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Abstract: The physiological system implicated in the maintenance of energy homeostasis is situated predominantly in the 

hypothalamus. However, due to the inherent difficulty of studying individual neurons in the brain through in vivo analysis, 

cell models have been generated to investigate the direct action of hormones or other physiological compounds on 

metabolic effectors, such as neuropeptides, located in specific cell types from the hypothalamus. Immortalized, clonal cell 

lines represent an unlimited, homogeneous neuronal population that can be manipulated using a number of molecular 

techniques. In particular, cell lines have proven to be indispensable in the study of gene structure, gene expression and 

characterizing the molecular mechanisms responsible for regulating gene expression. In this review, we summarize recent 

studies that examine the direct transcriptional regulation of neuropeptide Y (NPY) by insulin and the leptin-mediated 

control of neurotensin (NT) gene expression. The use of these novel cell models has contributed profoundly to our 

understanding of how peripheral hormones, neuromodulators and neurontransmitters regulate transcriptional events that 

may ultimately contribute to the control of feeding behaviour. 
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INTRODUCTION 

Hypothalamus 

 The hypothalamus is responsible for maintaining 
physiological homeostasis for some of our most vital and 
basic needs. To achieve this task, the hypothalamus receives 
input about the state of the body from numerous sources and 
is capable of initiating compensatory changes if any 
physiological variables stray from homeostatic levels. These 
inputs include: 1) retinal inputs that innervate the 
suprachiasmatic nucleus to regulate circadian rhythms; 2) 
limbic structures, including the amygdala, hippocampus and 
olfactory cortex that project to hypothalamic nuclei to 
regulate feeding, stress and reproductive behavior; 3) the 
nucleus of the solitary tract (NTS) collects information from 
the vagus nerve regarding blood pressure, gut motility and 
respiration and this information is relayed to numerous 
hypothalamic nuclei; and 4) finally, endocrine hormones 
derived from peripheral organs responsible for energy 
homeostasis, growth, stress and reproduction regulate the 
hypothalamus either directly through hypothalamic 
circumventricular structures that are deficient of the blood 
brain barrier (BBB) or are transported across the BBB via 
hormone specific transporters [1]. Disturbance to any 
hypothalamic inputs or to the delicate homeostatic 
mechanisms maintained by the hypothalamus can lead to a 
number of detrimental health concerns including obesity and 
diabetes [2].  
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 This review focuses on the hypothalamic cell populations 
responsible for regulating feeding and energy homeostasis. 
Original experiments studying feeding and satiety in the 
hypothalamus included the stimulation or lesion of specific 
hypothalamic nuclei [3]. As a result, some of these nuclei 
were viewed as ‘feeding’ or ‘satiety’ centers. However, as 
our knowledge expanded, studies revealed that these 
‘feeding’ and ‘satiety’ centers were comprised of a complex 
array of distinct neuronal populations, expressing a specific 
complement of neuropeptides, neurotransmitters and 
receptors that regulate energy homeostasis [4]. These 
neuronal populations are regulated by peripheral signals to 
maintain a balance in feeding and energy homeostasis [5]. 
The recognition of distinct neuronal populations responsible 
for feeding regulation calls for new methods and tools to 
study the molecular biology of these individual neurons. 
Developing a thorough understanding of the underlying 
cellular events and transcriptional regulation of unique 
peptidergic neurons from the hypothalamus is essential in 
order to understand how the brain achieves its diverse 
control of basic physiology. However, the cellular 
mechanisms involved in this process are poorly understood 
due to the complex circuitry of the hypothalamus and the 
lack of appropriate cell models available. Classical in vivo 
approaches have been instrumental in establishing synaptic 
connectivity between distinct hypothalamic nuclei and the 
functional purpose of numerous neuropeptides and 
neurotransmitters [6-9]. However, in vivo techniques cannot 
firmly establish the direct action of an agent on specific 
hypothalamic neurons and cellular events. Non-transformed 
primary hypothalamic cultures are difficult to maintain, have 
a short life span and represent a heterogeneous population of 
neurons and glial cells. For this reason, researchers have 
turned to immortalized, clonal cell lines to generate a 
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comprehensive picture of the molecular biology involved 
with the regulation of specific neuroendocrine hypothalamic 
neurons. Cell lines representative of the central nervous 
system (CNS) have previously been established from 
neuroblastomas (Neuro2A) and pheochromocytomas 
(PC12); however, these models are not truly representative 
of fully differentiated CNS neurons. As of 2004, few cell 
models existed that were representative of the hypothalamus 
and proved to be useful in understanding the molecular 
biology of specific peptidergic hypothalamic cells [10-12]. 
The paucity of cell models available to study the specific 
biology of neuroendocrine cells prompted our lab to generate 
an array of immortalized cell models from the hypothalamus 
[13]. Each clonal cell model has distinct cell morphology 
and genetic markers, suggesting they represent a unique cell 
type from the diverse neuronal population of the 
hypothalamus. These cell lines have proven to be 
indispensable in providing novel information on intracellular 
signaling cascades, transcriptional mechanisms and the 
secretory events involved with both feeding regulation and 
energy homeostasis.  

