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Abstract
G protein-coupled receptors (GPCRs) play pivotal roles in regulating the function and plasticity of
neuronal circuits in the nervous system. Among the myriad of GPCRs expressed in neural cells, class
II GPCRs which couples predominantly to the Gs–adenylate cyclase–cAMP signaling pathway, have
recently received considerable attention for their involvement in regulating neuronal survival.
Neuropeptides that activate class II GPCRs include secretin, glucagon-like peptides (GLP-1 and
GLP-2), growth hormone-releasing hormone (GHRH), pituitary adenylate cyclase activating peptide
(PACAP), corticotropin-releasing hormone (CRH), vasoactive intestinal peptide (VIP), parathyroid
hormone (PTH), and calcitonin-related peptides. Studies of patients and animal and cell culture
models, have revealed possible roles for class II GPCRs signaling in the pathogenesis of several
prominent neurodegenerative conditions including stroke, Alzheimer's, Parkinson's, and
Huntington's diseases. Many of the peptides that activate class II GPCRs promote neuron survival
by increasing the resistance of the cells to oxidative, metabolic, and excitotoxic injury. A better
understanding of the cellular and molecular mechanisms by which class II GPCRs signaling
modulates neuronal survival and plasticity will likely lead to novel therapeutic interventions for
neurodegenerative disorders.
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G Protein-Coupled Receptors and Their Classification
G protein-coupled receptors (GPCRs) share a common molecular architecture and a common
signaling mechanism involving interaction with G proteins (heterotrimeric GTPases) to
regulate the synthesis of intracellular second messengers such as cyclic adenosine
monophosphate (cAMP), inositol phosphates, diacylglycerol, and calcium ions (Ca2+). All
GPCRs have seven-transmembrane domains (7TM), three extracellular loops (EC1, EC2,
EC3), three intracellular loops (IC1, IC2, and IC3), an amino-terminal extracellular domain
and an intra-cellular carboxyl terminus (Lefkowitz, 2004). This topology is predicted from the
analysis of hydropathy profiles and from a limited amount of experimental evidence, most
importantly from the crystal structure of the visual pigment rhodopsin (Palczewski et al.,
2000), the prototypical class I GPCR for which the activating stimulus is light.
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GPCRs are one of the most important classes of signalling proteins as they allow organisms
to sense their environment and respond to endogenous hormones and exogenous agents. The
superfamily of GPCRs can be divided into six primary classes (denoted below). All of the
receptors in each class have several common characteristics, e.g., 7TM repeats, extracellular
N-terminus, an intracellular carboxy terminus, and the ability to functionally couple to
heterotrimeric G proteins.

Class I
Class Ia receptors share a high degree of sequence similarity and tend to bind to small molecular
ligands such as catecholamines, small peptides such as opiates, and also small lipids such as
the cannabanoid anandamide. The receptor-activating hormones in this family of receptors
bind deep in the heptahelical transmembrane bundle. This family is often referred to as
“rhodopsin-like” receptors because they are all typified by the light-sensing rhodopsin receptor.

Class Ib receptors are very similar to class Ia but tend to interact with larger ligands, e.g.,
cytokines, thrombin, and fMLP-peptide. In contrast to Ia receptors ligands for these receptors
interact largely with the superficial areas of the heptahelical bundle, extracellular loops, and
the N-terminus.

Class Ic receptors differ significantly from the Ia and Ib families owing to their larger N-
terminus, often being more than 200 residues in size. This family of receptors also interacts
with larger glycoprotein hormones such as luteinizing hormone and thyroid-stimulating
hormone. Similar to the Ib family, the receptor–ligand interaction tends to occur mainly with
the N-terminus, superficial regions of the helical bundle, and the extra-cellular loops.

Class II
Although these receptors share the heptahelical transmembrane structure with the class I
receptors, the amino acid sequences of class II and class I receptors are dissimilar. These
receptors interact with large, glycoprotein hormones such as secretin, glucagons, and
parathyroid hormone via their extremely large (up to 400 residues) extracellular N-terminus.
In contrast to the Ic class, the N-terminus appears to be the primary area of receptor–ligand
interaction. We discuss the molecular mechanism of the functioning of these receptors and
their implications in neuronal physiology and therapeutic neuroprotection in this review.

Class III
Similar to class II, these receptors also possess extremely large N-termini that interact with the
activating hormone. However in contrast to class II, the ligands are all relatively small in mass,
e.g., glutamate, Ca2+, and γ-aminobutyric acid. This GPCR family shares a global structural
analogy with classes I and II, but shares very little amino acid sequence identity.

Class IV
As with classes II and III, this family shares little sequence identity with class I but does share
the classical GPCR properties described in the opening paragraph. These vomeronasal (VN)
receptors interact with putative pheromone molecules.

Class V
These receptors consist of the “frizzled” and “smoothened” receptors involved in embryonic
development and in particular in cell polarity and segmentation.
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Class VI
This class consists only of the Dictyostelium discoideum cAMP receptors. These have only
been found in D. discoideum and are involved in chemo-taxis of this slime mold.

General Receptor Function
GPCRs have evolved to interact with a chemically diverse array of native ligands, e.g.,
endogenous compounds like amines, peptides, pheromones, and Wnt proteins (i.e., secreted
proteins activating frizzled receptors); endogenous cell surface adhesion molecules; photons
and even exogenous compounds like odorants. This review will concentrate on a particular
subset of these tremendously important trans-membrane proteins, i.e., the class II family of
GPCRs. Class II, often referred to as the secretin-receptor family of GPCRs, is a small but
structurally and functionally diverse group of proteins that includes receptors for large
polypeptide hormones (Laburthe et al., 1996). Class II GPCRs have been found in all animal
species investigated, including mammals, Caenorhabditis elegans, and Drosophila
melanogaster, but not in plants, fungi, or prokaryotes. In this article, the structures and
functions of class II GPCRs will be described as well as an in-depth review of the roles of these
signaling molecules in neuronal degeneration and survival mechanisms. Ligands acting in these
systems may, in the near future, prove to be useful therapeutics for neurodegenerative disorders.

The combined use of site-directed mutagenesis and molecular-modeling approaches have
provided detailed insights into the molecular mechanisms of ligand binding, receptor
activation, G protein-coupling, and regulation of GPCRs. The vast majority of class I, II, III,
and VN receptors are able to transduce signals into cells through heterotrimeric G protein-
coupling. However, G protein-independent signaling mechanisms have also been reported for
many GPCRs. Site-directed mutagenesis and molecular dynamics simulations have revealed
that the inactive state conformations are stabilized by specific interhelical and intrahelical salt
bridge interactions and hydrophobic-type interactions. Constitutively activating mutations of
receptors or agonist binding disrupts such constraining interactions leading to receptor
conformations that associate with and activate G proteins.

Characteristics of Class II GPCRs
The first cloned receptor of the class II family was that for secretin (Ishihara et al., 1991). This
receptor was predicted to have the classical heptahelical transmembrane topology reminiscent
of class I receptors. The receptor was capable of productively interacting with the Gas
heterotrimeric G protein, thus elevating intracellular cAMP. In addition, coupling to Gαq and
Gαi-type G proteins has been demonstrated. Interestingly, the primary amino acid sequence
was found to be only distantly homologous to the other known existing class I GPCRs and
therefore the secretin receptor became the archetypical member of the class II GPCR family.

Since the discovery of the secretin receptor, at least 33 human genes encoding receptor
members of class II have been identified. Within class II, three distinct subfamilies of GPCRs
can be identified. A simplified nomenclature has been proposed by Harmar (2001), i.e., B1,
B2, and B3, for these sub-families. Subclass B1 consists of receptors for polypeptide hormones
from 27 to 141 amino-acid residues in length. In this subclass, nine of the mammalian receptors
respond to ligands that are structurally related to one another: glucagon, glucagon-like peptides
(GLP-1, GLP-2); glucose-dependent insulinotropic polypeptide (GIP); secretin; vasoactive
intestinal peptide (VIP), pituitary adenylate cyclase-activating polypeptide (PACAP) and
growth hormone-releasing hormone (GHRH). All members of this subfamily have been shown
to be capable of regulating intracellular concentrations of cAMP by coupling to adenylate
cyclase (AC) through Gαs. Some members of the subfamily are capable of signalling through
additional G protein-coupled signalling pathways, for example through Gαi/Gαq-mediated
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activation of phospholipase C (PLC). This subclass is by far the most studied of the class II
receptors and thus we shall concentrate more intensively upon this subfamily. The subclasses
B2 and B3 consist of receptors that can interact with epidermal growth factor (EGF), i.e.,
EGF-7TM (McKnight and Gordon, 1996: B2) and the D. melanogaster Methuselah gene
product (Lin et al., 1998; for review see Harmar, 2001).

The greatest extent of knowledge of GPCR structure and function so far has been gathered
upon the class I receptors (primarily the rhodopsin-like class). We will therefore concentrate
on the comparison between classes I and II in this review. The heptahelical bundle of class II
receptors shows only a small degree of amino acid sequence identity with the class I receptors.
The class II receptors share approx 20–45% sequence identity among themselves and less than
10% identity with other families.

Class II GPCRs are structurally characterized by a relatively long N-terminus (∼120–140
amino acids) containing a set of six cysteine (Cys) residues connected by three disulphide
bonds, forming a globular domain. These cysteines are completely conserved across class II
receptors. The disulphide bond pattern seems to be conserved in all receptors, suggesting a
very similar three dimensional structure (PTH-1R: Grauschopf et al., 2000; CRF-1R: Qi et al.,
1997; GLP-1R: Bazarsuren et al., 2002). The N-terminal domain represents the receptor
fragment where most of the hormone-binding activity resides. This putative hormone-binding
domain, which contains three or four conserved cysteine residues and two conserved
tryptophan residues, also contains an aspartate, which may be critical for ligand binding, e.g.,
splice variation in this region of the PACAP receptor has been shown to influence ligand-
binding specificity and affinity (Dautzenberg et al., 1999).

