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Neonatal Leptin Antagonism Improves Metabolic Programming of Postnatally Overnourished Mice

Background/Objectives: Alteration of the perinatal nutritional environment is an important risk factor for the development of metabolic diseases in later life. The hormone leptin plays a critical role in growth and development. Previous studies reported that postnatal overnutrition increases leptin secretion during the pre-weaning period. However, a direct link between leptin, neonatal overnutrition, and lifelong metabolic regulation has not been investigated.

Methods: We used the small litter mouse model combined with neonatal leptin antagonist injections to examine whether attenuating leptin during early life improves lifelong metabolic regulation in postnatally overnourished mice.

Results: Postnatally overnourished mice displayed rapid weight gain during lactation and remained overweight as adults. These mice also showed increased adiposity and perturbations in glucose homeostasis in adulthood. Neonatal administration of a leptin antagonist normalized fat mass and insulin sensitivity in postnatally overnourished mice.

These metabolic improvements were associated with enhanced sensitivity of hypothalamic neurons to leptin.

Conclusions:

Early postnatal overnutrition causes metabolic alterations that can be permanently attenuated with the administration of a leptin antagonist during a restricted developmental window.

Introduction

Epidemiological evidence indicates that alterations in perinatal nutrition can predispose an individual to obesity and associated comorbidities such as type 2 diabetes and cardiovascular disease, especially in an environment with the wide availability of caloriedense foods [START_REF] Rogers | The influence of birthweight and intrauterine environment on adiposity and fat distribution in later life. International journal of obesity and related metabolic disorders[END_REF][START_REF] Cruz | PEDIATRIC OBESITY AND INSULIN RESISTANCE: Chronic Disease Risk and Implications for Treatment and Prevention Beyond Body Weight Modification[END_REF]. Results of experiments in a variety of animal models also support a link between the perinatal nutritional environment and programming of energy balance "set points" [START_REF] Plagemann | Perinatal Nutrition and Hormone-Dependent Programming of Food Intake[END_REF][START_REF] Mcmillen | Early origins of obesity: programming the appetite regulatory system[END_REF][START_REF] Taylor | Developmental programming of obesity in mammals[END_REF][START_REF] Ozanne | Programming of appetite and type 2 diabetes[END_REF][START_REF] Bouret | Gene-Environment Interactions Controlling Energy and Glucose Homeostasis and the Developmental[END_REF]. How such temporally restricted nutritional insults can have persistent effects on metabolic regulation is still elusive.

The reduction of litter size in rodents has proven to be a very useful model to manipulate postnatal diet, specifically. Pioneer works from Kennedy, Widdowson, and McCance showed that pups raised in small litters (SL) display an almost four-fold difference in pre-weaning growth compared to pups raised in large litters [START_REF] Kennedy | The development with age of hypothalamic restraint upon the appetite of the rat[END_REF][START_REF] Widdowson | Some effects of accelerating growth. I. General somatic development[END_REF]. This growth difference persisted throughout life and even increased as the rats were weaned onto a regular chow diet. Follow-up studies revealed that raising mice or rats in SL not only affected their somatic growth but also disproportionately increased their fat mass [START_REF] Knittle | Effect of early nutrition on the development of rat epididymal fat pads: cellularity and metabolism[END_REF] causing a multitude of metabolic perturbations, including insulin resistance and hepatic steatosis [START_REF] Collden | Neonatal overnutrition causes early alterations in the central response to peripheral ghrelin[END_REF][START_REF] Kayser | Perinatal Overnutrition Exacerbates Adipose Tissue Inflammation Caused by High-Fat Feeding in C57BL/6J Mice[END_REF][START_REF] Davidowa | Insulin resistance of hypothalamic arcuate neurons in neonatally overfed rats[END_REF][START_REF] Rodrigues | Low expression of insulin signaling molecules impairs glucose uptake in adipocytes after early overnutrition[END_REF][START_REF] Glavas | Early Overnutrition Results in Early-Onset Arcuate Leptin Resistance and Increased Sensitivity to High-Fat Diet[END_REF][START_REF] Yzydorczyk | Calorie Restriction in Adulthood Reduces Hepatic Disorders Induced by Transient Postnatal Overfeeding in Mice[END_REF].

