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Abstract: In the last decades, new evidence on brain structure and function has been acquired by
morphological investigations based on synergic interactions between biochemical anatomy approaches,
new techniques in microscopy and brain imaging, and quantitative analysis of the obtained images.
This effort produced an expanded view on brain architecture, illustrating the central nervous system
as a huge network of cells and regions in which intercellular communication processes, involving not
only neurons but also other cell populations, virtually determine all aspects of the integrative function
performed by the system. The main features of these processes are described. They include the two
basic modes of intercellular communication identified (i.e., wiring and volume transmission) and
mechanisms modulating the intercellular signaling, such as cotransmission and allosteric receptor–
receptor interactions. These features may also open new possibilities for the development of novel
pharmacological approaches to address central nervous system diseases. This aspect, with a potential
major impact on molecular medicine, will be also briefly discussed.

Keywords: volume transmission; cotransmitters; receptor–receptor interactions; cellular networks;
histochemistry; image analysis

1. Introduction

Since the work of Golgi (1843–1925) and Cajal (1852–1934), microscopy has been
one of the neuroscientist’s cardinal tools. When used together with Golgi’s technique for
staining a sparse population of cells (see [1]), the morphological approach provides the data
that drove the famous debate between Golgi [2] and Cajal [3] about whether the nervous
system was composed of single cells or a syncytium, leading Sherrington [4] to introduce
the concept of ‘synapse’ to describe a region of discontinuity between neurons where
communication between them could occur. Thus, morphological features of the nervous
cells, their localization, and their possible network organization became a significant line of
research to investigate the integrative functions of the brain.

In the last decades, indeed, a large body of new evidence on brain structure and
function has been acquired by morphological investigations based on synergic interac-
tions between chemical neuroanatomy approaches (such as histology, histochemistry, and
immunocytochemistry) [5] and new techniques in microscopy (as, for instance, confocal
microscopy or atomic force microscopy), as well as in brain imaging. A next key step
was the quantitative analysis of the obtained images, mainly achieved by the application
of computer-assisted image analysis methods [6]. This complex combination of different
approaches has produced a deeper view on brain structure and function, illustrating the
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central nervous system (CNS) as a huge network of cells, regions, and systems in which
intercellular communication processes virtually determine all aspects of the integrative
function performed. In other words, investigations on the brain integrative functions
should consider “complex cellular networks”, that is, functional networks including not
only neurons but also the other cell populations in the CNS [7].

The key role played by the network architecture as a structural substrate for the
CNS functions also represents the main rationale for the emerging field of connectomics,
the comprehensive study of all aspects of CNS connectivity [8,9]. Moreover, the new
quantitative morphological approaches allowed for the characterization of brain structure
and function in both physiological and pathological conditions, leading not only to the
emergence of new “paradigms” [10] concerning intercellular communication in the CNS,
but also to the development of new therapeutic approaches with a possible significant
impact on neuropharmacology.

These aspects, in which our group was deeply involved, will be the main focus of
the present review article, since they may indicate possible stimulating new challenges
for the study of CNS dynamics and for the development of new treatment strategies for
CNS diseases.

2. Intercellular Communication in the CNS

About 30 years ago, the classical view on the intercellular communication in the
CNS was broadened by the proposal of a classification involving two main modes of
communication, called “wiring” (WT) and “volume” (VT) transmission [11]. The main
criteria that allow for the differentiation of WT from VT are the characteristics of the
communication channel and, more precisely, the physical boundaries of the channel.

WT, indeed, is characterized by a well-identified physical channel (i.e., “a wire”)
through which the cell source of the signal is connected to the target cell, while VT is
characterized by the three-dimensional diffusion of signals (as Golgi originally proposed
on the basis of Volta’s studies on the second class of electrical conductors), such as trans-
mitters, trophic factors, gases, and ions, which reach the CNS and/or can be released
in the extracellular space and in the cerebrospinal fluid by any type of cell (see [9] for
a recent review). This proposal was influenced by previous important contributions on
communication in the CNS [12–15] and was mainly based on a number of observations
obtained by the combination of chemical anatomy techniques with quantitative analytical
approaches. These aspects will be briefly examined in the sections that follow.

