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Introduction

 Here we deal with receptors and downstream signalling pathways that affect expression of
neurotransmitters and the firing rate of neurons. Receptors are “receptive substances” at the
surface of the cell that bind to a specific messenger. Although very specific, often as not many
receptors recognize more than one messenger (which naturally resemble each other) and some
messengers are recognized by two different receptors (in short there is a low level of promiscuity).
For instance, the membrane protein INSR is the receptor for insulin but also for insulin-like growth
factor (IGF) and the neurotransmitter acetylcholine is recognized by the muscarinic receptor (a 7
TM protein) and by the nicotinic receptor (an multiprotein ion channel). Because most messengers
do not cross the membrane, they bind to the outside of the cell. After binding to the receptor, the
message is next translated into a signal that the cell can understand, often through the production
of second (intracellular) messengers. The second messengers will set in train a cascade of events
that eventually reach the nucleus, there to change expression of genes (plasticity of cell). The
cascade may also have immediate effects, like secretion of substances, contraction of muscle or a
change in the polarity of the membrane (in the case of electro-excitable cells). The process of
transmission into the cell and translation of the signal is called “signal transduction” (the subject of
this web page).



 In this page we focus on signal transduction in and around the arcuate nucleus (figure 1), an
important brain region for the integration of hormonal messages, coming from different organs and
dealing with the regulation of food intake. We limit our subject to the action of one appetite
messenger, ghrelin, and two satiety messengers, insulin and leptin.

 Ghrelin is produced by the stomach but also by neurons surrounding the arcuate nucleus. It acts
on Npy/AgRP/GABA neurons (because they carry its receptor) and it augments expression of genes
coding for the neurotransmitters Npy and AgRP. Concomittantly, Ghrelin increases membrane
potential (hypopolarization), leading to an increased firing rate of these neurons. Through the
intermediate of the neurotransmitter GABA, ghrelin reduces the firing rate of POMC/CART neurons
(thus reducing anorexigenic signals).

 Insulin (produced by the pancreas) and leptin (produced predominantly by adipose tissue) act on
both Npy/AgRP/GABA and POMC/CART neurons (because both neuron types carry their receptors).
They augment expression of the gene coding for POMC, a precursor protein in the production of α-
MSH (an essential anorexigenic neurotransmitter). On the contrary, insulin and leptin, inhibit
expression of AgRP, an anorexigenic neurotransmitter that acts as an agonist of α-MSH. We will
detail the molecular events that link the occupied cell membrane receptor with changes in gene
expression.

 The source, the molecular composition, as well as the physiological importance of ghrelin, insulin
and leptin are treated in the web page of team 2. For a global view of the action of these hormones
see figure 1.

Signalling by gherlin

Ghrelin-mediated activation of PLCβ

 Ghrelin is a peptide hormone (tiny protein) that requires the attachment of an octanoyl fatty acid
chain in order to bind its receptor, the growth hormone secretagogue receptor or GHSR (figure 2).
How the hormone interacts with its receptor is not know. GHSR belongs to the large family of seven
trans-membrane spanning proteins (7 TM) also known as G-protein coupled receptors (GPCR).
These are by far the most abundant type of receptors. Our vision, taste and smell (about 1035
different odorant receptors in humans) relies on G-protein coupled receptors and the majority of
hormones act through them. Examples are given in figure 3 (click on image to get the full picture).
G-protein coupled receptors are the targets of 50% of all medicaments: think of beta-blockers
(propranolol, carvedilol) to keep heartbeat under control or salbutamol (ventolin) to facilitate
breathing in case of asthma or morphine to ease pain (analgesic)).





 The ghrelin receptor interacts with a heterotrimeric protein complex, composed of three different
subunits α, β and γ, of which the α-subunit has a guanine nucleotide binding pocket (which either
binds GDP or GTP). These protein-complexes are named heterotrimeric G-proteins. In the resting
state they bind GDP. G-proteins are anchored to the membrane by short lipid tails (they are
“integral” membrane proteins). The α-subunit is linked to a geranylgeranyl chain and the γ-subunit
to a myristoyl chain. Upon arrival of ghrelin, the receptor changes the shape of the α-subunit. GDP
now readily escapes and the nucleotide pocket is immediately occupied by GTP (an exchange
reaction). This leads to a second conformational change (due to the presence of a 3rd phosphate in
the guanine nucleotide) which causes the separation of Gα from Gβ/γ subunits (figure 4).

