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A B S T R A C T   

Dentate gyrus of the hippocampus continuously gives rise to new neurons, namely, adult-born granule cells, which contribute to conferring plasticity to the mature 
brain throughout life. Within this neurogenic region, the fate and behavior of neural stem cells (NSCs) and their progeny result from a complex balance and 
integration of a variety of cell-autonomous and cell-to-cell-interaction signals and underlying pathways. Among these structurally and functionally diverse signals, 
there are endocannabinoids (eCBs), the main brain retrograde messengers. These pleiotropic bioactive lipids can directly and/or indirectly influence adult hippo
campal neurogenesis (AHN) by modulating, both positively and negatively, multiple molecular and cellular processes in the hippocampal niche, depending on the 
cell type or stage of differentiation. Firstly, eCBs act directly as cell-intrinsic factors, cell-autonomously produced by NSCs following their stimulation. Secondly, in 
many, if not all, niche-associated cells, including some local neuronal and nonneuronal elements, the eCB system indirectly modulates the neurogenesis, linking 
neuronal and glial activity to regulating distinct stages of AHN. Herein, we discuss the crosstalk of the eCB system with other neurogenesis-relevant signal pathways 
and speculate how the hippocampus-dependent neurobehavioral effects elicited by (endo)cannabinergic medications are interpretable in light of the key regulatory 
role that eCBs play on AHN.   

1. Introduction 

N-Arachidonoylethanolamine (AEA, also known as “anandamide”) 
and 2-arachidonoylglycerol (2-AG) represent the up-to-date best-char
acterized endocannabinoids (eCBs), namely the endogenous ligands for 
CB1 and CB2 receptors [1,2]. Despite their structural simplicity, these 

bioactive lipids highlight an unexpected organizational complexity in 
terms of mechanisms of synthesis, transport, degradation, and signaling, 
which collectively constitute the so-called “eCB system” (ECS), an 
evolutionary ancient lipid signaling system widely expressed 
throughout the body and involved in many aspects of human health and 
disease. Within the central nervous system (CNS), the ECS is activated by 
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several internal and/or external stimuli, eliciting multiple adaptive re
sponses, such as anti-excitotoxic and antioxidant defenses, as well as 
neuromodulatory and immunomodulatory responses, which altogether 
help to maintain and/or reestablish brain homeostasis in the face of a 
challenging environment [3,4]. 

During the embryonic development of the central nervous system 
(CNS), eCB signaling plays a crucial role in regulating neuronal identity 
acquisition [5–7]. In the adult brain, the ECS maintains its role in 
regulating neural cell fate decisions in two main areas: the sub
ventricular zone lining the lateral ventricles and the hippocampal den
tate gyrus (DG). In the last few years, the regulatory role of the brain ECS 
in adult neurogenesis has been extensively investigated in rodents and 
recently discussed in comprehensive reviews [6,8–10]. Given the topic’s 
inherent vastness and complexity, we decided to focus our attention on 
adult hippocampal neurogenesis (AHN). 

AHN is the process whereby neural stem cells (NSCs) — self- 
renewing, multipotent progenitor cells — in the subgranular zone 
(SGZ) of the DG of the hippocampus give rise to adult-born granule cells 
(abGCs) and astrocytes throughout adulthood [11]. These new neurons 
impose substantial remodeling in the pre-existing hippocampal neural 
circuitry, thus influencing several functions that rely on the hippocam
pus, including the discrimination of spatial contexts associated with 
positive or negative rewards, detection of novel features in a familiar 
environment, resilience to stress and depression, and the ability to forget 
old and aversive memories [12]. 

Here, we aim to review relevant information available so far that 
supports a prominent role of eCB signaling in controlling AHN, both 
under normal and pathological conditions. To meet this objective, we 
have divided the review into 5 parts, the first of which provides a brief 
introduction to the topics covered. Part 2 includes a brief description of 
the gross anatomy of the DG and the cytoarchitectonics of the hippo
campal neurogenic niche, introducing the reader to the nature of the 
neurogenic process and the special morphological and molecular fea
tures of stem cells, neural progenitors, and new neurons generated in the 
adult hippocampus. The description of the anatomical distribution of the 
molecular components of the eCB signaling, either at the cellular or sub- 
cellular level, is instrumental for understanding its physiological role 
within the hippocampal neurogenic niche. Therefore, in Part 3, we will 
briefly describe the molecular organization of this lipid signaling sys
tem, with a particular focus on its expression and functions within the 
brain and, more specifically, in the DG, emphasizing the active presence 
of its key components, as well as of its main signaling pathways in the 
context of the different cell types of the neurogenic niche. Part 4 is 
devoted to highlighting the complexity of the role played by ECS in 
regulating several biological processes that could directly or indirectly 
influence the fate and behavior of NSCs and their descendants. In Part 5, 
we provide a brief overview of the mechanisms governing the neuro
genic process in the adult brain and describe how the ECS, acting at 
several molecular and cellular levels, can be part of the complex network 
of signaling pathways that translate pro- and antineurogenic stimuli — 
such as enriched environment, physical activity and chronic stress — 
into specific modulation of the rate of AHN. 

2. Overview of the adult hippocampal neurogenesis 

The hippocampus is an essential part of the brain’s limbic system, 
responsible for encoding and retrieving memories formed continuously 
throughout an individual’s life. For this peculiar function, the hippo
campus must remain plastic past prenatal and early postnatal life and 
into adulthood. Such plasticity seems to be essentially ensured by the 
uninterrupted birth and functional integration of adult-born neurons in 
an integral region of the hippocampal formation: the DG. 

The neurogenic process in the adult hippocampus, along with its 
pathophysiological implications, has been extensively described by 
some excellent reviews [11–13]. Here, we will give only a brief overview 
of the anatomical organization of the DG and the cytoarchitecture of its 

neurogenic niche, the specialized microenvironment within which AHN 
occurs. 

2.1. Neuroanatomy of the dentate gyrus 

Within the hippocampus formation, the DG forms a V-shaped 
structure embedded into the curved cornu ammonis (CA), which itself is 
composed of three major subfields, namely CA1, CA2 and CA3 (Fig. 1B). 
Histologically, the DG is divided into three layers, or strata (sing. stra
tum): (i) the molecular layer (ML), (ii) the GC layer (GCL), and (iii) the 
hilus (Fig. 1B). 

The ML, also known as stratum moleculare, is the most superficial 
layer of the DG and is divided into three sublayers with approximately 
the same width: inner, middle, and outer ML (IML, MML, and OML). It is 
a relatively cell-free layer, mainly occupied by the dendrites of the GCs 
and the axons of the perforant pathway (PP) that originate from the 
entorhinal cortex (EC) and form synaptic contacts with dendrites of GCs. 
More specifically, EC projections are the major source of cortical input to 
the hippocampus and can be divided into the lateral and medial PPs 
(LPP and MPP), arising from the lateral and medial EC, respectively 
(Fig. 1C). 

The GCL, or stratum granulosum, is formed by four to eight layers of 
densely packed cell bodies of GCs, the principal neurons of the DG. It 
also contains sparse gamma-aminobutyric acid-containing (GABAergic) 
interneurons and afferent fibers of inputs extrinsic to the DG. GCs have a 
round-to-oval cell body measuring about 25 μm in diameter. Mature GCs 
generally have only one primary apical dendrite emerging from the 
soma and which is vertically oriented toward the ML. This dendrite re
mains poorly bifurcated until it reaches the ML, where it branches 
extensively (Fig. 1C). 

The hilus, or polymorphic layer, is the innermost layer of the DG and 
contains the unmyelinated axons of GCs, called mossy fibers, which 
project into CA3 to make excitatory synapses on the dendrites of pyra
midal cells (PCs) of this hippocampal area. In addition, this layer con
tains mossy cells (MCs), the other major glutamatergic neurons of the 
DG, and two classes of perisomatic GABAergic neurons, the 
parvalbumin-expressing and the cholecystokinin-expressing in
terneurons (PV-INs and CCK-INs) (Fig. 1C). The hilus contains a third 
population of interneurons expressing somatostatin, which inhibit distal 
dendrites of GCs and other interneuron types near their PP input syn
apses [14]. 

2.2. The hippocampal neurogenic niche 

The SGZ — the hippocampal neurogenic niche — is a thin germinal 
layer between the hilus and the GCL that hosts the NSCs. These cells are 
characterized by a unique, tree-like morphology with the soma located 
in the SGZ and a main shaft extending through the adjacent GCL and 
ramifying into the IML in a dense network of fine cytoplasmic processes. 
Within DG, NSCs are in close contact with their direct descendants, 
along with diverse local cell types, including microglia, astrocytes, 
excitatory (e.g., GCs, and MCs) and inhibitory neurons (e.g., CCK-INs 
and PV-INs), endothelial cells, and terminal axons of subcortical neu
rons that project to the DG (Fig. 1C). Concerning distal afferences, MPP 
and LPP excitatory projections onto older and newborn GCs make syn
apses in the OML and MML, respectively, and convey spatial (MPP) and 
semantic (LPP) information from EC to the hippocampus. 

NSCs, named also type 1 cells, are predominantly in a mitotically 
dormant, quiescent state and are activated in response to environmental 
inputs. Upon activation, NSCs proliferate in two different modes of di
vision: (i) symmetric division, generating two NSCs that return to 
quiescence for the maintenance of NSC pools, and (ii) asymmetric di
vision, which produces one NSC and one neural progenitor cell (NPC) or 
type 2 cell (Fig. 1C). NPCs, have a high proliferative capability that al
lows their expansion to type 2a, type 2b cells and finally to neuroblast- 
like cells, also named type 3 cells. Then, these neural lineage-committed 
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cells exit the cell cycle and enter a maturation stage, during which they 
extend their dendrites into the ML and their axon to CA3. These abGCs 
undertake a maturation process lasting several weeks, during which 
they show increased synaptic plasticity, before finally becoming indis
tinguishable from the older GCs. 

AHN is a very complex biological process consisting of distinct 

phases that are tightly regulated — both temporally and spatially — 
including cell quiescence and proliferation, neuronal differentiation, 
survival, apoptosis, migration, and positioning, as well as maturation 
and integration of newborn neurons (extensively reviewed in 
[11,15–18]). Fate choices made by NSCs, and their progeny, depend on 
both local cell-cell interactions and a plethora of electrical and chemical 

(caption on next page) 
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factors converging in the hippocampal stem cell niche. Each of these 
activities needs to be controlled and integrated by several different 
signal transduction systems that allow NSCs to appropriately face and 
respond to various internal and external stimuli, ultimately producing 
the appropriate number of new neurons and new circuitries. 

Within this specialized microenvironment, eCB signaling is critically 
involved in regulating several biological processes, including neuronal 
and glial activation/proliferation, migration, and differentiation, which 
directly or indirectly influence the fate and behavior of NSCs and their 
progeny [8–10]. In the next section, we will briefly describe the 

Fig. 1. Adult hippocampal neurogenesis. (A) Schematic of a coronal section of adult mouse brain showing the dorsal part of the hippocampus. A higher magnification 
view of the boxed region is shown in B. (B) Schematic illustration of the three-layered appearance of the dentate gyrus and its main connectivity. The dentate gyrus 
(DG) serves as the primary gateway, receiving most of the afferent multimodal sensory and spatial information from the superficial layers of the nearby entorhinal 
cortex (EC). The classic trisynaptic circuit of the hippocampus describes the relay of signals from the EC to the DG, then to CA3 and to CA1: neurons in layer II of the 
EC (EC2) send their axons through the perforant path to make excitatory synapses onto dendrites of the granule cells (GCs) in the molecular layer (ML) of the DG. The 
GCs extend their axons, passing through the hilus, to pyramidal cells (PCs) in CA3, forming the mossy fiber tract. CA3 PCs project to the CA1 region, forming the 
Schaffer collateral pathway. Finally, PCs in CA1 extend axons back to layer 5 of EC (EC5). GCL, granular cell layer; CA1/2/3, cornu ammonis subfield 1, 2 and 3; MPP/ 
LPP, medial and lateral perforant path. (C) Cytoarchitectonics of the hippocampal neurogenic niche. Adult neurogenesis in the hippocampus implies the coordinate 
control of proliferation, migration, and differentiation of neural stem cells (NSCs, aka type 1 cells) and their direct descendants. The cell body of quiescent radial 
glial-like NSCs resides in the subgranular zone (SGZ), a narrow band of tissue lying between the GCL and the hilus. Upon activation, NSCs undergo asymmetric 
division, self-renewing themselves and generating rapidly amplifying type 2 cells (type 2a and type 2b) that subsequently differentiate into neuroblasts (type 3), 
immature neurons, and finally give rise to mature adult-born GCs (abGCs), or, to a lesser extent, to astrocytes. During their functional integration with the pre- 
existing neural circuitry, new abGCs receive excitatory inputs from MCs and MPP and LPP axons, while receiving inhibitory inputs from hilar interneurons, pri
marily parvalbumin- and cholecystokinin-expressing interneurons (PV-INs and CCK-INs). These constant supply of new neurons and synapses provides a substantial 
degree of structural and functional plasticity in the tri-synaptic hippocampal circuit. NSCs and their progeny can be distinguished based on morphology and 
expression of specific proteins (some of which are indicated over the cell). DCX, doublecortin; GFAP, glial fibrillary acid protein; Iba1, ionized calcium binding 
adaptor molecule 1; Ki67, cellular marker for proliferation; NeuN, neuronal nuclear protein; Pax6, paired box 6 protein; Sox2, SRY-box 2 transcription factor; 
TMEM119, transmembrane protein 119. 