2.1. Wiring Transmission

The most important example of WT is classical synaptic wiring. It is well known
that communication between neurons occurs through specific channels, the synapses, and
involves endogenous chemical messengers collectively called neurotransmitters. A com-
pound is referred to as a neurotransmitter when it meets four criteria. First, it is synthesized
in the neurons; second, it is present in the presynaptic terminal and released in sufficient
amounts enough for exerting a certain action on the postsynaptic neuron by targeting
specific receptors; third, the exogenous administration has to mimic the endogenously
produced neurotransmitter’s action; and last, there are intrinsic mechanisms responsible
for its removal from the site of action [16]. We presently know about 200 substances acting
as neurotransmitters in the human CNS that have been classified on the basis of their
chemical, functional, and molecular properties along with their location in the CNS [17].
In this respect, a methodological breakthrough in the chemical neuroanatomy field was
the introduction of the formaldehyde monoamine fluorescence technique by Falck and
Hillarp in 1962, allowing the conversion of catecholamines (CA) and serotonin (5-HT)
into fluorescent compounds that could be visualized at the cellular level [18]. This new
histochemical approach allowed for an accurate mapping of monoamine neurons in the
brain [19–21], which was further expanded by the subsequent widespread introduction of
immunohistochemical techniques leading to detailed maps of the distribution of various
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types of neurons on the basis of their transmitter substance [22,23]. On this basis, sets
of tools designed to provide an exhaustive map in animals of the neurotransmitters and
the neurons/circuits that express them (i.e., the so-called “chemoconnectome”) have been
proposed [24]. In this context, fluorescent sensors to monitor neurotransmitters (such as
acetylcholine) in vitro and in vivo, as well as suitable for epifluorescence, confocal, and/or
two-photon microscopy, are under development [25]. In humans, imaging techniques,
such as positron emission tomography [26] and mass spectrometry imaging [27], presently
provide powerful tools for the comprehensive mapping of neurotransmitter networks in
specific brain regions.

The impact of these observations significantly increased when applications of computer-
assisted image analysis methods became available [6,28]. In fact, they allowed for the
estimation not only of morphometric parameters suitable to quantitatively characterize
populations of transmitter-identified neuronal profiles (cell bodies, dendrites, or nerve
terminals) in morphological terms (Figure 1a), but also microdensitometric data providing
an evaluation of the neurotransmitter content based on the staining intensity observed
on histochemical or immunohistochemical preparations [29] processed according to well-
standardized protocols [30,31]. Thus, by these methods, a quantitative description of
changes transmitter-identified neuronal populations may undergo became possible, pro-
viding a tool to explore the possible roles of different neurotransmitters in the etiology of
disease states and the efficacy at cellular level of therapeutic interventions.

From the pharmacological research standpoint, the study of receptors is certainly a
key component. The interplay between chemical neuroanatomy techniques and methods
for the quantitative analysis of images (Figure 1b) significantly contributed to this inves-
tigation also, allowing the direct observation in CNS tissue of receptor distribution and
expression levels [32], as well as the possibility to estimate in situ binding parameters
(e.g., receptor affinities) through saturation binding assays [33] combined with microden-
sitometric evaluations [34]. In this respect, traditionally, these studies have used specific
ligands labelled with radioisotopes [35,36]. However, due to safety concerns associated
with exposure to radioactivity and the costs associated with licensing and disposal, a viable
labelling substitute has been sought. Thus, more recently, a variety of fluorescence- and
bioluminescence-based approaches have been developed to map receptor distribution and
to measure ligand binding in situ [37–39].

A further form of WT is represented by gap junctions (GJ). GJ can be observed in elec-
trical synapses (representing a minority of interneural connections in mammals) and seem
to play a particular role in astrocytes, where they allow the coupling of astrocytes to each
other to form networks [40,41] in which cells can exchange signals mediated by calcium
waves [42]. In the last decades, this process was widely visualized and monitored in vitro by
using fluorescent calcium indicators and quantitative microscopy techniques [43–45]. Tools
for studying Ca2+ dynamics in vivo have also been developed [46], allowing for simultane-
ous image astrocyte calcium activity alongside astrocyte-specific perturbations (see [47]).
Since the GJ channel can also be regulated by extra- and intracellular signals [48], it has
been suggested that astrocyte networks could implement computational processes [42,49]
and participate in higher brain functions [50,51].

Increasing evidence also indicates a direct involvement of astrocytes in the regulation
of neuronal excitability and action potential propagation, as demonstrated by studies on
excitatory synapses leading to the proposal of the concept of “tripartite synapse” [52].
According to this view, the communication between astrocytes and neurons is a bidirec-
tional one, with neural activity influencing astrocytic activation, which in turn modulates
the activity of neurons [53]. To monitor the extracellular environment, indeed, astrocytes
express specific receptors and channels (see [54]). Notably, astrocytes can express many
neurotransmitter receptors also expressed by neurons, allowing them to respond to a va-
riety of neuronal signals [55]. Conversely, the induced calcium dynamics, mediated by
gap junctions, can trigger the release of gliotransmitters (D-serine, ATP, glutamate) from
astrocytes, leading to a direct regulation of ongoing neural activity [56,57]. As indicated by
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a number of experimental studies (reviewed in [53]), this intercellular crosstalk significantly
influences both short- and long-term synaptic plasticity and, as a consequence, higher CNS
functions such as learning and memory [53].
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ergic cells in the rat ventral tegmental area are shown in the left panel. Automatic image analysis
methods (see [29]) can be used to discriminate cell profiles and to estimate the tissue area populated
by the cell group (contour line) in order to evaluate parameters characterizing the size of the cell
group and the distribution of the cells in that area. (b) Computer-assisted image analysis of receptors.
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2.2. Volume Transmission