 Like the 7TM receptors, the heterotrimeric G-proteins too are part of a family of proteins (see
textbox below). Not all 7TM receptors interact with the same G-protein. In the case of ghrelin, its
receptor (GHSR) interacts with the αq-subunit (Gαq). This particular subunit, once liberated from
Gβγ, binds to an enzyme named phospholipase-C type-β (PLCβ). A lipase is a lipid-cleaving
enzyme; a phospholipase is thus a phospholipid-cleaving enzyme. Phospholipids are in membranes
and an important role of Gαq is to recruit PLCβ to the membrane, placing it next to its substrate.
The preferred phospholipid is phosphatidylinositol-4,5-bisphosphate, also indicated as PI-4,5-P2 or
PIP2. This is cleaved by PLCβ into diacylglycerol, a membrane bound second messenger, and
inositol-1,4,5-trisphosphate (IP3), a soluble second messenger that diffuses into the cytoplasm (see
figure 5 for details of the lipid composition and the phospholipase cleavage sites).



A family of heterotrimeric G-proteins
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IP3-mediated release of Ca
2+

 leads to inactivation of mTOR

 The liberated IP3 diffuses into the cell and binds its receptor which is situated on the smooth
endoplasmic reticulum. The receptor is a multiprotein complex (of 1100 kDa) that forms a Ca

2+
-

channel which, upon opening, releases Ca
2+

 from its intracellular storage compartment. Depending
on the IP3 concentration this results in very brief blips, more sustained puffs or big waves of Ca

2+
,

which last several seconds and traverse the entire cell (figure 8).



 The intracellular free Ca
2+

 will bind to Ca
2+

-binding proteins of which calmodulin (CaM) is
abundantly present in cells. The Ca

2+
/Calmodulin complex (loaded with two Ca

2+
 ions) interacts

with numerous proteins; calmodulin serves as an intermediate protein that transmits the Ca2+

signal to a broad set of effector proteins. One such effector protein is the Ca2+/Calmodulin kinase
kinase (CaMKK). Binding leads to its activation, meaning, rendering the protein kinase competent to
transfer phosphate from ATP onto a substrate (phosphoryl transfer reaction or phosphorylation). In
the context of ghrelin signalling, the substrate of CaMKK is the 5’-AMP-dependent protein kinase
AMPK-α (figure 9). This protein kinase, in turn, phosphorylates and activates the GTPase complex
TSC1/2. Because of this, the small G-protein Rheb is kept in a resting (GDP-bound) state and this
causes inactivation of the mTOR protein kinase complex (yet another kinase in the cascade). From
here on matters are not yet investigated but inactivation of mTOR leads to an orexictic signal.
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Ghrelin-mediated activation of AMPK leads to phosphorylation and inactivation of acetyl-CoA
carboxylase

 The application of ghrelin in the hypothalamus leads to β-oxidation of fatty acids (degradation
into acetyl Co-A) and this, in turn, leads to food seeking behaviour. Below we will describe the
signalling pathway involved in ghrelin-stimulated β-oxidation. It remains unclear to us how this
leads to an orectic signal.

 First a description of how glucose and acetyl-CoA carboxylase (ACC) cause a shift in fatty acid
metabolism; from a catabolic to an anabolic state. Intracellular glucose is converted into pyruvate
(by the glycolysis pathway) which is then transported into the mitochondria. There is enters the
citric-acid cycle (Kreb-cycle), contributing to the production of citrate (and of course NADPH and
CO2). An excess of citrate leaves the mitochondria through the citrate/malate exchanger. Cytosolic
citrate is next converted into acetyl-CoA by ATP-citrate lyase. Accumulation of cytosolic acetyl-CoA
indicates a state of “plentitude” (an abundance of cytosolic glucose in relation to ATP requirements).
Accumulating acetyl-CoA then acts as a substrate for the cytoplasmic acetyl-CoA carboxylase
(ACC), giving rise to malonyl CoA. This acts in two ways: 1) it serves as a precursor for the
synthesis of fatty acids (palmitate) and 2) it acts as an inhibitor of the carnitine-palmitoyl
transferase enzyme and therefore inhibits import of fatty acids into the mitochondria, hence
preventing β-oxidation (figure 12).



 Ghrelin, a messenger that signals an empty stomach, reverses the situation by inhibiting acetyl-
CoA carboxylase. This occurs through AMPK-mediated phosphorylation at two serine residues
(S1200 and S1215). Cytoplasmic acetyl-CoA is no longer converted into malonyl-CoA. This prevents
de novo synthesis and leads to a renewed uptake of fatty acids into the mitochondrial lumen, thus
boosting β-oxidation (figure 13). Together, this conducts towards the emission of an orectic signal.
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Ghrelin augments the firing rate of NPY/AgRP-containing neurons and inhibits the firing of POMC
neurons (anorexigenic).

