serie 1: 

F(1,14)=0.12, p=0.738; serie 2: F(1, 16)=1.13, p=0.304) and no diet x age interaction (serie 1: 

F(2,28)=0.47, p=0.627; serie 2: F(1,16)=0.018, p=0.896). 

Basal plasma leptin concentrations were measured in pups on PND9-10 and PND15-16 

upon sacrifice (Figure 4). There was a significant effect of diet (F(1,63)=8.38, p=0.005), age 

(F(1,63)=23.55, p=0.00001), and a diet x age interaction (F(1,63)=7.70, p=0.007). Post-hoc 

Tukey HSD test indicated that the effect of diet occurred at PND15-16 (p=0.00043) but not 
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PND9-10 (p=0.93). The effect of age was seen in CD animals (p=0.0001) but not HFD animals 

(p=0.13). 

Density of hypothalamic (DMH and VMH) projections to the LH ORX-A neuronal field in CD 

and HFD pups 

 To test whether a maternal HFD could alter the density of hypothalamic projections to the 

ORX-A field of the lateral hypothalamus, we injected pups from each diet group with fluorescent 

retrograde microbeads to the LH ORX-A cell field at PND5-6 and examined retrograde labeling 

in the DMH and VMH 4 days later. These nuclei were chosen because of their important role in 

metabolic regulation and nutrient sensing and because the timing of projections to the LH is still 

relatively unknown. Injections were made to both medial and lateral area of the ORX-A neuronal 

field in order to obtain a complete profile of afferents (Figure 5). As shown in Figure 6, by 

PND9-10, projections to the LH were observed from both the DMH and VMH in animals of both 

diet groups, thus confirming that axons from these regions have reached the LH ORX-A cells at 

least by PND9. The density of projections was quantified and “normalized” to the injection site 

volume as described in “Methods”. As depicted in Figure 7, there was a significant effect of diet 

on projection density observed in the VMH (F(1,10)=4.79. p=0.05). The projection density in the 

DMH also tended to be increased with the HFD, although the values did not reach statistical 

significance (F(1,10)=3.24, p=0.10). Other regions such as the PFC also displayed modest 

labeling, that was not quantified. Labelling of the ARC nucleus was very sparse with occasional 

cells displaying beads, consistent with the onset of projections documented around PND10-12 

(Bouret 2004). 

Diet-induced changes in leptin-induced indirect activation of LH ORX-A cells at PND10 or 

PND15-16 
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 Given the increase in projections to LH ORX-A cells in HFD pups, we next examined the 

ability of peripheral leptin injection (3 mg/kg BW i.p.) to indirectly activate LH ORX-A cells by 

measuring the colocalization of ORX-A with pERK (a marker of neuronal activation) in pups. 

Orexin neurons in the LH do not express leptin receptors and thus, are only indirectly activated 

by projections from other, leptin-sensitive neurons in the LH and other areas. At PND10, there 

was no significant effect of diet in the number of pERK-positive cells (F(1,7)=3.24, p=0.84; 

Figure 16A), ORX-A positive cells (F(1,7)=117.18, p=0.53; Figure 16B), or the proportion of 

ORX-A cells colocalizing with pERK (F(1,7)=2.8245, p=0.25; Figure 16C), regardless of 

treatment with either vehicle or leptin. By PND15-16 there was still no significant change in the 

number of pERK (F(1,16)=340.84, p=0.74, Figure 16D) or ORX-A (F(1,19)=4575.4, p=0.11, 

Figure 16E) positive neurons, or proportion of ORX-A cells colocalized with pERK 

(F(1,18)=248.28, p=0.34, Figure 16F) regardless of diet or treatment. All illustrations of double 

immunostaining are depicted in Figures 8-15. 

Maternal diet effect on leptin-induced pSTAT3 signaling in the LH at PND15-16 

 To examine the effects of a maternal HFD on direct leptin sensitivity, we quantified 

pSTAT3-positive cells in the LH at PND15-16 following a leptin challenge. As shown in Figure 

17, pSTAT3 staining was very modest even in leptin-injected animals. For this reason, pictures 

of vehicle-injected conditions are not shown. When pSTAT3-positive cells were quantified 