Archetypical class I GPCR motifs, such as the E/DRY and NPX2-3Y motifs, are missing, as is
the palmitoylated cysteine in the C-terminus of the protein. Conserved cysteine residues within
extracellular loops EC1 and EC2 probably form a disulphide bridge similar to those in class I
GPCRs. In contrast to class I GPCRs, which rely on internal hydrophobic sequences for
targeting to the plasma membrane, most class II GPCRs appear to have an amino-terminal
signal peptide for plasma membrane insertion. Site-directed mutagenesis and the construction
of chimeras between hormone receptors in class II have shown that the amino-terminal
extracellular domain is essential for ligand binding but that transmembrane domains and
extracellular loops can assist with encoding for specific interaction with ligands.

One of the most important structural regions of class I receptors is the IC3, which allows
productive interaction with heterotrimeric G proteins. The IC3 of class II GPCRs also contains
the major determinants required for specific G protein-coupling as splice variation in this region
can give rise to PACAP receptors that differ in their ability to couple to different G proteins
(Pisegna et al., 1996). Alternative splicing in IC1 of the CRH1 receptor (Nabhan et al., 1995)
and calcitonin (Nussenzveig et al., 1995) receptors has also been reported to influence G protein
coupling.

An interesting difference between class I and class II GPCRs is that many of the receptors in
class II can naturally exhibit a high degree of agonist-independent (constitutive) activity in the
wild-type form, e.g., naturally occurring point mutations of the human PTH receptor have been
reported to be associated with constitutive activation of the PTH receptor in Jansen-type
metaphyseal chondrodysplasia causing severe hypocalcaemia and hyper-calciuria (Schipani et
al., 1999). Mutagenesis of the equivalent amino acid residues in the GIP receptor (Tseng and
Lin, 1997) and the VPAC1 receptor (Gaudin et al., 1998) also leads to their constitutive activity.
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Class II Receptor Ligands
The primary ligands for the class II (subgroup B1) are listed in Table 1. Most endogenous
functional hormones that bind class II receptors are peptides 30–40 amino acids long. Many
of the hormones are created as much larger pro-hormones that are then processed into the active
hormones. In addition, there seem to be multiple biologically active truncated forms of the
processed hormones present.

The genes encoding the structurally related class II peptides secretin, glucagon, GLP-1, GLP-2,
GHRH, and GIP are primarily expressed in the gastrointestinal tract and/or brain but can also
be found in many other tissues in the body. Asingle proglucagon gene in mammals (Irwin,
2001) encodes three distinct structurally related peptides, glucagon, GLP-1 and GLP-2, which
exhibit unique biological actions mediated by separate receptors (Drucker, 2000). Several
members of the secretin peptide family, including secretin, GLP-1 (7-36 amide), and GHRH
are amidated at the carboxyl terminus, however amidation is not always an invariant
requirement for biological activity, as the nonamidated GLP-1 (7-37) is equipotent with GLP-1
(7-36 amide) (Orskov et al., 1993). Similarly, GHRH, GLP-1, GIP and GLP-2 are excellent
substrates for the enzyme dipeptidyl peptidase IV, which inactivates these peptides following
cleavage at the position 2 alanine or proline (Lambeir et al., 2002).

Interaction of Class II Peptides With Their Receptors
Structure-activity studies have indicated that receptor activation determinants are grouped in
the extreme N-terminal end of the class II peptides, which can be referred to as their “activation
domain.” For example, in the GLP-1/glucagon subgroup, amino acids Histidine1, Aspartate/
Glutamate3, Phenylalanine6 and Threonine/Serine7 in this region are very highly conserved
and define their signature. In GLP-1, the first histidine, in particular, is essential for efficacy.
Its removal renders a peptide devoid of agonistic properties (Adelhorst et al., 1994). The same
effect is seen in other peptides, e.g., glucagon (Unson et al., 1993). This general scheme even
applies to the distantly related PTH, which does not share a high primary sequence with GLP-1
at all, but nonetheless deletion of the first two amino acids also converts it into a potent
competitive antagonist (Nutt et al., 1990). Interestingly, in this case, it has been postulated that
the determinant responsible for selective signalling may not be equally located in the hormone.
For example, although the nine N-terminal residues of PTH are critical for receptor-mediated
AC activation, residues 29–32 have been proposed to be determinants for PLC activation
(Jouishomme et al., 1994). This postulate, however, has not been explored in other class II
ligands. Amino acids contributing to binding affinity are seemingly more widely dispersed
along the hormone molecule. In general terms, the structural features most important for
receptor binding appear to be clustered in the C-terminal half of the peptides, which can be
designated the “principal binding domain.” Residues located in this region provide the high
affinity required for potent and specific interaction with the various class II receptors. For
instance, the last four residues of GLP-1 are thought to determine much of the selectivity for
GLP-1R (Hjorth et al., 1994; Xiao et al., 2001). However some binding determinants located
in the N-terminal region of the hormone are also required for high-affinity binding, e.g., GLP-1
is very sensitive to N-terminal modification as alanine-substitution of a single residue, His1,
reduces its affinity >100-fold (Adelhorst et al., 1994). In summary, the highly conserved first
residues appear to be involved in receptor activation, carrying a common message for all
ligands of class II GPCRs. On the other hand, the more heterogeneous C-terminus of the
hormone would determine binding selectivity of each hormone for its cognate receptor.

As a general working rule, the C-terminus of the peptides interact with the N-terminus of their
receptors while the N-terminus of the hormones contact the receptor juxtamembrane region
(Bergwitz et al., 1996; Gardella and Juppner, 2001). Using chimeric PTH-1/secretin receptors,
the proximal N-terminus in PTH-1R has been singled out as a high-affinity interaction site for
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PTH, but seems not to be required for full activation of the receptor. In contrast, the portion
near transmembrane (TM) domain 1 (TM1) is proposed as a low-affinity binding site but with
a more pronounced role in signal transduction (Vilardaga et al., 2001). Extensive studies with
chimeric and truncated receptors have established that the N-terminal domain is the major high-
affinity determinant. Deletion or exchange of this domain leads to a great loss of specific
binding (Buggy et al., 1995; Bergwitz et al., 1996; Vilardaga et al., 2001). The most definite
proof of the outstanding significance of the N-terminus is that this isolated domain can be
expressed (in E. coli and mammalian cells) as an independent unit able to bind the ligands,
albeit with a much reduced affinity (SecR: Chow, 1997; PTH-1R: Grauschpof et al., 2000;
CRFR: Perrin et al., 2001; GLP-1R: Bazarsuren et al., 2002; Lòpez de Maturana et al., 2003).
Therefore, in general, the ligand-binding pocket is primarily located in the extracellular
domains of these receptors.

Promiscuity of Class II Receptor–Ligand Interactions
As mentioned previously, many of the class II ligands are structurally related (for sequences
see Table 2) and at least three of the receptors can respond selectively to different ligands that
are all synthesized by posttranslational processing of proglucagon. The VPAC1 and VPAC2
receptors can respond to physiological concentrations of two different ligands (PACAP and
VIP), whereas the PAC1 receptor responds selectively only to PACAP. Two receptors have
been identified that bind corticotropin-releasing hormone (CRH). CRH is the primary ligand
for the CRHR1 receptor while the most potent agonists for the CRHR2 receptor are the
urocortins. Urocortins comprise a family of peptides structurally related to CRH but are
encoded by different genes with different expression patterns (Lewis et al., 2001). In a similar
manner the PTH1 and PTH2 receptors appear to be specific for different physiological ligands.
Hence, PTH1 receptors respond to parathyroid hormone and parathyroid hormone-related
protein (PTHrP), whereas PTH2 receptors respond to the “tuberoinfundibular peptide of 39
residues” (TIP39), a novel peptide isolated from bovine hypothalamus (Christopolous et al.,
1999).

A family of three small accessory proteins called receptor activity-modifying proteins
(RAMPs) play a significant role in determining the ligand-binding specificity of two hormone
receptors in subfamily B1 in a manner that has not been described for any other class of GPCRs.
These auxiliary proteins, RAMPs 1, 2, and 3, consist of a large extracellular N-terminal domain
and a single transmembrane spanning domain and a relatively small intracellular carboxyl
terminus. Co-expression of the human calcitonin-receptor-like (CALCRL) gene with RAMP1
results in a receptor selective for calcitonin-gene-related peptide (CGRP), whereas RAMP2
and RAMP3 promote the expression of receptors selective for adrenomedullin (Hilairet et al.,
2001). Expression of the calcitonin receptor (CALCR) gene with RAMP2 results in a receptor
responding most potently to calcitonin, whereas expression of CALCR with RAMP3 results
in a receptor responding to both calcitonin and the pancreatic hormone amylin. Finally, the
expression of CALCR with RAMP1 promotes the formation of a receptor responding most
potently to amylin and CGRP(McLatchie et al., 1998; Foord et al., 1999; Sexton et al., 2001).
Thus, the interaction of the products of two receptor genes with the three RAMPs is potentially
capable of generating six pharmacologically distinct receptors.

How RAMPs contribute to the specific binding event is still a subject of much investigation.
In addition to the calcitonin-family receptors, RAMPs have recently been shown to interact
with other class II GPCRs, namely the VPAC1, PTH-1, PTH-2, and glucagon receptors
(Christopoulos et al., 2003). The association between VPAC1 and RAMP2 did not modify the
affinity and specificity of the receptor–ligand interaction, however, the VPAC1 R–RAMP2
heterodimer displayed a higher efficacy for PLC activation with no change in AC activation
compared with the VPAC1R alone. This suggests that RAMPs may modulate receptor function
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in a way we are now only beginning to appreciate. If this phenomenon proves to be more
widespread than is known at present, it will change the way molecular pharmacologists view
the function of GPCRs and how they associate with their cognate ligands.