Metabolic hormones, particularly the adipocyte-derived hormone leptin, can transmit signals to the developing neonate in response to alterations in the nutritional environment and may underlie potential maladaptive responses to early metabolic perturbations. Ahima and colleagues reported that circulating leptin levels exhibit a distinct surge during the second week of postnatal life in mice [START_REF] Ahima | Postnatal leptin surge and regulation of circadian rhythm of leptin by feeding. Implications for energy homeostasis and neuroendocrine function[END_REF]. Although during neonatal life leptin does modulate food intake, growth, or energy expenditure [START_REF] Ahima | Postnatal regulation of hypothalamic neuropeptide expression by leptin: implications for energy balance and body weight regulation[END_REF][START_REF] Proulx | Leptin Regulates Appetite-Related Neuropeptides in the Hypothalamus of Developing Rats without Affecting Food Intake[END_REF][START_REF] Mistry | Leptin alters metabolic rates before acquisition of its anorectic effect in developing neonatal mice[END_REF][START_REF] Schmidt | The effect of leptin treatment on the development of obesity in overfed suckling Wistar rats. International journal of obesity and related metabolic disorders[END_REF], it acts as a developmental factor on a variety of metabolically-relevant tissues including the brain, pancreas, and adipose tissue (see [START_REF] Bouret | Neurodevelopmental actions of leptin[END_REF][START_REF] Granado | Leptin in Early Life: A Key Factor for the Development of the Adult Metabolic Profile[END_REF][START_REF] Briffa | Leptin in pregnancy and development: a contributor to adulthood disease?[END_REF] for reviews). Remarkably, pups raised in SL display a premature and exacerbated leptin surge associated with hypothalamic leptin resistance [START_REF] Glavas | Early Overnutrition Results in Early-Onset Arcuate Leptin Resistance and Increased Sensitivity to High-Fat Diet[END_REF][START_REF] Davidowa | Decreased inhibition by leptin of hypothalamic arcuate neurons in neonatally overfed young rats[END_REF][START_REF] Marangon | Perinatal over-and underfeeding affect hypothalamic leptin and ghrelin neuroendocrine responses in adult rats[END_REF]. However, the contribution of leptin in mediating the effects of postnatal overnutrition on metabolic outcomes remains elusive.

In the present study, we used the SL mouse model combined with neonatal leptin antagonist injections to examine whether attenuating leptin during early life improves lifelong metabolic regulation in postnatally overnourished mice.

Methods

Animals

C57BL/6J mice (Jackson Laboratories) were housed in individual cages under specific pathogen-free conditions, maintained in a temperature-controlled room with a 12 h light/dark cycle, and provided ad libitum access to water and standard laboratory chow (Special Diet Services). Offspring of these mice (Jackson Laboratories), produced in our mouse colony, were used in these studies. Litters were normalized to 7 pups per litter on postnatal day (P) 1, with 4 male and 3 female pups per litter. On P3, some litters were culled to 3 pups per litter (2 male + 1 female pups, SL = small litter) to induce postnatal overnutrition, whereas the control litters were left at 7 pups/litter (NL = normal litter). Only male pups were used for the studies. All mice were sacrificed between 15:00 and 17:00 hours in fed conditions. The experimenters were not blinded to the postnatal diet treatment during the pre-weaning analyses, however, most of the subsequent analyses were performed in blinded conditions. Animal studies were approved by the Institutional Ethics 1.

Neonatal injections of the leptin antagonist

Starting at P6, pups raised in normal or small litters were treated daily with intraperitoneal injections of a mono-pegylated mouse super leptin antagonist dissolved in sterile water (PESLAN-1, 2mg/kg; Protein Laboratories Rehovot,) for a total of 10 days. The controls received equivolume injections of vehicle (sterile water). Mice in each litter were randomnly allocated as vehicle or leptin antagonist group. All injections were performed between 10:00 and 12:00 hours.