(Figure 18), ANOVA analysis revealed  a significant effect of diet (F(1,19)=4.46, p=0.048) and 

leptin treatment (F(1,19)=5.48, p=0.03), but no diet x treatment interaction (F(1,19)=0.95, 

p=0.34). Post-hoc Tukey HDS test indicated that the diet effect was seen under leptin-injected 

conditions (p=0.046), and that the effect of leptin administration over that of the vehicle was 

observed in the HFD only (p=0.033). 
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Phenotypic characterization of leptin-sensitive neurons in the LH  at PND15-16 

 In an attempt to phenotype the neurons directly activated by leptin in the LH, we 

performed double immunostaining to detect pSTAT3 with either CART or GAD67 in PND15-16 

animals fed either a HFD or CD as described in “Methods.” Before perfusion, pups were injected 

with either a vehicle or leptin (3 mg/kg BW, ip). CART was robustly expressed in the LH, but  

there were only a few cells that colocalized with pSTAT3 on PND15-16 (Figure 19). Consistent 

with the literature, there was more CART/pSTAT3 colocalization observed in the ARC (Figure 

20), though this was  not quantified. Figures 19 and 20 illustrate pSTAT3/CART colocalization 

in leptin-injected HFD pups. Further experiments will be needed to quantify CART/pSTAT3 

colocalization in order to determine if there is an effect of diet or leptin treatment. As observed in 

Figure 21, there were few GAD67-positive cells in the LH at PND15-16, none of which 

colocalized with pSTAT3 regardless of diet or leptin treatment. Similar results were observed 

with vehicle-injected animals, but are not shown in the figures. 

 

E. Discussion 

The early programming of neural circuits underlying metabolic regulation and the 

rewarding aspects of food is critical for the long term regulation of food intake and energy 

expenditure. The lateral hypothalamus represents a key structure in this developmental 

regulation, as it connects both hypothalamic homeostatic nuclei and the dopamine neurons of the 

mesolimbic reward circuit located in the VTA. In this research, we investigated the effects of a 

maternal high fat diet (HFD) on the development of afferent projections to the LH and its 

responsiveness to leptin during the neonatal period. We found that perinatal maternal HFD 

feeding significantly increased the density of VMH, and to a lesser extent DMH, efferents to the 
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orexin field of the LH in PND10 offspring. As a potential consequence, responsiveness of the 

LH to a leptin challenge was increased in 2 week-old HFD compared to control diet offspring. 

Body weight and food intake 

In our experiments, mothers were fed either a control diet (CD) or a HFD containing 60% 

of Kcal as fat during the last week of gestation and throughout lactation (Table 1). This period of 

dietary manipulation was chosen because the last week of pregnancy is most associated with 

fetal growth (Witschi, 1963) and we did not aim to interfere with early embryogenesis in 

pregnancy. HFD mothers consumed significantly more food between GD14 and GD18, but not 

postpartum. During the postpartum period, HFD mothers ate less food than during pregnancy, 

which was peculiar considering that lactation is normally characterized by hyperphagia 

(Woodside 2016). HFD mothers may have reduced food consumption in an effort to compensate 

for extra calories consumed prenatally. Indeed, it has been shown that rats fed a HFD regulate 

food intake based on the caloric density of their food, therefore consuming a similar amount of 

Kcal as animals fed a CD (Ble-Castillo 2012). CD and HFD mothers had similar body weights 

throughout the duration of our experiments, which may reflect the general lack of differences in 

Kcal intake. 

HFD offspring did not weight significantly more than CD offspring at birth or throughout 

the first two weeks of life. We and others previously showed that pups born to mothers fed a 

HFD during the perinatal period do not display significant increases in body weight until the 3rd 

week of life (Desai 2014, Kirk 2009, Walker 2008). Despite this, previous studies have 

demonstrated that a maternal HFD increases fat mass in the neonates, which can occur without a 

significant increase in body weight (Desai 2014). Furthermore, the type of dietary fatty acids 

ingested can significantly affect body weight gain in HFD pups, such that neonates exposed to a 
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HFD rich in unsaturated fat from fish oil do not display the same weight gain seen in pups 

exposed to an equivalent HFD rich in saturated fat (d’Asti 2010, Sullivan 2011). The fat used in 

our high fat diet contained  37% of saturated and 67% of unsaturated fatty acids, which may have 

reduced weight gain in pups during the early neonatal period compared to diets that are 

composed of mainly saturated fats (cafeteria diet).  

