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Abstract

Neuropeptides are small protein molecules produced and released by
discrete cell populations of the central and peripheral nervous systems
through the regulated secretory pathway and acting on neural substrates.
Inside the nerve cells, neuropeptides are selectively stored within large
granular vesicles (LGVs), and commonly coexist in neurons with low-
molecular-weight neurotransmitters (acetylcholine, amino acids, and
catecholamines). Storage in LGVs is responsible for a relatively slow
response to secretion that requires enhanced or repeated stimulation.
Coexistence (i.e. the concurrent presence of a neuropeptide with other
messenger molecules in individual neurons), and co-storage (i.e. the
localization of two or more neuropeptides within individual LGVs in neurons)
give rise to a complicated series of pre- and post-synaptic functional
interactions with low-molecular-weight neurotransmitters. The typically slow
response and action of neuropeptides as compared to fast-neurotransmitters
such as excitatory/inhibitory amino acids and catecholamines is also due to
the type of receptors that trigger neuropeptide actions onto target cells.
Almost all neuropeptides act on G-protein coupled receptors that, upon ligand
binding, activate an intracellular cascade of molecular enzymatic events,
eventually leading to cellular responses. The latter occur in a time span
(seconds or more) considerably longer (milliseconds) than that of low-
molecular-weight fast-neurotransmitters, directly operating through ion
channel receptors. As reviewed here, combined immunocytochemical
visualization of neuropeptides and their receptors at the ultrastructural level
and electrophysiological studies, have been fundamental to better unravel
the role of neuropeptides in neuron-to-neuron communication.
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Introduction

David de Wied (1925-2004) coined the term neuropeptides in the seventies,
after his pioneering work on the activity of peptide hormones, leading to
discover that the adrenocorticotropic hormone (ACTH), the melanocyte-
stimulating hormone (MSH) and vasopressin acted on the brain and affected
learning and memory processes (De Wied, 1971). After about 50 years of
neuropeptide research, we still face some problems in finding an appropriate
definition for these molecules that represent, by far, the largest and most
diverse class of signaling molecules in the brain and spinal cord. Usually
neuropeptide(s) are defined as small proteins produced and released by
discrete neuronal populations of the central (CNS) and peripheral nervous
systems through the regulated secretory pathway, and acting on neural
substrates. However, recent work, particularly on glial-derived neurotrophic
factor (GDNF), indicates that in the nervous system certain peptide molecules
are also produced by cells other than neurons. Not only growth factors but also
some cytokines synthesized by the neurons (Summy-Long et al., 2008) and
glial cells can meet the require- ments for neuropeptide inclusion. As regard to
this issue, emerging data from astrocytes and glial cell lines indeed show that
they can also have a regulated secretory pathway, a fundamental criterion for
a molecule to be considered as a neuropeptide (see below). Therefore,
putative neuropeptides may be also recognized in peptide families expressed
by glia (see Burbach, 2010 for a recent review of neuropeptide criteria and
families).

Neuropeptides exert several different biological effects, such the regulation of
gene transcription (Landgraf and Neumann, 2004), local blood flow (Cauli et
al., 2004), synaptogenesis, and glial cell architecture (Theodosis et al., 1986).
Notably, most of them also influence membrane excitability, and, although
this is not perhaps their main biological action, it has made neuropeptides
very attractive to the neurobiologists. When thinking to neuropeptides as being
involved in cell-to- cell communication, the first consideration to be made is that
they are about 50 times Ilarger than low-molecular-weight ‘“classical”
neurotransmitters (see below). Studies on the pharmacology of cloned
receptors have demonstrated that neuropeptides have a higher receptor
binding affinity (about 1000x; with values in nmol/l versus mmol/l) and
selectivity than “classical”’ neurotransmitters. For these reasons, neuropeptides
can elicit their biological effects even when released at lower quantities. A wide
array of electrophysiological, pharmacological and behavioral findings have
substantiated these statements, for example in the case of somatostatin
(SST—Selmer et al., 2000), cholecystokinin (CCK— Wank, 1995), the opioids
(Pasternak and Wood, 1986) and many other peptides. Another remarkable



feature is that, although large neuropeptide molecules can diffuse and bind more
slowly to receptors than the classical neurotransmitters, their half-lives in the
brain extracellular space are remarkably long than those of low molecular weight
transmitters. For example, the half-lives of oxytocin and vasopressin that are
significantly more stable in proteolytic environments than many other
neuropeptides are in the order of about 20 min (Mens et al., 1983), whereas
that of the calcitonin gene-related peptide (CGRP) has been calculated to be
comprised between 3 and 14 min (Braslis et al., 1988). These pharmacokinetic
values are intermediate between that of a neurotransmitter and a hormone and
are therefore consistent for a peptide with both circulatory and neurotransmitter
modes of action. Altogether, the characteristics resumed above make
neuropeptides ideal candidates for acting on long-lasting neuron-to-neuron
communication.

This review will focus on the function of neuropeptides in neuron-to-neuron
communication in CNS. The subject is part of a wider conceptual frame
related to the definition of what is a neurotransmitter, how many “types” of
neurotransmitter and neurotransmitter release do exist, and, most
specifically, if neuropeptides can be considered ‘“true’” neurotransmitters (see
Su dhof, 2008). To put things in the right perspective it seems useful to briefly
resume here some basic concepts that will be at least in part expanded in
the following sections. However, one must be aware that most if not all the
categorizations that we are still using in describing the molecular players in
neuron-to-neuron (and neuron-to-glia) communication will very likely turn
out to be merely didactic simplifications, since the borders between
categories appear to be more and more labile as research proceeds further.
Communication in CNS occurs via two principal mechanisms: the release and
reception of chemical messengers called neuro- transmitters and the direct
transfer of intracellular signal across gap junctions (electrical synapses—see
Merighi, 2002). Communi- cation via neurotransmitters takes several forms
from *“classical” synaptic transmission at specialized membrane sites
(synapses) to diffuse secretion of neuromodulators (volume transmission—
see Section 2.5).

It is possible to distinguish several “types” of neurotransmitter release (Sudhof,
2008): (i) Synaptic neurotransmitters are released at synapses with the secretion
of “classical” neurotransmitters such as (glutamate, GABA, (glycine,
acetylcholine and ATP; (i) Monoamine neurotransmitters are released by
exocytosis of small dense-core vesicles (SDCVs), most often in the absence of
synaptic specializations; (iii) Neuropeptides are secreted by exocytosis of large
granular vesicles (LGVs), also referred to as large dense-core vesicles (LDCVs);
(iv) Small permeable mediators, such as nitric oxide and endocannabinoids, are
liberated by diffusion.

