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Abstract
The endocannabinoid system plays a key role in the intersection of the nervous, endocrine, and immune systems, regulating not only their func-
tions but also how they interplay with each other. Endogenous ligands, named endocannabinoids, are produced “on demand” to finely regulate 
the synthesis and secretion of hormones and neurotransmitters, as well as to regulate the production of cytokines and other proinflammatory 
mediators. It is well known that immune challenges, such as exposure to lipopolysaccharide, the main component of the Gram-negative bacteria 
cell wall, disrupt not only the hypothalamic–pituitary–adrenal axis but also affects other endocrine systems such as the hypothalamic–pituitary–
gonadal axis and the release of oxytocin from the neurohypophysis. Here we explore which actors and molecular mechanisms are involved in 
these processes.
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itary–testicular; IL, interleukin; LH, luteinizing hormone; LPS, lipopolysaccharide; OXT, oxytocin; OXTR, oxytocin receptor; PVN, paraventricular nucleus; RFRP-3, 
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The endocannabinoid system (ECS) is a complex intercel-
lular signaling network that modulates a broad spectrum of 
pathophysiological processes. Components of the ECS are 
found throughout the body, particularly in the central ner-
vous system (CNS) [1, 2] and in cells of the immune and 
the reproductive systems, among others [3, 4]. The ECS is 
composed of endogenous ligands called endocannabinoids, 
such as N-arachidonoylethanolamine (anandamide, AEA) 
[5] and 2-arachidonoylglycerol; a series of enzymes for their 
synthesis and degradation; and G protein–coupled mem-
brane receptors (GPCR), with CB1 and CB2 being the main 
cannabinoid-specific receptors [5, 6]. Both the CB1 and CB2 
receptors are members of the GPCR family and are coupled 
to pertussis toxin–sensitive Gi/o protein. Their activation 
suppresses adenylate cyclase and the formation of cyclic ad-
enosine monophosphate. Only CB1 has been reported to 
activate other G proteins in a ligand-dependent manner in 
certain cells [2]. For example, CB1 expressed in astrocytes is 
coupled to Gq/11 and increases intracellular Ca2+ concentra-
tions. Moreover, the CB1 receptor modulates the activity of 
several types of ion channels such as N-type, P/Q-type, and 
R-type Ca2+ channels and G protein–coupled inwardly rec-
tifying K+ channels. Stimulation of CB1 leads to the activa-
tion of mitogen-activated protein kinase signaling pathways, 
including extracellular signal-regulated kinase 1/2, c-Jun 
N-terminal kinase, and p38 mitogen-activated protein kinase. 

In addition, CB1 is able to signal in a G protein–independent 
manner through association with β-arrestin and activating 
the PI3K/Akt pathway [2].

Interestingly, endocannabinoids also interact with other 
unspecific receptors such as transient receptor potential 
vanilloid 1 (TRPV1) [7-9], serotonin receptors, GPR55, and 
peroxisome proliferator-activated receptors, among others 
[2, 10, 11]. TRPV1, also known as the capsaicin receptor, is 
a polymodal, nonselective cation channel expressed by all 
major classes of nociceptive neurons and is important for the 
detection of noxious stimuli. TRPV1 can be activated by a 
number of stimuli including heat, N-acyl amides, arachidonic 
acid derivatives, vanilloids, protons, and cannabinoids. Upon 
activation, calcium moves through the pore, enters the cell, 
and stimulates a series of calcium-dependent processes that 
ultimately lead to desensitization of the channel. Upon desen-
sitization, the channel enters a refractory period in which it 
can no longer respond to further stimulation, leading to the 
paradoxical analgesic effect of these compounds [12].

The hydrolase N-acyl phosphatidylethanolamine phospho-
lipase D and fatty acid amide hydrolase (FAAH) are the main 
enzymes responsible for the synthesis and degradation of AEA, 
respectively, while diacylglycerol lipase and monoacylglycerol 
lipase are the primary enzymes responsible for the synthesis 
and degradation for 2-arachidonoylglycerol [6]. Although 
cannabinoid receptors are present in different types of cells 
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and tissues, CB1 is highly located on presynaptic nerve ter-
minals of neurons in the brain, whereas CB2 is mainly ex-
pressed in immune and bone marrow–derived cells [13]. The 
complexity increases since the ECS is now being expanded 
with several ligands that do not show an affinity for typical 
cannabinoid receptors but display cannabimimetic activity. 
True endocannabinoids are produced only “on demand” and 
play a crucial regulatory role in metabolic processes, behavior, 
reproduction, and immunity [6]. Furthermore, a proper inter-
play between all these compounds and enzymes, as well as 
their molecular targets gives the endocannabinoidome an es-
sential role in the homeostatic response to noxious stimuli 
[14, 15].

