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Cannabinoid signaling system

Does it play a function in cell proliferation and migration, neuritic elongation and guidance and

synaptogenesis during brain ontogenesis?
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The cannabinoid signaling system is located during brain
development in a position concordant with playing a modulatory
function in the regulation of neuronal and glial cell proliferation
and migration, survival of neural progenitors, axonal elongation
and synaptogenesis and differentiation of oligodendrocytes and
formation of myelin. This assumption is based on the fact that CB,
receptors and their ligands emerge early in brain development and
are transiently expressed in certain brain regions that play key roles
in these processes. We have recently proposed that this modula-
tory action might be exerted through regulating L1 and other cell
adhesion molecules, that are also key elements for those processes.
The present commentary will address these two questions trying
to summarize all the available evidence and to suggest the future
directions for research.

The study of the molecular mechanisms underlying the psychoac-
tive effects of Cannabis sativa led to the discovery of the “endogenous
cannabinoid system”, an intercellular signaling system that plays
modulatory functions in brain synapses and also in the periphery. It
consists of multiple endocannabinoid ligands, their membrane recep-
tors (CB,, CB, and others), anabolic and catabolic enzymes, as well
as a membrane-transport mechanism. The function(s) of this system
has (have) been extensively studied in adult mammals pointing to
an important role in the regulation of numerous neurobiological
processes. Studies conducted during the last decade, which addressed
the ontogeny of this system in the brain, led to the assumption
that the endocannabinoid system might also play relevant modula-
tory functions during brain development. This assumption derived
from certain particularities found in the ontogenic pattern of the
endocannabinoid system, which mimicked similar results found for
neurotransmitters having a neurotrophic function.! Thus, the endo-
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cannabinoid signaling system, in particular the CB, receptors: (1)
emerge early in brain development,! (2) are particularly abundant
in forebrain subventricular zones and cortical structures,!”* which
play a key role in cell proliferation and migration, respectively, and
(3) and are transiently located, during restricted ontogenic periods,
in forebrain white matter structures, in particular transverse commis-
sural tracts,"">% which are essential for cell migration and axonal
clongation. The fact that this “atypical” distribution of the CB,
receptor disappears coinciding with the conclusion of the establishe-
ment of synaptic communication and postsynaptic target selection!*¢
is highly suggestive of a specific role of the cannabinoid signaling in
these processes.

Regulation by Endocannabinoids of Neural Cell Proliferation,
Migration, Differentiation, Survival and Establishement of
Synaptic Communication

One of the first functions proposed for endocannabinoids, after seeing
the particular location of their CB, receptors in subventricular zones
during brain development, was the control of neural cell proliferation.
Subventricular zones are enriched in progenitors for neurons and glial
cells, and several studies have strongly demonstrated that these neural
progenitors express functional cannabinoid receptors and the catabolic
enzyme FAAH, and that they are able to synthesize endocannabinoids.”
These observations suggested that the endocannabinoid signaling might
regulate the proliferation of progenitor cells and promote their differen-
tiation into glial cells,? in an attempt to maintain the neuron/glia balance
during brain development. In addition, the endocannabinoid signaling
also plays a role in the generation of neurons from neural progenitors
although the type of control exerted in this case, facilitatory or inhibitory,
has remained controversial to date.”!? It is possible that the type of effect
depends on specific neuronal subpopulation under investigation, being
facilitatory, for example, in the case of pyramidal cells, whose generation
from neural progenitors, as well as their migration and differentiation,
was stimulated by the endocannabinoid signaling.'!

Endocannabinoids and their receptors are also operational in
the migration of neural cells, in particular immature neurons, for
which they could play an instructive and permissive role presumably
by modifying the adhesive interactions between neurons and other
substrates (e.g., radial glia).G This function is concordant with the
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location of CB, receptors in specific white matter structures
with the presence of FAAH enzyme in radial glia,>® given the role
played by both cellular elements in neuronal migration.! Thus, the
activation of CB, receptors: (1) facilitated the migration of interneu-
rons through the cerebral cortex,!? an effect thar was additive with
BDNE and (2) promoted the radial migration of immature pyra-
midal cells.!!