The VT proposal originated from morphological observations on transmitter–receptor
mismatches mainly based on double immunolabelling experiments. As a matter of fact,
the first paper on VT was based on the lack of correlation between the regional distribu-
tion of central enkephalin and beta-endorphin immunoreactive terminals and of opiate
receptors [58]. This morphological arrangement was later observed in a number of other
systems [59,60]. However, already in the first papers on VT, it was stressed that the mis-
match phenomenon is a necessary but not sufficient condition to assess VT [61]. Thus,
crucial aspects such as the existence of sources of VT signals, the existence of energy gradi-
ents allowing the VT signal migration, and of preferential pathways in the CNS have been
investigated.

In this respect, VT mainly employs the same set of signals as WT, namely, transmit-
ters, peptides, ions, and gases (such as nitric oxide [62]). An important finding was that
non-synaptic receptors providing the decoding mechanism for these signals are generally
characterized by a higher affinity [63]. Other types of signals, however, were suggested to
be exchanged by VT [64,65]. They include physical signals, such as pressure waves [66,67],
field potentials modulating the electrical and chemical properties of the plasma membranes
of the neighboring cells [68], and thermal waves, especially affecting neurons endowed
with high Q10 values (i.e., sensitivity to temperature elevation), such as those present
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in particular hypothalamic regions [69]. Thus, decoding systems based on processes of
membrane polarization and on chemical reactions [70] are also exploited by VT. In neurons,
the release of VT signals may occur by spillover from the synaptic cleft or through extrasy-
naptic mechanisms from the soma, axons, and dendrites in the absence of postsynaptic
counterparts (see [71] for a review). VT signals, however, are also released by glial cells [72]
to reach a variety of targets within entire CNS regions and represent a key modulatory
factor of synaptic activity [73].

VT is primarily mediated by simple diffusion but also by pressure waves due to the
arterial pulses in the cerebral arteries and by thermal and electrical gradients [67]. Thus,
VT often uses energy gradients that are also used for other goals (such as the renewal of the
ECF). On this basis, it has been pointed out that generation of physical VT signals (such
as pressure waves in cerebral arteries and temperature waves) and chemical VT signal
migration are in many instances by-products of phenomena going on in the brain to fulfil
other tasks. In other words, this mode of intercellular communication provides an example
of a “tinkering” process [74].

With regard to the communication pathways, VT mainly exploits the several often
spatially divergent tortuous channels [75,76] made by the clefts (about 20 nm in diameter)
between cells and filled with extracellular fluid and extracellular matrix. Hyaluronan,
tenascin, and lecticans (different types of chondroitin sulfate containing proteoglycans)
are the major building blocks of the extracellular matrix [77] that via protein–protein
and protein–carbohydrate interactions form a three-dimensional structure modulating the
diffusion and flow pathways of VT. The size of the meshes and the degree of hydration
will control the diffusion pathways in the ECS and thus VT [78]. ECS, therefore, fulfills
active tasks in the transmission process since it may direct the diffusion of electrochemical
messages in an anisotropic fashion, favoring or preventing the communication between
two CNS areas. At least in part, this may be also due to the fact that the extracellular matrix
is not an amorphous filler and can also differ among the various tissue regions, depending
on the cell types populating them [79].

Nicholson’s work (see [80]) provided a deep characterization of the biophysical fea-
tures of VT. Diffusion in the interstitial space was accurately modeled and the structure of
the ECS was characterized by estimating specific morphometric parameters (e.g., volume
fraction and tortuosity). To estimate these features, the development of specific quantitative
techniques on CNS tissues played a key role. They involve indirect approaches, such as,
for instance, the real-time iontophoresis with tetramethylammonium [81], as well as more
direct methods based on fluorescent dyes [82].

3. Mechanisms Modulating Intercellular Communication in the CNS

The view on intercellular communication in the CNS was significantly expanded when
it clearly appeared that both signaling, and decoding processes can be finely modulated by
a variety of mechanisms of potential great interest also from a pharmacological standpoint.
They will be the focus of the sections that follows.