Certain pathophysiological conditions such as inflamma-
tory diseases, endotoxemia, and stress constitute immune 
challenges that lead to alterations in the synthesis and normal 
release of neuroendocrine factors. Lipopolysaccharide (LPS), 
an endotoxin from the membranes of Gram-negative bac-
teria, is a potent inducer of proinflammatory cytokine, pros-
taglandin, and catecholamine release, thus it is widely used to 
induce immune challenge, which in turn disrupts neuroendo-
crine systems. During systemic infections, proinflammatory 
cytokines reach the CNS in response to peripheral signals, ar-
riving from peripheral sources crossing the damaged blood–
brain barrier or through fenestrated capillaries located in 
certain zones of the brain [16, 17]. In addition, there is in situ 
cytokine production from a variety of cell types within the 
brain, mainly by microglia and astrocytes but also by neurons 
and endothelial cells [18].

The hypothalamus is the main center that receives a var-
iety of peripheral information being the brain area where 
most of the neuroendocrine factors that regulate fundamental 
pathophysiological activities are produced. In fact, infectious 
agents, antigens, and LPS challenge rapidly activate the im-
mune system, producing interferon gamma and cytokines that 
are dispatched into the brain modifying the activity of the 
hypothalamus [19]. It is well known that the immune response 
activates the hypothalamic–pituitary–adrenal axis, inducing 
the release of corticosterone, which modulates cardiovascular, 
metabolic, neuronal, neuroendocrine, and immune responses 
[20, 21]. Finally, glucocorticoids establish a negative feedback 
regulating their own production and on the immune system 
[22, 23]. Interestingly, the accurate functioning of the hypo-
thalamic–pituitary–adrenal axis seems to be closely related to 
endocannabinoid signaling [24-28].

Of particular interest is the involvement of the ECS in in-
herent responses against inflammation and brain processes 
[3, 4, 29]. Several reports have shown that infection and 
inflammation induce the synthesis of endocannabinoids in 
different organs and tissues [6], which in turn participate 
as modulators in the triggered neuroimmune response [30]. 
During various pathological conditions, such as Alzheimer’s 
and Parkinson’s disease, multiple sclerosis, stroke, amyo-
trophic lateral sclerosis, traumatic injury, and bacterial and 
viral infections of the CNS, among others, the profiles of 
endocannabinoids undergo significant changes associated 
with the inflammation-modulating, analgesic, and protective 
activity of these compounds (reviewed in [14]). Moreover, 
endocannabinoids also modulate the neuroendocrine func-
tion. This “on-demand” production of endocannabinoids 
is essential for the fine-tuning of neurotransmission both in 
basal conditions and during immune challenges controlling 

the release of neuropeptides, neurotransmitters, and hor-
mones [31]. In both cases, the ECS acts as a mediator for 
the communication between neurons and glial cells in order 
to generate the most appropriate neuroendocrine responses 
in each situation, and the production of endocannabinoids 
varies depending on the response required.

Immune Challenge on the 
Hypothalamic–Pituitary–Gonadal Axis
Reproductive physiology is controlled mainly by the hypo-
thalamic–pituitary–gonadal (HPG) axis. In both sexes, 
gonadotropin-releasing hormone (GnRH) is released from 
the hypothalamic preoptic nucleus to the anterior pituitary, 
which induces the release of luteinizing hormone (LH) and 
follicle-stimulating hormone to the circulatory system. LH is 
responsible for stimulating the secretion of sex steroids from 
the gonads, whereas follicle-stimulating hormone is the pri-
mary gametogenic hormone. The function of GnRH neurons 
is controlled by gonadal steroids participating in feedback 
mechanisms but it is also influenced by a large number of 
neurotransmitters, including mainly β-endorphin, dopa-
mine, gamma-aminobutyric acid (GABA), histamine, glu-
tamate, serotonin, kisspeptin, and RF amide-related peptide 
3 (RFRP-3) in mammals. Kisspeptin is a major activator of 
GnRH neuron excitability, whereas RFRP-3 exerts inhibitory 
effects on these neurons. In fact, the mammalian RFRP-3 has 
been shown to be the ortholog of the avian gonadotropin-
inhibitory hormone [32, 33].