Pups from HFD and CD mothers had similar levels of circulating leptin on PND9-10, 

which decreased in both diet groups by PND15-16. This pattern is consistent with a gradual 

decline in the circulating leptin levels observed in rats during the first two weeks of life (Bouret 

2012). However, HFD pups had significantly higher circulating leptin compared to CD pups on 

PND15-16, suggesting a significant impact of the maternal diet at this age to increase fat mass in 

the offspring (Flak 2016, Gao 2008). Regardless of the source of circulating leptin, increased 

exposure to leptin during the neonatal period may have lasting implications for the establishment 

of leptin-sensitive circuits and neuronal responses of key hypothalamic and extra-hypothalamic 

neuronal populations involved in food intake. 

Hypothalamic projections to LH ORX-A neurons 

 Given the neurotrophic role of leptin during hypothalamic development (Bouret 2004, 

Bouret 2017), our experiments were designed to test whether elevated leptin exposure due to 

perinatal HFD might increase the density of fibers connecting hypothalamic nuclei with the 

lateral hypothalamus (LH), a crucial hub between homeostatic and hedonic feeding centers. We 

were specifically interested in the afferents to LH ORX-A cells because this neuronal population 

makes direct connections with the DA reward circuitry (Kempadoo 2013, Lenninger 2009, 

Moorman 2010). Although these cells do not express the LepRb, they are regulated by leptin-

sensitive afferent regions and accordingly modulate DA reward (Louis 2010, Goforth 2014, 
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Bouret 2004). We stereotaxically injected fluorescent retrograde tracer beads to the ORX-A field 

in CD and HFD pups and examined labeling between PND5-6 and PND9-10. We chose to inject 

and perfuse at these days during hypothalamic maturation because this window potentially 

captured the development of afferents and provided enough time for substantial labeling in 

afferent nuclei. Though labeling was observed in various regions, our studies focused on 

afferents from the DMH and VMH because these nuclei express leptin receptors early in life 

(Bouret 2010) and are able to regulate food intake in the adult (Choi 2013, Stuber 2016, Amorim 

2015, Chou 2003). Furthermore, ARC connections reach the DMH by PND6 (Bouret 2004) and 

the VMH (Zaborszky 1979) at an unknown day during development. While the ARC is highly 

sensitive to leptin by the first week of postnatal development (Bouret 2010, Naef 2014), the 

direct ARC-LH fibers do not mature until PND12 (Bouret 2004). The DMH and VMH are likely 

to relay leptin-sensitive input from the ARC to the LH neurons, although it is currently unclear 

when projections from the DMH and VMH reach the LH. In this work, we aimed to determine if 

they mature earlier than the ARC-LH connections, and to test for the effect of perinatal HFD on 

the density of these projections. 

 HFD and CD pups showed retrograde labeling in both the DMH and VMH by PND10, 

which confirmed that at least some of the projections between these regions and LH ORX-A 

neurons are already present at this age. When compared to CD pups, HFD pups displayed 

significantly more retrograde labeling in the VMH and tended to have more labeling in the 

DMH. Our results suggest that a maternal HFD either accelerates the onset of projection 

development or increases the number of fibers projecting to the LH. To obtain a higher temporal 

resolution, future experiments should use a shorter time frame (i.e. two days between injection 

and perfusion) using a rapidly propagating retrograde tracer such as choleratoxin-B (CTb) and 
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younger ages at perfusion. We observed little to no labeling in the ARC at PND10, confirming 

the absence of direct ARC-LH projections on PND10. Future experiments will use a later age at 

injection to determine if a HFD has similar effects on ARC-LH projections than what we 

observed for VMH-LH projections. In the adult, the VMH preferentially innervates the medial 

portion of LH ORX-A cells, while the DMH innervates both medial and lateral areas of the 

ORX-A neuronal field (Yoshida 2006). Our data does not indicate any difference in projection 

density in these regions between medially- versus laterally-injected pups, however we have a 

small sample size for each group which prevents a full examination of labeling as a function of 

LH injection site. In addition, our present experiments have not yet characterized the phenotype 

of VMH and DMH neurons projecting to the LH at this early postnatal age. For example, VMH 

neurons expressing the steroidogenic factor-1 (SF-1) are directly sensitive to leptin and are 

known to increase thermogenesis via activation of sympathetic output rather than regulating food 

intake (Kinyua, 2016; Dhillon, 2006; Kim, 2011). Other VMH neurons express various peptides 

such as BDNF or receptors such as estrogen, insulin or leptin receptors.Also present in the VMH 

are unidentified neuronal populations that regulate food intake rather than energy expenditure, 

which may be sensitive to leptin and project to the LH (Choi, 2013). Similar to SF1 neurons, 