Physiological measurements

Mice were weighed once every two days from P4 to P22 (weaning) and weekly after weaning using an analytical balance. Visceral, subcutaneous, and total fat were quantified in 17-week-old mice using a LaTheta 100 X-ray Computed Tomography scanner from the base of the cervical bone to the femur heads in 1mm sections (n = 10 NL control, n = 11 NL leptin antagonist, n = 9 SL control, n = 9 SL leptin antagonist). Food intake, respiratory exchange ratio (i.e., VCO2/O2), and locomotor activity (XY) were monitored at 20 weeks of age using a combined indirect calorimetry system (TSE Systems) (n = 4 NL control, n = 4 NL leptin antagonist, n = 4 SL control, n = 4 SL leptin antagonist). Briefly, the mice were acclimated in monitoring chambers for two days, and the data were collected for five days. Glucose tolerance was performed in 17-week-old mice by an intraperitoneal administration of glucose (1.5 g/kg body weight) after overnight fasting, and then the blood glucose levels were measured 0, 15, 30, 45, 60, 90, 120, and 150 min following glucose challenge, as previously described ( 27) (n = 6 NL control, n = 11 NL leptin antagonist, n = 6 SL control, n = 6 SL leptin antagonist). Insulin tolerance was assessed in 17-week-old mice by an intraperitoneal injection of human insulin (0.75U/kg) after a 6 hour fast, and then the blood glucose levels were measured at 0, 15, 30, 45, 60, 90, and 120 min following insulin challenge injection using a OneTouch glucometer (n = 10 NL control, n = 9 NL leptin antagonist, n = 10 SL control, n = 7 SL leptin antagonist). 3-5 litters with 2-4 pups per litter were included in the analysis.

pSTAT3 immunohistochemistry and analysis

For this experiment, mice received a daily pegylated leptin antagonist injection (PESLAN-1, 2mg/kg; Protein Laboratories Rehovot,) only on P8 and P9. The controls received equivolume injections of vehicle (sterile water). On P10, fed pups received an injection of the leptin antagonist, followed 4 hours later by leptin administration (1 mg/kg; Peprotech). Animals were perfused 45 min later with a solution of 2% paraformaldehyde (n = 4 NL control, n= 4 NL leptin antagonist, n = 9 SL control, n = 7 SL leptin antagonist). Frozen coronal sections were cut at 25 um and pretreated for 20 min in 0.5% NaOH and 0.5%H2O2 in KPBS, followed by immersion in 0.3% glycine for 10 min. Sections were then placed in 0.03% SDS for 10 min and placed in 4% normal serum + 0.4% Triton X-100 + 1% BSA (fraction V) for 20 min before incubation for 48h with a rabbit anti-pSTAT3 antibody (1:1,000, Cat# 9131; Cell Signaling). The primary antibody was localized with Alexa Fluor 568 Goat anti-Rabbit IgGs (1:200, Cat#A-11011; ThermoFisher Scientific).

Sections were counterstained using bis-benzamide (1:10,000; ThermoFisher Scientific) to visualize cell nuclei, and coverslipped with buffered glycerol (pH 8.5).

Sections through the ARH were acquired using a Zeiss AxioImager Z1 microscope equipped with a 20X objective. pSTAT3-labeled cells in the ARH were manually counted using Image J analysis software (NIH). Only pSTAT3-immunopositive cells that had a corresponding bis-benzamide-stained nucleus were included in our counts. The average number of cells counted in two ARH hemisections from each mouse was used for statistical comparisons. 2-4 litters with 2-3 pups per litter were included in the analysis.

Adipose tissue morphology

Mice were perfused at 30 weeks of age with a 4% paraformaldehyde solution (n = 4 NL control, n = 5 NL leptin antagonist, n = 5 SL control, n = 4 SL leptin antagonist). Samples of subcutaneous fat tissue were subsequently dissected at the level of the femur, sectioned at 5-um, and then stained with a rabbit anti-Perilipin A/B antibody (1:1,000, Cat#P1873; Merck) using standard procedures. A total of 6 fields from 2 sections for each sample were acquired using a confocal LSM 710 microscope equipped with a 10X objective, and adipocyte areas were measured using Image J analysis software (NIH). 1-2 litters with 2-4 pups per litter were included in the analysis.

Serum leptin levels

Serum leptin levels were assayed at 20 weeeks of age using a commercially available leptin ELISA kit (Millipore, cat# EZML-82K) (n = 5 NL control, n = 3 NL leptin antagonist, n = 5 SL control, n = 5 SL leptin antagonist). 1-2 litters with 2-3 pups per litter were included in the analysis.

Statistical analyses

In all experiments, each data point represents one animal. Sample size and statistical tests were chosen based on protocols of previously published papers of the lab. All values were expressed as means ± SEM. Statistical analyses were conducted using GraphPad PRISM (version 5.0d). Statistical significance was determined using unpaired two-tailed Student's t-tests, two-way ANOVA followed by the Bonferroni multiple comparisons posthoc test, or one-way ANOVA followed by Tukey's multiple comparisons post-hoc test when appropriate. P-values less than 0.05 were considered to be statistically significant.