Generation and Characterization of Immortalized 
Hypothalamic Cell Models 

 In order to study the cellular mechanisms and direct 
regulation of specific hypothalamic neurons, researchers 
have focused on immortalized cell models. One of the first 
fully differentiated immortalized hypothalamic cell lines is 
the gonadotropin-releasing hormone (GnRH)-secreting GT1 
cells [12]. This cell line was created by directing 
tumorigenesis in GnRH-expressing neurons in transgenic 
mice using the 5’ regulatory region of the GnRH gene to 
express the SV40 T-antigen oncogene. The GT1 cultures, 
which represent a heterogeneous population of hypothalamic 
cells, have been further subcloned into three homogeneous 
cell populations, labeled as GT1-1, GT1-3 and GT1-7. These 
cells have been extensively characterized [14] and have 
become the most accepted neuronal cell models for the study 
of GnRH and basic neuronal physiology. Other immortalized 
cell models from the hypothalamus have been generated in 
addition to the GT1 cells [10, 11, 15, 16]; however, the 
collection of these cell models represents only a small 
fraction of the distinct neuronal cell types found in the 
hypothalamus. In order to address this distorted 
representation, our group has generated an array of cell lines 
that are more illustrative of the entire hypothalamic cell 
population.  

 Taking a unique approach to immortalizing cells, our 
group transformed cells using retroviral gene transfer of the 
oncogene SV40 T-antigen into primary hypothalamic cell 
culture from mice at embryonic days 15, 17 and 18 [13]. The 
resulting mixed population of cells was further subcloned to 
obtain homogeneous cell lines. Altogether, we have 
established 38 embryonic, clonal, hypothalamic cell lines. 
These cell lines are designated as mHypoE-‘clone number’, 
although in previous studies they are referred to as N-‘clone 
number’. Each cell line possesses a neuronal phenotype with 
clearly defined perikarya and neurites; however, the precise 
cell morphology of each cell line appears to be distinct from 
one another, indicating that they represent unique cell types. 
Detailed characterization studies indicate that the cells 
express neuronal cell markers, including neuron-specific 

enolase and neurofilament protein, but do not express glial 
fibrillary acidic protein. The cells also express markers of 
neurosecretory machinery, such as syntaxin, exhibit dense 
core granules that are indicative of secretory neurons, and 
demonstrate an intracellular calcium response after 
potassium chloride (KCl) depolarization. Thus, our cell lines 
exhibit the correct neuronal morphology, express mature 
neuronal markers and are capable of neurosecretion.  

 Further characterization studies were performed in our 
cell lines by examining the expression of various receptors 
and neuropeptides associated with energy homeostasis. Cell 
lines expressing peptides linked to energy homeostasis 
expressed peptide profiles consistent with those reported by 
in vivo studies. As an example, all neuropeptide Y (NPY)-
expressing neurons, thought to have orexigenic properties in 
feeding behaviour, also expressed agouti-related peptide 
(AgRP), but not proopiomelanocortin (POMC), a precursor 
to the anorexigenic neuropeptide -melanocortin-stimulating 
hormone ( -MSH) [17, 18]. In contrast, all POMC-
expressing cell lines coexpressed cocaine- and amphetamine-
regulated transcript (CART), consistent with findings from 
in situ colocalization studies [19]. Furthermore, the leptin 
receptor (ObR) and the insulin receptor (IR) were detected in 
many of the lines expressing peptides involved in energy 
homeostasis. In addition, cell lines were also generated 
expressing tropic hormones and enzymes involved in 
neurotransmitter production. Overall, our cell lines represent 
the multitude of neuronal phenotypes present in the 
hypothalamus, thereby providing suitable models for the 
study of energy regulation and feeding behavior at the 
molecular level.  