Fig. 2. Biosynthesis, hydrolysis, and the primary molecular targets of the main endocannabinoids. The biosynthetic pathways for N-arachidonoylethanolamide 
(AEA) and 2-arachidonoylglycerol (2-AG) are shown on the upper side, the degradative pathways on the middle side, and the main signaling targets on the lower 
side. CB1/CB2, cannabinoid receptors 1 and 2; DAG, diacylglycerol; DAGLα/β, diacylglycerol lipase α/β; EMT, endocannabinoid membrane transporter; FAAH, fatty 
acid amide hydrolase; MAGL, monoacylglycerol lipase; NAPE-PLD, N-acyl-phosphatidylethanolamine-selective phosphodiesterase; NATs, N-acyltransferases; PA, 
phosphatidic acid; PLCβ, phospholipase Cβ; R1-R2, long chain alkyl group; TRPV1, transient receptor potential vanilloid type 1 receptor. Thin arrows indicate 
enzymatic process, thick arrows denote movement or action. 
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molecular components of the ECS and review how they are widely and 
dynamically expressed in every cell type of the neurogenic niche, 
influencing every stage of their differentiation and functional activation. 

3. The endocannabinoid system in the hippocampal neurogenic 
niche 

3.1. Endocannabinoid synthesis 

AEA and 2-AG are prototype members of fatty acid amides and 
monoacylglycerols, respectively (Fig. 2). Because of their high hydro
phobicity, neuronal and glial cells do not pre-synthesize eCBs nor store 
them in secretory vesicles, unlike classical neurotransmitters and neu
ropeptides. Indeed, these signaling lipids are produced “on-demand” (i. 
e., when and where needed) by Ca2+-dependent and/or receptor- 
stimulated cleavage of precursor membrane phosphoglycerides by 
several hydrolases and released from cells immediately afterward. 
Available evidence indicates that the synthesis of both AEA and 2-AG 
occurs through several alternative routes, which can also co-exist in 
the same cell and contribute to their production in a time-, space- and 

activity-dependent manner. 
This section will focus on the main synthetic pathways for AEA and 

2-AG, given the large amount of data supporting their role in forming 
these eCBs in the brain and particularly in the DG of the hippocampus. 

3.1.1. Biosynthesis of AEA 
In the brain, the primary synthetic route of AEA begins with the 

transfer of the arachidonic residue from sn-1-arachidonate-containing 
phosphatidylcholine to phosphatidylethanolamine via both Ca2+-sensi
tive and Ca2+-insensitive N-acyltransferases (NATs and iNATs) [19–21], 
to form a precursor N-arachidonoyl phosphatidylethanolamine (NArPE) 
(Fig. 2). NArPE is then transformed into AEA by several alternative 
pathways, the most direct of which is catalyzed by a Mg2+/Ca2+-sensi
tive N-acylphosphatidylethanolamine-selective phospholipase with a D- 
type activity called NAPE-PLD [22]. However, it is important to point 
out that the AEA synthesis mechanism is not yet fully characterized and 
that different NAPE-PLD-independent routes for the AEA formation have 
been proposed, involving the phospholipase C (PLC) and protein- 
tyrosine phosphatase enzyme nonreceptor type 22, or the 
α/β-hydrolase domain 4 and glycerophosphodiester phosphodiesterase 

Fig. 3. Schematic view representing the specialized 
molecular architecture of the endocannabinoid sys
tem in the chemical synapse. The endocannabinoids 
(eCBs) are normally produced from postsynaptic ter
minals upon neuronal activation: AEA and 2-AG are 
synthesized from membrane precursors by NAPE- 
specific phospholipase D (NAPE-PLD (1)) and diac
ylglycerol lipase-α and β (DAGLα/β), respectively. 
Once produced, eCBs readily cross the membrane, 
possibly facilitated by a putative eCB membrane 
transporter (EMT), and retrogradely travel to activate 
cannabinoid 1 (CB1) receptors located in the presyn
aptic terminals leading to the inhibition of neuro
transmitter release (not shown). The presence of CB1 
receptors associated with the outer mitochondrial 
membrane (mtCB1) further increases the complexity 
of the eCB-dependent neuromodulatory mechanisms. 
Although eCBs, as retrograde messengers, are typi
cally active on presynaptic terminals, accumulating 
evidence indicates that these lipids can regulate syn
aptic transmission also acting as autocrine factors, by 
activating eCB-binding receptors at the postsynaptic 
site where they are produced. Indeed, both AEA and 
2-AG synthesized in the postsynaptic terminal may 
activate transient receptor potential vanilloid type 1 
(TRPV1) channel and cannabinoid 2 (CB2) receptor 
located in the plasma membrane and endoplasmic 
reticulum, respectively. 2-AG and AEA are degraded 
in arachidonate acid (AA), glycerol and ethanolamine 
(EA) by two main intracellular hydrolases: mono
acylglycerol lipase (MAGL) and fatty acid amide hy
drolase (FAAH), respectively. Interestingly, these 
enzymes often displayed complementary expression 
in the synapse, with MAGL located presynaptically 
and FAAH postsynaptically. Notably, since NAPE-PLD 
(2) could also be expressed presynaptically, such a 
distribution of the enzymes responsible for the syn
thesis and degradation of AEA enables it to function 
also as an anterograde signal. For the sake of 
simplicity, the downstream elements of the eCB 
signaling are not depicted.   
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1 and lyso-N-arachidonoyl phosphatidyl ethanolamine [23]. 
Although the expression patterns of NATs and iNATs in the CNS are 

not known in detail, their activity is relatively high in the rodent brain 
[21,24]. 

Compared to other brain areas, the DG of the hippocampus contains 
the highest amount of NAPE-PLD, which is concentrated presynaptically 
in several types of excitatory axon terminals [25]. In particular, this 
enzyme is highly expressed in axon terminals of GCs, where it is intra
cellularly located on the external surface of the smooth endoplasmic 
reticulum [26] (Fig. 3). Dense NAPE-PLD immunoreactivity is also 
present in the IML, likely in the axon terminals of MCs. The high 
expression of the transcript of this enzyme both in the GCs and in the 
MCs of the DG is confirmed by next-generation RNA sequencing (RNA- 
seq) data (https://hipposeq.janelia.org). Finally, expression of NAPE- 
PLD has also been documented in nonneuronal cells, such as microglia 
[27] (Fig. 4). No studies have been conducted to verify the expression of 
(i)NATs and NAPE-PLD in NSCs and their progeny. 

3.1.2. Biosynthesis of 2-AG 
Much like AEA, 2-AG is produced on-demand by receptor-stimulated 

cleavage of a phospholipid precursor through several routes. Among 
these, the main pathway operating in the CNS is a 2-step process 
involving the removal of the inositol triphosphate from arachidonate- 
containing phosphatidylinositol bisphosphate (PIP2) by phospholi
pases C β (PLCβ) [28], followed by removal of the acyl group in the sn-1 
position by diacylglycerol lipases α and β (α/β) [29,30] (Fig. 2). 

PLCβ is typically activated by Gq/11-coupled metabotropic receptors, 
such as group I metabotropic glutamate receptors 1 and 5, mGluR1 and 
mGluR5, thereby explaining the influence of synaptically released 
glutamate on 2-AG synthesis [31–33]. In the hippocampal formation, 
PLCβ mRNA is present mainly in CA1 and CA3 pyramidal neurons, as 
well as in GCs, MCs, and glial cells [34,35]. Instead, GABAergic in
terneurons seem devoid of this enzyme [34]. 

DAGLα is highly expressed by glutamatergic neurons of the adult 
hippocampus, particularly by GCs, where its subcellular location is 
mainly restricted to the head and neck of dendritic spines [36–38] 
(Fig. 3). Much lower levels of DAGLα expression are present in 

Fig. 4. Spatial and temporal organization of the endocannabinoid system in the cells of hippocampal neurogenic niche. The cytoarchitecture of the hippocampal 
niche is displayed, including neuronal and nonneuronal cells. The 2-AG-biosynthesizing enzyme DAGLα and possibly its isoform DAGLβ are expressed throughout the 
entire neurogenic process. Starting from neural stem cells (NSCs), their expression along with that of CB1 and CB2 receptors landmarks the various intermediate 
precursor cells – Type 2a, Type 2b, Type 3 – and immature calretinin-expressing adult-born granule cells (abGCs). A similar expression pattern is observed for the 
main AEA-degrading enzyme, FAAH, although a decrease of its abundance during the development of intermediate precursors and an upraise of its expression in 
abGCs have been reported (see text for details). Interestingly, CB1 receptors are not expressed by mature GCs and parvalbumin-expressing interneurons (PV-INs) 
while are predominantly expressed by cholecystokinin-expressing interneurons (CCK-INs) and to lower extent by mossy cells (MCs), as well as by medial and lateral 
perforant path (MPP and LPP) terminals. TRPV1 receptors are only transiently expressed by NSCs within 1–39 days of post-natal life, while they are stably expressed 
by mature abGCs at the level of soma and at dendritic spines that receive inputs from MPP. Among neuronal cells, only mature abGCs express the AEA biosynthetic 
enzyme NAPE-PLD, whereas the expression of the 2-AG-degrading enzyme MAGL has been detected in axon terminals of CCK-INs only. In astrocytes and microglia 
MAGL activity appears to be replaced by α/β-hydrolases domain containing proteins, such as ABHD6 and ABHD12. Both astrocytes and microglia express TRPV1 
receptors, whereas the expression of CB1 and CB2 receptors seems more restricted to astrocytes and microglia, respectively. Astrocytes and microglia express DAGLα 
and DAGLβ, respectively, indicating that both glial cells can produce 2-AG. Conversely, between these cell types, only microglia appear to be the source of AEA, as 
indicated by the expression of NAPE-PLD enzyme. AEA, N-arachidonoylethanolamide; 2-AG, 2-arachidonoylglycerol; CB1/CB2, cannabinoid receptors 1 and 2; 
DAGLα/β, diacylglycerol lipase α/β; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; NAPE-PLD, N-acyl-phosphatidylethanolamine-selective 
phosphodiesterase; TRPV1, transient receptor potential vanilloid type 1 receptor. 
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hippocampal interneurons, particularly in PV-INs [39]. Although the β 
isoform is considered an embryonic isotype, DAGLβ mRNA was recently 
detected by RNAscope in GCs [40]. 

Within the neurogenic niche, DAGLα transcript has been identified in 
NSCs and their neuronal progeny, where it is found to be upregulated 
during the differentiation process, with NSCs having 3-fold less DAGLα 
mRNA than type 3 cells (neuroblasts) [41]. The presence of DAGLα in 
NSCs and in immature abGCs was also confirmed at a protein level 
[40,42]. Interestingly, NSCs co-express DAGLα and DAGLβ, suggesting 
that these cells can produce 2-AG autonomously by both DAGL isoforms 
[40] (Fig. 4). 