DMH prolactin-releasing peptide (PrRP) neurons increase energy expenditure in response to 

leptin, but have little impact on food intake (Dodd 2014, Rupp 2018). Leptin-induced 

hyperpolarization of GABA neurons in the DMH is associated with a reduction in food intake, 

although it is currently unknown if GABA-modulated DMH neurons send strong afferent 

projections to the LH (Otgon-Uul 2016). By measuring the colocalization of these peptides with 

retrogradely transported beads in CD and HFD pups, we will be able to identify the phenotype of 

afferents from both VMH and DMH to the LH that are affected by an early life high fat diet. In 
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addition, using a triple labelling protocol (peptide/pSTAT3 and retrograde fluorescent marker) in 

the VMH and DMH after leptin treatment in vivo, future experiments will phenotypically 

characterize the peptidergic profile and leptin sensitivity of these LH projecting neurons.  

Interestingly, we observed an increased fiber density in the VMH and DMH in PND10 

HFD pups despite the fact that at this age, they did not exhibit significantly higher circulating 

leptin levels. While this does not eliminate an important effect of leptin on the development of 

projections, it suggests that other factors present in or triggered by the HFD exposure might 

promote neurite outgrowth in neonatal life. For instance, previous research has shown that a 

HFD increases levels of brain-derived neurotrophic factor (BDNF) in the brain, which is known 

to promote neuronal growth and development (Genzer 2016). Other studies suggest that a 

maternal HFD enhances maternal care (Ricel 2016), which may further increase BDNF in the 

offspring (Moser 2015). It is also possible that specific fatty acids (FA) present in the HFD and 

transmitted to the offspring through the milk may be responsible for the increased density of 

projections we observed in HFD neonates. In particular, dietary omega-3 unsaturated FA 

supplementation during pregnancy has been shown to increase BDNF levels in the offspring 

from birth until at least PND21 in rats (Kemse 2018). In addition to increasing hypothalamic 

BDNF expression, omega-3 FA consumption induced hypothalamic cell proliferation in adult 

mice (Nascimento 2016). Furthermore, it has been shown in vitro that the unsaturated FA 

docosahexaenoic acid (DHA) induces neurite outgrowth and promotes neuronal differentiation in 

isolated hippocampal neuons (Calderon 2004). Interestingly, saturated fatty acids do not produce 

the same neurotrophic effect as unsaturated FAs (Kamata 2007). As previously stated, saturated 

fats enhance weight gain. Given that our diet consisted of a mix of saturated and unsaturated FA 

(with relatively high levels of unsaturated fats), this may explain why by PND10 HFD pups 
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displayed increased hypothalamic projections despite a lack of difference in weight gain 

compared to control  pups. Future experiments may focus on the role of BDNF and FAs in our 

model of perinatal maternal HFD and examine whether the concentration of these factors 

correlates with the density of projections, and whether leptin synergizes with them to promote 

neurite outgrowth.  Alternatively, changes in dietary fat could also modify the number of 

hypothalamic neurons by altering proliferation and/or survival of these mediobasal hypothalamic 

neurons. Although hypothalamic neurons are born during the second week of gestation in 

rodents, proliferation extends until the late fetal and perinatal periods, precisely when mothers 

were exposed to the HFD (Davis 2004). An increase in the number of neurons remaining in the 

VMH or DMH might also result in a larger number of projecting axons. This possibility remains 

to be investigated. 

 It should be recognized that in our experiments, retrograde fluorescent 

microbeads were injected into the region of the LH containing ORX-A cells, but they may have 

been taken up by synapses formed withother cell types as well. For instance, we have previously 

shown that ORX-A neurons are intermingled with Nts neurons in neonates (Gjerde 2015) and 

thus, microbeads may have been transported by afferent fibers innervating these or other cells in 

this area.  