Outliers were identified according to the two-standard deviation method.

Results

Neonatal leptin antagonism restores a normal fat mass in SL mice

In agreement with previous studies showing that early postnatal overnutrition is associated with metabolic disturbances [START_REF] Collden | Neonatal overnutrition causes early alterations in the central response to peripheral ghrelin[END_REF][START_REF] Kayser | Perinatal Overnutrition Exacerbates Adipose Tissue Inflammation Caused by High-Fat Feeding in C57BL/6J Mice[END_REF][START_REF] Glavas | Early Overnutrition Results in Early-Onset Arcuate Leptin Resistance and Increased Sensitivity to High-Fat Diet[END_REF][START_REF] Habbout | Postnatal Overfeeding in Rodents by Litter Size Reduction Induces Major Short-and Long-Term Pathophysiological Consequences[END_REF][START_REF] Plagemann | Increased number of galanin-neurons in the paraventricular hypothalamic nucleus of neonatally overfed weanling rats[END_REF], we found that SL rearing was associated with changes in growth rates as revealed by a significant increase in pre-weaning body weight gain in SL animals compared to NL mice (Fig. 1A). As early as P6, overfed pups displayed heavier body weights compared with control animals (Fig. 1A). This elevated body weight persisted after weaning and until adulthood (Fig. 1B). Moreover, SL mice displayed an increase in body fat mass (Fig. 1C) characterized with a higher subcutaneous (Fig. 1D) and visceral (Fig. 1E) fat masses. SL mice also have increased lean mass (Fig. 1F) and naso-anal length (Fig. 1G), and food intake during light phase (Fig. 1I) compared to NL mice. However, adipocyte size (Fig. 2), respiratory exchange ratio (RER, i.e., VCO2/O2) (Fig. 1H), and ambulatory activity (Fig. 1J) were comparable between SL and NL mice.

We next determined the importance of neonatal leptin in overnourished pups by administering peripherally a pegylated leptin antagonist [START_REF] Shpilman | Development and Characterization of High Affinity Leptins and Leptin Antagonists[END_REF][START_REF] Elinav | Pegylated leptin antagonist is a potent orexigenic agent: preparation and mechanism of activity[END_REF]) from P6 to P16, i.e., when endogenous leptin levels are abnormally high in SL rodents [START_REF] Glavas | Early Overnutrition Results in Early-Onset Arcuate Leptin Resistance and Increased Sensitivity to High-Fat Diet[END_REF][START_REF] Marangon | Perinatal over-and underfeeding affect hypothalamic leptin and ghrelin neuroendocrine responses in adult rats[END_REF][START_REF] Hou | Neonatal Overfeeding Induced by Small Litter Rearing Causes Altered Glucocorticoid Metabolism in Rats[END_REF][START_REF] López | A possible role of neuropeptide Y, agouti-related protein and leptin receptor isoforms in hypothalamic programming by perinatal feeding in the rat[END_REF][START_REF] Ziko | Hyperleptinemia in Neonatally Overfed Female Rats Does Not Dysregulate Feeding Circuitry[END_REF][START_REF] Rodrigues | Postnatal early overfeeding induces hypothalamic higher SOCS3 expression and lower STAT3 activity in adult rats[END_REF][START_REF] Kappeler | Early Postnatal Nutrition Determines Somatotropic Function in Mice[END_REF][START_REF] Boullu-Ciocca | Postnatal diet-induced obesity in rats upregulates systemic and adipose tissue glucocorticoid metabolism during development and in adulthood: its relationship with the metabolic syndrome[END_REF]. Previous studies reported that when injected into an adult control mouse, this pegylated leptin antagonist, which has an half-life >20 h, causes weight gain, and the antagonist could be detected in the mediastinal region and kidneys as well as the urinary bladder and to a lesser extent the liver for more than 7 h after its administration [START_REF] Shpilman | Development and Characterization of High Affinity Leptins and Leptin Antagonists[END_REF][START_REF] Elinav | Pegylated leptin antagonist is a potent orexigenic agent: preparation and mechanism of activity[END_REF]. Even 24 h after administration, leptin antagonist could be imaged in the explanted lungs, kidneys, and urinary bladder [START_REF] Shpilman | Development and Characterization of High Affinity Leptins and Leptin Antagonists[END_REF][START_REF] Elinav | Pegylated leptin antagonist is a potent orexigenic agent: preparation and mechanism of activity[END_REF]. Neonatal exposure with the leptin antagonist did not affect the pre-and post-weaning growth trajectories in either NL or SL mice (Fig. 1A-B). There was also no significant impact of the neonatal leptin antagonist treatment on the adult lean mass (Fig. 1F), length (Fig. 1G), RER (Fig. 1H), locomotor activity (Fig. 1J), or plasma leptin levels (Table 1). However, neonatal leptin antagonist treatment normalized fat mass (Fig. 1C-E) with a more pronounced effect on subcutaneous fat associated with a shift in adipocyte size distribution toward smaller adipocytes in subcutaneous fat of SL mice neonatally treated with the leptin antagonist (Fig. 2). It also reduced daily food intake in SL mice (Fig. 1I). The neonatal leptin antagonist injection had no metabolic effects in NL mice.