 In addition to the mouse cell lines, our group has 
generated 32 rat, embryonic hypothalamic cell lines using a 
similar technique [20]. This availability of hypothalamic cell 
lines from two highly utilized animal models will be greatly 
beneficial for studying the neuroendocrine regulation of the 
hypothalamus. However, it is important to note that these 
cell lines were, due to technical requirements, developed 
from the embryonic hypothalamus, and may or may not be 
an accurate representation of an adult hypothalamic neuron. 
In light of this, our group has recently developed a novel 
method to immortalize neurons from the adult mouse (D.D. 
Belsham et al., submitted for publication). In order to infect 
cells with the SV40 T-antigen, cells must be dividing. Thus, 
we treated adult hypothalamic primary culture with ciliary 
neurotrophic factor (CNTF), a nerve growth factor that 
induces cell proliferation and neurogenesis. Cells were then 
retrovirally infected with SV40 T-antigen in a similar 
protocol used for the immortalization of embryonic neurons. 
We have established over 50 adult mouse cell lines labeled 
as mHypoA-‘clone number’. These adult cell lines express 
mature neuronal markers, exhibit neuronal morphology, and 
have been characterized for the expression of various 
neuropeptides and receptors. These lines will be key to 
understanding the physiology of the mature neuron, and can 
be used for the direct comparison with neurons of embryonic 
origin. Altogether, our repertoire includes models from the 
male and female adult mouse, embryonic mouse, embryonic 
rat and adult mouse pituitary (Fig. 1). This vast array of cell 
models will give rise to a comprehensive picture of the 
mechanisms involved in energy homeostasis and feeding 
behavior. Together, our cell lines present an optimal model 
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for the study of neuroendocrine gene regulation that has not 
been possible in the whole brain. 

Gene Regulation 

 Knowledge of how transcriptional mechanisms regulate 
gene expression is fundamental to issues in physiology and 
medicine. Defects in transcription and gene regulation 
contribute to a wide range of diseases including cancers, 
cardiovascular hypertension, diabetes and many 
developmental abnormalities. Thus, understanding gene 
regulation in the hypothalamus is key to understanding the 
homeostatic mechanisms that maintain basic physiology. 
Gene expression is subject to a wide variety of regulatory 
controls that can be classified as transcriptional or post-
transcriptional (Fig. 2). At the transcriptional level are 
promoters [21], enhancers [22] and silencers [22]. Promoters 
are comprised of a core promoter and a regulatory region. 
The core promoter is found immediately adjacent and 
upstream of the transcriptional start site and is believed to 
drive basal gene expression [21]. Regulatory regions are 
found upstream of the core promoter and contain one or 
more DNA sequences that transcription factors can bind to, 
resulting in an increase or decrease in transcriptional activity 
[22]. Enhancer and silencer regions are short DNA 
sequences that can be found thousands of base pairs 
upstream, downstream or even within the gene they control. 
These DNA motifs can increase (enhancer) and decrease 
(silencer) transcriptional activity. These fundamental cis-
acting elements interact with a combination of transcription 
factors, co-factors, receptors and proteins to regulate 
transcriptional activity [21]. Additionally, the organization of 
chromatin can restrict physical access of nuclear proteins to 
underlying DNA elements. The restriction of nuclear factors 
is regulated by post-translational modifications to histone 
including phosphorylation, acetylation, methylation and 
ubiquitination [23]. Finally, post-transcriptional mechanisms 
including mRNA stability and mRNA degradation further 
contribute to gene levels and inherent translational 