Indirect activation of ORX-A neurons in response to leptin 

 Given the increase in afferents from the DMH and VMH to the ORX-A cells of the LH 

under experimental conditions of a HFD, we asked whether this would be associated with 

changes in the neuronal activation of LH neurons and in particular, ORX-A cells in response to 

leptin. For these experiments, we collected brain tissue one hour following leptin injection to 

determine activation of second messenger signaling molecules such as pSTAT3 and pERK. This 
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time point was chosen because our group previously showed that in neonates, this represents an 

optimal time for maximum second messenger production (Walker 2007). We performed these 

experiments at either PND10 to represent a relatively early time point in hypothalamic 

development, or PND15-16 to capture the period associated with the onset of independent 

feeding (Bouret 2010). After sacrificing, we performed double immunostaining for pERK and 

ORX-A to examine leptin-induced indirect activation of ORX-A cells. Since this population of 

cells does not express LepRb (Gjerde 2015), we used pERK as a marker of general neuronal 

activation in response to leptin-sensitive afferent projections to these neurons. We hypothesized 

that a HFD might be increasing leptin-induced ORX-A neuronal activation due to a higher 

density of leptin-sensitive projections to these cells. 

 At PND10 there was no effect of diet or leptin challenge on the number of pERK cells or 

the proportion of ORX-A cells colocalizing with pERK in the LH. PhosphoERK is activated by 

many receptors, and is especially important during neonatal development due to its role in cell 

proliferation and survival (Fruhbeck 2006, Zhang 2002). Our results suggest a relatively modest 

constitutive pERK expression in the LH at this age that is neither influenced by exogenous leptin 

nor a high fat diet. Furthermore, we did not observe a change in the number of ORX-A neurons 

between CD and HFD pups. This is consistent with past experiments that have indicated that a 

maternal HFD during pregnancy (Poon 2012) and neonatal leptin administration (Proulx 2002) 

alters the expression of other appetite-regulated peptides but not ORX-A. At PND10, CD and 

HFD pups displayed similar levels of basal circulating leptin, which might also explain the 

absence of a diet effect on leptin-induced neuronal activation. Interestingly, we observed similar 

results at PND15-16, although leptin levels were significantly higher in HFD pups at this age. 

This suggests that the ubiquitous nature of pERK activation in the LH during development might 
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limit its ability to identify leptin-induced specific activation. One could perform similar 

experiments examining c-Fos immunoreactivity in ORX-A cells (Chang 2004), which may 

clarify any changes in leptin-induced indirect activation of these neurons resulting from perinatal 

HFD exposure. Finding the appropriate marker of neuronal activation in LH ORX-A cells during 

the first two weeks of life will be important in determining if ORX-A cells are differentially 

activated by leptin under conditions of a HFD. 

Direct activation of LepRb-positive neurons in the LH 

 In contrast to ORX-A neurons, other cell types in the LH harbor LepRb and might be 

differentially sensitive to leptin. Thus, we examined the effects of a maternal HFD on direct 

LepRb activation in the LH using detection of pSTAT3 in phenotypically identified neurons. To 

accomplish this, we treated HFD and CD pups with either a vehicle or leptin at PND15-16 and 

quantified pSTAT3 expression in the LH. Induction of pSTAT3 is recognized to be more 

specific to leptin-induced LepRb activation compared to pERK production and is frequently used 

to identify leptin targets (Bouret 2012, Bates 2004). We performed this set of experiments at 

PND15-16 to assess pSTAT3 levels at a time when circulating levels of leptin are significantly 

higher in HFD animals compared to CD animals. In addition, we have previously seen that 

pSTAT3 expression in the LH is substantially higher on PND15-16 compared to PND10 and 

therefore more easily quantified (Gjerde 2015). We anticipated that a maternal HFD would 

increase leptin-induced pSTAT3 signaling in the LH at PND15-16. 

 Our results revealed significant increases in pSTAT3 after leptin injection in HFD pups, 

but not in CD pups. The lack of significant response to leptin in CD pups in these experiments is 

surprising but in line with previous results showing only a modest pSTAT3 response to leptin in 

young naïve pups (Gjerde 2015). The significant response of HFD pups to leptin at PND15-16 
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suggests that the LH has become more responsive to leptin signaling as a result of either higher 

circulating levels of leptin that we observed at this age and/or increased density of projections to 

the LH that we documented in the HFD offspring. Interestingly, we also observed robust leptin-

induced pSTAT3 staining in the ARC, VMH, and DMH at PND15-16, but we have not yet 

quantified pSTAT3 expression in these regions as a function of maternal diet. Strong pSTAT3 

staining in the ARC, VMH, and DMH may also reflect heightened leptin receptor expression in 

these areas in the HFD pups and/or increased sensitivity of intracellular pathways at this age. In  

future experiments, we will perform a similar analysis at PND10 with a recently-developed 

protocol that enhances pSTAT3 immunofluorescence and minimizes tissue handling during the 

perfusion and tissue staining process. This protocol uses formalin rather than 2% PFA as a 

fixative, and an Avidin/Biotin kit during the immunostaining, both of which amplify the 

pSTAT3 signal significantly. 