In parallel to the processes of cell proliferation and subsequent migra-
tion, neural cells do also experience a process of differentiation which, in
several phases, is regulated by endocannabinoids. In fact, this function
might already include the effects of endocannabinoids on the generation
of immature neurons or glial cells from neural progenitors®® that have
been addressed before, and also their participation in the differentiation
of oligodendrocytes and, subsequently, in the formation of myelin.!3 In
addition, recent studies demonstrated that it also includes further steps
in the process of acquisition of neuronal or glial identity. For example,
in the specific case of neurons, endocannabinoids have been involved
in the control of neuritic elongation, the establishment of synaptic
communication, and the acquisition of a specific neurotransmitter
phenotype.!® That the endocannabinoid system plays a role in axonal
elongation and guidance is supported by the presence of CB, recep-
tors in forebrain white matter tracts, since it was demonstrated that
this receptor was located in axons elongating through these tracts to
reach their final fields for synaptic processes.!">* In these axons, CB,
receptor immunostaining perfectly overlaps with markers of growth
cones such as GAP-43.14 Similar results were found by Berghuis et al.!®
in growth cones of cortical GABAergic interneurons during late gesta-
tion, whereas other authors found a parallelism between the generation
of endocannabinoids and the activation of CB, receptors within the
growth cone.®1617 By contrast, significant deficits in axonal fascicula-
tion were found in mice lacking CB, receprors or after pharmacological
blockade of CB, receptors.!"!8 Overall, these data support that the
endocannabinoid system plays an important role in the regulation of
specific aspects of growth cone differentiation and axonal guidance.®
The cannabinoid signaling system has been also involved in the control
of synaptic communication.!” In fact, mice lacking CB, receptors
showed an impaired target selection by cortical GABAergic interneu-
rons.!> However, the function of CB, receptors on synaptogenesis
would be restricted to the times immediately before the establishment
of synaptic contacts, since there is evidence that CB, receptors disap-
pear in axons once synaptogenesis and selection of postsynaptic targets
have concluded.® This explains the lack of colocalization between
synaptophysin, a marker of synaptic vesicles in neuronal axons, and
CB, receptors in forebrain white matter structures of rat fetuses.'* The
formation of synaptic vesicles and their secretory activity in elongating
axons start with the establishment of synaptic contacts, so that the fact
that CB, receptors do not colocalize with synaptophysin situate this
receptor in neurons in an earlier stage of maturation. In parallel to this
function of the cannabinoid signaling in the establishment of synaptic
communication, this system would also participate in the acquisition
of a specific neurotransmitter phenotype by selected subpopulations of
neurons.!2% This effect would be presumably exerted through an action
of endocannabinoids and their receptors on several key genes for specific
neurotransmitters, such as the case of genes encoding for the enzyme
tyrosine hydroxylase!*! or for opioid peptide precursors.?223

A last event related to neural development that was reported to
be susceptible of endocannabinoid regulation is the control of cell
death/survival processes that occur during different phases of neural
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development. These processes are always physiologically regulated
by different types of endogenous signals, e.g., neurotrophins. Recent
evidence include endocannabinoids and their receptors among
these endogenous signals. Thus, the endocannabinoid system might
participate in the regulation of death/survival decision of neural
progenitors, as has been already addressed before,>® in an attempt
to maintain an adequate number of proliferating neural cells during
brain development. In addition, the endocannabinoid system might
also play a role in eliciting the apoptosis of exceeding neurons or of
specific subpopulations of neurons with a neurotrophic function.!?
The presence of endocannabinoid elements, in particular the CB,
receptor, in developing neuronal subpopulations, such as tyrosine
hydroxylase-containing mesencephalic neurons,?! that do not contain
this receptor type in the adult brain, supports this apoptotic function
of the endocannabinoid system.

Importance of Cell Adhesion Molecules in the
Neurodevelopmental Effects of Endocannabinoids

During the last years, various laboratories have provided sufficient
experimental evidence to ensure that the endocannabinoid system
is involved in the regulation of these neurodevelopmental events.
However, the key issue now is the elucidation of the molecular and
cellular substrates involved in these modulatory actions. In this
context, we recently proposed a role of endocannabinoids by regu-
lating the neural cell adhesion molecules (e.g., L1),1424.25 which,
given their capability to mediate cell-cell and cell-matrix interac-
tions, have been strongly linked to cell proliferation, migration and
differentiation, neuritic elongation and guidance, synaptogenesis,
neuron-glia interactions and myelinogenesis, exactly the same
processes that were proposed for the ontogenic function of endo-
cannabinoids. Our proposal was based on the fact that: (1) those

1,2425 were the same

regions where cannabinoid agonists altered L
white matter regions where CB, receptors were transiently expressed
during brain clevelopment,2>4 (2) these effects were always restricted
to specific periods (late gestation and early posnatal life) during
brain development, but later on the cannabinoid system would loss
its capability to influence the function of L1242> and (3) different
elements of the cannabinoid signaling (e.g., CB, and CB, receptors)
are expressed in developing neurons or glial cells®!# (e.g., growth
cones, elongating axons, immature migrating cells) in close vicinity
with L1. We think that the activation of either CB, or CB, recep-
tors might have a dual effect on this cell-adhesion protein depending
on the type of cells where both cannabinoid receptor types are
located (see Fig. 1), which is concordant with the idea of “multiple
spatial and temporal regulation” exerted by other molecules having
a neurotrophic action. Thus, a stimulation of L1 effects might be
attained through the activation of CB, receptors located on glial
cells, since these are the major cell subpopulation having their nuclei
within the white matter structures where cannabinoid agonists
enhanced L1 expression.”* The presence of CB, receptors in various
types of developing neural cells has been recently documented?®-2
and we have also preliminary evidence that these receptors are
present in the rat fetal brain. By contrast, an inhibition of L1 by
cannabinoids would be an event restricted to CB, receptors located
on neuronal cells, a fact supported by the following observations: (1)
L1 and CB, receptors co-localize in neuronal elements in forebrain
white matter structures of rat fetuses,' (2) these neuronal elements
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Figure 1. Mechanisms proposed for the action of the cannabinoid signaling
on L1-dependent processes during brain development.

are preferentially elongating axons and not migrating neurons given
the overlapping found for this receptor type with markers of growth
cones'4 and (3) L1 synthesis is enhanced in CB, receptor-deficient
mice (unpublished results).
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