Class II Receptor Activation Mechanisms
A “two-site” model for the interaction of class II GPCRs with their ligands has been proposed.
The helical sequences of the peptide hormones appear to recognise high-affinity epitopes
located in the N-terminal receptor domain and also other low-affinity binding determinants in
outer regions of TM helices and extracellular loops. The initial seven residues of the hormone
sequence seems to interact with an activation site within the juxtamembrane region, triggering
a series of conformational changes in the receptor that culminate in the activation of
intracellular signalling cascades. It is unclear whether the ligand interacts with its receptor
sequentially (at the two sites) or not. It has been suggested that high-affinity binding to the
proximal region of the N-terminal receptor domain facilitates the low-affinity association of
the peptide with other epitopes closer to the juxtamembrane region, i.e., distal N-terminal
domain, extracellular loops and outer portions of TM helices, thus allowing initiation of the
signal transduction process. Although most of the detailed experimental evidence used to
delineate this mechanism comes from studies with PTH-1R, this generic model seems to apply
to all class II GPCRs (e.g., GLP-1R; Al-Sabah and Donnelly, 2003).

Class I receptor activation typically occurs with the early protonation of a highly conserved
aspartate residue in IC2 (below TM3) that forms part of a three residue motif (aspartate[D]-
arginine[R]-tyrosine[Y]) often referred to as the DRY motif. Two hydrophobic conserved
residues in class II GPCRs, tyrosine and leucine, are predicted to be aligned with the highly
conserved aspartate and arginine in the DRY motif at the bottom of TM3 of the GLP-1 receptor
(Frimurer and Bywater, 1999). Single mutations of these residues to alanine did not markedly
affect VIP affinity but impaired cAMP accumulation mediated by the VPAC1R (Knudsen et
al., 2001). G protein coupling was shown to be defective in these mutant receptors. Thus, the
highly divergent chemical properties of the hydrophobic YL motif and charged DRY motif
could implicate a key functional difference between the two families. The study of chimeric
receptors has identified other receptor segments that could play a role in signal transduction,
such as TM3 and TM6 (Vilardaga et al., 2001), the end of ECL1 (Holtmann et al., 1996), ECL2
(Holtmann et al., 1996), and ECL3 (Vilardaga et al., 2001).

Deletion or substitution of the N-terminal domain of the receptors results in no or very little
activation, which is attributed to defective binding. Indeed, a truncated PTH-1 receptor in which
the N-terminus had been replaced by the first nine residues of the PTH peptide was able to
autoactivate (Shimizu et al., 2000). A parallel report exists for the CRH receptor (Nielsen et
al., 2000). Removal of this segment in constitutively active glucagon receptors however does
not seem to affect their activation (Hjorth et al., 1998). Chimeric GLP-1 receptors incorporating
the N-terminus of the GIP receptor still bind GLP-1 but are, however, not activated (Xiao et
al., 2001). Furthermore, substitution of only a short sequence at the beginning of this domain
in the GLP-1 receptor with the corresponding segment of the GIP receptor completely
abrogates activation of the chimera (Gelling et al., 1997). This suggests a more direct role of
the N-terminal domain in receptor activation, at least in the GLP-1R.

Class II GPCR Peptides in the Central Nervous System and Neuroprotection
The signal transduction pathways activated by class II GPCRs are known to be involved in the
regulation of a variety of neuronal functions including synaptic transmission and plasticity,
and the behaviors they control including learning and memory, emotions, and sensory and
motor functions. Although one or more class II GPCR and their ligands are expressed in most
(if not all) brain regions, very little is known of their normal functions in those neuronal circuits.
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In the remainder of this review article we will address the possible functions of class II GPCRs
in the brain, and will also consider their roles in neurodegenerative disorders.

Several of the most common neurological disorders involve degeneration and death of specific
populations of neurons in particular regions of the brain or spinal cord (Table 3). In Alzheimer's
disease (AD), pyramidal neurons in the entorhinal cortex, hippocampus and frontal and
temporal lobes degenerate (Mattson, 2004). Neurons in the substantia nigra that employ the
neurotransmitter dopamine degenerate in Parkinson's disease (Barzilai and Melamed, 2003),
whereas medium spiny neurons in the caudate and putamen die in Huntington's disease
(Sieradzan and Mann, 2001). Amyotrophic lateral sclerosis (ALS) is characterized by selective
degeneration of motor neurons in the spinal cord (Bruijn et al., 2004). In stroke, neurons in the
brain region(s) that receive blood from the affected artery degenerate (Mergenthaler et al.,
2004), whereas in traumatic brain or spinal cord injury, tissues at and adjacent to the site of
injury are affected (Dias, 2004). Although the causes of each of these neurodegenerative
conditions are different, they do share mechanisms that include oxidative stress, metabolic
compromise, and disruption of cellular calcium homeostasis (Rao and Balachandran,
2002;Hashimoto et al., 2003;Mattson, 2003). GPCRs for class II peptides are expressed in
neurons and/or glial cells in regions of the central nevous system (CNS) affected in
neurodegenerative conditions, and increasing evidence suggests important roles for these
signaling pathways in modifying the neurodegenerative process. The remainder of this review
article considers the roles of class II GPCRs in neuronal cell survival in the context of
neurodegenerative disorders.

Secretin
Secretin, a 27- residue peptide, was the first functional “hormone” discovered in human history
(1902). Nevertheless, its function as a neuropeptide has been overlooked in the past. Secretin
was first identified and sequenced from secretory granule-containing endocrine S-cells from
which it is secreted into the duodenum and proximal jejunum (Mutt, 1980). Secretin acts on
epithelial cells lining the pancreatic and biliary ducts, leading to the secretion of alkaline
bicarbonate-rich fluid. This, in turn, helps to neutralize the acidic chyme emptied from the
stomach. Secretin also slows gastric emptying to further protect the duodenum from
excessively acidic chyme. Secretin is produced in both the periphery and brain (Fremeau et
al., 1983; Itoh et al., 1991; Konturek et al., 2003). It is considered part of the brain–gut axis
having a role in digestive activities and feeding behavior. The classical sites for secretin
receptor localization are on epithelial cells within the pancreatic and biliary ducts (Ulrich et
al., 1998). Additionally, secretin receptors are present on pancreatic acinar cells, gastric
epithelial cells, intestinal epithelial cells, Brunner's glands, gastric and intestinal smooth muscle
cells, and certain areas of the brain. Like many of the class II receptors, the secretin receptor
has been shown to couple to Gαs however the secretin receptor also couples to Gαq. Receptor
activation leads to increases in both cAMP and intracellular calcium (Trimble et al., 1987).
Promiscuous coupling is typical of this receptor family and, like other members, the Gs
coupling and cAMP signaling occur at the lowest concentrations of hormone and represents
the physiological signaling pathway. The Gαq coupling and intracellular calcium response
occur in response to concentrations of secretin more than 100-fold higher than those stimulating
the other pathway, suggesting that this is an auxiliary signalling function.

The early literature about the occurrence of secretin in the CNS was relatively scant (Mutt et
al., 1979; O'Donohue et al., 1981). However, receptors for secretin in several brain regions
have been demonstrated. The concentration of secretin receptors has been observed to be
highest in the cerebellum, intermediate in the cortex, thalamus, striatum, hippocampus, and
hypothalamus, and lowest in the brainstem and medulla (Fremeau et al., 1983; Yung et al.,
2001). Expression of secretin and of the secretin receptor has also subsequently been detected
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in the central amygdala, hippocampus, area postrema, nucleus of the tractus solitarus, and
cerebellum (Tay et al., 2004). Interestingly, secretin can pass from the systemic circulation to
the brain as secretin administered intravenously can be recovered intact in biologically
significant quantities from various brain regions including the hypothalamus and hippocampus
(Banks et al., 2002). Secretin administered intravenously induces c-fos protein expression in
several brain regions as well as the area postrema, a circumventricular organ (Goulet et al.,
2003). A direct neuronal effect could be initiated from peripheral secretin crossing the blood–
brain barrier, however the possibility exists for systemic secretin to have CNS activity through
vagal actions and/or effects on neurons located within circumventricular organs.
Intracerebroventricular administration of secretin can stimulate pancreatic function and also
induces c-fos protein expression in similar brain regions as those targeted by peripheral secretin
administration (Welch et al., 2003) demonstrating a tight connection between central and
peripheral functions of this hormone.

With respect to the neurophysiological and/or therapeutic actions of secretin Horvath et al.
(1998) described improved behavioral and language skills in autistic children who received
intravenous porcine secretin during endoscopic procedures. Subsequent controlled studies in
autism (Dunn-Geier et al., 2000; Lightdale et al., 2001; Owley et al., 2001), have either failed
to confirm the Horvath study, or have demonstrated a modest trend toward behavioral
improvements (Coniglio et al., 2001). Secretin has also been described as being potentially
therapeutic for disorders distantly related to autism such as schizophrenia (Sheitman et al.,
2004). As far as a clinical mechanism for these potential therapeutic effects of secretin it has
been demonstrated that secretin released from the somatodendritic regions of cerebellar cortex
purkinje cells can serve as a retrograde messenger modulating GABAergic afferent activity by
facilitating evoked, spontaneous and miniature inhibitory postsynaptic currents (Yung et al.,
2001).

In addition to endogenous central secretin recently two peptides known as “hypocretins” (also
called orexins) with substantial sequence homology to secretin, have recently been described
in the hypothalamus (DeLecea et al., 1998). Animal studies suggest that the hypocretins
contribute to the regulation of sleep, arousal and motivation (Siegel, 1999). Levels of
hypocretins were reported to be decreased in the cerebrospinal fluid of PD patients (Drouot et
al., 2003). Whether therapeutic modulation of secretin and these novel neuropeptides will prove
to be beneficial for neurodegenerative disorders largely remains to be investigated.