It is well known that the activity of the hypothalamic–pi-
tuitary axis is under the influence of circulating sex steroids 
and several differences in the ECS have been registered be-
tween sexes. In fact, studies focusing on GnRH modula-
tion by the endocannabinoids have shown different results 
when comparing male and female rats. These results indi-
cate that changes in estrogen function can influence central 
endocannabinoid signaling [34]. It has been reported that fe-
male hormones that control reproduction are stimulated by 
cannabinoids, whereas the effect is inhibitory in males [35, 
36]. In this sense, reports from our group showed that AEA 
inhibits GnRH release in ovariectomized female and male rats 
[37, 38].

As we previously mentioned, regarding reciprocal relation-
ships between the HPG axis and the immune system, a mu-
tual alteration is generated in the functioning of both systems 
[39, 40]. Systemic infectious processes cause the synthesis 
of proinflammatory cytokines in the hypothalamic medial 
preoptic area, where cell bodies of GnRH neurons are located 
[41]. Such cytokines act either directly affecting GnRH se-
cretion or by modulating the secretion of neurotransmitters 
from different presynaptic neurons to those of GnRH [41-
43]. On the other hand, the presence of testosterone and es-
trogen receptors on immune organs and cells suggests that 
sex hormones can influence the immune system directly. 
Furthermore, the removal of gonads can alter immune func-
tioning [44].

Inflammatory diseases and systemic infections are often as-
sociated with impaired reproductive function [45]. Our group 
demonstrates that intraperitoneal administration of LPS dis-
rupts reproductive capability [46, 47] and it is also known 
that cytokine balance in the hypothalamus modulates GnRH 
neurons activity and therefore the HPG axis. In particular, 
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tumor necrosis factor (TNF)-α and interleukin (IL)-1β are 
known to be the most important inflammatory molecules 
controlling GnRH neurons activity [48-50]. Thus, LPS admin-
istration inhibits GnRH release from hypothalamic neurons 
mainly through the action of IL-1β and TNF-α [51].

LPS-induced immune challenge also decreases hypothalamic 
levels of Kiss1 mRNA in male, female, and ovariectomized rats 
while increasing Rfrp mRNA levels [46, 51]. Since kisspeptin 
and RFRP act as key regulators of GnRH and gonadotropins, 
a decrease in the signaling of the first and an increase of the 
second would be responsible, at least in part, for the decrease 
in hypothalamic GnRH content and serum LH level observed 
in rats exposed to immune challenge [46].

Glutamate is an important stimulator of GnRH release. 
The activation of the glutamate receptor subtype N-methyl-
D-aspartic acid receptor is required for GnRH secretion 
[52]. A study performed by our group in 2004 showed that 
hypothalamic extracts of the medial basal area from male 
rats release lower quantities of GnRH induced by N-methyl-
D-aspartic acid after incubation with the endocannabinoid 
AEA at a physiological concentration (nanomolar order), 
and that this effect is prevented by AM251, a selective antag-
onist/inverse agonist of CB1 receptors [36]. This result sup-
ported that neuronal CB1, mainly located in axon terminals 
of presynaptic neurons to GnRH neurons, participates in 
the inhibitory control of GnRH release in males. At the pre-
sent, numerous studies have reported the effects of CB1 and 
TRPV1 signaling on GnRH modulators such as estradiol [53], 
kisspeptin [54], GABA [55], and ghrelin [56], among others.

In the context of immune challenges, studies by our 
group have shown that LPS stimulates CB1 expression and 
endocannabinoid synthesis in the hypothalamus of rats [57], 
which suggests a possible role of the ECS in mediating the 
disrupting effects of systemic infections on the neuroendo-
crine function. Our group has previously reported that the 
blockade of CB1 with AM251 prevented the inhibitory effect 
of TNF-α on forskolin-induced GnRH release from medial 
basal hypothalamic extracts of male rats in vitro, suggesting 
the participation of CB1 in the hypothalamic–pituitary–tes-
ticular (HPT) axis disruption induced by the immune chal-
lenge [45].