Only the first type of transmitter release mediates the fast point-to-point
synaptic transmission, whereas all the others are collectively indicated as
neuromodulators. Thus, strictly speaking, neuropeptides can be safely
considered as being one *‘type” of neuromodulators.



There is a considerable overlap between classical synaptic transmission
and volume neurotransmission (Su dhof, 2008): all classical transmitters act
at synapses via ionotropic receptor but also as ‘“volume transmitters” via G-
protein coupled receptors (GPCRSs); neuromodulators, in turn, feed back onto
classical synaptic transmission. Despite this, for simplicity, we will use here
the term neuromodulation to indicate the neuropeptide function(s) in neuron-
to-neuron communication. When possible, this review will emphasize data
directly correlating histological and functional findings, primarily the
subcellular localization of neuropeptides and their cognate receptors in
different types of neuronal processes by multiple immunocytochemical
labeling. Examples will be given for different CNS areas and different
peptides, with particular attention to sensory neuropeptides in spinal cord
since this is our primary field of research.

Cellular and subcellular storage of neuropeptides and their
receptors

11. Localization to LGVs

Identification of the subcellular site of storage of neuropeptides remains crucial
to the understanding of their mechanism(s) of action as synaptic (or non-
synaptic) modulators and interaction with other molecules involved in chemical
neurotransmission. The first demonstration that neuropeptides were packaged
in granules, anterogradely transported along neuronal axons to be stored and
released at synapses was obtained in the hypothalamo—neurohy- pophysial
system (Brownstein et al., 1980). However, the neurohypophysial peptides
oxytocin and vasopressin are some- how remarkable, since, as discussed
below, it appeared that magnocellular hypothalamic neurons are purely
peptidergic. Conversely, a fast growing body of evidence led to the demonstra-
tion that neuropeptides are commonly present together with low- molecular-
weight classical neurotransmitters in individual nerve cells (coexistence).

Nonetheless, already from initial observations in nerve cells other than the
peptidergic magnocellular neurons, the two classes of transmitter molecules
appeared to be stored in different subcellular compartments: LGVs for the
neuropeptides and small clear synaptic vesicles (SSVs) for the classical
transmitters (Fried, 1982; Fried et al., 1985; Thureson-Klein et al., 1988; Zhu et
al., 1986). Nowadays, the concept that LGVs are the sole site of neuropeptide
storage is widely established (Fig. 1). The histologi- cal demonstration of
differential subcellular sites of storage for neuropeptides and low-molecular-
weight neurotransmitters is consistent with the possibility of a selective release
upon specific stimuli. On the other hand, coexisting neuropeptides are usually
stored together in LGVs. Although only a few studies have addressed this issue
quantitatively, it was demonstrated by immunocytochemistry with gold labeling
techniques that the neuropeptides substance P (one of the first neuropeptides
to be discovered) and CGRP are co-stored in a 1:1 ratio within individual LGVs
of both peripheral and central neurons (Salio et al., 2007). In addition, the same



LGVs also contained (in a precise stoichiometric ratio with the two peptides) the
brain-derived neurotrophic factor (BDNF), a substance originally discovered for its
growth promoting action during development that is nowa- days gaining more
and more relevance as a peptide neurotrans- mitter (see below). The fact that
the entire cocktail of neuropeptides produced by a single neuron is packed
within individual LGVs, very likely because of fusion phenomena between
immature vesicles (see Merighi, 2009 for a recent review), has a series of
important functional implications. Co- stored neuropeptides, in fact, cannot be
differentially released, and a modulation of biological effects is most readily
accom- plished by regulating their relative proportions of synthesis.
Nonetheless, cargo size apparently influences the ratio between complete and
incomplete LGV release events (Perrais et al., 2004). For example, compared
with the fast kinetics of neuropeptide Y (NPY) release, that of BDNF is slow (de Wit
et al., 2009) offering the possibility for an additional way to modulate biological
effects in vivo.

12. Neuropeptide synthesis, storage and targeting to processes

Neuropeptides are usually produced as large inactive pre- cursors, which are
then enzymatically cleaved to yield the biologically active peptide. Precursors
contain several molecules of the same neuropeptide and/or more or less
structurally related compounds.

As it occurs for all protein molecules, neuropeptide precursors are synthesized
within the rough endoplasmic reticulum and subsequently move to the Golgi
apparatus where they are packaged into LGVs. In the marine mollusk Aplysia
each neuron in the bag cell clusters, the structures that controls egg laying,
synthesizes several peptides and packages them into separate vesicles.
These vesicles are then differentially localized in specific neuronal processes,
thus segregating peptides destined for autocrine and hormonal release sites
(Jung and Scheller, 1991). In mammalian neurons, the issue of neuropeptide
targeting to processes is still incompletely resolved: it remains unclear
whether or not neuropeptides can be specifically targeted to different types of
processes (i.e. the axon and the dendrites) and/or the different branches of the
same process.

In hypothalamic magnocellular neurons galanin and vasopres- sin are only
partly co-packaged and undergo a preferential targeting toward dendrites or
neurohypophysis, suggesting different functions, autocrine/paracrine and
endocrine, respec- tively (Landry et al., 2003).

A rather different picture is presented by the primary sensory neurons, a
unique class of pseudounipolar neurons that are grouped outside the CNS in
the sensory ganglia associated with certain cranial nerves and in dorsal root
ganglia (DRG), and display extremely abundant and variegated neuropeptide
content. Imme- diately after emerging from the cell body the single process
of these neurons divides into a central and a peripheral branch that, at the
same time, function as an axon and a dendrite. Due to their relatively simple
histology, these neurons have represented a useful model to address the



qguestion of process targeting of neuropeptides. Pioneering work, carried out
with multiple immunogold labeling methods more than 20 years ago, led to
the selective localization of different tachykinins (a group of sensory
neuropeptides forming a family to which also belong the substance P and
other structurally related molecules such as neurokinin A and B) and CGRP to
LGVs of DRG neurons (Merighi et al.,, 1988). Virtually all LGVs are
multiple/dually labeled in both the central and peripheral branch of the
process that stems from the cell body, where, on the other hand, double
(multiple)-labeled LGVs are extremely rare. These observations show that
when a single neuron produces multiple peptides, they are not selectively
packaged into different LGV subpopulations, but rather a cocktail of
neuropeptides is consistently found within individual LGVs (Merighi, 2002,
2009). In cell bodies, LGVs containing just one component of the cocktail can
be regarded as immature, as they will probably incorporate the other
peptide(s) before being transported to terminals. Studies on regulated
secretion of non- neuronal cells suggest that peptides are packed into
immature LGVs budding from the trans-Golgi network. Fusion between
immature LGVs has been demonstrated, and it is thought that after vesicle—
vesicle fusion, soluble contents condense, and excess membrane are
removed by vesicle budding, ultimately giving rise to the mature LGVs.