Glucagon and Glucagon-Like Peptides (GLPs)
Glucagon is a 29-amino acid peptide originally isolated from a side fraction of purified insulin
(Kenny, 1955) as a hyperglycemic factor originating from the pancreas. Its primary structure
is identical in most mammals including man, although some amino acid sequence changes are
noted in glucagons from guinea pig and non-mammalian vertebrates (Irwin, 2001). Glucagon
is synthesized mainly in the α-cells at the periphery of the islets of Langerhan's (Baum et al.,
1962). Glucagon can be detected in specific cells in the stomach and intestine in some species
(Baetens et al., 1976), as well as in specialized neurons of the CNS. Isolation of cDNAs
encoding glucagon (Lund et al., 1982) showed that the peptide is produced from a 160-amino
acid precursor, proglucagon, which also contains two additional glucagon-like sequences at its
carboxyl terminus, GLP-1 and GLP-2, which were subsequently shown to display specific
biological activities (Drucker, 1998). Rodbell and coworkers (Rodbell et al., 1971) established
that the glucagon receptor is involved in the Gαs-dependent activation of AC. At very low
doses glucagons may also activate the PLC/inositol phosphate pathway leading to Ca2+

mobilization. In at least some cell types, such as BHK fibroblasts, both receptor-mediated
Gαs and Gαi activation contributes to the Ca2+ response to glucagon (Wakelam et al., 1986;
Hansen et al., 1998). In addition, GLP-1-dependent stimulation of intracellular calcium can
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occur via a ryanodine-sensitive pathway (Holz et al., 1999) in a cAMP-dependent, protein
kinase A (PKA)-independent manner through heterotrimeric or small monomeric G proteins
distinct from Gαs, e.g., Rab3, Gαi, Gαq (Kang et al., 2001; Kashima et al., 2001; Hallbrink et
al., 2001). GLP-1 stimulation can also induce closure of ATP-sensitive potassium (KATP)
channels providing a cellular mechanism for the glucose-sensitivity of GLP-1 action in β-cells
(Light et al., 2002).

The glucagon receptor was found to be expressed mainly in liver and kidney and, to a lesser
extent, in heart, adipose tissue, spleen, thymus, adrenal glands, pancreas, cerebral cortex, and
throughout the gastrointestinal tract of rats (Svoboda et al., 1994; Dunphy et al., 1998).
Specifically, in the rat brain, radioligand-binding studies detected glucagon binding sites in the
olfactory tubercle, hippocampus, anterior pituitary, amygdala, septum, medulla, thalamus,
olfactory bulb, and hypothalamus (Hoosein and Gurd, 1984). In rat brain, GLP-1 receptors
have been found in the lateral septum, subfornicalorgan, thalamus, hypothalamus,
interpeduncular nucleus, posterodorsal tegmental nucleus, area postrema, inferior olive, and
nucleus of the solitary tract (Goke et al., 1995; Shughrue et al., 1996).

GLP-1 has CNS effects resulting in delayed gastric emptying (Schirra et al., 1997) and appetite
regulation (Turton et al., 1996; Gutzwiller et al., 1999). Systemic administration of GLP-1 in
rodents activates the sympathetic nervous system leading to increased tyrosine hydroxylase
gene transcription, enhanced sympathetic outflow, and increased heart rate and blood pressure
(Barragan et al., 1999). As with secretin the circulating peptide may gain access to the brain
from the periphery by simple diffusion (Kastin et al., 2002).

Activation of brain GLP-1 receptors likely occurs via GLP-1 produced in the brainstem, which
then is transported to distant regions of the CNS (Drucker, 1988; Jin et al., 1988; Larsen et al.,
1997; Merchenthaler et al., 1999) such as the area postrema (Kastin et al., 2002; Yamamoto et
al., 2002). GLP-1 receptor activation has been proposed as a therapeutic strategy for treatment
of peripheral diabetic neuropathy and other neurodegenerative processes. GLP-1, and a longer-
acting analogue exendin-4, protects cultured rat hippocampal neurons against glutamate-
induced apoptosis and protected basal forebrain cholinergic neurons against excitotoxic
damage in rats (Perry et al., 2002a). In addition, GLP-1 protected neurons against the toxicity
of amyloid β-peptide in a model relevant to AD (Perry et al., 2003). The mechanism whereby
GLP-1 protects neurons involves cAMP production and stabilization of cellular calcium
homeostasis (Perry et al., 2002a; Gilman et al., 2003). GLP-1 can also promote nerve growth
factor-mediated differentiation in rat phaeochromocytoma (PC12) cells (Perry et al., 2002b).
Activation of GLP-1 receptor signalling can also promote proliferative and anti-apoptotic
actions in the endocrine pancreas, providing a potential opportunity for interventions directed
at expanding β-cell mass in subjects with diabetes (Li et al., 2003; Drucker, 2003).

GLP-2, like GLP-1, possesses central actions and has been shown to activate AC in rat
hypothalamic and pituitary membranes (Hoosein and Gurd, 1984). AcDNA encoding a specific
GLP-2 receptor was isolated from hypothalamic and intestinal cDNA libraries (Munroe et al.,
1999). In experimental scenarios GLP-2 can activate cAMP production in rodent and human
cells transfected with the rat or human GLP-2 receptors (Munroe et al., 1999; Yusta et al.,
1999). With respect to its effect on cellular metabolism, GLP-2 promotes enlargement of the
gut mucosa in rodents in vivo, while only promoting a weak direct proliferative response in
fibroblasts transfected with the rat GLP-2 receptor (Yusta et al., 1999). As with GLP-1, GLP-2
can prevent apoptosis; for example, it inhibited cycloheximide-induced apoptosis in BHK-
GLP-2R cells, with reduced DNA fragmentation and improved cell survival in association with
a reduced activation of caspase-3 and decreased poly(ADP-ribose) polymerase cleavage (Yusta
et al., 2000). GLP-2 can also reduce mitochondrial cytochrome c release and decrease the
cycloheximide-induced cleavage of caspase-3 independently of PKA (Yusta et al., 2000).
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Similarly, GLP-2 increased cell survival following cycloheximide in the presence of the MAP
kinase inhibitor PD98054 and the phosphatidylinositol 3-kinase inhibitor LY294002 (Yusta et
al., 2000). The anti-apoptotic actions of the rat GLP-2 receptor in transfected cells are not
strictly dependent on phosphatidylinositol 3-kinase (PI3-K) or Akt, as GLP-2 directly promotes
cell survival, enhances glycogen synthase kinase-3 and BAD phosphorylation, and reduces
mitochondrial-associated BAD and Bax following LY294002-induced apoptosis in a PKA-
dependent manner (Yusta et al., 2002). More importantly, along with its effects upon cell
survival it has recently been shown that GLP-2-stimulated PKA activity can significantly
reduce glutamate-induced excitotoxic injury in hippocampal cells. These findings demonstrate
that GLP-2 in a similar manner to GLP-1 exerts cytoprotective actions in cells derived from
the CNS (Lovshin et al., 2004)

Growth Hormone-Releasing Hormone
GHRH is a peptide hormone of 42–44 amino acids, depending on the species, which is
proteolytically processed from a larger precursor protein of 103–108 amino acids (Mayo et al.,
1983, 1985; Frohman et al., 1989). GHRH is released from neurosecretory cells in the arcuate
nuclei of the hypothalamus (Merchenthaler et al., 1984; Sawchenko et al., 1985). The
predominant site of GHRH receptor expression is the pituitary gland (Lin et al., 1992; Mayo,
1992), within the pituitary gland, its expression is confined to the anterior lobe (Lin et al.,
1992; Mayo, 1992). It remains uncertain whether pituitary cells other than growth hormone-
secreting somatotrophs express the GHRH receptor mRNA.

The regulation of somatic growth in vertebrate species is under complex hormonal control.
Pituitary growth hormone (GH) synthesis and secretion is regulated by direct neuroendocrine
signals from the brain, as well as numerous peripheral feedback cues. GHRH directly stimulates
growth hormone synthesis and secretion while somatostatin directly opposes the action of
GHRH and functionally suppresses growth hormone secretion.

GHRH receptor stimulation results in activation of AC and PKA(Lin et al., 1992; Mayo,
1992; Gaylinn et al., 1993). In somatotroph cells, GHRH can also stimulate an influx of calcium
(Holl et al., 1988), most likely through activation of voltage-sensitive Ca2+ channels (VSCCs).
Although GHRH is reported to stimulate the phospholipase C-inositol phosphate-calcium
mobilization pathway in pituitary cells (Canonico et al., 1983; Ohlsson and Lindstrom,
1990), other studies have reported no activation of this pathway (Escobar et al., 1986; French
et al., 1990). Recent studies demonstrate that GHRH receptor signaling can also lead to the
activation of the MAP kinase pathway and ERK phosphorylation, at least in some cell types
(Pombo et al., 2000; Zeitler and Siriwardana, 2000). It is likely that this function relates to the
ability of GHRH to stimulate somatotroph cell proliferation.

GH, secreted from the pituitary gland in response to GHRH, acts on many peripheral target
tissues to alter cellular metabolism, proliferation, and differentiation. Many of the effects of
GH are also mediated by the generation and action of insulin-like growth factor (IGF)-I, a
strong proliferative growth factor and a potent neuroprotective compound (for review, see
Mattson et al., 2004). In turn, there is considerable evidence that IGF-I can participate in the
physiological regulation of GH. The IGF-I receptor is expressed both in the hypothalamus, and
the pituitary (Goodyer et al., 1984: Rosenfeld et al., 1984). In the hypothalamus, IGF-I can
regulate GH secretion as it stimulates somatostatin release (Berelowitz et al., 1981) and
concomitantly can inhibit GHRH release (Shibaski et al., 1986). Thus, in the pituitary IGF-I
has been shown to reduce the secretion and synthesis of GH (Yamashita and Melmed, 1986).
Indeed IGF-I has also been shown to downregulate the expression of GHRH receptor itself
(Sugihara et al., 1999), thus demonstrating a close and complex relationship between GH,
IGF-1 functionality and the effective capacity of GHRH.
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Concerning matters of neurodegeneration, GH secretion has been shown to decline with aging.
Parallels between normal aging and the signs and symptoms of adult premature GH deficiency
have led to interest in the potential utility of replacing or stimulating GH release to improve
physical and psychological function thus prolonging the capacity for independent living in
older adults. Aging and its associated neurodegeneration is often correlated with the declining
activity of the GH–IGF-I axis resulting in changes in body composition, function, and
metabolism that show strict similarities with those of younger adults with pathological GH
deficiency (Lanfranco et al., 2003). The age-related changes of the GH–IGF-I axis activity are
mainly dependent on variations in the hypothalamic control of somatotroph function. This can
also be affected by changes in peripheral hormones and metabolic input. Thus the term
“somatopause” indicates the potential link between the possible dys-function of GHRH and
the age-related decline in GH and IGF-I levels that cause the changes in body composition,
structural functions, and metabolism characteristic of aging.