 What matters in neuronal circuits is the release of neurotransmitters that pass-on or block
electric signals. Neurotransmitter release is determined by 1) the cellular content of
neurotransmitter, i.e. production and storage in secretory vesicles, and 2) by the firing rate of the
neuron that carries it. Increased firing rate, in the presence of sufficient amounts of the
neurotransmitter, will increase its release. One paper has reported that addition of ghrelin to
hypothalamic slices (from mice and rats) augments the firing rate of Npy/AgRP-containing neurons
(orexigenic) whereas it inhibits that of POMC neurons (anorexigenic) (figure 14). The inhibition of
POMC neurons occurs most likely through the concomitant release of GABA from Npy/AgRP
neurons. GABA acts through activation of Cl- permeant receptors, leading to membrane
hyperpolarization (thus rendering the POMC neuron resistant to the induction of action potentials).
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Insulin mediated-receptor activation

 Insulin is a small peptide of two amino-acid chains hold together by disulphide bridges. It binds to
the insulin receptor, a dimeric transmembrane protein, composed of two subunits (α-chain and β-
chain) (figure 15). It qualifies as a receptor protein tyrosine kinase (RPTK) because of the presence
of a tyrosine protein kinase domain in the intracellular segment. Both the α- and β-subunits and the
two monomers are kept together by disulfide bridges. Despite the presence of two binding sites,
only one insulin molecule seems to fit the receptor dimer.



 The cytosolic segment of the insulin receptor comprises a tyrosine protein kinase. Binding of
insulin leads to phosphorylation and activation of the tyrosine protein kinases. The phosphorylated
protein acts as a docking site for numerous adaptor and docking proteins. These serve to attract
yet other proteins, forming a receptor signalling complex, which, collectively, will assure the
transmission of the insulin message into the cytoplasm. It is not clear yet how insulin brings about
mutual phosphorylation of the two tyrosine protein kinases. Perhaps the protein kinase domains are
kept apart in the non-occupied receptor (see figure 16).

Formation of a receptor signalling complex

 Importantly, the phosphorylated receptor recruits a docking protein (Insulin receptor substrate-1
or IRS1) which, in turn, gets phosphorylated on numerous tyrosine residues. One of these
phosphotyrosines binds the regulatory subunit (p85) of an enzyme named phosphatidylinositol 3-
kinase (PI 3-kinase) (figure 16a). The elaborate cascade of phosphorylations serves to: 1) recruit a
lipid kinase to the membrane (next to its substrate the inositol lipids) and 2) to undo the inhibitory
action of its regulatory subunit (p85).



PI 3-kinase mediated activation of protein kinase B (PKB)

 Despite its affinity for inositol lipids, PI 3-kinase classifies as a classical protein kinase (based on
its amino-acid sequence and tertiary structure). It forms a subfamily of protein kinases, divided into
type 1, type 2 and type 3 (figure 17). The one activated by the insulin receptor (via IRS1) is a type
I PI-3kinase.



 PI 3-kinase tranfers a phosphate (from ATP) to phosphatidyl-inositol at the 3’-position of the
inositol ring (figure 18). The ensuing PI-3,4-bisphosphate or PI-3,4,5-trisphosphate act as binding
sites for proteins carrying a Pleckstrin-Homology (PH) domain. Two such proteins are the protein
kinases PKB and PDK1, both of which prefer PI-3,4-bisphosphate and both are recruited to the
membrane where they meet each other. This meeting has important consequences for PKB.



 PKB occurs in a non-active state. Both the coordination of ATP binding and the structural
requirements for interaction with substrate are inappropriate for a transfer of phosphate (kinase
reaction). PKB requires two modifications to become a competent protein kinase. Firstly it needs
phosphorylation of a hydrophobic motif at the C-terminal. This occurs through the mTOR2 (complex
2, see above) but it is not yet clear how this is regulated. (NB: at the start of investigations of PKB
activation, the putative protein kinase that phosphorylates the hydrophobic motif was named PDK2
(phosphoinositide dependent protein kinase-2)). The second phosphorylation occurs in the
activation segment and this is made possible because of the mutually beneficial membrane-
encounter between PDK1 and PKB (see figure 19). PKB facilitates full kinase expression of PDK1 by
transiently laying its phosphorylated hydrophobic motif on the shoulder of PDK1. In return, PDK1
phosphorylates the activation segment of PKB. Once doubly-phosphorylated, PKB is less likely to
remain membrane attached and is now fit to phosphorylate substrate in the cytoplasm (for as long
as it does not encounter phosphatases that remove its activating phosphates).



PKB and Akt
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PKB-mediated phosphorylation of FOXO1 and TSC1/2

 In the context of regulation of food intake, two important substrates will be discussed below; the
transcription factor FOXO1 and the GTPase activating protein TSC1/2.