3.1. Coexistence of Messengers

With regard to synaptic transmission, an historical principle in neuroscience is the
so-called Dale’s principle, stating that a given neuron contains and releases only one
neurotransmitter and exerts the same functional effects at all of its termination sites [83,84].
An important progress was the demonstration that the original view of the synapse, as
proposed according to the Dale’s principle, was not the whole truth [85]. Several authors
(see [86,87]), indeed, gave clear demonstrations that one and the same neuron can synthesize
more than one neurotransmitter.

Dual labeling, immunohistochemical techniques represent the key tool to directly
demonstrate the co-localization of substances in the same cell, leading to a plethora of
studies showing multiple transmitters in single synaptic terminals [88,89]. As illustrated in
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Table 1, neuropeptides represent the largest class of neurotransmitters commonly present
as cotransmitters [90].

Table 1. Co-localized transmitters in CNS regions.

Region Species Co-Localized Transmitters Reference

Medulla oblongata

human, rat Noradrenaline, neuropeptide Y [91]
rat Adrenaline, neuropeptide Y [91]
rat Adrenaline, neurotensin [92]

rat, cat Serotonin, substance P [93]

rat Serotonin, thyrotropin releasing
hormone [93]

cat Serotonin, enkephalin [94]

Pons
cat Serotonin, enkephalin [94]
rat Acetylcholine, substance P [95]

Locus coeruleus
cat Noradrenaline, enkephalin [96]
rat Noradrenaline, ATP [97]

Ventral tegmental
area

rat Dopamine, neurotensin [92]
human, rat Dopamine, cholecystokinin [98]

Hypothalamus rat Noradrenaline, ATP [97]
mouse GABA, ATP [99]

Thalamus cat GABA, somatostatin [100]
Hippocampus rat Glutamate, ATP [101]

Caudate nucleus rat Acetylcholine, ATP [102]
Mesolimbic system rat Dopamine, ATP [103]

Cortex
rat Acetylcholine, vasoactive

intestinal peptide [104]

rat Acetylcholine, ATP [102]
Retina mouse GABA, ATP [99]

Specific computer-assisted image analysis approaches, designed to detect and char-
acterize staining co-localization (see Figure 2a) make a quantitative description of this
microanatomical feature also possible [105–107].

Cotransmitters have been defined in different ways, for example, slow/fast, ionotropic/
metabotropic, or conventional/modulatory (see [108] for a terminological discussion). How-
ever, there are exceptions to the various classification schemes. We know, indeed, that the
single substances can serve different roles depending on where and when they are released
and the receptors to which they bind. For instance, even if the neuronal cell synthetizes
more than one neurotransmitter, processes have been described in which different neuro-
transmitters are segregated to different presynaptic terminals facing distinct excitatory or
inhibitory postsynaptic sites [109].

In this respect, some general aspects of cotransmission can be outlined (see [110]
for a detailed recent review). Firstly, co-localization and release of multiple transmitters
provides functional flexibility to neuronal circuits that are anatomically hard-wired [111],
increasing neuronal signaling repertoire (see Figure 2b for some examples). Furthermore,
data exist suggesting that released cotransmitters could be involved in longer-distance VT
as a mechanism working in parallel with conventional WT [65]. Thus, a single transmitter
can diverge to affect multiple receptors on multiple targets, while multiple transmitters
can converge onto single effectors [112,113], and the effects can change depending on the
functional state of the targets [110].

With the continual development of stimulation and imaging techniques of ever-
increasing resolution, the impact of cotransmission on CNS activity has blossomed [114,115],
and mechanisms characterizing cotransmission (such as convergent and divergent cotrans-
mission, different temporal dynamics of ionotropic and metabotropic cotransmission, and
focal regulation of cotransmitter release) have been characterized in vivo, together with
diverse new ways in which activity is modified by cotransmission [110].
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Figure 2. (a) Immunofluorescence images of cholecystokinin (red fluorescence) and dopamine (green
fluorescence) in cultured nerve cells. In the lower panel, the corresponding map of green/red
ratios is shown, from which the degree of co-localization can be evaluated by computer-assisted
image analysis protocols (see [105] for details). (b) Examples of signaling variations offered by
co-transmission (see [110] for details).

3.2. Receptor–Receptor Interactions

Mechanisms modulating the decoding apparatus are present at the post-synaptic level.
It is well known, for instance, that a single postsynaptic side may have more than one
kind of receptor for a given transmitter, with each receptor type controlling a different
chemical decoding mechanism or ionic conductance channel [116]. Thus, the synapse can
be endowed with multiple signal transduction lines, each represented by a neurotransmitter
and a corresponding set of different receptors. Furthermore, receptors can functionally
interact by sharing signaling pathways or by mechanisms of transactivation [117,118].