The involvement of the GHRH–GH–IGF-I system in neurodegenerative disorders has been
suggested from several studies. Some studies have reported blunted GH responses to GHRH
in patients with AD (Nemeroff et al., 1989; Lesch et al., 1990), whereas other studies have
been inconclusive (Heuser et al., 1992). Interestingly, in PD, there appears to be an impairment
in the stimulation of GH release by serotonin, although GH responses to GHRH may remain
intact (Volpi et al., 1997). GH-releasing molecules such as GHRH could be used therapeutically
to restore the activity of the GH–IGF-I axis with beneficial anabolic, anti-aging results.
However, the beneficial action of such treatment in elderly subjects or patients with
neurodegenerative disorders has not yet been established (Lanfranco et al., 2003).

Another potential therapeutic mechanism used to interdict and ameliorate the deleterious
effects of aging is dietary caloric restriction. It has been shown that in response to moderate
caloric restriction (a treatment that increases mean and maximal lifespan by 30–40%), age-
related decreases in GH secretion are ameliorated (despite a decline in plasma levels of IGF-
I) suggesting that some of the effects of caloric restriction are mediated by modifying the
regulation of the GH–IGF-I axis (Sonntag et al., 2000).

The aging pituitary remains responsive to GHRH and to GHrelin-mimetic GH secretagogues
(GHS), and these agents have both theoretical and practical potential advantages as alternatives
to the use of GH itself in this setting. It has been reported that the age-related changes of the
GH system seem to be the result of the reduction in GHRH-positive neurons, but not by
somatostatin positive neurons. (Kuwahara et al., 2004). In aging patients, administration of
GHRH, stimulating GH secretion, when given repeatedly can elevate IGF-I levels to those seen
within younger adult normal ranges. Compared to placebo, GHRH treatment improved scores
in certain tests of cognitive performance. Administration of GHRH (to increase endogenous
release of GH) or direct administration of IGF-I was shown to reverse the age-related decline
in spatial working and reference memory (Thornton et al., 2000). Interestingly, antagonism of
IGF-I action in the brains of young animals impaired both learning and reference memory.
IGF-I has been shown to regulate age-related alterations in N-methyl D-aspartate receptor
subtypes (e.g., NMDAR2A and R2B), to increase local cerebral glucose utilization in
hippocampal CA1 cells (Lynch et al., 2001) and to ameliorate the age-related decline in
hippocampal neurogenesis (Lichtenwalner et al., 2001). The beneficial role of growth hormone
and IGF-1 in ameliorating vascular and brain aging are however counterbalanced by their well-
recognized roles in age-related pathogenesis, e.g., cancer (Yakar et al., 2004). With respect to
the neuroprotective functions of IGF-1, age-related decreases in endogenous GHRH function
may contribute to the defective GH secretion during ageing and therefore functionality of
IGF-1, an important neurotrophic factor. Indeed, IGF-1 has been shown to protect neurons in
cell culture and animal models of AD and stroke (Cheng and Mattson, 1992; Guan et al.,
2001; Gasparini and Xu, 2003).
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Pituitary Adenylate Cyclase Activating Peptide (PACAP)
PACAP was first identified as a 38 amino acid peptide (PACAP-38) from ovine hypothalamus
that stimulated adenylate cyclase in rat anterior pituitary cells (Miyata et al., 1989). A carboxyl-
terminally truncated form, PACAP-27, was subsequently identified from the same source
(Miyata et al., 1990). In the CNS PACAP is found in highest levels in the hypothalamus and
it is also present in many other areas of the brain e.g., olfactory bulb, frontal cortex, basal
ganglia, hippocampal CA1-3 pyramidal cells, nucleus accumbens, dentate gyrus, superior
colliculus, substantia nigra, pituitary gland, locus coeruleus and pontine and raphe nuclei
(Masuo et al., 1992).

As stated previously there are multiple types of Class II receptors that respond to PACAP,
however PACAP itself exerts the majority of its effects through the PAC1 receptor. The PAC1
receptors exhibit a high affinity for PACAP and a much lower affinity for VIP, whereas the
related VPAC1/2 receptors have similar affinity for both PACAP and VIP. PAC1 and VPAC1/2
receptor stimulation activates AC and stimulates inositol phosphate accumulation/Ca2+

mobilization. PAC1 receptors are particularly abundant in the brain and pituitary and adrenal
glands whereas the two VPAC receptors are expressed primarily in the lung, liver, and testis.
The highest density of PACAP in the brain is typically found in magnocellular region of the
hypothalamic PVN and SON (Köves et al., 1990; Masuo et al., 1992). Here PACAP increases
the firing rate activity causing membrane depolarization of magnocellular neurons.
Intracerebroventricular and intracisternal injection of PACAP can cause dose-dependent
elevations in plasma vasopressin concentration (Murase et al., 1993; Seki et al., 1995).
Similarly, in the neural lobe of the pituitary, PACAP can stimulate the release of both oxytocin
and vasopressin (Lutz-Bucher et al., 1996). PACAP has also been shown to modulate the
activity of various other hypothalamic neuronal populations, for example PACAP can elevate
GnRH, somatostatin and corticotrophin-releasing hormone (CRH) gene expression (Li et al.,
1996; Grinevich et al., 1997).

PACAP plays an important role during the development of the nervous system and in
regeneration following nervous injuries. It has strong anti-apoptotic effects in several types of
cultured neurons and in vivo. PACAP also protects neurons against various toxic insults in
vitro, has anti-inflammatory actions and stimulates the release of neuroprotective substances
from astrocytes. In vivo, the protective effects of PACAP have been shown in various models
of brain injuries, including cerebral ischemia, Parkinson's disease, physical trauma and nerve
transections. The upregulation of PACAP following several types of nerve injuries indicates
that endogenous PACAP plays a role in the post-traumatic recovery of the nervous system (for
review, see Somogyvari-Vigh and Reglodi, 2004). For example, ischemic death of
hippocampal and cortical neurons can be largely prevented by infusing PACAP (Uchida et al.,
1996; Tamas et al., 2002). PACAP is still effective in protecting against cell death when
treatment is started 24 hours after the ischemia, which suggests that PACAP may have a
tremendous therapeutic potential in the treatment of cerebral injuries, considering the often
extended time delay between the onset of stroke and the commencement of therapy.

At the cellular level, PACAP can inhibit cerebellar granule neuron apoptosis (Cavallaro et al.,
1996; Gonzalez et al., 1997; Villalba et al., 1997; Vaudry et al., 2000) and also stimulates
neurite outgrowth (Gonzalez et al., 1997). PACAP-dependent cell survival is in part mediated
through activation of AC, leading to phosphorylation of the extracellular signal-regulated
kinase (ERK) (Villalba et al., 1997) associated with an increase in c-fos gene expression
(Vaudry et al., 1998a,b). PACAPalso stimulates calcium mobilization (Gonzalez et al., 1996;
Mei, 1999) and blocks transient potassium currents (Zerr and Feltz, 1994), two processes
closely involved in the regulation of programmed cell death. PACAP can also directly protect
cultured cortical neurons from the cytotoxic effects of high concentrations of glutamate (Morio
et al., 1996). A neuroprotective effect of PACAP on glutamate-induced neurotoxicity also has
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been reported in cultured retinal neurons (Shoge et al., 1999). Most of the actions of PACAP
on cortical neurons are mediated through the cAMP pathway (Martin et al., 1995; Morio et al.,
1996) although it has been reported that PACAP can directly modulate N-methyl-D-aspartate
receptors independently of intracellular second messengers (Liu and Madsen, 1997). In cortical
neurons, PACAP can also prevent the neurotoxic effect of other insults such as
lipopolysaccharide (Kong et al., 1999), and in mesencephalic dopaminergic neurons PACAP
can counteract the neurotoxic effect of 6-hydroxydopamine (Takei et al., 1998). In a study
relevant to AD, it was shown that PACAP can protect PC12 cells against death induced by
amyloid β-peptide (Onoue et al., 2002). These results again confirm the potential therapeutic
benefits of pharmacological modulation of PACAP receptors for neurodegenerative disorders.
In addition to its direct actions on neurons, PACAP may affect neuronal vulnerability to injury
and disease by acting on glial cells. For example, Delgado et al. (1999) reported that PACAP
can inhibit macrophage activation, suggesting a role for PACAP in suppressing inflammatory
processes that are believed to contribute to neuronal damage in stroke and neurodegenerative
disorders.

Corticotropin-Releasing Hormone
Corticotropin-releasing hormone (CRH) is a 41-amino acid peptide that functions as a potent
mediator of endocrine, autonomic, and immune responses to stress (Holsboer and Barden,
1996; Owens and Nemeroff, 1991). It has also been implicated in the modulation of a wide
range of different types of behavior, including motor function, arousal, food intake,
reproduction and anxiety-related behavior (Dunn and Berridge, 1990). CRH is released from
parvocellular neurons of the paraventricular nucleus (PVN) of the hypothalamus, the major
site of CRH-containing cell bodies (Merchenthaler, 1984; Swanson and Simmons, 1989), into
portal vessels where it activates the hypothalamic–pituitary–adrenal (HPA) axis by triggering
the immediate release of adrenocorticotropic hormone (ACTH) from the anterior pituitary
(Holsboer and Barden, 1996; Owens and Nemeroff, 1991; Vale et al., 1981). ACTH in turn
stimulates the secretion of glucocorticoids from the adrenal gland. Outside of the PVN, regions
with high densities of CRH-containing neurons include the bed nucleus of the stria terminalis,
with projections to brainstem areas involved in autonomic functioning, and interneurons of
prefrontal, cingulate, and insular cortical areas, which are likely to be involved in regulating
the behavioral effects of CRH (Owens and Nemeroff, 1991). Several studies have implicated
CRH in the etiology of anxiety, depression, substance abuse, stress-related gastrointestinal
disorders, and preterm labor.