Phenotypic analysis of LepRb expressing neurons in the LH 

 Given the increase in leptin-induced pSTAT3 expression under experimental conditions 

of a perinatal HFD, we aimed to phenotypically characterize neurons in the LH that show direct 

LepRb activation. We hypothesized that pSTAT3-positive neurons in the LH would colocalize 

with GAD67, a marker of GABA neurons, because Nts cells co-express GABA and LepRb in 

adults (Brown 2017). Targeting this neuronal population is also of particular interest because Nts 

cells directly influence the activation of VTA DA neurons and LH ORX-A neurons (Goforth 

2014, Kempadoo 2015). In addition, we were interested to examine leptin-induced activation of  

CART neurons in the LH because a proportion of these cells have been shown to express LebRb 

mRNA and play a role in food intake in the adult (Bonnavion 2016, Brown 2017, Farzi 2018). 

Using double immunostaining for pSTAT3 and GAD67 in PND15-16 pups, we observed no 
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colocalization of GAD67 and pSTAT3 in the LH in HFD or CD animals regardless of leptin 

treatment. Expression of GAD67  was sparse in the LH of either CD or HFD 15 day-old pups 

when compared to other regions such as the hippocampus. The mature LH contains many 

GABAergic cells and some co-express LepRb (Lenninger 2009, Lenninger 2011). It is possible 

that leptin-responsive GABAergic cells in the LH mature later than GABAergic cells in other 

regions and that GABAergic tone in the LH is low during neonatal life. Future experiments 

should aim to examine whether Nts cells are directly activated by leptin at PND15-16. However, 

this is currently not feasible using double immunohistochemistry since primary antibodies 

against Nts and pSTAT3 are raised in the same species. We should be able to phenotype leptin-

activated neurons in the neonatal LH using a combination of immunohistochemistry (pSTAT3) 

and in situ hybridization (Nts). Alternatively, we could target Nts cells using other markers such 

as galanin, a peptide often colocalized with Nts in the LH (Goforth 2014). With respect to 

activation of CART neurons, we found that few CART neurons in the LH colocalize with 

pSTAT3, which is consistent with a recent study showing a population of LH CART cells that 

indeed express LepRb mRNA in the adult (Farzi 2018). As expected, we observed robust CART 

staining and colocalization with pSTAT3 in the ARC, which served as a control region. We plan 

to quantify LH CART/pSTAT3 colocalization to determine if a HFD modifies leptin-induced 

activation of these neurons during neonatal development. 

 

F. Conclusions and implications 

 In summary, our experiments demonstrate that a maternal HFD provided during the last 

week of gestation and lactation produces an increase density of VMH and DMH afferents to the 

LH in neonatal PND10 offspring, and more specifically in the region where ORX-A cells are 



 

42 

located. Since HFD had no significant effect on plasma leptin levels on PND10, other molecules 

in addition to leptin might be playing a role to control the development of afferents to the LH 

during this period. However, by PND15-16, circulating leptin levels increased in HFD compared 

to CD pups, potentially regulating sensitivity of the LH to this hormone. Indeed, we found 

increased leptin-induced pSTAT3 expression in HFD compared to CD pups, but did not observe 

significant changes in  indirect leptin-induced pERK signaling in ORX-A cells in either diet 

group and at either age. Some of the neurons directly activated by leptin at this age expressed 

CART, though the remaining activated cells remain phenotypically uncharacterized. These data 

demonstrate that HFD exposure during the perinatal period of development significantly 

modifies the programming of feeding circuitry and cellular responsiveness in nuclei involved in 

food intake. Further research that dissects the role of a neonatal HFD will be critical in 

understanding the developmental origins of dysregulated feeding behavior and metabolic disease 

in adults. 
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G. Figures 
 

 
 

Figure 1:  

Simplified illustration of some of the major afferents to the LH from hypothalamic regions (red) 

including the arcuate nucleus (ARC), dorsomedial hypothalamus (DMH), and ventromedial 

hypothalamus (VMH). Afferents from extrahypothalamic regions implicated in emotional 

regulation such as the amygdala (AMY), bed nucleus of the stria terminalis (BNST) and 

prefrontal cortex (PFC) are also shown (blue). Selective efferents of the LH to the ventral 

tegmental area (VTA) which are important for the control of food intake and reward are shown 

as well (purple). The LH additionally projects to many other regions (including the 

paraventricular hypothalamus, the lateral habenula, and the locus coeruleus) which are not 
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depicted in the illustration. When documented, the age of onset in maturation of hypothalamic 

afferent projections is indicated on the arrow. 