Functional expression of DAGLα and DAGLβ has been documented in 
astrocytes and microglial cells, respectively, indicating that distinct 
DAGL isoforms are responsible for controlling 2-AG synthesis in these 
glial elements [40,43]. 

3.2. Endocannabinoid degradation 

The enzymatic pathways mediating the degradation of eCBs are 
much better known than those involved in their synthesis. Indeed, in the 
brain, eCBs are essentially hydrolyzed by two distinct intracellular 
serine hydrolases: fatty acid amide hydrolase (FAAH) and mono
glyceride lipase (MAGL), which degrade AEA and 2-AG, respectively, to 
yield inactive breakdown products [44–46] (Fig. 2). In the hippocam
pus, neuronal FAAH and MAGL displayed distinct, often complemen
tary, expression patterns in cell types and subcellular 
compartmentalization, which is suggestive for potential distinct roles of 
AEA and 2-AG in regulating neuronal physiology [47] (Fig. 3). 

3.2.1. Degradation of AEA 
FAAH is primarily confined to glutamatergic neurons, i.e., CA1/CA3 

PCs, MCs, and GCs, but not in interneurons [47–50]. Subcellularly, 
FAAH is located postsynaptically, integrated into the endoplasmic re
ticulum of soma or dendrites, often juxtaposed to CB1-containing fibers 
[47,49,50] (Fig. 3). In nonneuronal cells, FAAH is also expressed at low 
levels by microglial cells and astrocytes (Fig. 4). 

The expression of FAAH in the cells of the neurogenic niche appears 
to change dynamically with the maturation process: FAAH immunore
activity is detectable in NSCs and decreases in rapidly amplifying type 2 
NPCs, then returns to be expressed in mature abGCs [51] (Fig. 4). 

3.2.2. Degradation of 2-AG 
MAGL is expressed in glutamatergic CA3 PCs but not in GCs and MCs, 

while it is weakly expressed in GABAergic interneurons (mainly CCK- 
INs) [38,47] (Fig. 4). MAGL is presynaptically associated with axon 
terminals in these cells, primarily located on the cytoplasmic surface of 
the plasma membrane, whereas cell bodies and dendrites do not appear 
to contain the enzyme [38,47,48] (Fig. 3). In nonneuronal cells, MAGL 
seems to be replaced by other hydrolases, such as α/β-hydrolases 
domain containing 6 (ABHD6) and 12 (ABHD12) [43] (Fig. 4). No sys
tematic study has been conducted yet to evaluate MAGL expression in 
the cells of the hippocampal SGZ niche. 

3.2.3. Oxidation of AEA and 2-AG 
As an alternative to hydrolytic pathways, AEA and 2-AG may be 

oxidized by either cyclooxygenase-2, 12- and 15-lypoxigenase, or cy
tochromes P450, into a variety of eicosanoids such as prostaglandin- 
ethanolamides and glycerol esters, hydroxy-AEA and hydroxy- 
eicosatetraenoyl-glycerols, respectively [52,53]. Although these oxida
tive derivatives of eCBs have limited or no affinity toward cannabinoid 
receptors, evidence is emerging that they could be provided with novel 
biological activities, probably mediated by non-cannabinoid receptors, 
thus further expanding the complexity of signaling pathways through 
which eCBs and their congeners can control cellular functions, including 
those relevant in the adult neurogenesis [53]. 

3.3. Endocannabinoid molecular targets 

Once produced, eCBs act as autocrine and/or paracrine ligands 
binding their target receptors, which can be expressed either on the 
same cell that made them or a neighboring cell, respectively. These 
lipids act primarily as endogenous agonists of metabotropic CB1 and CB2 
receptors. In addition, they can also interact with non-metabotropic 
receptors, further increasing the complexity of the ECS and the 
signaling pathways triggered thereof. In particular, the best known of 
these targets is the transient receptor potential vanilloid type 1 (TRPV1) 
channel, an ionotropic eCB-receptor, which can be activated both by 
AEA and 2-AG, although with less potency than CB1/CB2 [54–56]. 
Finally, other potential targets modulated by eCBs are nuclear peroxi
some proliferator-activated receptors α and γ, and Cav3.2 low-voltage 
activated T-type calcium channel [57,58]. However, eCBs bind these 
additional receptors with a lower affinity, requiring micromolar con
centrations, which are only rarely achieved under physiological 
conditions. 

In the remainder of the review, we will focus on CB1/CB2 receptors 
and TRPV1, given the large amount of data supporting their role in AHN. 

3.3.1. Cannabinoid receptors 
CB1 and CB2 receptors are members of the superfamily A of the 

heptahelical transmembrane-spanning G protein-coupled receptors 
(GPCRs) encoded by CNR1 and CNR2 genes and exhibit 44% and 68% 
amino acid identity throughout the whole protein and within the seven 
transmembrane helices, respectively. AEA and 2-AG bind to the CB1 and 
CB2 receptors with similar affinities in the mid- to the high-nanomolar 
range. AEA binds a little more readily to CB1 than to CB2, behaving as 
a partial agonist, while 2-AG is a full agonist of both receptors, on which 
it displays higher efficacy than AEA [59]. 

3.3.1.1. Expression of CB1. The CB1 receptor is considered the GPCR 
with the highest expression in the CNS and is especially abundant in the 
adult hippocampus. More specifically, in the DG, this receptor is pre
dominantly expressed in some GABAergic interneurons (primarily, CCK- 
INs) and, in smaller quantities, in specific subpopulations of gluta
matergic neurons (i.e., MCs) [35,49,60–62] (Fig. 4). Contrarily, CB1 was 
virtually absent from other interneuronal subtypes (for example, calre
tinin- and PV-INs), as well as from mature GCs [35,36,61,63]. 

The functional expression of CB1 was documented in NSCs and NPCs, 
as well as in their descendants [41,51,62,64,65]. Like what happens 
during embryonic neurogenesis, in which CB1 level progressively de
creases as glutamatergic neuron precursors differentiate, the expression 
of the receptor is gradually reduced during the maturation of newborn 
GCs [66], until being completely absent in terminally differentiated GCs 
[35]. CB1 is expressed in NSCs and persists at the stage of calretinin 
expression in developing newborn neurons (immature GCs), whereas it 
is absent on terminally differentiated calbindin-positive GCs in the SGZ 
[41] (Fig. 4). 

Finally, there is evidence that CB1 is also expressed, albeit at a lower 
level, by nonneuronal cells in the brain, including astrocytes [67,68], 
oligodendrocytes [69], endothelial [70] but not in microglial cells [71] 
(Fig. 4). 

3.3.1.2. Expression of CB2. Based on its broad expression in immune 
cells, the type-2 cannabinoid (CB2) receptor was traditionally thought to 
act as the “peripheral receptor” or non-psychotropic receptor with 
almost exclusively immunomodulatory functions [72]. However, 
anatomical, behavioral, and electrophysiological evidence support its 
functional expression in different neuronal and glial cells [73–76], thus 
opening the way to a reconsideration of CB2 signaling in the context of 
brain pathophysiology, synaptic plasticity, and neuroprotection [77]. 

Within the brain, the expression of the CB2 receptor was described 
for the first time in resting microglial cells at constitutively low levels 

S. Oddi et al.                                                                                                                                                                                                                                     



Progress in Lipid Research 91 (2023) 101239

8

[74,78] (Fig. 4). Although these findings have been questioned by 
assessing CB2 mRNA levels via RNAscope [79], it is well ascertained 
that, upon activation, microglia significantly overexpress their CB2, 
likely as a part of a neuroprotective response (for a more recent review 
on this topic, see [80]). 

In the hippocampus, appreciable expression of CB2 was documented 
in microglia in the hilus of DG [81,82] (Fig. 4). Using neuron-specific 
CB2-knockout (KO), in combination with electrophysiological and mo
lecular biology techniques, Stempel and colleagues produced convincing 
evidence for the functional expression of neuronal CB2 in hippocampal 
glutamatergic neurons (i.e., CA3 PCs), as well as in adult GCs [75]. A 
further study, conducted on inducible systems for overexpressing and 
disrupting the CB2 gene in adult hippocampal neurons, demonstrated 
the functional expression of CB2 in the CA1 PCs, where it appeared to be 
involved in the regulation of memory and anxiety [82]. 

Compared to CB1, the expression of CB2 in the NSCs seems to be more 
reduced and circumscribed. Indeed, the CB2 receptor is present in nestin- 
positive cells (i.e., in NSC/NPCs) but not in committed neuroblasts 
(NeuN-positive cells) [83]. Moreover, in neurospheres generated from 
DG of the mouse hippocampus, CB2 mRNA is expressed at almost two 
orders of magnitude less than CB1 [41]. Notably, in primary neurosphere 
cultures, obtained by conditional KO mice in which CB1 has been spe
cifically removed from NSCs, even more reduced levels of CB2 mRNA 
were observed, suggesting that CB2 expression in the NSC/NPC is a 
downstream target of CB1 signaling [41] (Fig. 4). 

More importantly, the presence of a low, but appreciable, level of 
CB2 mRNA was documented by RNAscope in situ hybridization in GCs 
and corroborated by comparing the transcript expression level in 
neuron-specific CB2-KO mice and their wild-type littermates [75]. The 
presence of CB2 within GCs of DG was recently ascertained by immu
nohistochemistry labeling of mouse hippocampus [84]. These findings 
suggest that the two eCB-binding receptors follow a complementary 
expression trend during neuronal differentiation, with CB1 more abun
dant in NSCs and absent in mature abGCs, and vice versa for CB2. 

3.3.2. Transient receptor potential vanilloid type-1 (TRPV1) 
The best-established ionotropic receptor for eCBs is the TRPV1 

channel, previously discovered as the receptor for capsaicin, the pun
gent ingredient in hot chili peppers [85]. TRPV1 is an integral plasma 
membrane protein with a transmembrane region consisting of six helical 
segments, a short extracellular pore-forming hydrophobic stretch, and 
intracellular N- and C-terminal domains [86,87]. TRPV1 functions as a 
nonselective tetrameric cation channel with a high permeability to Ca2+. 
TRPV1 is characterized by remarkable gating promiscuity, acting as a 
molecular integrator of a wide range of cellular and environmental 
signals, including noxious temperature, mild acidification, local medi
ators of inflammation, and eCBs [88]. AEA and 2-AG bind to TRPV1 with 
similar affinities in the low micromolar range and act as physiologically 
relevant activators of this channel [89–91]. 

3.3.2.1. Expression of TRPV1. Long regarded as exclusively confined to 
sensory neurons of the peripheral nervous system, TRPV1 is now 
recognized to have a broader distribution and function in the CNS, and 
increasing evidence suggests its active presence in the brain, both on 
neuronal and nonneuronal cells [92, 93]. 

Although some seminal reports showed no, or weak, expression of 
this channel in CNS [94], accumulating immunohistochemical, phar
macological, and electrophysiological evidence proves the functional 
presence of TRPV1 in hippocampal pyramidal and glial cells, although 
absent from most, but not all, interneurons. Specifically, TRPV1 is pre
sent in the somas of CA1 and CA3 PCs, in the dendritic spines and soma 
of GCs [95–99], in the endfeet of astrocytes [100,101], as well as in the 
cellular and intracellular membranes of microglial cells [102] (Fig. 4). 
The expression of TRPV1 has been ascertained during post-natal neu
rogenesis (from 1 day of age until 39 days of age) in NSCs, NPCs, and 

immature abGCs [103]. However, after that period, in the adult mice 
under normal conditions, TRPV1 expression in NSCs and their progeny 
was below the detection level [103]. Noteworthy, within the GCs, 
TRPV1 displays a specific subcellular expression, being confined on the 
plasma membrane of cell soma [98] and in the postsynaptic dendritic 
spines receiving PP inputs (in the OML) [97], while its expression is 
absent, or very weak, at more proximal excitatory hilar MC synapses (in 
the IML) [96,104]. 