The effects of CRH are mediated by two biochemically and pharmacologically distinct
receptors. Two different human genes for CRH receptors have been isolated encoding CRHR1
and CRHR2 (Chen et al., 1993; Liaw et al., 1996). CRHR1 and CRHR2 are 71% homologous
in their amino acid sequences (Perrin and Vale, 1999). Expression of CRHR1 mRNA is distinct
from that of CRHR2 mRNA and is most abundant in cerebellar, neocortical, hippocampal, and
sensory relay structures of the rat brain (Behan et al., 1996). Both CRHR1 and CRHR2 typically
stimulate AC activity. Transgenic mice deficient in CRHR1 have been shown to exhibit
impaired stress responses and reduced anxiety due to an improperly developed HPA axis
(Smith et al., 1998; Timpl et al., 1998). On the other hand, evidence from mice deficient in
CRHR2 suggests that this receptor also can modulate stress responses following activation of
the HPA axis (Coste et al., 2000; Kishimoto et al., 2000).

Brain areas affected in the progressive neuro-degenerative disorder AD, the most common
cause of senile dementia, show morphological abnormalities in the CRH neurons and also
dramatic reductions in CRH content (Bissette et al., 1985). Moreover, cognitive impairment
in AD patients is accompanied by decreased concentrations of CRH in cerebrospinal fluid
(Pomara et al., 1989). With respect to the involvement of CRH in neuronal protection
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mechanisms an interesting dichotomy appears to exist. In some experimental paradigms CRH
appears to be involved in neuronal damage and death but in other scenarios it can exert a potent
neuroprotective action. Hence, it has been shown that in rat traumatic injury models CRH is
rapidly upregulated in the PVN and the amygdala. Using a CRH receptor antagonist a marked
neuroprotective effect against a percussion injury was observed suggesting that CRH is directly
involved in the pathogenesis of the brain trauma (Roe et al., 1998). In marked contrast though,
CRH has been shown to exert a PKA-dependent protective action in CRH R1-receptor-
expressing neurons against oxidative cell death (Lezoualc'h et al., 2000). This protective action
coincided with a reduction in the transcriptional activity of NF-κB. In another study, CRH
protected cultured rat hippocampal neurons from being degraded by glutamate, lipid
peroxidation, and amyloid β-peptide, insults relevant to the pathogenesis of AD (Pedersen et
al., 2001). CRH was also shown to potently prevent glutamate-induced neurotoxicity, before
or after the actual administration of glutamate to organotypic hippocampal cultures (Elliot-
Hunt et al., 2002). In this model it was shown that the downstream signaling factors induced
by glutamate, c-Jun N-terminal kinase (JNK)/stress-activated protein kinase (SAPKs), were
functionally inhibited by the CRH treatment.

Urocortin and urocortin II are members of the CRH family of neuropeptides that are expressed
in multiple regions of the brain, with particularly high levels of expression in certain
populations of brainstem and midbrain neurons (Kozicz et al., 1998). Urocortin has recently
been shown to modify neuronal survival under stressful conditions. For example, urocortin
(but not urocortin II) was more potent than CRH in protecting cultured hippocampal neurons
against death induced by glutamate and amyloid β-peptide (Pedersen et al., 2002). Urocortin's
neuroprotective action was apparently mediated by activation of CRHR1, protein kinase C and
mitogen-activated protein kinase. Consistent with the latter findings, Facci et al. (2003) showed
that urocortin can protect cerebellar granule cells from the toxicity of a PI3 kinase inhibitor
and can protect cortical neurons from being degraded by amyloid β-peptide. The
neuroprotective mechanism in the latter study appeared to involve cAMP generation, activation
of Akt and phosphorylation of glycogen synthase kinase-3. All together, these findings suggest
possible roles for CRH and urocortin in neurodegenerative processes in disorders such as
ischemic stroke and AD.

Vasoactive Intestinal Peptide
Vasoactive intestinal peptide (VIP) was first isolated from porcine intestine as a 28 amino acid
peptide capable of inducing vasodilation in the canine femoral artery (Said and Mutt, 1970).
Subsequently, VIP has been shown to have many other actions such as a neuroendocrine
hormone and a putative neurotransmitter. The presence of VIP and specific VIP-binding sites
in defined pathways in the brain indicates that it may play an important role in CNS function
(Besson et al., 1986; Martin et al., 1987). The hypothalamic suprachiasmatic nucleus (SCN),
a master circadian oscillator in mammals, contains VIP neurons. Intracranial injection of VIP
elicited hyperglycemia by enhancing neural activities of the sympathetic nerves and by the
suppression of the insulin secretion and enhanced secretion of adrenaline and glucagon. These
findings suggested that VIP neurons in the SCN could regulate the blood glucose level through
the enhancement of the sympathetic activity (Nagai, 2004). Among its other central and
peripheral actions, VIP can induce prolactin secretion from the pituitary (Reichlin, 1988) and
catecholamine release from the adrenal medulla (Malhotra et al., 1988). Other actions of VIP
include stimulation of electrolyte secretion, smooth muscle relaxation, and protection against
oxidant injury (Gozes and Brenneman, 1989; Salomon et al., 1993; Said, 1991). In common
with the precursors of several other neuroendocrine peptides, the VIP precursor polypeptide
(prepro-VIP) contains sequences encoding additional biologically active peptides, including
peptide histidine isoleucine (PHI; Jensen et al., 1981), peptide histidine methionine (PHM, the
human equivalent of PHI; Itoh et al., 1983), and peptide histidine valine (PHV), a C-terminally
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extended form of PHI and PHM (Yiangou et al., 1987). PHI, PHM, and PHV probably exert
their actions through the same receptors as VIP because there is little evidence for the existence
of distinct receptors selective for these peptides.

Early on, it was demonstrated that VIP can potently promote neuronal survival (Brenneman
and Eiden, 1986) and regulate glycogen metabolism in the cerebral cortex (Sorg and
Magistretti, 1992). It was subsequently shown that, to exert neuro-protective activity, VIP
requires glial cell secretion of auxiliary neuroprotective proteins (Brenneman and Eiden,
1986). Activity-dependent neurotrophic factor (ADNF) is a recently isolated factor secreted
by glial cells under the action of VIP (Blondel et al., 2000; for review, see Gozes and
Brenneman, 2000). This protein protected neurons from death associated with a functional
blockade of electrical activity. ADNF is produced by glial cells and acts directly on neurons
to promote glutamate responsiveness and morphological development. ADNF may mediate
these effects in part by causing the secretion of the neurotrophic factor neurotrophin 3 (NT-3).
The VIP, ADNF, and NT-3 neuronal-glial pathway has been shown to regulate glutamate
responses from an early stage in the synaptic development of excitatory neurons and may also
contribute to the known effects of VIP on learning and behavior in the adult nervous system
(Blondel et al., 2000). VIP and its control of ADNF has also been shown to exert a
neuroprotective action against toxicity from familial amyotrophic lateral sclerosis-linked
mutant SOD1 both in vitro and in vivo (Chiba et al., 2004). ADNF additionally has been shown
to ameliorate the neurodegenerative toxicity induced by mutations in presenilin-1 (Guo et al.,
1999), amyloid β-peptide, glutamate excitoxicity, and the neurotoxic HIV envelope coat
protein gp120 (Glazner et al., 1999). The neuroprotective mechanism of ADNF could in part
be mediated by the increased expression of molecular chaperone heat shock protein 60 (hsp60)
observed in rat cerebral cortical cultures. In this scenario, ADNF was able to significantly
attenuate the deleterious amyloid β-peptide-induced suppression of hsp60 (Zamostiano et al.,
1999). Thus, ADNF and related truncated peptides (ADNF-14/9) exhibit protective activity in
experimental models of AD. In addition, there appears to be another mediator of VIP-controlled
neuroprotection, i.e., ADNP is another glial mediator of VIP-associated neuroprotection
(Bassan et al., 1999). NAP, an eight-amino-acid peptide derived from ADNP (sharing structural
and functional similarities with ADNF-9), has been identified as the most potent
neuroprotectant described to date in an animal model of apolipoprotein E-deficiency (knockout
mice) (Pinhasov et al., 2003; Gozes et al., 2003).

As well as being a useful agent that could protect against AD-related neuropathological events,
it has also been shown that VIP could exert a prophylactic action against Parkinson's disease.
VIP can ameliorate the toxicity of dopamine, 6-hydroxydopamine (6-OHDA) and 1-methyl-4-
phenylpyridinium ion (MPP+) in rat PC12 cells, human neuroblastoma (SH-SY5Y), and rat
cerebellar granular cells (Offen et al., 2000). Cerebellar granule neurons are also protected
against 6-OHDA toxicity by VIP. Dopamine toxicity is linked to the redox state of intracellular
glutathione. The mechanism of VIP/NAP neuroprotection may be mediated through raising
cellular resistance against oxidative stress as VIP has been shown to protect neurons against
buthionine sulfoximine, a selective inhibitor of glutathione synthesis, which causes a marked
attenuation in reducing glutathione in neuroblastoma cells (Offen et al., 2000). These data
suggest that VIP and NAP peptides have potential as protective therapies against Parkinson's
disease.

In addition to ADNF and related peptides, IGF-1 may play an important role in the
neuroprotective actions of VIP. Both VIP- and ADNF-stimulated neural growth can be blocked
by anti-IGF-I antibodies, whereas anti-ADNF-14 sera had no detectable effect on IGF-I-
induced growth (Servoss et al., 2001). In addition, IGF-I itself seemed to be directly controlled
by VIP, i.e., treatment with VIP resulted in a twofold increase in embryonic neuronal IGF-I
mRNA. Thus, there appears to be a prominent role for IGF-1 as a downstream mediator of
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VIPand ADNF in a regulatory pathway coordinating embryonic growth (Servoss et al.,
2001). Because IGF-1 exerts a strong neuroprotective action, through Akt-1 activation, VIP/
ADNF regulation can also entrain this additional level of neuroprotective activity.