 
 

 

Figure 2:  

Schematic illustration of the various cell types found in the LH and in particular around the 

ORX-A cell field (green). Cells immunoreactive for Neurotensin (Nts) and GABA (orange), 

CART (purple), and others leptin-sensitive cells with an unknown phenotype are shown  (blue). 

The expression of the leptin receptor on the specific cells is shown by black triangles. Placement 

of the fornix is indicated with a black circle. Note that the ORX-A cell field is located in the 

caudal region of the LH between bregma levels of -2.28  and -3.36 according to the Atlas of 

Paxinos and Watson (Paxinos, 2005). 
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Figure 3:  

Age related changes in maternal food intake (Kcal consumption) (A), maternal weight (B), and 

pup weight (C) in experimental conditions of either a control diet (CD, open bars) or high fat diet 

(HFD, dark bars). Two experimental series (each including 3-7 separate experiments) with 

different experimental time points are shown. All values are represented as the mean +/- SEM. 

n=8-9/group in each serie. 
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*, p<0.05  (post-hoc Tukey HSD test). 

 

 

Figure 4:  

Changes in basal circulating plasma leptin concentrations in pups in experimental conditions of 

either a CD (open bars) or HFD (closed bars). Age is indicated on the X-axis. All values are 

represented as the average +/- SEM. PND9-10 n=17-18/group, PND15-16 n=13-16/group. 

*, p<0.05 (1-way ANOVA). 
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Figure 5:  

Left: Examples of medial (top) and lateral (middle) injections to the ORX-A field surrounding 

the fornix (represented by a dotted white circle). Bottom photomicrograph shows the injection 

placement overlaying with  the ORX-A field (green). Images were taken at either 4X or 10x, and 

scale bars represent 75 µm. 

Right: Illustration of the shape and distribution of each retrograde bead injection placement in 

the ORX-A field of the LH in PND5-6 pups. Pups were injected under experimental conditions 

of either a control diet (orange circles, n=5) or HFD (blue circles, n=7). Within a diet group, 

injections were randomized between left and right LH and were only considered accurate within 

the LH between bregma levels -2.28 and -3.36 mm A/P according to the atlas of Paxinos and 

Watson (Paxinos, 2005). 
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Figure 6:  

Retrograde labeling in the VMH (right) and DMH (left) of CD (top row) and HFD (middle row) 

animals at PND9-10 following tracer injection to the LH ORX-A neuronal field. White stars 

indicate projection neurons that contain fluorescent microbeads. All images were taken at 20x 

magnification and scale bars represent 50 µm. The bottom row depicts a illustration of the VMH 

(bottom right) and DMH (bottom left). 
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Figure 7: 

Density of neurons from the VMH and DMH projecting to the ORX-A cell field of the LH on  

PND9-10  pups in either CD (open bars) or HFD (closed bars) conditions. Cell density was 

calculated as the number of cells containing retrograde transported microbeads divided by the 

volume of the region of either the VMH or DMH considered. Density was  normalized to the 

volume of beads injected in the LH. The calculations for region volume and projection density 

are described in Methods. All values are represented as the mean +/- SEM. n=5 for CD, and n=7 

for HFD groups. 
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Figure 8:  

ORX-A (green) and pERK (red) immunoreactivity in the LH of vehicle- (0.9% saline) injected 

pups from CD mothers at PND10. The bottom panel is an enlargement of the solid white 

rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 9: 

ORX-A (green) and pERK (red) immunoreactivity in the LH of vehicle- (0.9% saline) injected 

pups from HFD mothers at PND10. The bottom panel is an enlargement of the solid white 

rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 10: 

ORX-A (green) and pERK (red) immunoreactivity in the LH of leptin- (3 mg/kg BW, ip) 

injected pups from CD mothers at PND10. The bottom panel is an enlargement of the solid white 

rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 11: 