3.4. Endocannabinoid signaling 

3.4.1. Endocannabinoid signaling: An overview 
Like many other GPCRs, CB1 and CB2 receptors exert a multifaceted 

and very complex signaling activity (for more recent comprehensive 
reviews, see [4,105,106]). CB1 and CB2 receptors are primarily coupled 
with heterotrimeric Gi or Go proteins and then act negatively to adenylyl 
cyclase (AC) and subsequent protein kinase A (PKA) signaling [107]. 
Moreover, they stimulate extracellular signal-regulated kinase (ERK)1/ 
2, primarily via Gαi/o, and phosphatidylinositol-3-kinase (PI3K)/Akt/ 
mammalian target of rapamycin complex 1 (mTORC1), via Gβγ-subunit 
(Fig. 5). Finally, both receptors regulate the membrane potential of 
neurons and other excitable cells by modulating the opening of specific 
K+ and Ca2+ ion channels, thus further expanding the versatility of the 
signaling by which both receptors control cellular functions. 

As for most GPCRs, CB1 receptor also can couple, in a cell-context 
dependent manner, to other than Gi/o proteins, thus eliciting various 
downstream signaling cascades. For example, it can couple to Gs protein 
in striatal neurons to activate AC and PKA, when it is co-expressed and 
co-stimulated with dopamine D2 receptors [108]. In the plasma mem
brane of astrocytes, CB1 receptor was reported to couple to Gq/11, thus 
activating phospholipase C (PLC) and inducing intracellular Ca2+ rise 
through inositol 1,4,5-triphosphate-sensitive endoplasmic reticulum 
stores [67]. To add a further level of complexity, astrocytes and neurons 
confine a pool of CB1 in the outer mitochondrial membrane, referred to 
as mtCB1 [68,109]. Unlike plasmalemmal CB1, mtCB1 is coupled to 
mitochondrial Gi/o proteins, thus its stimulation leads to inhibition of 
mitochondrial soluble AC and reduction of oxidative phosphorylation 
through the regulation of specific respiratory components [109]. 
Finally, atypical coupling of CB1 receptor to G12/13 proteins in cultured 
hippocampal neurons was reported to shape neuronal morphology and 
growth via Rho-GTPase and Rho-associated kinase (ROCK) pathways 
[110]. Apart from having a higher affinity for Gi than Go, less is known 
about additional G proteins interacting with CB2 [111]. 

The activation of TRPV1 mainly permits an influx of extracellular 
cations (Na+ but primarily Ca2+), resulting in plasma membrane depo
larization and increased intracellular Ca2+ concentration, whose effects 
depend on the specific cell type [88,93] (Fig. 5). Given its role in 
modulating the intracellular concentration of Ca2+, TRPV1 may also 
trigger several Ca2+-dependent signal pathways, including those asso
ciated with PKA, protein kinase C (PKC), and Ca2+/calmodulin-depen
dent protein kinase II (CaMKII), thereby influencing the balance among 
proliferation, quiescence, resistance to oxidative stress, and apoptosis, 
depending on the concentration, timing, and duration of the signal 
(Fig. 5). TRPV1-mediated apoptosis involves aberrant Ca2+ influx and 
efflux among cytosol, mitochondria, and endoplasmic reticulum, 
resulting in c-Jun N-terminal kinase (JNK) and caspase activation, 
mitochondrial transmembrane potential dissipation, production of 
reactive species of oxygen, and oligonucleosomal DNA fragmentation 
[112,113]. 

These metabotropic and ionotropic receptors offer different access 
points to their ligands, with their binding sites for the eCBs located on 
opposite sides of the plasma membrane: extracellular for cannabinoid 
receptors and intracellular for TRPV1 (Fig. 2). Furthermore, within the 
same cell, these receptors can display a regional specialization, being 
located in different membrane compartments; for example, in the 
plasma membrane of neurons, they can be restricted to axonal (CB1), 
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dendritic or somatic domains (TRPV1). Besides the cell membrane, they 
could also be expressed in other organelles, such as endosomes (CB2 and 
TRPV1) or the outer membrane of mitochondria (mtCB1) (Fig. 3). 

3.4.2. Neuromodulatory role of the endocannabinoid signaling 
Within the brain, eCBs act as neuromodulators crucially involved in 

neuronal communication by fine-tuning the synaptic efficacy and plas
ticity. Depending on the type and the localization of the receptor 
involved, these messengers trigger a variety of pre- or postsynaptic 
mechanisms capable of modifying synaptic transmission at both excit
atory and inhibitory synapses — normally attenuating them — on 
timescales that are either transient (on a scale of seconds) or long-lasting 
(on a scale of minutes or more). 

Once postsynaptically produced, in response to short depolarization 
of the neuronal membrane, intracellular Ca2+ elevation, and/or acti
vation of some Gq/11-coupled metabotropic receptors, eCBs travel across 
the synaptic cleft and activate presynaptic CB1 receptors to suppress the 
release of inhibitory or excitatory neurotransmitters (i.e., GABA or 
glutamate) (Fig. 6A). This type of activity is referred to as “retrograde 
signaling” since the signal travels backward from the postsynaptic to the 

presynaptic neuron. Notably, due to their relatively high diffusivity, 
eCBs produced in a postsynaptic neuron can spread into the local 
environment and affect not only the presynaptic neuron but also the 
neighboring neurons in the region of the active synapse (Fig. 6B). 

The activation of CB1 receptor generally leads to the hyperpolar
ization of the presynaptic membrane via inhibition of presynaptic 
voltage-gated Ca2+ channels (VGCCs), along with the activation of Gi/o 
coupled inwardly rectifying K+ (GIRK) channels, thus inducing two 
activity-dependent forms of short-term plasticity, named depolarization- 
induced suppression of inhibition (DSI) and depolarization-induced 
suppression of excitation (DSE), at the GABAergic and glutamatergic 
synapse, respectively [114,115] (Figs. 6A, B). Yet, depending on the 
duration and the mode of activation of both postsynaptic and presyn
aptic neurons, eCBs can suppress neurotransmitter release in a more 
persistent manner, inducing long-term depression (LTD) of inhibitory 
(iLTD) and excitatory transmission (eLTD), possibly by interfering with 
PKA-dependent cascades [116–118] (Fig. 6B). Finally, in certain hip
pocampal synapses, 2-AG may also induce a form of long-term poten
tiation of excitatory transmission (eLTP) by presynaptic CB1-dependent 
stimulation of integrin-associated focal adhesion kinase (FAK) and 

Fig. 5. Main endocannabinoid signaling cascades. 
The schematic shows how endocannabinoid (eCB) receptors can give rise to complex signaling activity within the neural stem cell, with multiple nodes of interaction 
and cross-regulation with respect to major cellular signaling pathways. All pathways of cell physiology are virtually influenced by eCB signaling. Among pathways 
that are turned on (blue lines) upon activation of CB1/2 receptors are the ERK1/2 and PI3K/Akt ones, which through mTORC1 stimulate cell survival, cell growth and 
cell cycle entry. Opposite effects are determined by the activation of the TRPV1 receptor, which allows the influx of Ca2+ causing membrane depolarization and 
intracellular Ca2+ concentration upraise. The latter activates PKA, PKC and CaMKII, thereby influencing the balance between proliferation and quiescence. In fact, 
among pathways downstream from the increase of intracellular Ca2+ concentration is the activation of Notch signaling that is presumably activated by calpain- 
dependent proteolytic cleavage (dashed blue lines) and associates with cell quiescence. The activation of calpain-dependent proteases also triggers autophagy, 
while endoplasmic reticulum (ER) and mitochondrial stress drive cell to apoptosis, through an increase of the oxidative stress. AC, adenylyl cyclase; AMPK, AMP 
kinase; Ascl1, Achaete-scute homolog 1; ATG5, autophagy related 5; Bax, Bcl-2-associated X; Bcl-2, B-cell lymphoma protein 2; Ca2+, calcium; CaMKII, Ca2+/ 
calmodulin-dependent protein kinase II; CB1/CB2, cannabinoid receptors 1 and 2; Elk-1/Myc/Fos, ETS like-1 protein/oncogene with sequence similarity to Mye
locytomatosis virus; Fos proto-oncogene; ERK1/2, extracellular-signal-regulated kinase 1/2; FoxO3, forkhead transcription factor 3; GSK3β, glycogen synthase ki
nase-3β; Hes1/5, hairy and enhancer of split-1/5 transcription factors; JNK, Jun N-terminal kinase MEK, mitogen-activated protein kinase (MAPK) kinase; mTORC1, 
mammalian target of rapamycin complex 1; NeuroD1, neurogenic differentiation 1; Notch, neurogenic locus notch homolog protein; p70S6K, 70-kDa ribosomal 
protein S6 kinase; PI3K/Akt, phosphoinositide 3-kinase/v-akt murine thymoma viral oncogene homolog; PKA, protein kinase A; PKC, protein kinase C; PTEN, 
phosphatase and tensin homolog; Raf1, rapidly accelerated fibrosarcoma 1; ROS, reactive oxygen species; S6, ribosomal protein S6; SOX2, sex determining region Y- 
box 2 transcription factor; TRPV1, transient receptor potential vanilloid type 1 receptor; ULK1, Unc-51 like autophagy activating kinase 1. Blue lines indicate an 
activating effect, red lines indicate an inactivating effect; dashed lines indicate an indirect action. 
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ROCK-mediated reorganization of presynaptic cytoskeleton [119,120]. 
As an example of cell-type-specific differences in the eCB-dependent 

neuromodulatory mechanisms, efficiency by which neuronal CB1 cou
ples with G proteins depends on the cell type where they are expressed. 
Indeed, it has been found that, within the hippocampus, the Gi protein 
activation by CB1 receptors expressed in glutamatergic neurons is much 
stronger than the one induced in GABAergic interneurons [121], 

suggesting that the signaling activity of CB1 is not directly related to its 
level of expression. This unusual feature can be due to several non- 
mutually exclusive mechanisms influencing the coupling of CB1 with 
its effector G proteins, including (i) the interaction with GPCR-accessory 
proteins [122,123], (ii) the post-translational modifications [124–126], 
(iii) the ability to heterodimerize with other GPCRs [127,128], and (iv) 
the precise intracellular distribution of the receptor within the different 

Fig. 6. Mechanisms of endocannabinoid-dependent short- and long-term depression. (A) Schematic representation of endocannabinoid (eCB)-dependent short-term 
depression by retrograde signaling. Activation of Gq/11-coupled metabotropic receptors (Gq11/PCR) and/or voltage-gated Ca2+ channels (VGCCs) on the post
synaptic neuron promotes the synthesis of 2-arachidonoylglycerol (2-AG) through the hydrolysis of membrane phospholipids via Ca2+-dependent and Ca2+-inde
pendent mechanisms. Once produced, eCBs retrogradely traverse the synaptic cleft and activate the presynaptic cannabinoid 1 (CB1) receptor, thereby regulating ion 
channels (i.e., positively G protein-coupled inwardly rectifying potassium (GIRK) channels and negatively VGCCs) and ultimately suppressing neurotransmitter (nt) 
release. According to the type of synapse regulated, this transient form of synaptic plasticity is denoted depolarization-stimulated suppression of excitation (DSE) (if 
glutamatergic transmission is suppressed) or depolarization-stimulated suppression of inhibition (DSI) (if GABAergic transmission is suppressed). (B) Schematic 
representation of eCB-dependent homosynaptic (i.e., target afferent) and heterosynaptic (i.e., nearby afferent) mechanisms for short- and long-term depression (LTD). 
The eCB-mediated suppression of nt release can occur at the same synapse that generated the eCBs (homosynaptic regulation) or at immediately adjacent synapses 
(heterosynaptic regulation), thus modulating multiple targets than typical retrograde transmission. (The scheme shows a glutamatergic synapse in close proximity to 
a GABAergic synapse.) At the excitatory synapse, afferent stimulation evokes increased glutamate release and subsequent activation of the glutamate receptors at the 
postsynaptic terminal, resulting in the release of eCBs from the same membrane. Given their diffusivity, eCBs can activate CB1 receptors present on the presynaptic 
membrane of the same synapse, as well as those of nearby synapses. In the first case, the CB1 signaling leads to DSE, in the second one, to DSI. Although presynaptic 
mechanisms of eCB-LTD have not been fully elucidated, inhibition of the cAMP/PKA pathway seems to be crucial to determine eLTD and iLTD at the excitatory and 
inhibitory synapse, respectively. (C) Schematic representation of CB1/2-mediated slow self-inhibition (SSI) of neurotransmission by 2-AG autocrine signaling. In 
addition to its well-established function as retrograde messenger, 2-AG might also behave as autocrine modulator of synaptic strength by acting on postsynaptic CB1/2 
receptors. Prolonged depolarization by repetitive action potential firing triggers the production of 2-AG, which in turn induce an autocrine CB1/2-mediated long- 
lasting hyperpolarization of the membrane potential, rendering the cells less excitable, a phenomenon termed SSI. The CB1/2-dependent cell-intrinsic hyperpolar
ization of the postsynaptic neuron has been described to be mediated by activation of GIRK channels, VGCCs and/or sodium bicarbonate cotransporter. (D) Schematic 
representation of TRPV1-mediated long-term inhibition of neurotransmission by eCB autocrine signaling. Those shown are two examples of long-lasting TRPV1- 
dependent neuromodulation that have been described in specific glutamatergic and GABAergic synapses on dentate granule cells (GCs). In these synapses, TRPV1 is 
located postsynaptically, and its stimulation by produced eCBs (AEA mainly released from presynaptic neuron and 2-AG from postsynaptic neuron) leads to eLTD and 
iLTD at the level of excitatory and inhibitory synapses, respectively. These postsynaptic forms of LTD involve long-lasting, clathrin- and dynamin-dependent 
endocytosis of AMPA and GABAA receptors from the postsynaptic membrane. For clarity, the transport and inactivation of eCBs have been omitted. 
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microdomains of cellular membranes and organelles [129,130]. Con
cerning the latter mechanism, low but functional expression of CB1 was 
reported in the outer membrane of mitochondria (mtCB1, Fig. 3), where 
it would act to inhibit the electron transport chain, thereby attenuating 
the mitochondrial respiration and energy production by inhibiting sol
uble PKA via mitochondrial Gi proteins [130]. Since mtCB1 is present in 
both GABAergic and glutamatergic CA1 hippocampal neurons [130], it 
could also be involved in modulating eCB-dependent synaptic plasticity 
in neurogenic niche neurons. 