Neonatal leptin antagonism improves glucose homeostasis in SL mice

It is well-established that increased adiposity is associated with perturbations in glucose homeostasis. We therefore also performed glucose-and insulin-tolerance tests in SL and NL mice treated or not with the leptin antagonist neonatally. When exposed to an insulin challenge, SL mice displayed impaired insulin tolerance compare to NL mice. However, the glucose tolerance test was comparable between SL and NL mice (Fig. 3 A). Neonatal leptin antagonist treatment improved glucose tolerance in both NL and SL mice (Fig. 3A), and normalized insulin tolerance in SL animals (Fig. 3B).

Neonatal leptin antagonism enhances the arcuate nucleus neurons response to leptin in SL pups

Based on previous studies showing that pups raised in SL display central leptin resistance [START_REF] Glavas | Early Overnutrition Results in Early-Onset Arcuate Leptin Resistance and Increased Sensitivity to High-Fat Diet[END_REF][START_REF] Davidowa | Decreased inhibition by leptin of hypothalamic arcuate neurons in neonatally overfed young rats[END_REF][START_REF] Marangon | Perinatal over-and underfeeding affect hypothalamic leptin and ghrelin neuroendocrine responses in adult rats[END_REF], we also investigated the effects of the leptin antagonist on the central sensitivity to leptin in P10 pups. We used pSTAT3 as a surrogate marker of leptin receptor activation. As expected, leptin antagnist attenuated leptin-induced pSTAT3 in NL mice (Fig. 4). In addition, the number of pSTAT3-immunopositive cells was markedly reduced in the arcuate nucleus of SL pups compared to NL mice (Fig. 4). However, SL pups treated with the leptin antagonist showed a significant increase in the number of pSTAT3 cells compared to vehicle-treated SL pups (Fig. 4).
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Discussion

Circulating hormones are well established as important environmental signals that can modulate growth and development. However, an association between leptin and postnatal overnutrition in relation to lifelong metabolic regulation has never been examined. The experiments presented here report that attenuation of leptin action during a restricted developmental window in postnatally overfed mice results in lifelong metabolic benefits.

It is becoming clear that perturbations in perinatal nutrition cause a wide range of hormonal changes in both the dams and their offspring. Our data indicate that changes in leptin action during postnatal development represent a possible cause for the lifelong metabolic alterations observed after postnatal overnutrition. Previous studies have reported that animals raised in SL display elevared leptin levels during the pre-weaning period [START_REF] Glavas | Early Overnutrition Results in Early-Onset Arcuate Leptin Resistance and Increased Sensitivity to High-Fat Diet[END_REF][START_REF] Marangon | Perinatal over-and underfeeding affect hypothalamic leptin and ghrelin neuroendocrine responses in adult rats[END_REF][START_REF] Hou | Neonatal Overfeeding Induced by Small Litter Rearing Causes Altered Glucocorticoid Metabolism in Rats[END_REF][START_REF] López | A possible role of neuropeptide Y, agouti-related protein and leptin receptor isoforms in hypothalamic programming by perinatal feeding in the rat[END_REF][START_REF] Ziko | Hyperleptinemia in Neonatally Overfed Female Rats Does Not Dysregulate Feeding Circuitry[END_REF][START_REF] Rodrigues | Postnatal early overfeeding induces hypothalamic higher SOCS3 expression and lower STAT3 activity in adult rats[END_REF][START_REF] Kappeler | Early Postnatal Nutrition Determines Somatotropic Function in Mice[END_REF][START_REF] Boullu-Ciocca | Postnatal diet-induced obesity in rats upregulates systemic and adipose tissue glucocorticoid metabolism during development and in adulthood: its relationship with the metabolic syndrome[END_REF]. In the present study, we find that SL rearing causes hypothalamic leptin resistance associated with weight gain, increased adiposity, and insulin intolerance.