ORX-A (green) and pERK (red) immunoreactivity in the LH of leptin- (3 mg/kg BW, ip) 

injected pups from HFD mothers at PND10. The bottom panel is an enlargement of the solid 

white rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 12: 

ORX-A (green) and pERK (red) immunoreactivity in the LH of vehicle- (0.9% saline) injected 

pups from CD mothers at PND15-16. The bottom panel is an enlargement of the solid white 

rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 13:  

ORX-A (green) and pERK (red) immunoreactivity in the LH of vehicle- (0.9% saline) injected 

pups from HFD mothers at PND15-16. The bottom panel is an enlargement of the solid white 

rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 14: 

ORX-A (green) and pERK (red) immunoreactivity in the LH of leptin- (3 mg/kg BW, ip) 

injected pups from CD mothers at PND15-16. The bottom panel is an enlargement of the solid 

white rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 15: 

ORX-A (green) and pERK (red) immunoreactivity in the LH of leptin- (3 mg/kg BW, ip) 

injected pups from HFD mothers at PND15-16. The bottom panel is an enlargement of the solid 

white rectangle represented in the top panel. The fornix is represented by a dotted white circle. 

Examples of ORX-A/pERK colocalized cells are indicated by a white asterisk. Images were 

taken at 20x and scale bars represent 75 µm. 
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Figure 16: 

Number of pERK-positive cells (A, D), ORX-A positive cells (B, E), and the proportion of 

ORX-A neurons co-localized with pERK (C, F) at PND10 (A-C) and PND15-16 (D-F) in pups 

under experimental conditions of either a CD (open bars) or HFD (closed bars) mothers. Pups 

were treated ip with either  vehicle (0.9% saline) or leptin (3 mg/kg BW, ip) and brains collected 
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60 min later. Values represent the mean +/- SEM. n=2-3 for PND10 animals, and n=5-6 for 

PND15-16 animals.  

 

 

Figure 17: 

pSTAT (red) immunoreactivity in the LH of leptin- (3mg/kg body weight, ip) injected pups at 

PND15-16 under experimental conditions of either a CD (top) or HFD (bottom). Images were 

taken at 20x and scale bars represent 50 µm. 
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Figure 18: 

Density of pSTAT3-positive neurons in PND15-16 pups treated with either vehicle (0.9% saline) 

or leptin (3mg/kg BW, ip). under experimental conditions of either a CD (open bars) or HFD 

(closed bars).  Values represent the mean +/- the SEM. n=5-6 for all groups. 
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Figure 19: 

CART (green) and pSTAT3 (red) immunoreactivity in the LH of leptin- (3mg/kg BW, ip) 

injected pups at PND15-16 under experimental conditions of a HFD. The bottom panel is an 

enlargement of the solid white rectangle represented in the top panel. The fornix is represented 

by a dotted white circle. Examples of CART/pSTAT3 colocalized cells are indicated by a white 

asterisk. Images were taken at 20x and scale bars represent 75 µm. 
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Figure 20: 

CART (green) and pSTAT3 (red) immunoreactivity in the ARC of leptin- (3mg/kg BW, ip) 

injected pups at PND15-16 under experimental conditions of a HFD. The bottom panel is an 

enlargement of the solid white rectangle represented in the top panel. The fornix is represented 

by a dotted white circle. Examples of CART/pSTAT3 colocalized cells are indicated by a white 

asterisk. Images were taken at 20x and scale bars represent 75 µm. 
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Figure 21: 

GAD67 (green) and pSTAT3 (red) immunoreactivity in the LH of PND15-16 pups from mothers 

fed a HFD. Note there is no colocalization of GAD67 and pSTAT3. The bottom panel is an 

enlargement of the solid white rectangle represented in the top panel. The fornix is represented 

by a dotted white circle. Images were taken at 20x and scale bars represent 75 µm. 
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Nutritional information CD: Teklad 18% protein diet HFD: Teklad 60% fat diet  

% Kcal from fat 6.0% 60.3%  
(37% saturated, 

47% monounsaturated, 
16% polyunsaturated) 

% Kcal from protein 18.9% 18.3% 

% Kcal from carbohydrates 75.1% 21.4% 

Kcal per gram 3.3 5.1 
 
Table 1: 

A nutritional comparison of the CD (left) and HFD (right) used in each experiment. 
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