In the 1980s, however, by means of in vitro and in vivo experiments, Agnati, Fuxe,
and collaborators provided indirect biochemical and functional evidence that G-protein-
coupled receptors (GPCRs) could also form macromolecular complexes at the membrane
level [119,120] as a consequence of direct allosteric receptor–receptor interactions (RRI).
The term RRI refers to an interaction requiring a direct physical contact between the
involved receptor proteins, leading to the formation of receptor complexes (dimers or
high-order oligomers) at the cell membrane (see [121] for the definition, as assessed by a
specific international consensus workshop). The concept of GPCR oligomerization was
later confirmed by studies reporting that two nonfunctional class C GPCR monomers,
GABA-B1 and GABA-B2, assembled in a signaling heterodimer [122], and in the years that
followed, several groups provided direct evidence for the existence of receptor complexes
formed by GPCRs [123–133].

The basic biochemical mechanism leading to the formation of these receptor assemblies
are allosteric interactions, and, as outlined by Changeux and Christopoulos [134], the
cooperativity that emerges in the actions of orthosteric and allosteric ligands of the GPCRs
forming the assembly provides the cell decoding apparatus with sophisticated dynamics
(see [135–137] for reviews) in terms of modulation of recognition, G-protein signaling
and selectivity, receptor desensitization [138], and switching to β-arrestin signaling [139].
Figure 3 schematically illustrates examples of these processes.

Diverse methods are presently available for identifying direct interactions between
GPCRs. Of particular interest for the present discussion are biophysical proximity as-
says, being based on the combination of histochemical techniques and quantitative mi-
croscopy. They involve resonance energy transfer methods [141], line-scan fluorescence
cross-correlation spectroscopy [142], and proximity ligation assay (see [143,144] for details).
Proximity ligation assay (PLA, illustrated in Figure 4) is a fluorescence-based approach
of particular interest since it makes possible the study of the localization and modulation
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of heteroreceptor complexes as fixed tissue is used. A novel sensitive approach, based
on the use of the AlphaScreen technology [145] to detect GPCR heteromerization even
under nonoptimal conditions, has been very recently proposed by Fernández-Dueñas and
collaborators [146]. It allowed the authors to reveal heteromers in human post-mortem
brains from healthy and Parkinson’s disease subjects.
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Figure 3. As a result of allosteric RRI, receptor complexes appear to be endowed with pharmacological
features that cannot be fully derived from the characteristics of the single participating protomers
(see [140] for a review). Some examples are illustrated. Complex formation can lead to modulation of
the binding sites, modulation of intracellular active sites, generation on the complex of novel sites
suitable for the binding of allosteric modulators, and modulation of the signaling cascade, as for
instance the switch from G protein to β-arrestin signaling in GPCRs.
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Figure 4. (a) Schematic of the PLA reaction (see [143,144]). In a first step, the proteins of interest
are recognized by specific antibodies coupled to oligonucleotides (PLA probes). Next, hybridizing
connector oligos join the PLA probes only if they are in close proximity to each other (<10 nm), and
ligase forms a closed-circle DNA template that is required for rolling-circle amplification in which
the resulting closed, circular DNA template becomes amplified by DNA polymerase. Lastly, comple-
mentary detection oligos coupled to fluorochromes hybridize to repeating sequences in the resulting
oligonucleotide complex, allowing the visualization of the interacting proteins. (b) PLA signals are
detected by fluorescence microscopy as discrete spots and provide the cellular localization of the
interacting receptors. The image shows the detection of adenosine A2A-dopamine D2 heteroreceptor
complexes in astrocyte processes [147].
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Receptor complexes have been observed in both neurons and glial cells (see [148] for a
recent review), and oligomeric organization represents a quite common feature in all the
receptor families, with the ion channel receptors (where multimerization is needed) lying at
one end of the spectrum and GPCRs at the other [140]. Thus, oligomerization emerges as an
efficient mechanism for tuning the functionality of receptor proteins, including those able
to signal as monomers, such as GPCRs [134]. In this respect, recently reported evidence
for receptor complexes involving protomers from different families [140,149] is also of
significant interest.

More generally, a pattern of interactions between molecules embedded and/or associ-
ated with the cell membrane has been observed, leading to the formation of the so-called
horizontal molecular networks (HMN) that can operate as complex modules carrying out
specialized tasks [150].

In this respect, a first aspect deserving consideration is the lipid environment. It
was shown to influence receptor function and several health disorders during aging were
assigned to changes in the membrane composition that altered receptor signaling [151].
Furthermore, several membrane proteins specifically interacting with receptors have been
identified. For instance, already 50 or more GPCR-interacting proteins (GIP) have been
demonstrated [152], mostly serving as scaffolding or adapter proteins [153,154]. Thus,
receptors and receptor complexes are in the center of multiple receptor–protein and protein–
protein interactions that can influence their function and assemblage (see [155]).