Our observation that adult SL mice do not display glucose intolerance but exhibit insulin resistance mirrors previous results by Rodrigues and colleagues showing that despite an impaired insulin-stimulated cellular glucose uptake, neonatally overfed mice displayed normal glucose tolerance [START_REF] Rodrigues | Low expression of insulin signaling molecules impairs glucose uptake in adipocytes after early overnutrition[END_REF]. It is also consistent with a common observation that postnatally overfed pups often exhibit hyperinsulinemia and exacerbated glucose-induced insulin secretion [START_REF] Cunha | Long-term effects of overfeeding during lactation on insulin secretion--the role of GLUT-2[END_REF] even in the absence of abnormal glycemia [START_REF] Plagemann | Perinatal elevation of hypothalamic insulin, acquired malformation of hypothalamic galaninergic neurons, and syndrome x-like alterations in adulthood of neonatally overfed rats[END_REF][START_REF] Boullu-Ciocca | Postnatal programming of glucocorticoid metabolism in rats modulates high-fat diet-induced regulation of visceral adipose tissue glucocorticoid exposure and sensitivity and adiponectin and proinflammatory adipokines gene expression in adulthood[END_REF]. Remarkably, blockade of leptin action during phases of hyperleptinemia in SL mice ameliorates hypothalamic leptin sensitivity, normalizes adiposity, improves glucose tolerance, and restores insulin tolerance, showing the importance of neonatal leptin in nutritionallyinduced metabolic imprinting. Suprisingly, neonatal leptin antagonism also improves glucose tolerance in NL mice. This enhanced glucose tolerance is likely not centrallymediated as NL mice display an attenuated hypothalamic leptin-induced pSTAT3 response. Future studies will be needed to determine the underlying cause of the improved glucose tolerance observed in NL mice. Nevertheless, our study is consistent with previous supporting the idea that neonatal leptin contributes to the adult phenotype of the organism. For example, daily leptin treatment during early postnatal life in hypoleptinemic pups born to malnourished dams corrected some of their metabolic abnormalities [START_REF] Vickers | Neonatal Leptin Treatment Reverses Developmental Programming[END_REF][START_REF] Vickers | The Effect of Neonatal Leptin Treatment on Postnatal Weight Gain in Male Rats Is Dependent on Maternal Nutritional Status during Pregnancy[END_REF].

The exact sites of action of neonatal leptin to influence lifelong metabolic functions remain to be determined. The leptin receptor exists in multiple alternatively spliced isoforms, of which only the long-form (LepRb) associates with Janus kinase 2 (JAK2) to mediate intracellular signaling. Leprb mRNA is abundant in various organs of the developing fetus and neonate, including the hypothalamus [START_REF] Hoggard | Ontogeny of the expression of leptin and its receptor in the murine fetus and placenta[END_REF][START_REF] Caron | Distribution of Leptin-Sensitive Cells in the Postnatal and Adult Mouse Brain[END_REF]. Based on our previous data reporting a direct neurotrophic effect of leptin on arcuate nucleus neurons during postnatal development [START_REF] Bouret | Leptin promotes formation of projection pathways from the arcuate nucleus of the hypothalamus through activation of ObRb signaling pathways Proc of the 34nd Annual Meeting The Society For Neuroscience[END_REF][START_REF] Bouret | Distinct Roles for Specific Leptin Receptor Signals in the Development of Hypothalamic Feeding Circuits[END_REF], it is possible that some of the effects of neonatal leptin on metabolic regulation are mediated through the arcuate nucleus. Leptin has also been suggested to be involved in the postnatal development of other organs involved in metabolic regulation (see [START_REF] Bouret | Neurodevelopmental actions of leptin[END_REF][START_REF] Granado | Leptin in Early Life: A Key Factor for the Development of the Adult Metabolic Profile[END_REF][START_REF] Briffa | Leptin in pregnancy and development: a contributor to adulthood disease?[END_REF] for reviews). For example, fetal pancreatic islets express functional leptin receptors, and leptin stimulates fetal islet cell proliferation and affects parasympathetic innervation of beta cells [START_REF] Islam | Fetal pancreatic islets express functional leptin receptors and leptin stimulates proliferation of fetal islet cells[END_REF][START_REF] Croizier | Leptin Controls Parasympathetic Wiring of the Pancreas during Embryonic Life[END_REF]. In addition, Attig and colleagues showed that leptin is crucial for normal postnatal development of the pancreas [START_REF] Attig | Postnatal leptin is necessary for maturation of numerous organs in newborn rats[END_REF] and that neonatal leptin administration normalizes pancreatic development in piglets [START_REF] Attig | Postnatal leptin promotes organ maturation and development in IUGR piglets[END_REF].