Given that LGVs (and therefore the neuropeptides packed therein) are
detected at both central and peripheral branches of DRG neurons, it seems
reasonable to hold that no selective transport to different branches of the
same process OCcCurs.

13. Localization to axon terminals and dendrites

In CNS, neuropeptide containing LGVs are most commonly targeted to axon
terminals, although dendritic localization is also seen (see below).

At terminals, the most abundant SSVs (that as already mentioned above
are the storage site for fast-acting low- molecular-weight
neurotransmitters) are tightly tethered at synaptic specializations to the
plasma membrane. The less frequently observed LGVs that store the
neuropeptides are usually located away from the active zone. More precisely,
the distribution of SSVs and LGVs in typical axo-dendritic central synapses
follows a rather stereotyped pattern. SSVs occupy a variable, but usually
large, area of the axon terminal; some are docked at the pre- synaptic grid
being ready to be released at the active synaptic zone (Peters, 1976). These
vesicles form the so-called readily releasable neurotransmitter pool. LGVs, on
the other hand, are localized away from the pre-synaptic membrane, singularly
or in clusters. Release of LGVs occurs anywhere at terminal membrane,
including (less frequently) the active zones (Buma, 1988; De Camilli and
Jahn, 1990; Karhunen et al., 2001; Zhu et al., 1986). It has been recently
calculated that a surprisingly large proportion of release events, about 50%,
indeed occurs at extra-synaptic locations (de Wit et al., 2009).

In the supraoptic nucleus (SON) and paraventricular nucleus (PVN) of the



hypothalamus, the neuropeptides oxytocin and vasopressin, besides to
terminals, have also been localized to the dendrites of the magnocellular
neurons (Ludwig and Leng, 2006; Pow and Morris, 1989). Similarly, dynorphinis
present in the axons and dendrites of the dentate gyrus granule cells that
make synapses onto the CA3 pyramidal neurons (Drake et al., 1994).

14. Coexistence and co-storage of neuropeptides

Tomas HO kfelt and his collaborators have produced an impressive amount
of seminal works ultimately leading to demonstrate the existence of multiple
transmitters in peptidergic and monoaminergic neurons (see Ho kfelt, 2010 for
a very recent historical overview).

Coexistence, the concurrent presence of two or more trans- mitters in a
single neuron, is now recognized as a common feature of central (and
peripheral) neurons (Salio et al., 2006). Neuropeptides coexist with other
neuropeptides, low-molecular weight fast- acting neurotransmitters, certain
growth factors such as BDNF and GDNF (that perhaps should be better
considered as transmitters themselves—see below), and the gaseous
transmitter nitric oxide (Dun et al., 1994; Yang et al., 2000). When multiple
neuropeptides are present in neurons, coexistence equals to co-storage, since,
as discussed above, coexisting peptides are co-stored in LGVSs.

As a rule, neurons produce a combination of one (or more) low- molecular-
weight transmitter(s) and one (or more) high-molecu- lar-weight
neuropeptide(s). The oxytocin/vasopressin magnocel- lular neurons that
contain a complex cocktail of peptides, but apparently no low-molecular-
weight transmitters represent one remarkable exception to this rule. However,
immunocytochemical and in situ hybridization evidence was provided that these
neurons express type-2 vesicular glutamate transporter, a marker for their
glutamatergic neuronal phenotype (Hrabovszky et al., 2006). Therefore,
although a transmitter role for glutamate remains doubtful, these observations
lead to predict that oxytocin/ vasopressin magnocellular neurons will also
turn out not to be purely peptidergic.

When a neuropeptide coexists with a classical transmitter, the latter is
generally the principal messenger, whereas the neuropeptide modulates
neuronal response by acting on pre- and/or post- synaptic GPCRs (see Section
3.2).

Several areas of the CNS (and most ganglia in the peripheral nervous
system) contain various neuropeptides often in combina- tions with each
other’s. In most circumstances, it is common that individual neurons in these
areas produce and store more than a single peptide, and thus peptide co-
storage appears to be a very widespread phenomenon. The coexistence of
neuropeptides and fast-acting neurotransmitters is even more widespread.
Several different neuropeptides have been demonstrated to coexist with
acetylcholine, transmitter amino acids, biogenic amines, nitric oxide, and
growth factors in a large number of CNS areas (for recent reviews, see Merighi,
2009; Salio et al., 2006).



15. Receptor localization

Neuropeptide receptors’ localization also follows a well-defined pattern in
terminals. Whereas receptors for low-molecular-weight fast-acting transmitters
are specifically clustered at the post- synaptic membrane immediately facing
the synaptic cleft, not only neuropeptide receptors are generally localized
away from the synaptic differentiation, but also their distribution does not
overlap with localization of ligand peptides, often leading to a so-called
peptide/receptor mismatch.

At least in certain cases, receptor expression may be functionally
regulated, and there is evidence for an activity- dependent insertion into
terminal membranes of neuropeptide receptors translocated from the LGV
membranes. Translocation of neuropeptide receptors from LGVS’ to terminals’
membranes has been demonstrated for kappa opioid receptors in
hypothalamus (Shuster et al., 1999), and delta opioid receptors in the
mesencephalic periacqueductal gray (PAG) (Commons, 2003), and spinal
cord (Cahill et al., 2001).

Translocation of neuropeptide receptors is of relevance in the pre-synaptic
regulation of transmitter release. The example of kappa opioid receptors is
quite peculiar since it demonstrates the possibility of a regulation of
neuropeptide release by another neuropeptide. Vasopressin-containing
neurosecretory neurons are known to produce and co-release other
neuropeptides, including dynorphin, an endogenous opioid that binds with
the highest affinity to kappa opioid receptor 1 (KOR1). Stimulus-dependent
translocation of KOR1 to the plasma membrane may result in an increased
probability of dynorphin binding to KORL1. Increased dynorphin binding would
result in a reduction of subsequent neuropeptide release (Shuster et al.,
1999). In immunocytochemical studies where neuropeptide receptors have
been labeled together with their peptide ligands, it clearly appears that point-
to-point communication at synapses is not a major mode of signal
transduction for neuropeptides.