1. FOX01, for forkhead box protein 1(also known as FKHR), is a transcription factor that normally
shuttles between the nucleus and the cytoplasm. It plays an important role in the regulation of
expression of pomc (gene coding for the precursor protein POMC), which is inhibited by FOXO1, and
agrp (gene coding for AgRP), which is stimulated. When FOXO1 resides in the nucleus, it contributes
to an orectic signal (apetite) (figure 20). Upon addition of insulin and subsequent activation of PKB,
FOXO1 gets phosphorylated on two residues (T24 and T256) and this causes it to bind to the 14-3-3
protein which sequesters PKB into the cytoplasm. Loss of nuclear localization leads to a loss of agrp
expression, and an increase in the expression of pomc, shifting the balance from orectic to
anorectic signals (leading to fasting) (figure 21) (to refresh your memory see the section about the
arcuate nucleus, target of ghrelin, lepmtin and insulin of team 2).





2. TSC1/2 is a Rheb GTPase activating protein already discussed in the section about ghrelin. When
phosphorylated on T1227 and S1345 by AMPK it becomes active whereas phosphorylation by PKB,
on residues S939 and T1462, renders it inactive. Inactivation of TSC1/2 leads to accumulation of
Rheb in its GTP bound state. This in turn brings about the activation of mTOR2 which, through an
unknown mechanism, provides an anorectic signal (figure 22).



Signalling by leptin

 Leptin, from the Greek leptos, meaning thin, is the product of the obese gene (meaning, if mice
lack expression of the gene product they get fat). Leptin is anorexigenic and congenital leptin
deficiency in humans is associated with voracious appetite, morbid obesity, immunosuppression and
hypothalamic (secondary) hypogonadism. Click here to see the effect of leptin on the Tasmanian
devil (figure 23A).

 Leptin is a 167 amino-acid peptide (small protein), which, with respect to its structure resembles,
amongst others, interleukin-6 and human growth hormone. It is produced by adipose tissue (see
leptin section of team 2). It binds to the Leptin receptor, but productive binding requires a co-
receptor which has yet to be identified (figure 23). Five receptor isoforms have been identified,
LRa-e. LRa lacks an intracellular domain and is abundantly expressed in brain capillary endothelium
and peripheral organs. It is proposed to mediate leptin transport across endothelial cells. LRb is
restricted to the hypothalamus, brainstem and key regions of the brain involved in the control of
feeding, metabolism and neuroendocrine systems.



 Dimerization of the leptin receptor and its co-receptor lead to activation of the cytosolic tyrosine
protein kinase JAK (janus kinase). This binds the receptor with its FERM domain and is normally
kept in an auto-inhibited state (figure 24). Following dimerization, a change in the orientation of the
intracellular segment of the receptor is anticipated which, in turn, leads to a liberation of the
functional kinase domain. A transphosphorylation ensues (in the activation segment) and the active
JAK kinase now phosphorylates the leptin receptor-b (LepRb) on three tyrosine residues (Y985,
Y1138 and Y1077).





Leptin induces nuclear translocation of STAT3

 Phosphotyrosines and their immediate upstream or downstream amino-acids act as docking sites
for proteins with an SH2- or a PTB-domain (see also the insulin receptor signalling complex above).
One of these is the transcription factor STAT3 (Signal Transducer and activator of transcription), the
other is the IRS2 protein (see two sections down). When recruited to the tyrosine phosphorylated
receptor (by pY1138) STAT3 gets phosphorylated (on Y705 for human) by JAK2 and this leads to
dimerization of the STAT3 proteins (whereby the SH2 of one binds the phosphotyrosine of the other
and vice versa). The STAT3 dimers enter the nucleus and bind DNA, there to change gene
transcription (figure 26).

Leptin augments pomc expression and inhibits agrp

 The genes coding for pomc and agrp contain STAT binding sites which in the case of pomc leads
to enhanced expression, DNA becomes accessible, whereas in the case of agrp the reverse occurs,
DNA becomes inaccessible (figure 27). This entry of STAT3 induces a shift from a predominant



AgRP signal (orexigenic) to a predominant POMC signal (anorexigenic); leptin signalling (JAK2 to
STAT3) synergizes with insulin signalling (INSR to PKB).

Leptin, like insulin, activates the PI 3-kinase/PKB pathway in a JAK2-dependent manner

 Leptin and insulin signalling pathways also synergize at the level of activation of PKB and mTOR.
This occurs through phosphorylation of the docking protein IRS2 by JAK2. The ensuing tyrosine
phosphoresidues bind the p85 regulatory subunit of PI 3-kinase and the same string of activities
follow as described for insulin. It ends with phosphorylation and cytoplasmic retention of FOXO1,
hence a block in expression of agrp, and activation of mTOR1 (mTOR, Raptor, Lst8 complex) (figure
28).
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