3.3. Intercellular Exchange of Components of the Signalling Apparatus

A possible peculiar mode of VT was called the Roamer-Type of VT (RT-VT) [7] and
involves the exchange of a set of chemical messages via extracellular vesicles acting as
protective containers [156]. Different types of micro-vesicles (MV) have been described
(see [7]), but two types are of major importance for our discussion. Exosomes are vesicles
(40–100 nm in diameter) contained in the so-called early, late, or recycling endosomes, types
of multivesicular bodies [157]. Extracellular vesicles can also be formed from lipid raft do-
mains of the plasma membrane and are then called shedding vesicles [158]. Thus, shedding
vesicles show surface markers that are dependent on the composition of the membrane of
origin and constitute a larger and more heterogeneous population of extracellular vesicles,
ranging from 100 to 1000 nm in diameter.

The possible relevance of this type of VT for the intercellular communication can be
appreciated in the light of several experimental findings. A number of receptors, indeed,
were found to be transferred from one to another cell type via the exosome pathway [159].
Regarding GPCR involved in the recognition/decoding of signals between CNS cells,
recent data were obtained, demonstrating that they can be transported between neurons by
MV and in particular by exosomes [160,161]. Thus, the available experimental evidence
suggests that this mode of intercellular communication can lead to the transient acquisition
by the target cell of a new phenotype, enabling it to recognize/decode transmitters and/or
modulators for which the cell does not express the pertinent cognate receptors.

This type of VT was found to be exploited by astrocytes as well [162], and it is
noteworthy that the exosomes released from the astrocyte processes proved the ability to
selectively target neurons.

MV release in the roamer type of VT can therefore represent a novel mechanism for
the modulation of neuron–neuron and glia–neuron intercellular communication.

4. Present Views on Intercellular Communication in the CNS may Impact
on Neuropharmacology

The views on CNS structure and function emerging from the intermingling of chemical
anatomy and quantitative microscopy may significantly contribute to the development of
new pharmacological approaches with a major impact on molecular medicine.

Neurotransmission, indeed, is central to neuropharmacology. Many drugs are presently
available to modulate disease states of the CNS by acting on neurotransmission processes
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(see [163]). Some drugs (e.g., prescription opioids) mimic neurotransmitters to engage and
stimulate their specialized receptors. Others alter neurotransmission by interfering with
processes of synthesis, incorporation into vesicles or metabolism of some neurotransmitter.
Finally, most drugs are basically agonists or antagonists of receptors. In this context, quan-
titative chemical neuroanatomy techniques contributed to monitoring the efficacy of the
applied protocols and their side effects as well. An example is provided by early studies
based on receptor binding autoradiography allowing for the characterization of dopamine
receptor supersensitivity in striatum (a condition inducing diskinesia) following treatment
with the neuroleptic drug haloperidol [164].

However, current pharmacological approaches for neurological disorders often have
limited efficacy at best. There could be many reasons for this limited efficacy, but the most
obvious is that most pharmacological approaches do not mimic the normal endogenous
release of cotransmitters or neurotransmitter interactions, and thus the normal chemical
environment of the relevant circuits [110]. In this respect, the new views on the intercel-
lular communication in the CNS emerged in the last decades from the studies based on
quantitative chemical neuroanatomy approaches, potentially allowing for the proposal
of new perspectives to target the problem. In particular, mechanisms modulating the
neurotransmitter signaling (see Section 2) may open new possibilities to pharmacology.

4.1. Targeting Cotransmitters

Although our understanding of the functional effects of co-localized neurotransmitters
in higher functions is still in its infancy [110], research efforts aimed at exploiting this
feature from a pharmacological standpoint are underway. An example is provided by
studies on L-dopa-induced dyskinesia (LID), a debilitating side effect of dopamine replace-
ment therapy for Parkinson’s disease (PD). Studies in animals with complete lesions of the
nigrostriatal dopamine pathway showed that LID is critically dependent on the integrity
and function of the serotoninergic system [165] since dampening of serotonin neuron ac-
tivity by drugs resulted in a near-complete block of LID. Serotonin neurons, indeed, are
able to convert exogenous L-dopa into DA and release it as a “false cotransmitter” in a
non-physiological “dysregulated” manner. More recently, a role for a true cotransmitter
located in mesencephalic dopaminergic neurons has been described [166]. It indicated
that diminished sonic hedgehog (Shh) signaling in the basal ganglia, caused by the degen-
eration of midbrain dopamine neurons, facilitates the formation and expression of LID
and that pharmacologically augmenting Shh signaling in the L-Dopa-treated brain may be
a promising therapeutic approach for mitigating the dyskinetic side effects of long-term
treatment with L-dopa. A mechanism by which antipsychotic drugs may alter the dynamics
between dopamine and co-localized peptides has also been described and may be relevant
to the pharmacotherapy of schizophrenia [167]. It is based on the intrinsic ability of these
agents to stimulate dopamine neuronal activity while blocking dopamine receptors. This
feature modulates the ratio of catecholaminergic to peptidergic transmission within the
mesotelencephalic system, leading to imbalances of peptide and dopamine cotransmission.