Classic synaptic transmission at point-to-point synaptic con- tacts is designed
to maintain the independence of signals. However, it is now clear that this
type of neuron-to-neuron communication does not represent the sole way by
which information is transferred from one neuron to another, not only when
neuropeptides are acting as messengers, but also in the case of fast-acting
low-molecular-weight transmitters. Interneuronal communication that takes
place outside synapses has been indicated by different terms such as non-
synaptic transmission (see Merighi, 2002 for review) or, more recently,
parasynaptic transmission (Szapiro and Barbour, 2009). Irrespectively of this, the
crucial issue is here the distance between the site(s) of neurotransmitter
release and neurotransmitter receptors, an issue that is strictly related to the
concept of receptor mismatch referred above. Non-synaptic/parasynaptic
transmission takes several different forms that will be briefly mentioned in the
following. In perisynaptic transmission there is normal vesicular transmitter



liberation at synaptic active zone(s), but receptors are activated just in
proximity of the synaptic cleft (within 100—-200 nm) (Fig. 1D, insert at center).
Because they are exposed to Ilower transmitter concentrations, their
activation likely requires high- frequency activity at the synapse. In ectopic
release, vesicles fuse with the plasma membrane outside the active zones
but still liberate their cargo directly opposite to an area of the target neuron
where receptor density is sufficient to elicit detectable miniature post-synaptic
currents (see Section 3.3). Synaptic spillover involves the recruitment of
receptors at significant distance (at least 0.5 um) from the site(s) of release. In
intersynaptic spillover, there is significant transmitter diffusion outside synapses
leading to activation of receptors at neighboring contacts of the same type
and of extrasynaptic receptors on the same cells. Receptor activation is, in
this case, often cooperative or nonlinear. In heterosynaptic spillover, target
receptors are found on cells that do not participate in the synapses releasing
the transmitter, such as other neurons or glial cells. Finally, volume transmission
(Zoli et al., 1999) consists of signaling in the absence of synapses, and involves
transmitter diffusion over relatively long distances (1 um or more).
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qCGRP mRNA.

Fig. 1. Localization of neuropeptides and neuropeptide receptors. (A) Expression of the
aCGRP mRNA in the mouse spinal cord motorneurons after in situ PCR. (B) Localization of
CGRP (10 nm gold) and SST (20 nm gold) in an axonal varicosity of the mouse substantia
gelatinosa of spinal cord. Note that the two peptides are selectively co-stored in LGVSs,
whereas SSVs are unlabelled. The area in the rectangle is shown at higher magnification
in the insert: the two LGVs are emptying their cargo. Note that the LGV membrane is
interrupted and the matrix together with SST is being released (arrow) in the absence of
synaptic specializations. (C) Localization of SSTR2a in a synaptic glomerulus of mouse
substantia gelatinosa after gold-intensified gold labeling with ultra small gold probes

(NanogoldT™). Note that receptors are clustered at both synaptic and non-synaptic
sites. (D) Simultaneous localization of BDNF (10 nm gold), CGRP (20 nm gold) and fl-trkB

(gold-intensified NanogoIdTM) in an axon terminal of mouse substantia gelatinosa. Note
that also in this case SSVs are unalbeled. FI-trkB receptors display a pre-synaptic
localization as demonstrated by the location of the gold label at the inner surface of the
axolemma (see Salio et al.,, 2005). The areas in the rectangles are shown at higher
magnification in the inserts. Inserts: (left, right) exocytosis of LGVs; (center) clustering of fl-
trkB receptors (rectangles with rounded corners) at synaptic and perysinaptic locations.
Abbreviations: BDNF = brain-derived neurotrophic factor; CGRP = calcitonin gene-related
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peptide; fl-trkB = full-length tropomyosine kinase receptor B; LGVs = large granular
vesicles; SST = somatostatin; SSTR2a = somatostatin receptor isotype 2a; SSV = small
synaptic vesicles. Bars: (A) 100 mm; (B and D) 150 nm.

Transmitter release is often, but not necessarily, exclusive- ly, vesicular, and can
arise from any part (cell body, neurites) of the neurons or from glial cells (see
Fellin, 2009 for a recent review on astrocyte modulation of synaptic activity). The
development of more and more  sophisticated ultrastruc-  tural
immunocytochemical techniques for concurrent analysis of neuropeptides (and
more generally speaking neurotransmitters) and their receptors (see Salio et
al., in press for a technical update) allowed for a more in depth characterization
of the spatial relationship involved in ligand-receptor binding (Fig. 1C and D).
These studies represent, in fact, a fundamental support to functional analysis
by electrophysiology (see Section 3.3).

16. Neurochemical plasticity of peptidergic neurons

A remarkable feature of peptidergic neurons, which has been extensively
investigated particularly in the hypothalamo—neuro- hypophyseal system and
in spinal cord, is neurochemical plastici- ty. Although this area of investigation
is mainly related to the response of peptidergic neurons to pathological
conditions it is worth mentioning here some fundamental findings that have
been of particular importance to unravel the functional role of neuropeptides
also under normal conditions.

In the hypothalamo—neurohypophyseal system expression of
oxytocin/vasopressin is subjected to a striking degree of plasticity in response
to osmotic stimuli and stress-related mechanisms, among which lactation
(Gainer et al., 2002). Studies in normal animals and the homozygous
Brattleboro rat (van Leeuwen et al., 1998), which lacks vasopressin by a germ-
line mutation, demon- strated a high degree of complexity both in term of
specificity and quantitative nature in oxytocin/vasopressin neurons. Although
initial studies suggested that the expression of the oxytocin and vasopressin
genes in magnocellular neurons was mutually exclusive, it was subsequently
demonstrated that all vasopressin cells contained some oxytocin mRNA, and all
oxytocin cells some vasopressin mRNA, but at about two orders of magnitude
lower levels than the principal peptide mRNA in the cell. The ratio of
expression of the two peptide mMRNAs changed under osmotic stressful
conditions. In addition, a third phenotype of magnocel- lular neuron containing
equivalent levels of oxytocin and vasopressin mMRNAs has been identified in
the SON of normal rats, and this population drastically increases at the onset
of lactation (Gainer et al., 2001).

In somatosensory system, the neurochemical phenotype of peptidergic DRG
neurons is profoundly influenced by injury of peripheral nerves. The
neuropeptide galanin is present in a small population of DRG neurons under
normal conditions but is strongly up-regulated after nerve lesion. Up-
regulated galanin promotes neurite outgrowth and influences pain processing.