efficiencies [24]. Understanding the structure and functional 
activity of the transcriptional and post-transcriptional 
mechanisms is critical for understanding both basal gene 
regulation and neuron-directed gene expression. To decipher 
the mechanisms, we need to understand the wide range of 
processes involved in gene expression and develop strategic 
approaches to examine these processes. To date, a number of 
experimental methods (Table 1) have allowed for the 
detailed molecular analysis of the cis- and trans-acting 
elements involved in transcription. Combining these 
methods with immortalized hypothalamic cell lines, a 
number of groups have been able to define regions within 
endogenous neuronal genes critical for both basal gene 
regulation and neuron-directed expression. For example, the 
use of GT1 cells has allowed scientists to define the 173-bp 
promoter region proximal to the transcriptional start site, 
identify essential transcription factors necessary for basal 
GnRH expression, Oct1 and Otx2, and finally the 
characterization of the 300-bp enhancer located within the 
GnRH gene 5’ flanking region between -1863 and -1571 
[25-27]. Our hypothalamic cell models have provided a 
novel system to study the regulation of a number of 
endogenous neuronal genes and when combined with in vivo 
models, we can develop a comprehensive picture of the 
fundamental processes involved with the regulation of key 
genes in feeding behavior and energy homeostasis in the 
hypothalamus. In particular, our hypothalamic cell models 
have been key in elucidating the gene regulation of a number 
of neuropeptides including NPY, NT and AgRP by the 
feeding-related hormones leptin and insulin.  

IMMORTALIZED CELL LINES TO STUDY GENE 
REGULATION OF HYPOTHALAMIC FEEDING 

NEUROPEPTIDES  

Feeding Regulation 

 The hypothalamus is a central regulator in feeding 
behaviour and energy homeostasis. Several distinct 
hypothalamic nuclei are involved in the regulation of 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Representative phase contrast micrographs of mouse embryonic (mHypoE-39 and -46), rat embryonic (rHypoE-7 and -8) and mouse 

adult (mHypoA-48 and -2/4) hypothalamic cell lines. The mouse embryonic mHypoE-39 and -46 cell lines were used in studies described in 

the leptin and insulin section, respectively. 
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appetite and body weight including the lateral hypothalamic 
area (LH) [28, 29], the paraventricular (PVN) [7, 30], 
dorsomedial (DMH) [31], ventromedial (VMH) and arcuate 
(ARC) nuclei [29, 32]. It is now well known that these 
feeding nuclei are controlled by a neural circuitry comprised 
of orexigenic and anorectic neuropeptides (Table 2). Energy 
homeostasis is maintained through the regulation of these 
neuropeptides by peripheral signals [33]. Leptin and insulin 
are key peripheral hormones involved in regulating these 
peptidergic regulators of feeding by altering secretion and 
gene expression of these neuropeptides [34-39]. The 
following subsections will discuss how hypothalamic cell 
lines have advanced our knowledge in the leptin and insulin-
mediated regulation of intracellular signaling cascades and 
neuropeptide gene expression. 

Leptin 

 Leptin, an adipocyte-derived hormone and product of the 
obesity (ob) gene, acts on its receptors in the hypothalamus 
to reduce appetite and body weight [40-42]. Knockout mice 
without leptin (ob/ob) or the leptin receptor (db/db) are 
morbidly obese and infertile, and leptin administration is 
able to reverse this etiology in ob/ob mice [7]. Mice with a 
brain specific deletion of leptin receptors (ObR(Syn1)KO) 
are obese and infertile [43]. However, restoration of leptin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Model depicting a typical gene and the components involved with activation and deactivation. Expression of genes can be regulated 

via transcriptional, post-transcriptional and post-translational mechanisms. 