4.2. Targeting Volume Transmission

VT processes also deserve consideration in neuropharmacology. From one side, it is
relevant for the pharmacokinetics and actions of neuropsychoactive drugs, since it has been
observed [168] that they can be regarded as exogenous VT signals in that they diffuse in
the cerebral extracellular space and are constrained there by the same factors that influence
migration of endogenous VT signals. On the other side, increasing evidence indicates the
involvement of endogenous VT signals in CNS imbalance and disease. Nitric oxide [169],
oxytocin [170], melanin-concentrating hormone [171], and CNTF [172] provide some ex-
amples. It has also been suggested [173] that in neuroinflammation, glial microvesicles
may be released, containing chemokine and cytokine receptors. The extracellular vesicles
reaching by roamer-type of VT surrounding neurons can be internalized via cell adhesion
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receptors, contributing to positive, negative, and/or cognitive symptoms of schizophrenia
in line with the mild encephalitis hypothesis of this pathology [174].

In the dorsal striatum, dopamine diffusion can modulate the different striatal nerve
cell types by acting on extrasynaptic dopamine receptor subtypes and receptor complexes
in order to provide its unique and crucial fine-tuning of movements, which is lost in
PD [175]. Thus, targeting non-synaptic receptors and receptor complexes can represent a
useful pharmacological approach to balance wiring and volume transmission in selected
circuits [176].

4.3. Targeting Receptor Complexes

Receptor complexes emerging from allosteric RRI likely represent the most explored
field to design new pharmacological strategies for the treatment of CNS pathologies
(see [135]). In the last decade, such a research effort allowed for the characterization
of a panel of receptor complexes representing possible targets for the treatment of patho-
logic conditions, such as Parkinson’s disease [177], schizophrenia and depression [173,178],
neuropathic pain [179], addiction [180], and food intake disorders [181]. On this basis,
novel strategies for drug treatment have also been proposed. The most followed approach
to target receptor complexes was the use of agonists/antagonists of a given protomer,
which is based on the fact that the pharmacology of some agonists/antagonists of a given
protomer in terms of affinity and efficacy may show substantial differences among various
types of receptor complexes.

Interestingly, the tested pharmacological protocols when compared to the traditional
ones often appeared able to reduce collateral effects [182]. An example of this type of
approach is provided by studies (reviewed in [183]) on the heteromer formed by adenosine
A2A (A2A) and dopamine D2 (D2) receptors, highly concentrated in the striatum, mainly in
the nerve terminals of GABAergic enkephalinergic neurons [184]. A2A–D2 heteroreceptor
complexes were first demonstrated in cellular models by BRET/FRET techniques [185],
then confirmed in membrane preparations by atomic force microscopy [186] and in tissues
by PLA [143]. Antagonistic A2A–D2 interactions occur in the heterodimer, as demonstrated
by receptor autoradiography studies showing a reduction of the affinity of the high-affinity
D2-agonist-binding site after A2A receptor agonist treatment in the nucleus accumbens
core and shell of rats and humans [187]. Thus, the A2A receptor in the heteroreceptor
complexes localized in the dorsal striatopallidal GABA neurons became a major target for a
strategy based on the use of A2A receptor antagonists in treatment of PD. Animal models of
PD in nonhuman primates and rodents [188] gave support to this hypothesis; clinical data
on this therapeutic strategy (see [189] for a review) were also obtained; and, in this respect,
it is of interest to mention the recent approval in the United States of an A2A antagonist
(istradefylline) as an adjunctive treatment to L-DOPA in patients with PD experiencing “off”
episodes [190]. Alternative approaches to design receptor-complex-selective compounds
are also under study. They involve the identification on the resulting quaternary structure
of allosteric sites suitable for the binding of some modulator [191], or the development of
receptor-complex-specific bivalent ligands [192].

4.4. Targeting Glial Cells

As discussed in previous sections, recent evidence pointed to the significant involve-
ment of glia–glia and glia–neuron communication in modulating and shaping synaptic
activity and plasticity [47,53], leading to a deeper understanding of how glial cells con-
tribute to information processing within the neural circuitry [54].