In addition to their well-established functions as retrograde mes
sengers, AEA and 2-AG might also behave as fast autocrine modulators 
of synaptic strength by acting on postsynaptic CB1, CB2 and TRPV1 re
ceptors. Indeed, neuronal CB2 has been found to display a postsynaptic 
intracellular localization and, once activated by autocrine-synthesized 
eCBs, to mediate a long-lasting, cell-intrinsic hyperpolarization, 
termed slow self-inhibition (SSI) via stimulation of Ca2+-activated Cl−

channels and Na+ bicarbonate cotransporter [73,75,131] (Fig. 6C). 
Similarly, some neuronal populations expressing CB1 receptors on 
somatodendritic membranes display a specific form of SSI, which in
volves a 2-AG/CB1-dependent activation of GIRK channels in the stim
ulated cell [132–134] (Fig. 6C). When located at postsynaptic 
compartments, TRPV1 activation, primarily by AEA, promotes eLTD and 
iLTD involving long-lasting, Ca2+/calcineurin- and clathrin/dynamin- 
dependent endocytosis of α-amino-3-hydroxy-5-methylisoxazole-4-pro
pionic acid (AMPA) and GABAA receptors, respectively (Fig. 6D) 
[97,98]. Finally, astroglial, but not neuronal, CB1 activation, by stimu
lating Ca2+-dependent release of glutamate, promotes eLTD of CA3-CA1 
excitatory synapses in vivo [135]. 

3.5. Endocannabinoid transport system 

The process whereby eCBs are transported across the plasma mem
brane and within the cell is considered a hot topic because it constitutes 
a crucial step involved both in the control of signaling (i.e., autocrine 
versus paracrine action, CB versus TRPV1 receptors) and inactivation of 
these lipid signals, thus representing a potential target for the treatment 
of several pathologies associated with ECS dysfunctions [136–138] 
(Fig. 3). 

During their activity as retrograde messengers, eCBs are produced on 
the inner side of the postsynaptic neuron membrane, and they need to 
cross the synaptic cleft and reach the outer side of the presynaptic 
membrane to activate the CB1/2 receptors. As an additional stage of their 
signaling, eCBs must penetrate the postsynaptic membrane, or imme
diately surrounding cells, to reach their specific hydrolases (mainly 
FAAH and MAGL), as well as the intracellular binding site of TRPV1. 

Given their highly lipophilic nature, with partition coefficients (i.e., 
XlogP values) of 5.5 and 5.4 for AEA and 2-AG, respectively, eCBs can 
diffuse passively through lipid membranes. Still, this process could be 
accelerated by a rapid and selective carrier system (eCB membrane 
transporter, EMT) postulated to be expressed in both neurons and glial 
cells (Figs. 2 and 3). 

Despite indirect solid evidence for this transmembrane transport 
system, the molecular identity of the protein(s) involved in the cellular 
(re-)uptake of eCBs remains to be characterized. However, some extra
cellular and intracellular lipid-carrier proteins that assist the trafficking 
of AEA within (i.e., fatty acid-binding proteins and heat shock proteins) 
and outside (i.e., albumin) the cells have been identified, confirming 
that, despite the current controversy, an eCB transport system is indeed 
an actual biological entity that deserves to be further investigated and 
understood in the next years [136,139]. 

4. Role of the endocannabinoid-mediated signaling in adult 
hippocampal neurogenesis 

Several preclinical studies, carried out either by genetic depleting or 
pharmacological targeting the different elements of the eCB signaling, 

outlined the pivotal relevance of the ECS in the AHN. These studies 
revealed that under “normal conditions,” CB1-deficient mice (i.e., CB1

− /−

or CB1-KO mice) display reduced adult hippocampal NSC proliferation, 
as well as decreased differentiation and survival of their progeny 
[51,64–66,140]. 

However, these genetical manipulations have, in some cases, pro
duced conflicting, if not contradictory, results with those obtained by 
pharmacological approaches, highlighting the complexity of the role 
played by this lipid signaling system in the regulation of every step of 
adult neurogenesis (reviewed in [8–10]). For example, several studies 
have described that pharmacological blockade of the CB1 leads to 
increased, rather than decreased, cell proliferation in the SGZ 
[66,141–143]. To make the cause-and-effect relationship between CB1 
and AHN even more complicated, CB1 agonism, obtained by natural and 
synthetic cannabinoids, often, but not always, produced mitogenic ef
fects on hippocampal NSCs [64,66,144–147]. 

Although these apparent discrepancies may be variously interpreted 
(e.g., by compensatory mechanisms, subtle differences in models, can
nabinergic drugs, time and dosage, methodology for assessing NSC/NPC 
biology), they seem instead to be related to the differential impact of 
these manipulations on the widespread expression and multimodal ac
tivity of the ECS within the SGZ. In fact, due to its functional expression 
in every cell component of the hippocampal niche (Fig. 4), the ECS can 
influence directly and/or indirectly adult neurogenesis by modulating, 
both positively and negatively, multiple molecular and cellular pro
cesses, depending on the cell type (e.g., stem cell, neuron, and glial cell), 
stage of differentiation (e.g., type 1, type 2, type 3 and immature abGC), 
or subcellular localization (e.g., plasma membrane, mitochondria, and 
endoplasmic reticulum). Thus, it is not surprising that the traditional 
approaches exploited up to now to elucidate the role of ECS in the AHN 
(e.g., constitutive KO, receptor agonists and antagonists, and enzyme 
inhibitors) have often produced puzzling results that are hardly inter
pretable since they fail in keeping intact the cell-specificity and the on- 
demand feature, namely, the “where” and the “when” of the eCB 
signaling. 

In the following sections, we will briefly summarize current knowl
edge on the functional involvement of the ECS in the AHN and how the 
eCB signaling is critically involved in regulating several biological pro
cesses that directly or indirectly influence the fate and behavior of NSCs 
and their progeny. 

4.1. Direct mechanisms 

As discussed above, deciphering the molecular and cellular mecha
nisms through which the ECS participates in adult neurogenesis is a 
really challenging task, requiring recourse to novel technologies with a 
greater power of spatial and temporal resolution (including single-cell 
RNA sequencing, cell- and stage-specific KO and knockin). Fortu
nately, the recent development of inducible Cre-deleter mouse lines, two 
new mouse strains, where CB1 and DAGLα are conditionally KO in adult 
NSCs, provided powerful tools for addressing — in an exact temporal 
and spatial manner — the influence of the ECS on NSC physiology 
[40,41]. 

4.1.1. Role of CB1 
As already described in complete CB1-KO animals 

[51,65,140,148,149], the lack of CB1 in NSCs is sufficient to reduce 
NSC/NPC proliferation without affecting the survival and/or apoptosis 
of newly generated cells [41]. These mice also showed an altered 
neuronal differentiation in terms of dendritic maturation but had no 
defect in axonal growth, indicating that CB1 is required for proper 
dendritogenesis of adult-born neurons originating from NSCs in the SGZ. 
Consistently, defects in the neurogenic-dependent form of LTP at MPP to 
immature granule neuron (i.e., MPP-GC, Fig. 1) synapses were also 
observed, providing evidence for the functional relevance of CB1 in 
determining the plasticity of the progeny of NSCs (i.e., immature 
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abGCs). 
Importantly, at a behavioral level, deteriorated neurogenesis 

induced by NSC-specific CB1-KO was associated with decreased short- 
term spatial memory and increased depression-like phenotype, 
providing a strong link between eCB signaling in NSCs and behavioral 
outputs of AHN [41]. 

4.1.2. Role of CB2 and TRPV1 
To date, no NSC-specific KO models for TRPV1 and CB2 have been 

developed for testing the direct impact of these receptors on adult NSC 
functions. However, in vitro studies performed on hippocampal neuro
spheres suggested the functional presence of both receptors in NSC/ 
NPCs [93,103,150,151] (see 4.1.6). 

4.1.3. Role of DAGLα and additional endocannabinoid metabolic enzymes 
Using distinct rodent strains in which DAGLα is genetically removed 

from either neurons or NSCs and astrocytes of adult mice (i.e., Syn-Cre- 
DAGLα− /− and GLAST-Cre-ERT2-DAGLα− /− mice), NSCs, and possibly 
niche astrocytes, were identified as the main cellular source of “neuro
genically active” 2-AG [40]. Indeed, hippocampal neurogenesis was 
markedly reduced only in mice lacking DAGLα in NSCs (and in astro
cytes), while it was unaffected in those lacking the same enzyme in 
neurons of the DG, suggesting that 2-AG is an autocrine neurogenic 
factor in the AHN. 

Notably, the removal of DAGLα from NSC/astrocytes determines a 
large reduction (60%) in the expression of the DAGLβ in adult GCs. This 
fact implies that the transcription of the DAGLβ gene in GCs is dynam
ically regulated through signaling cascade(s) stimulated by 2-AG pri
marily produced by NSCs and their direct progeny. Given that the 
genetic deletion of DAGLβ also leads to impaired hippocampal neuro
genesis in the DG like that of DAGLα [29], such a co-regulated expres
sion of the two isoforms of DAGL could represent a feedback mechanism 
involved in regulating neurogenesis. 

To date, the lack of similar approaches does not allow us to inter
rogate the direct involvement of the other eCB metabolic enzymes in the 
physiology of NSCs. Nevertheless, the current evidence supports the 
notion that NSCs can dynamically synthesize and degrade eCBs, using 
them as autocrine neurotrophic factors [42,51,152,153]. 

4.1.4. Synthesis of endocannabinoids by NSCs 
It is worth noting that the synthesis of eCBs can be triggered by 

several neurogenic factors, including BDNF [154,155], FGF2 [156], CCK 
[157], orexin-A [42], and glutamate [31], released closely to the NSCs 
by the different cells that constitute the neurogenic niche. Given that 
NSCs possess the receptors for many, if not all, these signals, including 
(i) BDNF (i.e., tropomyosin receptor kinase B (TrkB)) [158]; (ii) gluta
mate (ionotropic glutamate receptors, AMPAR and N-methyl-D-aspartate 
receptor (NMDAR); and metabotropic glutamate receptors mGluR1 and 
mGluR5)) [159–161]; and (iii) orexin-A (Ox1-R) [42], it is plausible that 
a part of the proneurogenic message of these molecules consists pre
cisely in promoting the autocrine synthesis of eCBs by NSCs. 