12



Both pro- and anti-nociceptive effects have been reported, probably related
to activation of different receptors. It has been proposed that pre-synaptic
GalR2 receptors are pro-nociceptive by enhanc- ing release of excitatory
transmitters in the dorsal horn, and anti- nociceptive via an action on
glutamatergic GalR1-positive inter- neurons (Xu et al., 2008). NPY is also up-
regulated in parallel with galanin (Landry et al., 2005).

2. Neuromodulatory function of neuropeptides

It is far easier to demonstrate the presence of multiple transmitter molecules
in neurons than to establish their physio logical role, or even to show that they
have any kind of biological activity at all. Moreover, although an organic
framework to describe the function(s) of individual neuropeptides at synapses
and/or non-synaptic sites is now available, relatively little is known about the
functional interactions and the control of release of co-stored neuropeptides at
central synapses. The existence of synapses can be unequivocally
demonstrated only by transmission electron microscopy, but, at the same time,
ultrastructural studies have helped to show the existence of several forms of
non-synaptic transmission. The identification of gases as interneuronal signals
(Baranano et al., 2001), or the modulation of neuronal function by lipophilic
substances (Baulieu et al., 2001) has left no doubts regarding the existence
of non- synaptic information transfer in CNS. Paradoxically, it was more
difficult to accept that vesicle-stored neurotransmitters were released
following quantal mechanisms, and could operate at sites distant from
synapses and/or devoid of any synaptic specialization, than to recognize a
neurotransmitter role to gases or lipophilic substances that can diffuse
across the cell membrane and do not need membrane receptor binding.

21. Neuropeptiderelease

The major functional implication of the segregation of neuropeptides and
low-molecular-weight transmitters into differ- ent cellular compartments (the
LGVs and SSVs, respectively), is that each may be selectively released, upon
activation of different cellular pathways. Early evidence was obtained that the
release of coexisting peptides and classical neurotransmitters could be
differential and dependent on the frequency and pattern of firing (Ho kfelt,
1991; Ho kfelt et al., 2000; Martinez-Rodriguez and Martinez-Murillo, 1994).
Again, the Ho kfelt ‘s group pioneered the work in the field, particularly in the
study of the functional implications of the coexistence of serotonin,
substance P and tireotrophin releasing hormone (TRH) in medullary nuclei
neurons known to project to the spinal cord (Arvidsson et al.,, 1994). In
general, neuropeptide release is triggered by a comparatively small increase in

the overall intracellular Ca2* concentration in neuron (estimated to be less
than 1 mM), whereas release of transmitter amino-acids from SSVs requires

a significant local rise of intracellular Ca2* concentration (10—-100 mM) in the
proximity of the ca2* channels at synapses (Ghijsen and Leenders, 2005). This
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apparent paradox is indeed a consequence of the very precise localization
of SSVs at synapses. In terminals with both LGVs and SSVs, a focal increase

in Ca2* at the synaptic membrane microdomains leads to a preferential

discharge from SSVs, whereas a more general elevation of Ca2* inside the
terminal favors the release of LGVs (Verhage et al., 1991). The remarkably
short delay in response to fast-acting transmitters (about 1-3 ms) is a close
reflection of this mode of discharge from SSVs. In fact, synapto-

tagmin, which is included in the SSV membrane, rapidly senses the rise of

internal Ca2* and leads to rapid fusion with the pre-synaptic membrane and
release of neurotransmitter into the synaptic cleft. On the other hand, the

spatial independence from Ca2* channels clustered at synaptic
specializations explains why neuropeptide release can occur independently

from synapses (Martin, 2003). Intracellular Ca2* must raise to high enough
levels to permit diffusion to sites far from the active zone. This implies that
neuropeptides are not released from LGVs after a single action potential.

Rather, sustained action potential trains are required for Ca?* inside terminals
to reach overall levels sufficient to trigger release. Among the consequences
of the existence of selective mechanisms of release for coexisting peptides

and classical transmitters is the possibility that long-lasting intracellular Ca2*
elevation may cause the release of neuropeptides to outlast the duration of
electrical activity, thus uncoupling release from spiking (Kits et al., 1997).

211. LGV secretion

Even upon prolonged stimulation, not all vesicles at synapses unload their
transmitter content. A variable fraction of SSVs (Harata et al., 2001) and
LGVs (Kits and Mansvelder, 2000) is readily releasable, but the remaining
ones, forming the reserve pool, need further steps to become competent (see
inserts in Fig. 1B and D). Two different mechanisms of transmitter emptying
occur in SSVs (Harata et al., 2001) and LGVs (Artalejo et al., 1998). They are
the slower classical exocytosis, with complete fusion of the vesicle to the
plasma membrane, or a faster mechanism whereby vesicles come in close
proximity to the membrane and, with the formation of a transient pore,
release part of their transmitter content by kiss and run (Artalejo et al., 1998;
Tsuboi and Rutter, 2003). The transient pore mechanism would allow the
quick simultaneous passage of amine transmitters and, perhaps, other small
molecules that may be present in LGVs together with neuropeptides, from
LGVs into the extracellular fluid (Artalejo et al.,, 1998; Elhamdani et al.,
2001). On the other hand, neuropeptides contained within LGVs remain
trapped inside the retrievable vesicle, because of their higher molecular
weight. Therefore, release of most neuropeptides from the LGVs is unlikely to
occur through kiss and run for several reasons. These include the larger size of
the peptides relative to the transient pore (Barg et al., 2002), and the slow
emptying of peptide content from LGVs upon exocytosis (Balkowiec and Katz,
2000; Brigadski et al., 2005; Lessmann et al., 2003). In support,
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simultaneous capacitance measurements and confocal imaging have shown
that peptide release by kiss and run is negligible (Barg et al., 2002). On the
other hand complete vesicle fusion is usually required for LGVs to release their
cargo, through a mechanism involving a priming step followed by retrieval of
the vesicle as a coated vesicle (Artalejo et al., 1998; Elhamdani et al., 2001).
A divergence in this respect between peptide-containing LGVs and amine-
containing SDCVs may merely be additional to the several differences
between these two classes of neurotransmitters. Indeed, neuropeptides do
not have a known re-uptake mechanism, as opposed to biogenic amines, so
that there is no way locally to refill the peptide containing LGVs after
empting. Moreover, neuropeptides are synthesized at the RER in the
neuronal cell body, but not in axon terminals (which are devoid of RER),
whereas amines can also be synthesized inside SDCVs.