We reported evidence showing that during LPS-induced 
immune challenge, the hypothalamic ECS participated in 
the inflammatory response triggered by the mock infection 
while reducing the production of sexual hormones [46]. This 
conclusion is supported by the fact that after 3 hours of im-
mune challenge, GnRH hypothalamic content and LH serum 
levels, as well as hypothalamic Kiss1 gene expression, were 
significantly reduced, while that of Rfrp-3 was increased. 
Contrarily, when the hypothalamic CB1 was centrally 
blocked with AM251, all parameters returned to basal levels. 
On the other hand, Tnf-alpha and Il1beta hypothalamic gene 
expression augmented due to the immune challenge, which 
increased further after CB1 blockade. Thus, the results show 
an anti-inflammatory role of central CB1 activation on LPS-
induced immune challenge, while at the same time inhibiting 
the HPG axis. This mechanism appears to be crucial for sur-
vival, considering the high energy–dependent activation of the 
adrenal and neurohypophysial axis during an immune chal-
lenge. We postulate that the ECS mediates the inhibition of 
the gonadal axis for the energetic prioritization of essential 
functions crucial for the survival of the organism undergoing 

infection or inflammation. Moreover, these results suggest 
that hypothalamic activation of the CB1 pathway might be 
needed to prevent an excessive immune response [46].

On the other hand, our group reported evidence of the par-
ticipation of hypothalamic TRPV1 in the HPT axis function 
under physiological conditions, but not after LPS-induced im-
mune challenge [58]. Just blocking hypothalamic TRPV1 with 
capsazepine increased Tnf-alpha and Il1beta mRNA levels 
compared with control, without showing an additive effect 
on the already increased cytokine levels induced by LPS. The 
proinflammatory effects induced by TRPV1 blockade in basal 
conditions could be linked to the consequent inhibitory effect 
on the reproductive axis, evidenced by the decrease in the ex-
pression of hypothalamic Gnrh and Kiss1 mRNA and serum 
LH and testosterone levels. Nevertheless, TRPV1 blockade 
did not produce any effects on the diminished reproductive 
parameters observed during an immune challenge [58].

The participation of TRPV1 in the control of cytokine pro-
duction remains controversial, and studies in the literature 
show conflicting results since the action of this receptor de-
pends on different conditions, such as the tissue studied, the 
identity, and concentration of cytokines at the time of receptor 
activation, and the moment when its response is measured 
[59, 60]. As previously mentioned, our results showed that 
the blockade of TRPV1 increased cytokine levels in the ab-
sence of any stimuli, suggesting a constitutive anti-inflamma-
tory action for TRPV1, whose activation might be required to 
abolish the expression of proinflammatory mediators under 
physiological conditions [58]. However, TRPV1 has also been 
reported to be associated with a proinflammatory status [61]. 
Nevertheless, during an immune challenge, the activation 
of CB1 seems to decrease TRPV1 expression, perhaps as a 
response to maintaining homeostasis. These findings are in 
agreement with reports from our group, showing that CB1 
blockade during immune challenge increases Trpv1 mRNA 
expression [46]. It can be hypothesized that TRPV1 exerts 
an anti-inflammatory role during physiological conditions, 
but switches to a proinflammatory action during the im-
mune challenge. However, CB1 signaling, increased in such 
conditions due to high endocannabinoid availability, could 
attenuate TRPV1 signaling in order to modulate the inflam-
matory response.

In summary, the blockade of CB1 during an immune chal-
lenge could restore reproductive function but leads to a dan-
gerous exacerbation of the inflammatory response, whereas 
the blockade of TRPV1 in physiological conditions could 
increase basal cytokine production leading to HPT axis in-
hibition. Therefore, it can be concluded that hypothalamic 
CB1 mainly participates in the mechanisms induced by an im-
mune challenge, controlling the inflammatory response and 
mediating the inhibition of the HPT axis, while hypothal-
amic TRPV1 might have a role in physiological conditions, 
maintaining cytokines at basal levels allowing the adequate 
function of the HPT axis (Fig. 1).