4.1.5. Endocannabinoid signaling in NSC/NPCs 
Although there are still few mechanistic studies on this topic, the 

stimulation of CB1/2 in NSCs may promote their entry into the cell cycle 
by activating ERK1/2 and PI3K/Akt pathways which, in turn, stimulate 
mTORC1, an important positive regulator of NSC activation and pro
liferation, as well as the subsequent differentiation of their offspring 
[11,162] (Fig. 5). The downstream signaling from these receptors pro
motes the switch that commits NPCs to mature GCs by regulating the 
expression of genes that determine neural identity. During GC matura
tion, CB1, and possibly CB2, may control migration and neuritogenesis, 
acting on neuronal cytoskeleton via their atypical coupling to G12/13 
proteins and then Rho-GTPase and Rho-associated coiled- coil contain
ing kinase (ROCK) pathways [110]. Incidentally, this potential pro- 
differentiative role of CB1 could explain the alterations in the synaptic 

plasticity of young GCs observed in nestin-CB1− /− mice [41]. 
In adult mice, it has been described that, although the cells in the 

SGZ do not express TRPV1 at an appreciable level, NSC/NPCs (nestin+) 
and immature GCs (DCX+) re-express the receptor following stimulation 
of neurogenesis by physical exercise and performance of spatial learning 
and memory tasks [103]. In this context, TRPV1 seems to mitigate (or 
put a break to) adult neurogenesis. In fact, TRPV1-KO mice show a 
greater physical exercise-induced neurogenesis than wild-type mice that 
performed the same activity [103]. Considering its downstream 
signaling, it is conceivable that TRPV1 can favor NSC quiescence 
through Ca2+-dependent cascades, including activation of Notch 
signaling, possibly by calpain-dependent proteolytic cleavage (Fig. 5). 
TRPV1 may also control the proliferation of NSCs influencing their 
excitability by removing GABAA and/or AMPA receptors from the 
plasma membrane of NSCs via Ca2+/calcineurin-dependent endocytosis, 
as documented in specific synapses of adult GCs [97,98]. In this regard, 
eCB metabotropic and ionotropic targets, by directly promoting or 
attenuating NSC activation respectively, seem to play antagonistic roles 
in the physiology of NSCs. 

In vitro studies performed on NPC cells of TRPV1− /− mice grown 
under differentiating conditions have shown that the presence of this 
receptor is also important for directing astrocytic and neuronal differ
entiation [103]. 

Overall, CB1/2 receptors and TRPV1 perform pleiotropic actions 
during AHN, participating in the complex and dynamic integration of 
the multiple signaling pathways involved in NSC physiology. 

4.2. Indirect mechanisms 

The presence of several components of the ECS in many, if not all, 
cells of the hippocampal neurogenic niche, including some local neurons 
(e.g., MCs and CCK-INs) and glia cells (e.g., astrocytes and microglial 
cells), suggests that this system can also indirectly modulate the neu
rogenesis, linking together neuronal and glial activity to the regulation 
of distinct stages of AHN. The current evidence leads to considering the 
ECS as a multi-distributed integrator system of various internal and 
external signals reaching the NSCs. In this sense, the eCB signaling may 
act as a sensor of circuit and cellular activity and exert pro- and anti- 
neurogenic actions, depending on which pattern of activity emerges in 
the stem cell niche. 

4.2.1. Impact of endocannabinoids in neuronal activity-dependent control 
of neurogenesis 

The choice of NSCs to remain quiescent or to proliferate is in part 
determined by the state of electric polarization of their plasma mem
brane, which is in turn regulated by the tonic concentration of the 
neurotransmitters GABA and glutamate in the SGZ, which derives from 
the spillover of the synapses immediately surrounding NSC soma and 
radial processes [159,163]. In this context, the synapses formed onto the 
GCs from proximal and distal neurons in the GCL, as well as in the IML, 
appear particularly relevant for regulating neurogenesis (Fig. 7). For 
example, ultrastructural studies showed that the bushy processes of 
NSCs wrap around glutamatergic synapses likely formed between MCs 
and mature GCs in the IML (i.e., MC-GC) [159,164]. On the other hand, 
the soma of NSCs in the SGZ is near terminals of PV-INs and respond 
tonically to GABA released from the synapses that these neurons form 
with mature GCs (i.e., PV-GCs) [163,165]. 

Given the crucial importance of the activity level of GCs (both under 
physiological and pathological conditions) in the control of NSC quies
cence and neurogenesis [166], in this section, we will focus on the 
impact exerted by eCB signaling on the synapses that these cells estab
lish with the surrounding hippocampal neural network. In particular, we 
will examine the possible implications of the neuromodulatory role of 
the ECS on neural network activity-dependent spillover of GABA and 
glutamate from the primary excitatory and inhibitory synapses to GCs. 
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4.2.1.1. Synaptic inputs and outputs of immature granule cells. As stated 
in section 3, CB1 is present during the various stages of maturation of 
adult-born GCs, where it is involved in regulating axon outgrowth, 
navigation, and synaptogenesis by modulating cytoskeleton stability 
and levels of axon guidance/adhesion molecules. Moreover, the 
enhanced synaptic plasticity of immature abGCs could, in part, be due to 
the presence of CB1, which is lacking in functionally mature abGCs. The 
expression of CB2 and TRPV1 is not yet well characterized, although it 
seems that the expression of these receptors increases with the degree of 
differentiation from type 2b cells onwards. 

Compared to their adult counterpart, immature abGCs change their 
primary inputs dynamically. Initially, they are not at all responsive to 
neuronal activity [167] and gradually receive only GABAergic inputs 
from local interneurons, primarily PV-INs and CCK-INs [168,169]. Like 
immature neurons in the developing brain, abGCs initially become 
depolarized in response to GABA because of their higher intracellular 
concentration of chloride ions. The response to GABA switches from 
depolarization to hyperpolarization at 2–4 weeks after neuronal birth, 
which coincides with the growth of dendritic spines and the onset of 
glutamatergic MPP and LPP inputs from the EC. Starting from the third 
week from the birth, as newborn GCs differentiate, they receive most of 
their excitatory input from mature GCs, hilar MCs, CA3 PCs, and 
cholinergic cells of the septum. By one-month, newborn GCs receive 
comparatively less input from mature GCs, while input from EC begins 
to strengthen, and by 2–3 months, input from mature GCs progressively 
disappears. Within this time window, immature abGCs display a lower 
threshold for the induction of LTP upon stimulation from the MPP 
[170,171]. This AHN-dependent form of LTP can be elicited without 
GABAA receptor blockade and requires the activation of NR2b subunit- 

containing NMDARs [167]. Regarding their outputs, by one week of 
age, newborn abGCs begin to extend an axon through the hilus to reach 
the CA3, forming fully functional synapses onto MCs and CA3 PCs by 
4–8 weeks [172]. These changes do not occur uniformly for all cells born 
at a similar time but rather show heterogeneity among cells of the same 
age. From approximately 8 weeks of age, the electrophysiological 
properties of abGCs become highly similar to those of GCs born 
embryonically or early postnatally. 

4.2.1.2. Synaptic inputs and outputs of mature granule cells. CB1 and 
TRPV1 receptors are present at the pre- and postsynaptic level, respec
tively, in the synapses that adult GCs form with at least five different 
afferents (Fig. 7), suggesting a prominent role for the ECS in regulating 
neurotransmission through these synapses. In particular, the CB1 re
ceptor is expressed at the highest density in the axon terminals of CCK+
GABAergic interneurons (i.e., CCK-INs), which mostly target the soma
todendritic area of GCs in the IML. Furthermore, dentate GCs receive 
CB1-positive glutamatergic synaptic inputs in distinct subdomains: (i) 
their proximal dendrites in the IML are primarily innervated by axon 
terminals of hilar MCs [173]; (ii) their most distal dendritic regions, 
between the MML and OML of the DG, are innervated by MPP and LPP 
[38,119,120,174]. In the adult GCs, the presence of TRPV1 receptor has 
been reported in postsynaptic dendritic spines receiving MPP excitatory 
inputs, as well as in their soma receiving inhibitory inputs from PV-INs. 
Finally, CB2 has been described to be present within GCs, but there is no 
experimental evidence that it is functionally active [75]. It is, however, 
possible that, once activated by autocrine-synthesized eCBs, the CB2 
could mediate SSI, a long-lasting, cell-intrinsic hyperpolarization that 

Fig. 7. Endocannabinoid-mediated plasticity on 
granule cell synapses. A scheme of the complex neu
romodulatory control exerted by the endocannabinoid 
system on granule cell (GC) activity through multiple 
afferents, either GABAergic (PV-GC and CCK-GC) or 
glutamatergic (MC-GC, MPP-GC, LPP-GC) synapses. 
Postsynaptic TPRV1 receptors mainly localizing in 
either soma or dendritic spines of GCs, and CB1 re
ceptors localizing at the presynaptic terminals of CCK- 
GC, MC-GC, MPP-GC and LPP-GC synapses are dis
played. In detail, PV inputs target the GC soma and 
mediate long-term depression of inhibitory trans
mission (iLTD); CCK inputs target the somato- 
dendritic area encompassing the IML zone, and 
mediate depolarization-stimulated suppression of in
hibition (DSI); MC inputs target proximal dendrites 
encompassing the IML zone, and mediate 
depolarization-stimulated suppression of excitation 
(DSE); MPP and LPP inputs target distal dendrites of 
GCs and mediate long-term depression of excitatory 
transmission (eLTD) and long-term potentiation of 
excitatory transmission (eLTP), respectively. See text 
for further details and abbreviations.   
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may contribute to keeping the GCs silenced [75]. 

4.2.1.3. Endocannabinoid-mediated plasticity onto granule cells. CB1, 
TRPV1 and, possibly, CB2 seem strategically placed to control synaptic 
plasticity of either adult or immature GCs at the level of their critical 
GABAergic (CCK-GC and PV-GC) and glutamatergic (MC-GC, MPP-GC 
and LPP-GC) synapses. Indeed, their activation selectively depresses 
both excitatory and inhibitory transmission onto GCs, reducing in a 
compartment-specific manner the synaptic strength by means of either 
short- (i.e., DSE and DSI) or long-lasting (i.e., eLTD, iLTD) forms of 
plasticity [38,97,98,175–179] (Fig. 7). Interestingly, at the gluta
matergic synapse formed by the LPP with GCs, CB1 signaling mediates 
long-term potentiation (eLTP), rather than inhibition [119,120]. On the 
other, given that TRPV1 is responsible for the eLTD at the MPP-GC 
synapse, its action seems to put a brake on glutamatergic signaling on 
this neurogenesis-relevant input. 

Notably, it is very likely that the presence of CB1 in immature GCs 
contributes to the hyperexcitability of these cells that enable them to 
regulate adult GCs. Indeed, CB1 deletion from adult-born neurons 
resulted in alterations in the AHN-dependent LTP at the MPP-immature 
GC synapse [41], indicating a functional role of CB1 signaling in regu
lating neuroplasticity of new hippocampal neurons and linking its 
impaired activity to altered mood-related behavior. 

In accordance with a key role of the eCB signaling in the neuro
modulatory control of neurogenesis, interfering with the influence that 
the hippocampal ECS exerts on both GABAergic and glutamatergic 
transmission has been widely described to have profound impact on 
memory formation and consolidation [35,149,180,181], as well as to 
produce anxiogenic and depressive-like phenotype [82,148,182–187]. 