In contrast to VIP and ADNF, very little work has been done to determine if and how PHM
and PHV may be involved in neurodegenerative disorders. It was reported that levels of PHM
and PHV are significantly decreased in the cerebrospinal fluid of AD patients compared with
levels in samples from neurologically normal age-matched subjects (Yasuda et al., 1993;
Yasuda et al., 1995). In regards to biological effects on neurons, it has been reported that PHM
can stimulate neurite outgrowth (Heraud et al., 2004). Experiments to determine if and how
PHM and/or PHV affect neuronal survival remain to be performed.

Parathyroid Hormone
Parathyroid hormone (PTH) is a large glycoprotein hormone, 84 residues in length, whose
primary function was originally thought to be the control of serum calcium levels. Despite its
large size, it has been shown that the biological activity of PTH resides primarily in its first 35
residues. PTH secretion from the parathyroid glands is controlled by feedback via calcium
levels in the blood. In addition to PTH, two other related peptides have been identified, i.e.,
parathyroid hormone-related peptide (PTHrP) and tuberoinfundibular peptide of 39 residues
(TIP39). PTHrP was isolated from tumors associated with hypercalcaemia (Mangin et al.,
1990) whereas TIP39 was isolated from bovine hypothalamus (Usdin et al., 1999). Perhaps
concomitant with the presence of three hormones there are three distinct types of PTH
receptors, PTH1, 2, and 3. PTH and PTHrP primarily interact with PTH1 receptors, while it
seems that the cognate ligand for PTH2 receptors is TIP39, however, a third form of PTH-
receptor has as yet only been found in zebrafish.

PTH appears to mainly regulate calcium home-ostasis in bone and kidney via the PTH1
receptor. PTHrP, probably also through PTH1 receptors, regulates skeletal, pancreatic,
epidermal, and mammary gland differentiation and bladder and vascular smooth muscle
relaxation. The PTH1 receptors couple to both Gαs and Gαq (Guo et al., 1995; Segre, 1993).
As with the other class II receptors the PTH1 receptor has an affinity for Gαs that seems to be
an order of magnitude or more greater than for Gαq (Guo et al., 1995).

PTH1 and PTH2 receptors, as well as their cognate hormones, are widely expressed in the CNS
(Clemens et al., 2001). PTH itself is expressed in hypothalamic nuclei with projections to the
portal system, and there is evidence that there it can regulate prolactin secretion (Clemens et
al., 2001; Harvey and Hayer, 1993). Usdin et al. (1999) discovered the second receptor, termed
the PTH-2 receptor, in a cerebral cortical cDNA library (Usdin et al., 1995) along with its
cognate ligand TIP39. This ligand only possesses nine amino acids in common with bovine
PTH. Of the three endogenous ligands, two (PTH and TIP 39) seem to be expressed in highly
discrete locations, whereas PTHrPis widely expressed in neuronal populations throughout the
brain.

PTHrP possesses important roles in the CNS based on identification of selective PTH2 receptor
activation events. Of all the PTH receptors PTH2 receptor expression is greatest in the CNS,
where it is concentrated in limbic, hypothalamic, and sensory areas, especially hypothalamic
peraventricular neurons, nerve terminals in the median eminence, superficial layers of the
spinal cord dorsal horn, and the caudal part of the sensory trigeminal nucleus (Weaver et al.,
1995). It is also present at lower levels in a number of endocrine cells. Thus, TIP39 and PTH2
receptor-influenced functions may range from pituitary and pancreatic hormone release to pain
perception. On the basis of the localization of PTH2Rs and TIP39 in the CNS and recent
neurobehavioral studies, it appears likely that one of the important actions of TIP39 could be
to facilitate the response to painful stimuli (LaBuda and Usdin, 2004).
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The CNS was one of the first sites to be examined carefully for PTHrP gene expression, and
the gene was found to be widely expressed in neurons of the cerebral cortex, hippocampus,
and cerebellum (Weir et al., 1990). The PTH1 receptor was also found co-localized with PTHrP
gene expression in a number of sites (Weaver et al., 1995). It was noted at the time that several
neuronal populations in which the PTHrP gene is highly expressed share the features of
abundant L-type voltage-sensitive calcium channels (L-VSCCs) as well as excitatory amino
acid content and a known sensitivity to excitotoxicity (Weir et al., 1990). In agreement with a
role for PTH in excitotoxicity, it has also been reported that in hippocampal organotypic
cultures, sustained high levels of PTH cause a toxic increase in intracellular calcium. Therefore,
in the brain, PTH may induce degeneration because of Ca2+ overload via activation of
dihydropyridine-sensitive L-VSCCs (Hirasawa et al., 2000). One neuronal population that both
produces PTHrP and bears the PTH type 1 receptor is the cerebellar granule cell. PTHrP gene
expression in granule cells has been shown to be controlled by depolarization-dependent L-
VSCCCa2+ influx, which signals to the nucleus via the calmodulin–CaM kinase cascade (Holt
et al., 1996). As in smooth muscle cells, PTHrP appears to negatively regulate L-VSCC
Ca2+ influx in granule cells and in so doing is able to protect these cells against the long-latency
form of excitotoxicity produced by excitotoxins such as kainic acid (Brines et al., 1999; Weiss
et al., 1990). PTHrP-knockout mice display systemic chondrodysplasia that is lethal at birth
(Karapalis et al., 1994). This transgenic mouse however, was “rescued” by a transgenic
replacement strategy, generating a mouse that is PTHrP-sufficient in chondrocytes but PTHrP-
null in all other locations (Philbrick et al., 1996: Wysolmerski et al., 1998). The rescued
transgenic mouse demonstrated a sixfold increase in neuronal kainic acid sensitivity. In
accordance with this observation, PTHrP can counteract kainic acid toxicity in mixed cerebral
cortical cultures prepared from both rescued and control littermates. In this paradigm, PTHrP-
mediated negative regulation of L-VSCC-induced Ca2+ influx in the neuroblastoma cells
potentially underlies its neuroprotective effect.

Calcitonin Family Ligands
The calcitonin family of peptides comprises five known members: calcitonin (CT), amylin,
α and β calcitonin gene-related peptide (CGRP), and adrenomedullin (AM). These hormones
differ in their primary sequences but they have analogous secondary structures, i.e., amidated
carboxyl ter-mini and a six/seven amino acid ring structure formed by an intramolecular
disulphide bond. The peptides are widely distributed in various peripheral tissues as well as in
the peripheral nervous system and the CNS. They can induce multiple biological effects
including potent vasodilatation (CGRP and AM), reduction in nutrient intake (amylin), and
decreased bone resorption (calcitonin). α-CGRP was cloned from the gene-encoding calcitonin
(Amara et al., 1982). Alternate splicing of the calcitonin gene leads to the production, especially
in nervous tissues, of α-CGRP, a 37-amino acid peptide. The second CGRP homolog, β-CGRP,
differs from human α-CGRP by three amino acids and in the rat by one amino acid. β-CGRP
is encoded by its own unique gene, with high homology to the calcitonin gene (Steenbergh et
al., 1985). Adrenomedullin (AM), 52 residues in length, was isolated from human adrenal
pheochromocytomas (Kitamura et al., 1993). AM, while possessing potent vasoactive
properties, has been reported to be present in neurons in the CNS and in tumors of neural and
glial origin. Amylin is a 37-amino acid peptide originally isolated from amyloid deposits of
human insulinoma and the pancreas of type-2 diabetic patients (Cooper et al., 1987).
Circulating levels of amylin are raised in response to meal ingestion where it can oppose the
metabolic actions of insulin in skeletal muscle (Hoppener et al., 2000). The peptide also can
potently inhibit gastric emptying and gastric acid secretion. Knock-out of the amylin gene leads
to weight gain in mice, suggesting an important physiological role for the peptide in weight
control, interestingly these transgenic mice also show reduced pain perception (Gebre-Medhin
et al., 1998).
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The receptors for these peptides allow multiple calcitonin-family members to functionally
interact with them. Initially, the calcitonin-like (CL) receptor was considered an orphan
receptor. Evidence for CGRP receptor function of the CL receptor was first obtained by Aiyar
et al. (1996), who observed CGRP binding and CGRP-dependent cAMP accumulation in a
single subclone of HEK293 cells stably expressing the CL receptor. The important
breakthrough came when an expression cloning approach demonstrated that the CL receptor
required a single transmembrane domain protein, RAMP1, to function as a CGRP receptor
(McLatchie et al., 1998). The RAMP family of proteins comprises three members, RAMP1,
-2, and -3. Detailed studies of the pharmacology displayed by CT and CL calcitonin receptors,
expressed with or without all three RAMPs, have now been reported by several laboratories
(Bühlmann et al., 1999; Christopoulos et al., 1999; Fraser et al., 1999; Muff et al., 1999;
Aldecoa et al., 2000; Husmann et al., 2000; Leuthäuser et al., 2000; Tilakaratne et al., 2000;
Zumpe et al., 2000; Aiyar et al., 2001; Oliver et al., 2001). They have all revealed receptors
that bind and respond to CT, CGRP, AM, and amylin can be generated by differential RAMP
association with the two calcitonin (CL and CT) receptors and the multiple RAMPS. The CL
receptor and RAMP2 or -3 reconstitute AM receptors that show the pharmacological
characteristics of the native receptors. RAMP2 and RAMP3 enable the CL receptor to generate
AM receptors that are pharmacologically similar. Amylin receptors can be reconstituted in
cellular systems by co-expressing the CT receptor with RAMPs. These amylin receptors have
similar and high affinities for CT and amylin and lower affinities for CGRP. In this respect,
the CT receptor/RAMP combination represents a similar amylin receptor to that characterized
in native tissues (Chen et al., 1997).