Table 1. Experimental Techniques for Assessing Cellular 

Function 

Luciferase bioluminescence 

Chromatin immunoprecipitation (ChIP) 

RT-PCR 

Radioactive immunoassays (RIA) 

Real-time RT-PCR 

Site-directed mutagenesis 

RNA interference 

Western blot analysis 

Mass spectrometry 

DNA microarray 

Proteomics 

mRNA stability assays 

Immunocytochemistry (ICC) 

DNA Footprinting 
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receptor signaling exclusively in the brain is sufficient to 
reverse the obesity, infertility and diabetes of db/db mice. 
For that reason, major efforts are currently underway to 
identify key leptin-responsive hypothalamic cells for 
potential therapeutic treatments of obesity. The diverse 
actions of leptin on feeding and energy metabolism suggest 
differential regulation of neuronal circuitry in the 
hypothalamus. The recognition of the leptin receptor as a 
member of the class 1 cytokine receptor superfamily 
immediately implicated the JAK-STAT cascade as a major 
pathway in leptin signaling [41, 44]. Continuous leptin 
injections result in the activation of STAT3 in a number of 
feeding nuclei in the hypothalamus [44]. However, in 
addition to STAT3 activation, leptin can achieve highly 
divergent and apparently cell-specific activation of signal 
transduction pathways. Cell lines have been instrumental in 
determining the downstream effectors of leptin action in 
specific cell populations. Leptin has been shown to activate 
the phosphatidylinositol-3-kinase (PI3-K) [45], mitogen-
activated protein kinase (MAPK) [46-48], AMP-activated 
kinase [49, 50], and classical janus kinase 2-signal 
transducer and activator of transcription (JAK-STAT) [44] 
pathways in a tissue specific manner, indicating leptin 
stimulation may activate a number of signaling pathways to 
carry out its diverse set of functions.  

 Thus far, leptin has been shown to regulate many key 
neuropeptides involved in appetite regulation (Table 2). NT 
neurons in particular appear to play an important role 
downstream of leptin. NT is a 13-amino acid peptide and is 
expressed throughout the CNS and digestive tract [51, 52]. 
The most notable functions of NT include feeding 
suppression, circadian regulation, and secretory stimulation 
of hypothalamic and anterior pituitary hormones [53-56]. NT 
neurons in the hypothalamus are responsive to leptin and 
may modulate the central effects of leptin on feeding 
behaviour [34-36, 57]. This was demonstrated in ob/ob mice 

and leptin insensitive fa/fa rats, which have decreased NT 
expression in the hypothalamus. Conversely, central 
administration of leptin decreased body weight in association 
with an increase in NT gene expression [36, 57]. 
Additionally, Sahu et al 2001 demonstrated a reversal in 
leptins satiety action by either NT immunoneutralization or 
NT-receptor antagonism [35]. Together, these studies 
suggest leptin-induced decreases in food intake and body 
weight may in part be mediated by the regulation of NT. 
Although in vivo studies have observed the overall response 
of NT to leptin treatments, it is difficult to determine 
whether the effect of leptin on NT-producing neurons is 
direct or through afferent connectivity in vivo. To study the 
molecular biology of leptin action on NT-expressing 
neurons, our lab utilized two hypothalamic cell lines that 
endogenously produce NT and also express the leptin 
receptor (ObR), N-39 and N-36/1 (mHypoE-39 and 
mHypoE-36/1) [58]. We found leptin treatments increased 
NT gene expression by approximately two-fold in both the 
mHypoE-39 and mHypoE-36/1 neurons. These results 
confirm the findings in previous in vivo studies, indicating 
leptin directly stimulates NT expression within the 
hypothalamus. This increase in NT mRNA was linked to 
specific signal transduction pathways and regulatory sites in 
the NT promoter. The leptin-responsive region of the NT 
gene was determined using a series of transiently tranfected 
5’-proximal sequential deletions of the 5’ flanking region of 
the mouse NT gene, which was cloned onto a luciferase 
reporter gene, pGL2-enh. Luciferase activity observed 
allowed our lab to map the leptin cis-regulatory motif to 
within -381 bp of the NT gene 5’ regulatory region (Fig. 
3A). To determine whether the classical JAK-STAT leptin 
signal transduction pathway was important for the regulation 
of NT gene expression by leptin, we used wild-type and 
dominant-negative STAT3 protein. Transfection of the 
dominant negative STAT3 construct attenuated the leptin-
mediated increase in NT mRNA compared to control (Fig. 
3B). This result indicated STAT3 was essential in the 
increase of NT gene expression by leptin. Chromatin 
immunoprecipitation (ChIP) assays were used to confirm 
STAT3 did in fact bind to cis-elements within the -381 to -
250 bp fragment of the NT promoter (Fig. 3C). However, 
additional studies using mHypoE-39 neurons found unique 
signaling events involved with NT gene expression [59]. 
Western blot analysis found leptin treatments induced an 
increase in the phosphorylational status of STAT3, ERK1/2, 
p38 and ATF-1 in the mHypoE-39 neurons. Pharmacological 
inhibitors directed against ERK1/2 (U0126) and p38 
(SB203580, SB202190 and SB239063) signaling kinases 
confirmed that these MAP kinases are necessary for the up-
regulation of NT transcription by leptin. A combination of 
studies using electrophoretic mobility shift assays (EMSA) 
and ChIP analysis then indicated enhanced binding of ATF-1 
or c-Fos to the -252 to -36 bp region of the NT gene 
promoter. Intriguingly, the effects of leptin appear to 
differentially regulate the binding of ATF-1, c-Fos and 
STAT3 to the NT promoter depending upon the 
concentration of leptin used: physiologically relevant leptin 
concentrations (10