From a mechanistic point of view, neuronal ECS may influence AHN 
in many ways. Firstly, as described in section 3.4.2, eCBs, acting through 
CB1, TRPV1, and, possibly, CB2 receptors, are critical retrograde/auto
crine modulators of neurotransmitter release from these neurogenesis- 
relevant synapses. Therefore, through such neuromodulatory func
tions, the ECS may dynamically control the balance between the tonic 
levels of GABA and glutamate derived from the synaptic spillover in the 
neurogenic niche, thus linking neuronal activity to the fate of NSCs. 
Secondly, by fine-tuning the plasticity of these synapses, the ECS can 
also dynamically regulate the excitation state of GCs, which in turn 
control NSC activation via direct GC-NSC contacts [166]. Thirdly, eCBs 
released by neurons in addition of being neuromodulators can also act as 
neurogenic factors. For example, the peculiar subcellular localization of 
the different ECS components in the MC-GC synapses, makes possible a 
certain diffusive capacity of 2-AG: within short-range distances, 2-AG 
released from a given GC dendritic spine in the IML could readily 
escape from enzymatic degradation by MAGL (neither the axon termi
nals of MC nor the dendritic spines of the GC express MAGL) and reach 
neighboring structures expressing CB1, such as other MC-GC synapses 
and CCK-GC synapses, but also the radial processes of NSCs [38] (Fig. 4). 
However, this possibility seems to be excluded, at least as far as 2-AG is 
concerned, by the results obtained from Syn-Cre-DAGLα− /− , in which 
the removal of DAGLα from DG neurons did not alter the basal rate of 
hippocampal neurogenesis [40]. Finally, the neuroprotective activity 
from hyperexcitation or other insults exerted by eCBs through multiple 
mechanisms, including anti-excitotoxicity, anti-oxidative, anti- 
apoptotic and neurotrophic actions (Fig. 5), should not be under
estimated, as it could represent another pertinent role through which 
neuronal ECS may influence hippocampal neurogenesis. 

Overall, the impact of the ECS on the excitability of the GCs, and then 
on their outcomes onto the neurogenesis, depends on which synapse is 
functionally active, resulting from a complex spatiotemporal integration 
of the different internal and environmental inputs that converge on 
these important components of the hippocampal neurogenic niche 
(Fig. 8). 

4.2.2. Impact of the endocannabinoid system in glial activity-dependent 
control of neurogenesis 

The role of astrocytes and microglia in AHN is rather complicated, 
having both positive and negative impacts on it, which depend on the 
functional phenotype (namely, homeostatic/surveillant state versus 
reactive/inflammatory state) acquired by these cells in response to 
different stimuli. Indeed, niche glia can rapidly react to subtle micro
environmental alterations by changing morphology and developing an 
array of functions relevant to promoting or attenuating neurogenesis, 
including the secretion of soluble factors (neurotrophic factors, glio
transmitters, and cytokines) and specific juxtacrine (i.e., cell-cell con
tact-dependent) signaling cascades. 

4.2.2.1. Endocannabinoid-dependent regulation of niche astrocytes. As
trocytes express a fully functional ECS, being able to autonomously 
produce eCBs and respond to them via CB1 and TRPV1. Autocrine and/ 
or paracrine activated eCB signaling within these cells has a profound 
impact on their functions, including gliotransmitter release (glutamate 
and D-serin), glucose metabolism, and the release of neurotrophic (FGF- 
2 and eCBs) and inflammatory mediators (IL-1β and IL-6), all of which 
play an important role in the indirect regulation of AHN. For example, 
the stimulation of astroglial CB1 leads to release of glutamate and D- 
serin via Gq/11-mediated Ca2+ signaling, exerting appreciable effects on 
hippocampal synaptic plasticity and long-term memory [67,135,188]. 
Indeed, these two gliotransmitters, apart from regulating synaptic 
plasticity or neuronal circuitry, act also as neurogenic factors promoting 
NSC proliferation and dendritogenesis of newborn neurons [189–191]. 
In this regard, the critical importance of astrocyte-mediated gluta
matergic signaling cascade in AHN was highlighted by a study in which 
the release of astrocyte-derived glutamate, in response to stimulation of 
the CCK receptor (i.e., CCK2R), has a dominant proneurogenic action by 
promoting the activation and proliferation of NSCs [160]. It is tempting 
to speculate that the astroglial CCK2R, in addition to determine gluta
mate release [160], could also mediate the synthesis of eCBs, thus 
having a possible synergistic effect on the activity of astrocytes and NSCs 
[40,67,135] (Fig. 9). Moreover, it is also worth noting that the main 
producers of CCK in the neurogenic niche, namely CCK-INs, are highly 
modulated by environmental stimuli and neurotransmitter systems 
associated with memory and mood, including the serotonergic, cholin
ergic, and cannabinergic systems. Indeed, environmental enrichment 
increases the number of GABAergic CCK+ synapses that these hilar in
terneurons form with mature GCs in the DG, thus causing an increase in 
the number of synapses expressing CB1 and its downstream signaling 
[179]. Incidentally, the increase in CB1 receptor density in the DG 
induced by environmental enrichment [66,192] may be primarily due to 
the rise of CB1-enriched GABAergic terminals of CCK-INs, which make 
new neurogenic-relevant synaptic contacts with GCs, in proximity with 
radial processes of niche astrocytes (Fig. 9). 

Although astrocytes produce several factors that, in physiological 
conditions, positively regulate adult neurogenesis, the changes in the 
astrocyte secretome and metabolism that occur under pathological 
conditions may generate opposite effects. For example, chronic ethanol 
exposure acts on astrocytes polarizing them toward a proinflammatory 
phenotype (i.e., reactive astrocytosis) that is detrimental to AHN. In this 
context, chronic alcohol intake during adolescence leads to a long- 
lasting decrease in astroglial CB1 receptor expression that may 
compromise its proneurogenic signaling [193]. Furthermore, the sus
tained activation of astroglial mtCB1 has been described to produce 
behavioral effects, by reducing the energy support that astrocytes ensure 
to neurons [109,194]. In fact, the stimulation of mtCB1 slows the rate of 
glycolysis in astrocytes, leading to a lower release of lactate, thus 
causing a reduced supply of this critical metabolite to neurons. There
fore, by controlling the astrocyte-neuron crosstalk, the mitochondrial- 
associated CB1 receptor could have a critical role in the metabolic sup
port of DG niche neurons, including neuroblasts and immature GCs. 
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The impact of eCBs on astroglial functions through TRPV1 is still to 
be established. It is noteworthy that astroglial TRPV1 is more permeable 
to Na+ than Ca2+, as opposed to neuronal TRPV1, which is mainly 
permeable to Ca2+ [195]. From the few studies conducted on the role 
played by this receptor on astrocytes, it emerged that by increasing Ca2+

levels and stimulating Janus kinase 2 (JAK2)-signal transducer and 
activator of transcription protein 3 (STAT3) signaling, TRPV1 promotes 
astrocyte reactivity, characterized by hypertrophy, reduced release of 
neurotrophic factors and enhanced production of pro-inflammatory 
cytokines and reactive oxygen species [196,197]. These findings sug
gest that, by polarizing astrocytes toward a neurotoxic phenotype, the 
stimulation of astroglial TRPV1 may create an unfavorable milieu for 
neurogenesis. 

4.2.2.2. Endocannabinoid-dependent regulation of niche microglia. 
Microglial cells dynamically metabolize eCBs and are indeed considered 
the primary cellular source of these bioactive lipids under normal and 
pathological conditions [198,199]. They seem devoid of CB1 while 
expressing low amounts of CB2 and TRPV1, both of which increase upon 
microglia activation [200–202]. As much like for astrocytes and NSC 
(Fig. 5), the stimulation of these two eCB receptors triggers multiple, 
mainly antagonizing, signaling cascades that profoundly influence the 
activity of microglial cells, including proliferation, migration, phago
cytosis, and secretion of pro- and anti-inflammatory mediators [80,203], 
that in turn may indirectly impact the AHN. 

The role of microglial CB2 in neuronal function and hippocampal 
homeostasis was explored in transgenic mice, where the expression of 
the CB2 receptor was either abolished or enhanced in adult microglia in 
the CA1 area [82]. This cell-specific and inducible genome-editing 
approach revealed that the elevation and disruption of Cnr2 expres
sion in postnatal microglia increased and decreased, respectively, 
contextual fear memory, implicating a pivotal role of microglial CB2 in 

modulating cognitive behaviors related to AHN [82]. Moreover, it is 
well ascertained that the activation of CB2 signaling in microglia po
larizes these cells toward an anti-inflammatory/pro-homeostatic 
phenotype [80,204] that may favor the establishment of a neurogenic 
milieu in the niche. In particular, CB2 agonism not only suppresses the 
expression of pro-inflammatory cytokines and enzymes in LPS/INFγ- 
activated microglial cells but, at the same time, can promote an anti- 
inflammatory switching of these cells by stimulating phagocytosis and 
increasing the expression of arginase 1, IL-10, and critical neurotrophic 
factors, such as BDNF and GDNF [202,205–209]. 

Conversely, the role of TRPV1 on microglial functions appears to be 
diametrically opposite to that of CB2. In fact, stimulation of microglial 
TRPV1, through Ca2+-dependent pathways, generally induces a pro- 
inflammatory phenotype, consisting in hypertrophy, enhanced migra
tion/autophagy, and increased production of reactive oxygen species, 
IL-6, IL-1β, and TNFα [102,210–215]. By mounting the microglial 
response to inflammatory insults, such as LPS and β-amyloid peptides, 
microglial TRPV1 may act as a sensor of brain inflammation [102,210]. 
Remarkably, TRPV1 can also influence the crosstalk between microglia 
and neurons. Indeed, TRPV1 activation in cerebral microglia can indi
rectly increase spontaneous glutamatergic synaptic activity by promot
ing the shedding of membrane microvesicles, which in turn, possibly by 
fostering sphingosine metabolism in neurons, enhances presynaptic 
release probability [102]. 

5. Physiopathological relevance of the endocannabinoid 
signaling in adult hippocampal neurogenesis 

The literature has consistently established that AHN is essential for 
several hippocampal-dependent functions, including memory forma
tion, pattern separation (the ability to separate distinct experiences), 
forgetting, stress buffering, and regulating affective states [11,12]. This 

Fig. 8. Functional inter-relationships among cellular 
components of the hippocampal neurogenic niche. In 
the neurogenic niche of the hippocampus, the 
expression of the various elements of the endocanna
binoid system (here, for simplicity, only cannabinoid 
receptors 1 and 2 (CB1 and CB2) and transient recep
tor potential vanilloid type 1 (TRPV1) receptors are 
indicated) is both cell- and synapse-specific. There
fore, distinct patterns of niche cell activity may trigger 
different endocannabinoid signaling cascades that, by 
regulating the relative weight of excitatory and 
inhibitory inputs in the whole network, determine the 
overall output response of neural stem cells (NSCs). 
See text for further details. CA3, cornu ammonis sub
field 3; CCK-IN, cholecystokinin-expressing inter
neuron; DG, dentate gyrus; IML, inner molecular 
layer; LPP, lateral perforant pathway; MC, mossy cell; 
MML, middle molecular layer; MPP, medial perforant 
pathway; OML, outer molecular layer; PV-IN, parval
bumin-expressing interneuron.   
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surprising form of neural plasticity is highly regulated by several 
extrinsic and cell-intrinsic factors and contributes to the organism’s 
adaptation to environmental changes/challenges. The evidence exam
ined here shows how the ECS, acting at different molecular and cellular 
levels, may be an integral part of the specialized mechanisms by which 
all these factors integrate with each other, influencing the birth and the 
integration of abGCs within pre-existing circuits. Therefore, it is 
tempting to ask whether, and to what extent, the hippocampus- 
dependent neurobehavioral effects elicited by (endo)cannabinergic 
drugs and treatments, including anxiolytic and antidepressant actions, 
are interpretable in the light of the critical regulatory role of the ECS on 
AHN. Furthermore, another question that arises spontaneously is 
whether the changes that the ECS undergoes in response to physiological 
or pathological stimuli may represent the molecular basis through which 
experience- and environmental-dependent activity is reliably translated 
into specific patterns of neurogenesis. 

AHN can be influenced by a plethora of apparently heterogeneous 
extrinsic factors, including alcohol abuse, sleep deprivation, obesity, 
acute and chronic stress, caloric restriction, learning and physical ex
ercise. Given the vastness and complexity of the topic related to pro- and 
anti-neurogenic effects of these conditions, here we will focus on a small 

number of them, namely learning, physical exercise and chronic stress, 
as examples of how the experience of “favorable” or stressful environ
ments may regulate the ECS, converging into distinct forms of local 
neuronal and glial activity that ultimately impinge on mechanisms 
regulating neurogenesis. 