212 Release of coexisting/co-stored neuropeptides

As it appears to be the rule, peptidergic neurons produce more than a single
peptide. Heterogeneity in neuropeptide content in neurons, in other words
neuropeptide coexistence, derives from precursor processing, expression of
different neuropeptide encod- ing genes, or both. As to precursor processing,
it appears that the biologically active form of the peptide is stored into LGVs
together with other peptide products that are devoid of biological activity, such
is, for example, the case of TRH in PVN neurons (see Nillni, 2010 for a recent
review), although some isolated exceptions can be found to this rule in the
case of opioid peptides (Hirsch and Millington, 1991) or melanocortins
(Pritchard et al., 2002). It is obvious that release of non-biologically active
peptide fragments is of limited interest in functional terms. On the other hands
when LGVs are loaded with cocktails of bioactive peptides derived from
different genes, the mode of peptide release assumes a clear functional
relevance. It is possible that all co-stored neuropeptides can be released all at
once at all processes (Harling et al., 1991; Holst et al., 1987). Alternatively or
in addition, individual neuropeptides can be liberated singularly or in different
combinations at different processes. For example, the co-release of CGRP and
SP (and other tachykinins) has been demonstrated to occur at both central
and peripheral endings of the DRG neurons (Arvieu et al., 1996; Collin et al.,
1993, 1994; Garry et al., 1994; Vanner, 1994). Moreover, if the co-release of
co-stored neuropep- tides is indeed the rule, then it should occur from any
neuronal process containing LGVs, although this latter issue needs also
further clarification. The major functional implication is that co- released
biologically active peptides probably act together in determining the response
of target cells (Bean et al., 1994). A differential release of co-stored peptides
(if indeed this occurs in vivo) would more likely rely on mechanisms different
from those that apply to co-stored biogenic amines and/or co-existing low-
molecular weight neurotransmitters. From this perspective, the relative rate of
peptide dissolution from the LGV core might be of primary relevance, since this
appears to be the critical determinant of the speed of peptide secretion in vitro
(Brigadski et al., 2005). In addition, interaction with the LGV matrix is also
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relevant in the local retention of secretory vesicle cargo (de Wit et al., 2009).
Finally, a further issue of complication derives from the fact that certain peptides,
such as the opioids, the tachykinins and CGRP, in addition to enzymatic
processing and degradation by tissue peptidases, have been shown to
undergo enzymatic conversion to fragments with retained or modified
biological activity. Sometimes the released fragment shares the activity of the
parent compound. However, in many cases the conversion reaction is linked
to a change in the receptor activation profile, i.e. the generated fragment acts
on and stimulates a receptor not recognized by the parent peptide (see
Hallberg and Nyberg, 2003).

32. Receptor binding

Most neuropeptides (opioids, tachykinins, neurotensin—NTS, SST, CCK,
numerous gut-brain peptides and most endocrine- releasing factors) use cell-
surface receptors members of the large superfamily of GPCRs. These
receptors share similar three- dimensional structure (a common seven-
transmembrane-span- ning domain architecture), and the ability to modulate
intracellu- lar metabolism through the activation of heterotrimeric GTP- binding
proteins (G proteins) (Hamm and Gilchrist, 1996; Watson and Arkinstall, 1994).
Each receptor subtype can couple to and activate only certain G protein
types, each leading to distinct downstream signals. G proteins are
classified based on their a-subunits. There exist at least 20 different Ga
subunits, which are separated into four main families: Gi (inhibitory), Gs
(stimulatory), Gg and G12/13. In the absence of the appropriate activating
ligand or agonist, both GPCRs and their cognate G proteins are generally
inactive. In the CNS, GPCRs function primarily, but not exclusively, as
mediators of slow neuromodulators rather than fast neurotransmitters, and
their role is critical to normal brain function.

Modulation of fast neurotransmission

When neuropeptides are co-released with other neurotrans- mitters, the
wealth of responses of target neurons increases dramatically
(Kupfermann, 1991). The neurotransmitters pro- duced and released by a
single neuron are often defined as co- transmitters. However, it is probably
unsafe to consider that co- transmitters must display some kind of interaction
simply because they are co-released, even though such a co-release occurs
under physiological conditions. The common existence of a combination of
neuropeptides and classical neurotransmitters in neurons enables fast
(2-5 ms) and slow (100-500 ms) synaptic communi- cation to take place
(see Merighi, 2009 for a recent review). Fast and slow-acting co-
transmitters, at least theoretically, can act on completely independent
targets and, therefore, do not interact at all (Yang et al., 1996). However,
there is a general consensus that, when multiple neurotransmitters are
released within the extra- cellular space, they usually display at least some
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type of interactive actions, irrespective of the finding that such a release
occurs from the same neuron, i.e. they are true cotransmitters, or from
separate sources. The simplest mode of the interaction of two (or more)
neurotransmitters occurs when two (or more) distinct receptor complexes
are present in the post-synaptic membrane of target cells. When
neuropeptides coexist with low-molecular-weight neurotransmitters, the
neuropeptide(s) usually act(s) on GPCRs, whereas the low-molecular-weight
transmitter generally opens a ligand-gated ion channel. The low-molecular-
weight transmitter is generally the principal messenger, and the neuropeptide
interacts with it by altering the ion channel gating properties or its response to
further signals, this being often referred to as a modulation of signal
transduction. The modulatory action of neuropeptides may occur by direct
operation on the receptor complex or by the activation of second
messenger systems that, in turn, act on the receptor complex. Hence, one
neurotransmitter may, for example, alter the number of receptors or the affinity
of the receptor to the other(s) simultaneously released. Interestingly, receptor
recruit- ment from the interior of the cell to the plasma membrane or vice
versa, may be an additional mechanism of modulation of signal transduction,
respectively leading to a reinforcement or depression of neurotransmission.
Receptor recruitment seems to be a common feature of opioid receptors. It
was already mentioned that kappa receptors are translocated to the plasma
membrane of magnocellular hypothalamic neurons after a physiological stimu-
lus (salt-loading) that elicits vasopressin release (Shuster et al., 1999), this
representing a mode of pre-synaptic regulation of neuropeptide release.
Similarly, delta opioid receptor-mediated analgesia is enhanced in the
complete Freund’s adjuvant model of inflammation because of the
translocation of receptors in the plasma membrane of DRG and spinal cord
neurons (Gendron et al., 2006). Interestingly, in both circumstances LGVs
storing a different neuropeptide (vasopressin or substance P) appear to act as
cargoes for these receptors (Shuster et al., 1999). On the other hand,
neuropeptide receptor internalization can also occur, at least in certain
circumstances, following ligand binding, and eventually leading to receptor
de-sensitization, as for example for the preferred substance P receptor NK1
(Mantyh et al., 1995a,b). The interaction of co-transmitters also occurs
through pre-synaptic regulation. This implies the existence of pre-synaptic
receptors for one or more messengers. In this case, one of the
neurotransmitters feeds back on the pre-synaptic receptors and thus affects
its own release (Malcangio and Bowery, 1999) or the release of the co-
transmitter(s) (Glowinski et al., 1993; Marco et al.,, 1998). Since
neuropeptides are able to target receptors at distant sites from release, an
additional element of complexity is added by the possibility that neuropeptide
receptors not only are localized at the same synapse where release of the
neuropeptide(s) occurs, but also at different synaptic sites. This leads to
the existence of homosynaptic and heterosynaptic effects, respectively
(Weisskopf et al., 1993). Broadly speaking, neuropeptide modulation of fast
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neurotrans- mission occurs by both pre- and post-synaptic mechanisms. Both
can affect excitatory or inhibitory neurotransmission. It is not easy to dissect
out with certainty the intracellular pathway(s) involved in the modulatory
effects of neuropeptides, mainly because there are only few examples where
anatomical and functional analysis have been carried out co-jointly.
Electrophysi- ological experiments have helped to elucidate the dependence