Astrocytes, as abovementioned, are capable of release of gliotransmitters [193] such
as ATP [194] and D-serine [195]. They are characterized by a polarized orientation of their
processes [196]. While one or only few processes have contacts with CNS boundaries
such as capillaries and pia, an overwhelming number of thin filopodia- and lamellipodia-
like process terminals contact and enwrap synapses. Thus, the function and efficacy of
synaptic transmission are determined not only by the composition and activity of pre- and



Int. J. Mol. Sci. 2022, 23, 5805 12 of 21

postsynaptic components but also by the features of the astrocytic processes that enwrap
the synapse.

Recently, it has been shown that microglia cells are also active players in regulating
synaptic development and plasticity in the brain [197]. However, the way in which they
influence the normal functioning of synapses is still largely unknown.

As mentioned before, any type of glial cell can release VT signals, including extra-
cellular vesicles of different kinds, both in physiologic and pathological conditions [198].
Furthermore, they express a large panel of receptors to monitor the extracellular environ-
ment and receptor complexes have been identified on glial cells (see [148]).

Pharmacological research specifically applied to glial receptor complexes is still begin-
ning. However, it may represent a topic of particular interest from a therapeutic standpoint.
Indeed, as suggested by some of the studies here mentioned, it opens the possibility
to explore novel, glia-mediated strategies to address neurodegenerative [199] and func-
tional [200] CNS disorders.

5. Concluding Remarks

Most of the new evidence that has been acquired in the last decades on intercellular
communication in the CNS is a paradigmatic case of the scientific jumps that are made
possible by the synergic interactions of different disciplines. In particular, the synergic
interactions between chemical neuroanatomy approaches and quantitative analysis of the
obtained images have produced a deeply different view on brain structure and functions.
This research effort, indeed, showed that the anatomical mapping of the relationship
among CNS components significantly contributes to a deeper level of understanding of
CNS functions, indicating that CNS accomplishes its activity mainly through the integrative
actions of networks in which functions emerge from collections of elementary units (nodes)
that interact dynamically [201]. This was a turning point that allowed for extraordinary
investigations on brain circuits, leading to the development of a new discipline, namely,
“brain connectomics” [8,9].

Quantitative biochemical anatomy approaches, however, also suggested that CNS
functions may result from the integration of the information handling at different minia-
turization levels. As a matter of fact, CNS structure appears organized according to a
hierarchical, nested, architecture arranged like a “Russian doll” [9,202], where macroscale
(i.e., brain areas), mesoscale (i.e., sub-circuits involving neurons and glial cells), microscale
(single cells and intercellular connections, such as synapses), and nanoscale (molecular
networks and receptor complexes) can be defined as crucial levels of organization. As
discussed in the previous sections, this new view allowed for a deeper characterization of
CNS structure and function in both physiological and pathological conditions, opening
new possibilities for the development of novel pharmacological, surgical, and physical (e.g.,
in situ electro-chemical stimulations) approaches finalized at overcoming crucial deficits in
the CNS circuits [203,204].

Several aspects, however, remain to be addressed. A first point concerns cotransmis-
sion (see [110]). To better understand the functional effects of cotransmission, we would
need to examine and mimic in vivo release and we also need to better understand the
signals carried by the interaction of various cotransmitters. In this respect, optogenetic
techniques [205,206] combined with exogenous application of substances could provide
tools facilitating the analysis of these aspects. A second significant line of research concerns
receptor complexes resulting from RRI at the cell membrane. During the last 20 years, a
large number of GPCRs have been reported to form homodimers, heterodimers, and higher
order oligomers (see [136,137,207]), while data on mapping and characterization of receptor
complexes involving receptors from different families are more limited [149,208]. The
dynamics of formation and dissociation of receptor complexes is also a topic of significant
interest to have a deeper understanding of their role. Class A GPCRs, for instance, are
often transient structures, characterized by a monomer–dimer equilibrium in the cell mem-
brane [209]. Microanatomical techniques such as time-resolved fluorescence may be of help
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to unravel this feature [210]. As discussed previously, the search for heteromer-selective
drugs is a field of research gaining great attention. In this context, a topic of possible
development would also be the identification of pharmacological tools separately targeting
synaptic and extrasynaptic receptors [211,212] in order to design strategies to rebalance
WT and VT. Finally, a direction of future research is certainly targeting glial cells as a
strategy to treat neurological disorders. The abovementioned intimate association of glia
with neurons, indeed, is at the basis of increasing evidence that metabolic perturbations
of glial cells may alter neuron–glial interactions, potentiating the underlying pathology
of many neurological diseases [213]. However, the mechanism driving the circumstantial
activation of glial phenotypes is just starting to unravel, and future studies should open
new perspectives.

The future, therefore, may provide new insights in the intercellular communication in
the CNS, opening new frontiers for the development of novel therapeutic approaches.
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