5.1. Relevance of the endocannabinoid system in the impact of learning 
and voluntary exercise on hippocampal neurogenesis 

Physiological experiences such as learning and physical exercise 
have been associated with an increase of survival and proliferation of 
adult-born hippocampal cells, respectively. Intriguingly, under these 
circumstances, enhanced neurogenesis is invariably associated with an 
elevated ECS tone, as reviewed in [216]. For example, environmental 
enrichment housing, a non-invasive intervention used to improve 
learning in mice, increases CB1 expression in the hippocampus, specif
ically in the DG [66]. As reported above, this increase could be associ
ated with an augmented number of CB1-enriched synapses that CCK-INs 
establish with GCs in the IML [179]. Notably, the magnitude of CB1- 
mediated DSI has a twofold increase in mice exposed to preweaning 
enrichment, demonstrating that early experience enhances the 

Fig. 9. Endocannabinoid-mediated crosstalk among astrocytes, cholecystokinin-expressing interneurons, granule cells and neural stem cells in the hippocampal 
niche. The scheme depicts autocrine and/or paracrine mechanisms of endocannabinoid (eCB) signaling among astrocytes, cholecystokinin-expressing interneurons 
(CCK-INs), granule cells (GCs) and neural stem cells (NSCs). The key player in this context is CCK released by CCK-INs. CCK2 receptor (CCK2R) activation increases 
the release of both glutamate and D-serine by astrocytes, which acting on mGluR1/5, NMDA and AMPA receptors, promote NSC proliferation. Meanwhile, the 
activation of CCK2R may also stimulate the synthesis and release of 2-AG by astrocytes, and, possibly, also by GCs and NSCs (the functional presence of CCK2R in GCs 
and NSCs has yet to be ascertained), thus synergizing with a variety of long-distance stimuli that converge on these cells (see text for details). The consequent 
accumulation of 2-AG in this hippocampal niche leads to the activation of CB1 receptors expressed by NSCs and may contribute at stimulating their proliferation. Note 
also that activation by 2-AG of CB1 receptors of CCK-INs helps to attenuate the synaptic activity that these GABAergic neurons establish with GCs. AMPAR, α-amino- 
3-hydroxy-5-methylisoxazole-4-propionic acid receptor; mGluR1/5, metabotropic glutamate receptors 1 and 5; NMDAR, N-methyl-D-aspartate receptor. 
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contribution of CB1-mediated inhibition of GABA transmission in the 
DG, possibly impacting the rate of neurogenesis [179]. Further sub
stantiating the functional role of the CB1 in mediating experience-driven 
neurogenesis, a seminal study showed that its genetic ablation abolishes 
the prosurvival effects of enriched environment on newborn GCs [66]. 

Furthermore, voluntary wheel running increases the expression and 
signaling activity of CB1 receptor in the hippocampus [66,217,218]. The 
same paradigm of physical activity increases the concentration in the 
hippocampus (but not in the PFC) of AEA and, to a lesser extent, of 2-AG 
[217], indicating that voluntary physical activity stimulates eCB 
signaling in this brain area. Importantly, also in this case, the total 
absence of CB1 jeopardizes the proliferative effects of physical exercise 
on NSC/NPCs [66] and prevents the physical-mediated overexpression 
of hippocampal BDNF [218,219]. Similarly, chronic antagonism of CB1 
abrogates exercise-induced increase in cell proliferation in the GCL 
[217], indicating that exercise-induced AHN requires CB1 receptor ac
tivity. More recently, a study showed that CB1 signaling in gluta
matergic, but not in GABAergic, neurons, mediates the enhancement of 
learning and memory by exercise, which involves increased BDNF pro
duction and dendritic spine density in the hippocampus [219]. Finally, 
the expression of TRPV1 in adult NSCs is induced by pro-neurogenic 
stimuli, such as physical exercise and spatial learning, but, in this 
case, its action seems to mitigate (or put a stop to) adult neurogenesis 
[103], as previously mentioned. 

In summary, the hippocampal ECS is influenced by exercise and 
learning and in turn it influences the effects of these physiological ex
periences on mood and cognition, at least in part, by regulating AHN. 

5.2. Relevance of the endocannabinoid system in the impact of chronic 
stress on hippocampal neurogenesis 

The generation of abGCs in the ventral DG is particularly compro
mised by stressful environmental challenges such as chronic unpre
dictable stress, chronic restraint stress, chronic social defeat, early life 
stress, and glucocorticoid administration. Intriguingly, eCB signaling is 
dampened in the hippocampus of several murine models of such 
stressors that negatively impact the rate of AHN [182,220]. For 
example, exposure of animals to chronic unpredictable stress, a regimen 
which elicits both adrenal hypertrophy and basal hypersecretion of 
glucocorticoids, results in a robust and selective reduction in expression 
of the CB1 receptor in the hippocampus [221–224], that is accompanied 
by concomitant increase of hippocampal FAAH level [222] and reduc
tion of hippocampal AEA concentrations [225]. 

Similarly, repeated exposure to restraint stress, a homotypic stress 
paradigm that is known to induce dendritic atrophy in the hippocampus, 
evokes a reduction in the hippocampal AEA, but not of 2-AG [226], 
accompanied with a downregulation and desensitization of CB1 in the 
DG [225]. Importantly, chronic restraint stress impairs the short-term 
suppression of GABA transmission (DSI) that is mediated via CB1 re
ceptors expressed in the CCK-INs [227]. In this context, it is worth 
underlining how, symmetrically to the effects of environmental 
enrichment paradigm, restraint stress negatively impacts the expression 
and function of CB1 in CCK-INs, suggesting that the stress-induced 
impairment of CB1-mediated neuroplasticity, at the level of these crit
ical GABAergic synapses, may underlie neurogenesis-dependent cogni
tive deficits and emotional changes, which are commonly observed in 
this animal model of chronic stress. 

Interestingly, early maternal deprivation, a model for neuro
developmental stress, differentially affects the two hippocampal 
cannabinoid receptors, inducing a significant decrease of CB1 immu
noreactivity (more marked in males than in females) while increasing 
CB2 expression in the various subdomains of the hippocampus, indi
cating a functional diversification for these receptors, and their down
stream signaling cascades, in the context of stress response [228]. 

The relevance of the eCB signaling in the stress-related effects on 
AHN is supported by several preclinical studies using pharmacological 

and genetical approaches to target different components of the ECS. For 
example, CB1-KO mice express higher anxiogenic-like behavior and have 
enhanced vulnerability to the depressive effects of chronic stressors 
compared to wild-type littermates [229–232]. Chronic agonism of CB1 
and CB2 in mice exposed to chronic unpredictable stress exerts anxio
lytic effects and reverts stress-induced impairment in cell proliferation 
and differentiation in the SGZ [143,233]. Conversely, chronic blockade 
of CB1 in chronically stressed rats prevents the antidepressant/anxiolytic 
effects of repetitive transmagnetic stimulation, also abolishing its pro
neurogenic effects, including the increase in NSC/NPC proliferation, 
BDNF, and B-cell lymphoma 2 (Bcl-2) expression, and decrease in Bcl-2 
associated X (Bax) protein expression in the DG [223]. In addition, 
facilitation of eCB signaling, obtained via inhibition of either eCB re- 
uptake or degrading enzymes, FAAH and MAGL, reverses the stress- 
induced alterations in AHN, mood and cognition [142,147,234–238]. 
Interestingly, chronic inhibition of MAGL, possibly by reversing a 
defective 2-AG signaling and stimulating CB1 mediated-activation of 
mTOR-dependent signal transduction in the hippocampus, prevented 
neurogenesis impairment in SGZ, restored neurogenesis-dependent LTP, 
and attenuated depressive-like behaviors on mice that were subjected to 
chronic unpredictable stress [239,240]. Consistently, reduced levels of 
hippocampal eCBs found in mice lacking DAGLα compromises adult 
neurogenesis and adversely affects the emotional state of animals, 
resulting in enhanced anxiety, stress, and fear responses [241]. 

Even considering the limitations associated with these in
vestigations, which lack the necessary level of cellular and temporal 
resolution, current experimental evidence reveals the existence of a 
close relationship between ECS, stress, and AHN. Forthcoming studies 
will have to ascertain whether the complex interplay that eCB and 
glucocorticoids play in stress response and resilience [220] takes place 
in the context of their antagonistic effects on the hippocampal 
neurogenesis. 

5.3. Conclusions and perspectives 

AHN is the process by which new functional neurons are continu
ously generated and integrated into the DG of the hippocampus, after 
embryonic development and throughout adulthood. Postnatally born 
GCs impose a substantial remodeling of pre-existing circuits, involving 
the formation, competition and elimination of synaptic inputs and out
puts in the DG, thus profoundly affecting different hippocampus- 
mediated functions. In particular, it is believed that the activity and 
experience-dependent rewiring ensured by the daily addition of new 
neurons constitutes the causal basis of the discrimination of spatial 
contexts associated with positive or negative rewards, the identification 
of new characteristics in a family environment, resilience to stress and 
depression, along with the ability to forget old memories, making sig
nificant contributions to learning, memory and emotional behavior. 

Within the brain, the ECS is part of the complex biochemical ma
chinery through which neurons and glial cells react to different per
turbations/insults that come from the external and internal 
environment, mutually integrating their activities for (i) plastically 
adapting to them; (plasticity), (ii) restoring physiological conditions 
(homeostasis), and/or (iii) repairing and coping damages (resilience). 
The continuous generation of new neurons and new synapses into the 
DG is a prominent example of structural and functional plasticity in the 
adult mammalian brain and is a process in which the regulatory role of 
the ECS on glial and neural network activity seems to be particularly 
relevant. Indeed, being dynamically and functionally expressed in every 
cell component of the hippocampal niche, ECS acts as a multi- 
distributed integrator system of various internal and external signals 
converging to NSCs (Fig. 4). Following its stimulation, it can directly 
and/or indirectly influence the AHN by modulating multiple molecular 
and cellular processes, depending on the cell type, stage of differentia
tion, or even subcellular localization. 

In NSCs, CB1, CB2 and TRPV1 receptors perform pleiotropic actions, 
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yet largely to be characterized, that participate in the complex and dy
namic integration of the multiple signaling pathways operating in these 
cells (Fig. 5). Upon appropriate stimulation (for example, by BDNF, 
FGF2, CCK, and glutamate), NSCs can autonomously produce eCBs that, 
acting as autocrine factors, trigger relevant intracellular signaling 
pathways, such as PI3K/Akt/mTORC1 and ERK, thus favoring the cell 
cycle entry of NSCs and influencing their survival, proliferation and 
lineage differentiation (Figs. 5 and 9). In the other cell components of 
the neurogenic niche, namely, local neurons and glial cells, the ECS 
seems to be strategically placed to sense any perturbation of the internal 
and external environment, eliciting multiple adaptive responses, such as 
neuromodulatory, immunomodulatory and neuroprotective responses, 
ultimately linking together neuronal and glial activity to the regulation 
of distinct stages of AHN (Fig. 8). 

However, the organizational complexity of this multi-distributed, 
redundant, and highly interconnected lipid signaling makes extremely 
challenging to decipher the molecular and cellular mechanisms through 
which eCBs, and eCB-based drugs, participate in generating new post
natal neurons and then to predict the final outcomes of the ECS 
manipulation on AHN (Fig. 8). 

From a physiopathological point of view, the critical role of the ECS 
in adult neurogenesis leads to consider the intriguing possibility that the 
anxiolytic and anti-depressant effects of (endo)cannabinergic drugs can 
be partly attributable to their counterbalancing actions on chronic 
stress-induced changes in the AHN. We are confident that the advent of 
modern techniques, capable of manipulating individual elements of this 
complex signaling system with greater spatial and temporal precision, 
will allow verifying this hypothesis, thus providing a proof-of-concept 
that targeting eCB signaling may be the basis of new protocols of 
neurogenesis-based treatments against chronic stress and its related 
psychopathologic consequences. 
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[113] Ramírez-Barrantes R, Córdova C, Gatica S, Rodriguez B, Lozano C, Marchant I, 
et al. Transient receptor potential Vanilloid 1 expression mediates capsaicin- 
induced cell death. Front Physiol 2018:9. https://doi.org/10.3389/ 
FPHYS.2018.00682. 
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