of release from Ca2+ by analysis of evoked or spontaneous (action potential-

dependent) post-synaptic currents (ePSCs or sPSCs) which rely on Ca2+t-
dependent release from one side, and miniature PSCs (mPSCs) where

transmitter release is independent from Ca2*. However, results on sPSCs
must be interpreted with caution since it is difficult to exclude polysynaptic
effects or actions on the soma of the pre-synaptic neuron.

331 Glutamatergic neurotransmission

Modulation of excitatory glutamatergic neurotransmission by neuropeptides
occurs with several different mechanisms and homosynaptic or heterosynaptic
effects. Both direct and indirect underlying mechanisms have been described,
and often shown to occur in combination with each other. A few examples are
given to highlight the broad spectrum of possibilities of neuropeptide action.
Enhancement of glutamatergic neurotransmission has been reported for orexin
B/hypocretin 2 in several brain areas including the median preoptic nucleus, the
ventral tegmental area (VTA) of mesencephalon, and the nucleus tractus
solitarius. Pre- (Borgland et al., 2008; Smith et al., 2002) and/or post-synaptic
(Borgland et al., 2008; Kolaj et al., 2008) mechanisms were involved. The
latter consisted of a potentiation of NMDA receptors mediated by activation of
orexin/hypocretin 2 receptors coupled with Gqg proteins and protein kinase C
(PKC) (Borgland et al., 2008). An interaction with the melanin concentrating
hormone (MCH) system in lateral hypothalamus has also been reported
(Rao et al., 2008). Similarly, pituitary adenylate cyclase-activating polypeptide
(PACAP) was shown to enhance glutamatergic neurotransmission by both
pre- and post-synaptic mechanisms in hippocampus (Costa et al., 2009;
Macdonald et al., 2005) and hypothalamus (Michel et al., 2006). Ligands (among
which aMSH) of pre-synaptic melanocortin-4 receptors on vagal afferent fibers
modulate the excitability of neurons in the nucleus tractus solitarius (Wan et
al., 2008). Nociceptin/orphanin FQ (N/OFQ) and its receptor (NOP) facilitate
glutamate release in the mesencephalic substantia nigra, a brain area
containing dopamine neurons that degenerate in Parkinson’s disease (Marti et
al., 2005a,b). In the amygdala, the modulation of excitatory neuro-
transmission by corticotropin releasing factor (CRF) appears to be quite
complex, since positive, negative or null effects have been described in
specific synapses (Gallagher et al., 2008). The mechanism, by which CRF
enhances glutamatergic neurotrans- mission in the bed nucleus of the stria
terminalis (BNST), a CRF-rich component of the extended amygdala, is even
more complex than those exemplified above. In this case an additional player,
dopamine, directly and rapidly interacts with CRF systems and appears to be
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responsible for the regulation of excitatory glutamatergic transmission (Kash
et al., 2008). Many neuropeptides have been found to inhibit glutamate
release from pre-synaptic terminals, likely by indirect interaction of bg G-protein
subunits with pre-synaptic proteins (see Tallent, 2008 for a recent review).
Coupling more often occurs with Gi/Go G-proteins, but also with Gqg-coupled
receptors. At present, the most common mechanism described for Gi/Go-

coupled neuro- peptide receptors appears to be independent from ca2t entry
in terminals and to act downstream of axonal excitability. Nonethe- less both
Ca2*-dependent and -independent mechanisms have been demonstrated.
Another common mechanism for Gi/Go- coupled neuropeptide receptors is the

facilitation of K* channels. Examples for both types of mechanisms can be found
for different neuropeptides, including NPY, opioids, SST, N/OFQ, and galanin in
several areas of the brain, such as the olfactory bulb (Blakemore et al., 2006),
hippocampus (Tallent et al., 2001), striatum (Barral et al., 2003), amygdala (Meis
and Pape, 2001; Zhu and Pan, 2005), thalamus (Meis et al., 2002), hypothalamus
(Iremonger and Bains, 2009), PAG (Vaughan and Christie, 1997; Vaughan et al.,
1997), and spinal cord (Bencivinni et al., 2010).

The mechanisms by which Gg-coupled receptors inhibit glutamate release are
still far from being fully understood. Gq stimulates phospholipase C (PLC),

which, in turn, increases intracellular Ca2*. Therefore, it is paradoxical that Gqg-
coupled receptors reduce neurotransmitter release. Numerous studies indicate
that the inhibition of glutamate release by this type of receptors is indeed
indirect. Examples can be found for substance P, orexin B/hypocretin 2, and
CCK in several areas of the brain including PAG (Sekizawa et al., 2003),
parabrachial nucleus (PBN) (Saleh, 1997), dorsal raphe nucleus (DRN) (Haj-
Dahmane and Shen, 2005), and nucleus accumbens (Kombian et al., 2004).