-11
 M leptin) resulted in a greater 

abundance of ATF-1 and STAT3 bound to the NT promoter, 
whereas supraphysiological leptin exposure (10

-7
 M leptin) 

resulted in increased c-Fos binding [59]. We propose leptin 

Table 2. Hypothalamic Neuromodulators Involved in 

Feeding Behavior and Energy Homeostasis 

Increase Food Intake Regulation by Insulin/Leptin 

NPY  

MCH  

Galanin  

Orexin ? 

Ghrelin  

Reduce Food Intake  

NT  

POMC/MSH  

CRH  

CCK ? 

GLP-1  

CART  
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may induce differential signaling and downstream effectors 
in response to physiological or supraphysiological leptin 
levels, perhaps providing a new mechanism by which high 
leptin levels result in aberrant leptin signaling. Overall, our 
studies offer further evidence that NT neurons may indeed 
be first-order neurons responsive to leptin. Considering NT 
is a potent anorexigenic compound, we suggest this may be a 
mechanism by which NT neurons from the hypothalamus 
contribute to feeding regulation and energy homeostasis.  

Insulin 

 Insulin is a peptide hormone that has metabolic effects in 
virtually all tissues. Disturbances in insulin levels are 
associated with a variety of metabolic conditions, 
highlighting the immense importance of insulin in energy 
homeostasis. Although this role of insulin in peripheral 
tissues has been extensively studied, the role of insulin in the 
brain has received significantly less attention. Central insulin 
action plays a crucial role in the maintenance of energy 
homeostasis [60]. Although it is still controversial whether 
insulin is produced in the brain, peripherally circulating 
insulin does cross the blood-brain-barrier in proportion to 
serum insulin levels [61]. Insulin receptors (IR) are also 

found throughout the brain, with the highest expression in 
the hypothalamus, olfactory bulb, cerebral cortex, 
cerebellum and hippocampus [62, 63]. Like leptin, insulin 
affects both body weight and neuropeptide expression in the 
hypothalamus (Table 2) [64]. Studies in rats, baboons and 
humans have demonstrated that intracerebroventricular 
injection of insulin results in decreased body weight and/or 
food intake [65-67]. Insulin delivery to the brain has also 
been shown to suppress hepatic glucose production [68]. The 
generation of the neuron-specific IR knockout mouse 
(NIRKO) and neuron-specific IRS-2 knockout mouse, which 
have an obese and hyperinsulinemic phenotype, have further 
confirmed the critical role of central insulin action in the 
regulation of energy metabolism [69, 70]. In order to study 
the mechanisms involved in the centrally mediated actions of 
insulin, researchers have investigated the effects of insulin 
on orexigneic and anorexigenic neurons in the 
hypothalamus. 