There is also a possibility that leptin antagonism may have directly influenced the development of adipose tissue. Fetal adipose tissue expresses the long form of the leptin receptor, and it has been suggested that leptin acts as an autocrine/paracrine factor in fetal adipose tissue development [START_REF] Chen | Alterations in Fetal Adipose Tissue Leptin Expression Correlate with the Development of Adipose Tissue[END_REF]. In addition, there is some evidence that leptin can stimulate adipocyte differentiation [START_REF] Aprath-Husmann | Effects of leptin on the differentiation and metabolism of human adipocytes. International journal of obesity and related metabolic disorders[END_REF]. One curious observation in our study was that leptin antagonism markedly reduced subcutaneous fat stores in overfed mice and had a more moderate effect on visceral fat stores. Future studies will be required to examine why perinatal leptin differentially affects subcutaneous and visceral fat tissues.

It is likely that metabolic defects induced by postnatal overfeeding result from the disruption of multiple hormonal systems. For example, neonatal leptin antagonist treatment did not influence the growth trajectory or the adult weight or length of either NL or SL mice, suggesting that factors other than leptin mediate the effects of postnatal overnutrition on somatic growth. The stomach-derived hormone ghrelin influences growth hormone secretion in rat neonates [START_REF] Hayashida | Ghrelin in neonatal rats: distribution in stomach and its possible role[END_REF][START_REF] Pinilla | Role of ghrelin in the control of growth hormone secretion in prepubertal rats: interactions with excitatory amino acids[END_REF], making it a potential candidate to explain the leptin-independent increased somatic growth observed in SL animals. However, SL mice display reduced circulating ghrelin levels associated with attenuated ghrelin uptake from the periphery to the brain [START_REF] Collden | Neonatal overnutrition causes early alterations in the central response to peripheral ghrelin[END_REF], arguing against a role for ghrelin in the overgrowth of SL mice. Other hormones, such as insulin and IGF-1, are known to influence somatic growth and metabolic regulation that these hormones are increased in the context of neonatal overnutrition [START_REF] Kappeler | Early Postnatal Nutrition Determines Somatotropic Function in Mice[END_REF]. These observations suggest that insulin and IGF-1 may mediate some of the effects of postnatal nutrition on growth and metabolic regulation. The specific contribution of each of these hormones in the malprogramming of SL pups should be further investigated and whether they interact with leptin to mediate their developmental effects. 
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 1 Figure 1. Neonatal leptin antagonism improves body composition without affecting growth in neonatally overnourished mice. (A) pre-and (B) postweaning growth curves in NL and SL mice treated daily with intraperitoneal injections of vehicle or a pegylated

Figure 2 .

 2 Figure 2. Neonatal leptin antagonism causes a shift in adipocyte size distribution in neonatally overfed mice. (A) Confocal images illustrating adipocytes (immunostained for
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 3 Figure 3. Neonatal leptin antagonism reverses alterations in glucose metabolism in
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 4 Figure 4. Neonatal overnutrition causes central leptin resistance that can be improved with leptin antagonist. Representative images and quantification of pSTAT3-
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Table 1 .

 1 Plasma leptin levels in 20-weeks-old NL and SL mice treated daily with intraperitoneal injections of vehicle or a pegylated leptin antagonist on P6-P16

	NL Control	NL LepAnt	SL Control	SL LepAnt
	Leptin (ng/ml) 3.86 ± 0.83	1.51 ± 0.06	7.52 ± 3.51	2.60 ± 0.41
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