332. GABAergic/glycinergic neurotransmission

Neuropeptides have also been demonstrated to enhance GABA and/or
glycine release from terminals by pre-synaptic and/or post- synaptic
mechanisms.

l desghre

] ghre

Fig. 2. Spontaneous inhibitory post-synaptic currents (sIPSCs) in neurons of lamina V
of the mouse spinal cord dorsal horn after challenge (100 nM) with des-acyl ghrelin
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and ghrelin in the presence of glutamatergic neurotransmission block. The vertical
arrow indicates the start of drug pulse, the horizontal arrow the duration of pulse. In
both cases there is a strong increase in the frequency of sIPSCs, related to a
neuropeptide-dependent release of GABA/glycine (see Vergnano et al., 2008).
Abbreviations: desghre = des-acyl ghrelin; ghre = ghrelin.

These latter include inhibition of N-P/Q-type Ca2* channels, reduction in

the pre-synaptic baseline Ca2* concentration, and inhibition of the
vesicle-release machinery. Examples include: CRF in DRN neurons (Kirby
et al., 2008), ghrelin in spinal cord dorsal horn (Fig. 2) (Vergnano et al., 2008),
N/ OFQ in hippocampus (Bongsebandhu-phubhakdi and Manabe, 2007) and
central amygdala (Roberto and Siggins, 2006), orexins in vagal motor
neurons (Davis et al., 2003), SST in neostriatum (Lopez-Huerta et al., 2008),
substance P in spinal cord dorsal horn (Ferrini et al., 2007, 2010; Vergnano
et al., 2004), and VIP in hippocampal CA1l pyramidal cells (Cunha-Reis et
al., 2004). Neuropeptides have also been found to inhibit GABAergic
synapses. In the hypothalamic arcuate nucleus, ghrelin receptors are
expressed on axon terminals of NPY/AgRP inhibitory neurons. Receptor
activation by ghrelin induces the release of NPY that, in turn, inhibits
anorexygenic pro-opiomelanocortin (POMC) expres- sing nheurons by
acting on post-synaptic receptors, and disinhibits orexygenic CRF neurons
by binding on pre-synaptic receptors, therefore reducing GABA release
(see Ferrini et al., 2009 for a recent review). In the mesencephalic PAG,
NTS produces a direct neuronal depolarization via NTS1 receptors, and
inhibits GABAer- gic synaptic transmission (Mitchell et al., 2009).

333 Dopaminergic and serotoninergic neurotransmission

Among the neuropeptides enhancing dopamine release are NTS (Fawaz et
al., 2009) and NPY (Quarta et al., 2011; Silva et al.,, 2005) in nucleus
accumbens, CRF (Wanat et al.,, 2008) and galanin (Weiss et al., 2005) in
VTA. NTS also induces a release of serotonin in the rostral ventromedial
medulla (Buhler et al., 2005).

334. Growth factors as modulatory neuropeptides

Growth factors are among potential candidate neuropeptides (see
Burbach, 2010 for a recent review). For many of them expression in the
mature nervous system and their participation in neural communication is
not known. One remarkable exception is BDNF (see Merighi, 2002 for a
review of earlier literature) that since more than 15 years has been
recognized to promote long- term potentiation (LTP) in hippocampus,
visual system and spinal cord, and, more recently, in dorsal striatum (Jia et
al., 2010). BDNF is secreted in precursor form (pro-BDNF) having a signal
peptide and cleavage sites for typical prohormone convertases. In addition,
mature BDNF is present in LGVs, and subject to stimulated release (Salio
et al., 2007; Yang et al., 2009). BDNF and pro-BDNF have different
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functional roles, since BDNF acts on the full length tropomyosine receptor
kinase B isoform (itrkB) that serves as its high affinity receptor, whereas pro-
BDNF acts on a different receptor, the low affinity common neurotrophin

receptor p75NTR  (Teng et al., 2005; Woo et al., 2005). BDNF modulates
fast excitatory and inhibitory neurotransmis- sion in several areas of the
brain including the neocortex (Lemtiri- Chlieh and Levine, 2010),
hippocampus (Holm et al., 2009; Paredes et al., 2007), hypothalamic SON
(Ohbuchi et al., 2009), and spinal cord (see Merighi et al., 2008b for a
recent review). The negative modulation of GABAergic neurotransmission
in the neocortex is particularly complex with the intervention of
endocannabinoid retrograde signaling (Lemtiri-Chlieh and Levine, 2010).
The modulation of fast neurotransmission in spinal cord affects both the
glutamatergic and GABAergic systems trough pre- and post- synaptic
mechanisms (see Bardoni and Merighi, 2009 for a recent review). The
lamina Il of the spinal cord dorsal horn appears to be the main site where
these interactions occur. Combined structural and functional analysis of
lamina Il synapses has demonstrated the existence of two separate
populations of terminals each endowed with a different combination of
slow-acting transmitters in LGVs in association to fast-acting glutamate. In
the first, BDNF is stored in LGVs together with substance P and CGRP
(Salio et al.,, 2007), whereas in the second LGVs contain a cocktail of
GDNF, SST and CGRP (Merighi and Salio, 2010). Therefore, by concurrent
receptor localization (Salio et al., 2005; Merighi and Salio, 2010) and
functional observations (Bardoni et al., 2007; Merighi et al., 2008a) one can
start to envisage a more precise definition of the neurotransmitter role of
neuropeptides and growth factors in this area of CNS (Fig. 1D).

3. Conclusion

Studies on the endocrine system in the sixties—seventies of the last
century led to the definition of neuropeptides as a new and special
group of molecules involved Iin neuron-to-neuron communication.
Nowadays over 70 genes have been recognized in the mammalian
genome that encode for neuropeptide precursors, and this number will
surely increase as far as a broader view for neuropeptide inclusion is
emerging from combined structural and functional studies. When
studying the neuromodulatory function of neuropeptides that, as
mentioned, is only one of the several roles served by this class of
molecules in central and peripheral neurons, the combination of different
approaches is mandatory, since simple neurochemical localiza- tion can
only be supportive to demonstrate an effect of biological relevance. The
refinement of ultrastructural immunocytochemi- cal techniques in parallel
with the availability of more and more reliable antibodies against not only
the neuropeptides themselves but also their receptors represents a real
milestone in the field. It offers a unique until recently unforeseen
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possibility to dissect the role of neuropeptides in chemical transmission
and their relationship with low-molecular-weight neurotransmitters, the
earlier recognized actors in the exchange of information between the
nerve cells. Most likely, some of the barriers that we are still facing to our
comprehension of the function of neuropeptides in cell-to-cell
communication will be removed as we start thinking to this class of
molecules in a more integrated fashion. The lesson that we should have
learnt after more than half century of neuropeptide research is that the
same molecule can exert different functions in relation to the type of cell
that produces it, the time and site of production, the coexistence/co-
storage with other transmitters, and the functional status.
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