The signalling of all these receptors is relatively similar in that all the related peptides activate
AC. In addition CGRP activates calcium and potassium channels via pertussis toxin-sensitive
G proteins, however, comparable studies have not been performed with other family peptides
(Main et al., 1998). The calcitonin receptor is linked to the stimulation of adenylate cyclase
and phospholipase C, but alternate coupling to phospholipase D and inhibition of adenylate
cyclase (at high agonist concentration) have also been observed (Purdue et al., 2002). Amylin
stimulates the formation of cAMP as the principal mediator in skeletal muscle (Pittner et al.,
1994; Beaumont et al., 1995). In view of the structural similarity between the calcitonin family
of peptides, it is not surprising that cross-reactivity between them at their cognate receptors
has been demonstrated. Therefore, two GPCR proteins and three RAMPs can reconstitute
receptors for the whole calcitonin family of peptide ligands creating a novel level of signal
transduction complexity to this class of receptors. In addition, it seems that some cells appear
to express more than one RAMP and there is evidence to support the hormonal regulation of
RAMP expression at the mRNA level.

With respect to neuroprotection mechanisms, perhaps the most interesting of the calcitonin
peptide family is amylin. Amylin is also known as islet amyloid peptide (IAP). Human amylin
possesses amyloidogenic properties and has a profile of neurotoxicity similar to that of amyloid
β-peptide (Mattson and Goodman, 1995). Despite a low primary sequence homology, amylin
shares many biophysical properties with amyloid β-peptide, i.e., an ability to aggregate into
β-pleated sheets in aqueous solution and the ability to modulate ion channel function.
(Kawahara et al., 2000; Kourie and Henry, 2002). Reinforcing their similarity, it has been
reported that amylin induces apoptotic cell death, similar to aggregated amyloid β-peptide, in
cultured neurons as well as pancreatic β-islet cells (May et al., 1993). Most importantly, amylin
and the amylin receptor may be directly implicated in AD, as demonstrated by Jhamanadas
and MacTavish (2004). These researchers demonstrated that antagonists of the human amylin
receptor can effectively block the deleterious neuronal effects of amyloid β-peptide. In
addition, studies in transgenic rodents have pointed to the role of amylin in the development
of type 2 diabetes, an important risk factor for neurodegenerative processes. Therefore, it will
be interesting to see in clinical settings whether pharmacological interdiction of the amylin
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peptide and receptor system could have prophylactic or therapeutic potential for amyloidogenic
neurodegenerative disorders such as AD.

With respect to the other members of the calcitonin family, significant neuroprotective
mechanisms have been identified. For example, CGRP and its N-terminal fragments have been
shown to exert multiple inhibitory and facilitatory actions on neuronal nicotinic acetylcholine
(ACh) receptors (nAChRs). Small CGRP fragments can reversibly enhance agonist sensitivity
of nAChRs (without directly activating the receptor), whereas longer fragments and full-length
CGRPcan inhibit nAChR-mediated responses via an apparently competitive type of receptor
antagonism (for review, see Di Angelantonio et al., 2003). Therefore, therapeutic manipulation
of the CGRP system may be of specific benefit in conditions of ACh functional deficit such
as neurodegenerative conditions like AD and Parkinson's disease.

Focal brain ischemia is the most common event leading to stroke in humans, and a role for AM
in this condition has been suggested. Using the rat focal stroke model of middle cerebral artery
occlusion (MCAO), Wang et al. (1995) demonstrated significant increases in AM mRNA
expression in the ischemic cortex. AM was also localized to the ischemic neuronal processes.
However, this response could be part of a neuroprotective response as Dogan et al. (1997),
using spontaneously hypertensive rats, showed that pre- or post-infusion of AM attenuated the
reduction in regional blood flow after MCAO and decreased the degree and extent of eventual
ischemic brain injury. Thus, it may be that AM has an indirect role in preventing ischemic
brain injury by increasing collateral circulation. Post-ischemia and reperfusion it has been
shown that the number of AM-positive neurons increased and that neurons immunoreactive
for AM possessed a normal morphology, whereas nonimmunoreactive neurons were clearly
damaged, demonstrating a potential cell-specific neuroprotective role for AM (Serrano et al.,
2002, 2002a). Thus, it seems that AM is part of a CNS response mechanism to hypoxic injury.
AM appears also to be regulated by other forms of neuronal injury, e.g., following
intraperitoneal injection of the organometal trimethyltin (TMT: causing neurodegeneration of
the hippocampal CA3-4 pyramidal cell layer) there was increased AM, TNF-α and IL-α
immunoreactivity in CA4 cells suggesting an interaction between the proinflammatory
cytokines and glia response in the regulation of AM in response to injury (Jahnke et al.,
2001).

Outlook
The class II receptors and the peptides that activate them seem to play a pivotal role in
controlling the balance of both peripheral and central energy metabolism as they are all
principally involved in digestive and central neuronal processes. The multiplicity of molecular
neuroprotective mechanisms mediated by class II GPCR activation is demonstrated in Fig. 1.
Current themes of research in neurodegenerative disorders have highlighted crucial links
between the control of peripheral and central energy metabolism. The expanding knowledge
of both the structural biology of both the peptide hormones and the complex yet elegant
receptors they interact with will undoubtedly yield the potential to generate several new classes
of important pharmacotherapeutic compounds. Already there is great promise in the
manipulation of several of the class II receptor systems with specific respect to AD (GLP-1
and amylin) and Parkinson's disease (CGRPand VIP). Even the first generation of
pharmacological compounds which are peptidergic in nature possess a great advantage
compared to hormones acting on class I receptors as they seem to have an excellent CNS
bioavailability. The passage of VIP/PACAP/secretin family members to the CNS will also
potentially open up new insights for understanding the CNS effects of peripherally
administrated peptides. If an adequate delivery is possible then such receptor-interacting
(agonistic or antagonistic) peptides may prove to be useful in the treatment of serious
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neurological diseases including AD, amyotropic lateral sclerosis, Parkinson's disease, AIDS-
related neuropathy, diabetic neuropathy, autism, stroke, and nerve injury.
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Fig. 1.
Multiple neuromodulatory pathways emanating from the class II G protein-coupled receptors
(GPCRs). Solid lines display positive regulation of the pathways, whereas dashed lines
represent an inhibitory action of class II GPCR stimulation. Acetylcholine action is shown
upon the nicotinic acetylcholine receptor, whereas gultamate is shown acting at the the N-
methyl D-aspartate (NMDA) ionotropic receptor. JNK, c-Jun N-terminal kinase; SAPK, stress-
activated protein kinase.
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Table 1
Class II Peptide Hormones and Receptors

Receptor: Gene name Functional ligand Primary original function

Secretin receptor: SCTR Secretin Pancreatic secretion (HCO3−: K+) (Drucker et al., 2000)

Glucagon receptor: GCGR Glucagon Glycogenolysis and gluconeogenesis, pancreatic insulin
secretion (Drucker et al., 2000)

Glucagon-like peptide 1 receptor:
GLP1R

Glucagon-like peptide 1
(GLP-1)

Pancreatic secretion of insulin and glucagons (Drucker et
al., 2000).

Glucagon-like peptide 2 receptor:
GLP2R

Glucagon-like peptide 2
(GLP-2)

Proliferation of intestinal epithelium (Drucker et al., 2000).

Growth hormone-releasing hormone
receptor: GHRHR

Growth hormone releasing
hormone (GHRH)

Pituitary relase of growth hormone (Drukcer et al., 2000).

PAC1 receptor: ADCYAP1R1 Pituitary adenylate cyclase
activating peptide (PACAP)

Glucose homeostasis, nociception, learning/memory,
circadian rhythm (Otto et al., 2001; Hannibal et al., 2001;
Jongsma et al., 2001; Jamen et al., 2000).

VPAC1 receptor: VIPR1 Vasoactive intestinal peptide
(VIP)/PACAP

Neuromodulation, T-cell differentiation

VPAC2 receptor: VIPR2 VIP/PACAP Circadian rhythms (Shen et al., 2000)

Corticotropin-releasing hormone 1
receptor: CRHR1

Corticotropin-releasing
hormone (CRH)/ urocortin

Secretion of adrenocorticotropin hormone (ACTH) (Lewis
et al., 2001)

Corticotropin-releasing hormone 2
receptor: CRHR2

Urocortin, urocortin II,
urocortin II (CRH)

Stress-related behavioural and neuroendocrine function
(Lewis et al., 2001).

Parathyroid hormone receptor 1:
PTHR1

Parathyroid hormone (PTH),
PTH-related peptide (PTHrP)

Ca2+ homeostasis (bone and kidney), tissue differentiation
(Dunbar et al., 1999; Wysolmerski et al., 1998).

Parathyroid hormone receptor 2:
PTHR2

Tuberoinfundibular peptide of
39 residues (TIP-39)

Renal vessel dilation (Eichinger et al., 2002)

Calcitonin receptor: CALCR Calcitonin (+RAMP2/3)
Amylin (AMY) (+RAMP1/3)
Calcitonin gene-related
peptide (CGRP) (+RAMP1)

Calcitonin, Ca2+ homeostasis: Amylin postprandial
glucagon secretion

Calcitonin receptor-like receptor:
CALCRL

CGRP (+RAMP1)
Adrenomedullin (AM)
(+RAMP2/3)

Microvascular tone

Gastric inhibitory polypeptide
receptor: GIPR

Gastric inhibitory peptide
(GIP)

Pancreatic secretion of insulin (Drucker et al., 2000)
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Table 3
Characteristics of Neurodegenerative Disorders

Disorder Neurons affected Major symptoms

Alzheimer's disease Entorhinal cortex, hippocampal pyramidal, basal
forebrain cholinergic, amygdala, temporal and
frontal lobes. brainstem monoaminergic

Cognitive impairment, emortional disturbances
(depression, agitation), disturbed circadian
rythyms

Parkinson's disease Substantia nigra dopaminergic, cerebral cortical Motor dysfunction, emotional disturbances,
cognitive impairment

Huntington's disease Striatal medium spiny neurons (GABAergic/
motor dysfunction, emotional enkephalinergic),
cerebral cortical

Disturbances, cognitive impairment

Stroke Depends on vessel affected: may involve
cortical, basal ganglia, brainstem or cerebellum

Sensory and/or motor deficits, cognitive
impairment, motor dysfuntion

Amyotrophic lateral sclerosis Spinal cord and brainstem lower motor neurons,
cerebral cortical upper motor neurons

Progressive paralysis

Spinocerebellar ataxia Cerebellar Purkinje cells Impaired motor control
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