 In the ARC of the hypothalamus, insulin has been shown 
to have actions on both orexigenic NPY/AgRP and 
anorexigenic POMC neurons [71-74]. In particular, the 
actions of insulin on NPY/AgRP neurons have been well 
studied. NPY and AgRP are both orexigenic neuropeptides, 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Leptin responsiveness can be mapped to a specific region of the mouse NT 5' regulatory region in mHypoE-39 neurons. A) The 

constructs containing indicated lengths of the mouse NT promoter cloned into the promoterless pGL2-enhancer luciferase vector were 

transiently cotransfected with pCMV {beta}-galactosidase (internal control) into N-39 cells. After transfection, cells were treated with or 

without 0.5 nM leptin for 48 h. Luciferase activity was normalized to {beta}-galactosidase expression. Each value is expressed as fold-

increase relative to pGL2-enhancer vector alone. Values are mean ± SEM from three experiments, each done in triplicate. *p < 0.05 versus 

untreated. B) STAT3 is involved in the leptin-mediated induction of NT mRNA expression in mHypoE -39 neurons. Cells were transfected 

with pEFBOS, wild-type (WT) STAT3, or dominant-negative STAT3 (DN-STAT3) for 18 h and then serum-starved for 2 h and treated with 

leptin for 4 h at the indicated concentrations. The expression of NT mRNA was determined by real-time RT-PCR. Values for NT are 

expressed relative to {beta}-actin mRNA levels (mean ± SEM; n = 4). *p < 0.05 compared with the untreated control by one-way ANOVA 

followed by Tukey's multiple-comparison test. M, Molecular mass marker size. C) Diagram of the NT/N promoter region from -381 to -250. 

Putative transcription factor binding elements are indicated (as analyzed by Match, BIOBASE Biological Databases), and sequences that 

were used as oligonucleotide primers in ChIP analysis are underlined. Originally published in [59]. 
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causing increases in food intake and body weight when 
administered centrally [75, 76]. Antisense oligonucleotides 
directed against NPY or AgRP mRNA results in decreased 
food intake and body weight [77-79]. Insulin, which has 
anorexigenic effects in the CNS, has been found to 
downregulate NPY and AgRP gene expression and is 
thought to decrease the firing rate of NPY/AgRP neurons 
[71-73]. However, studies examining whether the effect of 
insulin on NPY/AgRP neurons is direct on indirect are 
conflicting. One group demonstrated that insulin directly 
activates NPY/AgRP neurons by creating a transgenic mouse 
that permits the measurement of PI3K in AgRP neurons [80]. 
By blocking synaptic transmission with either tetrodotoxin 
or low extracellular calcium, they found that insulin was able 
to directly activate PI3K. In support of this view, Konner    
et al. found that insulin-stimulated decreases in hepatic 
glucose output was abolished in mice in which the IR was 
knocked out in AgRP neurons [81]. In contrast, insulin has 
been demonstrated to indirectly decrease NPY gene 
expression via GABAergic neurons through the use of 
GABA agonists and antagonists in hypothalamic organotypic 
cultures [82]. Hypothalamic cell models of the NPY/AgRP 
neuron, which are devoid of afferent neuronal inputs, would 
be a valuable tool to help clarify the mode of action of 
insulin on NPY/AgRP neurons. Thus, our group utilized a 
mouse, hypothalamic, clonal cell model, labeled as 
mHypoE-46, to investigate this discrepancy. The mHypoE-

46 neurons express NPY, AgRP and the IR, and do not 
express POMC. We have demonstrated that treatment with 
insulin results in downregulation of both NPY and AgRP 
mRNA expression (Fig. 4A), and therefore provide new 
evidence that insulin can act directly on NPY/AgRP neurons 
to repress NPY and AgRP mRNA expression [83]. 

 Two major signaling pathways activated by insulin in the 
periphery are the PI3K-Akt and MAPK MEK/ERK1/2 
pathways. In NPY/AgRP neurons, several studies indicate 
that insulin acts specifically through PI3K [80, 84, 85], and it 
has been shown that the effects of insulin on food intake are 
blocked by PI3K inhibitors [85]. However, whether insulin 
activates either of these pathways to suppress NPY and 
AgRP gene expression has not yet been resolved. We were 
able to address this question using our hypothalamic cell 
lines. We have found that insulin activates the PI3K-Akt 
pathway in mHypoE-46 cells, and in contrast to previous 
studies, we also demonstrated that insulin activates the 
MEK-ERK pathway [83]. Treatment with inhibitors directed 
against ERK1/2 (U0126) and PI3K (LY294002) revealed 
that the MAPK MEK-ERK pathway, but not the PI3K 
pathway, is involved in the insulin-mediated attenuation of 
NPY and AgRP mRNA expression (Fig. 4B). 

 ERK1/2 can affect numerous transcription factors that 
regulate gene transcription. We analyzed the 5’ regulatory 
regions of the human NPY and AgRP gene, since the NPY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). A, B: Insulin represses NPY and AgRP mRNA expression. mHypoE-46 cells were treated with 10 nM of insulin (solid line) or 

vehicle (dotted line). RNA was isolated at 2-12 h and analyzed using real-time RT-PCR with primers for NPY (A) and AgRP (B). C, D: 

U0126 attenuates insulin repression of NPY and AgRP mRNA expression. mHypoE-46 cells were pre-treated with either vehicle (DMSO), 

25 M LY294002 or 10 M U0126 for 1 h and then treated with 10 nM of insulin (black bars) or vehicle (white bars). RNA was isolated 

after 4 h and analyzed using real-time RT-PCR with primers for NPY (C) or AgRP (D). Data was normalized to gamma-actin and shown 

with SEM (n = 3-7 independent experiments). *P < 0.05 **P < 0.01 ***P < 0.001 versus vehicle control or non-insulin treated paired 

sample. Originally published in [83]. 
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and AgRP promoter regions of the mouse and rat have not 
yet been reported, and found binding sites for a variety of 
transcription factors, including SP-1, GATA, c-Myc, cAMP 
response element binding (CREB), STAT, c-Fos, c-Jun and 
Elk-1 [83]. By transiently transfecting luciferase reporter 
vectors containing the NPY and AgRP 5’ regulatory sites in 
mHypoE-46 cells, we found that insulin treatment did not 
affect luciferase activity. These findings suggest that insulin 
does not regulate levels of NPY and AgRP mRNA through 
regulation of gene transcription, but through the regulation 
of mRNA stability. However, other explanations exist for 
this lack of effect on gene transcription. First, the 5’ 
regulatory region used for the NPY and AgRP constructs 
may not have included potential cis-regulatory regions 
located upstream of the regions analyzed. Secondly, analysis 
of the human and mouse NPY and AgRP 5’ regulatory 
regions were found to have low sequence similarity, and 
therefore the human 5’ regulatory region may not contain the 
sequences required for the effects of insulin in mouse cells. 
Identification of the mouse NPY and AgRP 5’ regulatory site 
will allow a more thorough analysis of potential insulin-
responsive regulatory regions. Overall, the employment of 
hypothalamic cell models has been invaluable towards 
studying the gene regulation of two key orexigenic peptides, 
and there is great potential for further study of other 
components involved in both energy homeostasis and 
feeding behaviour.  

CONCLUSION 

 Recent studies have identified a number of hypothalamic 
neuropeptides important in the control of feeding and energy 
homeostasis. Despite our extensive knowledge concerning 
the overall importance of these peptides or receptors as 
demonstrated by knockout mice models, further 
investigations of the mechanisms of action of a specific 
neuropeptide, its gene regulation, and cellular signaling 
events must be carried out. Classical in vivo approaches fail 
to establish the direct action of an agent on specific 
hypothalamic neurons or on neuropeptide gene expression. 
The development of hypothalamic cell models has greatly 
expanded our understanding of these cellular characteristics. 
We have developed a novel technology to mass immortalize 
primary culture from the hypothalamus, generating 
hypothalamic cell lines from mouse and rat embryonic 
cultures and mouse adult cultures. A number of these 
neuronal cell lines express neuropeptides linked to the 
control of feeding behavior, including NPY, AgRP and NT. 
As discussed in this review, through careful experimentation, 
these neuronal cell lines can map the precise regulatory 
regions, cellular signaling cascades and transcriptional 
activity of specific neuropeptides. These novel cell models 
provide an innovative means to study the control of 
important feeding neuropeptides by hormones and 
neuromodulators involved with the regulation of energy 
homeostasis and the molecular events involved in the 
development of hormone resistance, a tremendous problem 
for obesity therapeutics.  
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