Immune Challenge on the 
Hypothalamic–Neurohypophysial Axis
Exposure to an immunological stimulus activates sensory and 
limbic structures, but stimulation of hypothalamic neurons 
of the paraventricular nucleus (PVN) and supraoptic nucleus 
(SON) is critical for activating the hypothalamic–pituitary 
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axis thus triggering the neuroendocrine response to inflam-
mation [62-64]. In this section of the review we focus on one 
of the hormones produced and secreted from these hypothal-
amic nuclei: oxytocin (OXT) [65-68]. In order to understand 
the complex actions of OXT, it is important to point out that 
this hormone plays a role not only in the brain and repro-
ductive tissues but also in the autonomic nervous and immune 
systems. OXT participates in the immune homeostasis and in 
the resistance to immunological challenges, stressors, and in-
sults in all tissues [69, 70]. Oxytocinergic neurons can inte-
grate information from presynaptic neurons, sense the state 
of glial activation [71], detect local and blood concentrations 
of substances including cytokines, and secrete the appro-
priate amount of OXT in the brain and to the periphery, thus 
maintaining homeostasis of immune functions and preventing 
further damage [67, 72].

OXT is synthesized in the brain in hypothalamic 
magnocellular oxytocinergic neurons that extend their pro-
cesses to the posterior pituitary where the hormone is re-
leased into the systemic circulation. These cells also produce 
neural projections throughout the brain and spinal cord [67]. 
Furthermore, OXT secreted locally in the brain can be de-
tected within fibers that reach a considerable distance from the 
cells of origin [73]. The action of this hormone is exerted by 
its specific binding to oxytocin receptor (OXTR) with 7 trans-
membrane domains. The OXTR is characterized as a GPCR. 
It is coupled to a trimeric complex of G proteins, consisting 
of 1 Gα and 1 β/γ unit. Upon ligand binding, the complex 
separates the β/γ subunit from the Gα-protein. Several dif-
ferent α-protein subforms can contribute to the composition 
of the complex. Depending on the type of Gα protein, the 
functional outcome of receptor activation can be stimulatory 

or inhibitory. The coupling of the receptor to the activating 
Gαq/11 decreases inward rectifying K+ currents depolarizing 
neurons, while coupled to the inhibitory Gα proteins leads 
to inhibition. OXT also induces Ca2+-activated K+ channel–
mediated outward currents via the Gq/11/phospholipase C 
pathway. In addition to Gαq-mediated phospholipase C ac-
tivation, the β/γ subunit also triggers the phosphorylation of 
the phospholipase Cβ3 and the OXT-induced generation of 
inositol-3-phosphate and diacylglycerol with the capacity to 
release Ca2+ from intracellular stores [74].

The same receptor is found in brain and peripheral tissues 
[74, 75]. OXTRs are located in areas of the nervous system 
that regulate social, emotional, and adaptive behaviors, such 
as the amygdala, hippocampus, hypothalamic–pituitary axis, 
and autonomic nervous system [76]. The binding of OXT to 
its receptor triggers intracellular cascades that will depend 
on the concentration of the neuropeptide and the amount 
and cellular location of the OXTR and generate effects on 
several transcription factors [74]. Furthermore, signaling 
also depends on whether or not OXTR is included in a lipid 
raft [77]. Lipid rafts are defined as highly dynamic, choles-
terol- and sphingolipid-enriched, nanometer scale membrane 
domains that recruit certain proteins and are stabilized by 
lipid–lipid and lipid–protein interactions. For example, when 
OXTR is excluded from lipid rafts, OXT inhibits cell pro-
liferation, whereas, if the receptor is located in these lipid 
microdomains, it can have a mitogenic effect remarking the 
relevance of the OXT–OXTR signaling [77-79]. All these 
characteristics would explain the ability of OXT to have so 
many functions in different tissues.

The importance of the oxytocinergic system is demonstrated 
by the fact that the exposure of a fetus to an inflammatory 

Figure 1. Hypothetical involvement of hypothalamic CB1 and TRPV1 in the HPT axis during an immune challenge. The schema contains kisspeptin 
and RFRP as key neurotransmitters involved in GnRHn activity and therefore in GnRH, LH, and testosterone (T) secretion, with the understanding 
that many other neurotransmitters must be considered. Kisspeptin stimulates GnRH production and secretion and RFRP-3 negatively modulates 
GnRH and kisspeptin production, as well as LH production by gonadotrophs. Under physiological conditions, CB1 signaling is attenuated due to low 
levels of endocannabinoids, which are maintained by TRPV1 anti-inflammatory effects. During an LPS-induced immune challenge, microglial cells and 
astrocytes produce TNF-α and IL-1β, which in turn induce the production of endocannabinoids. These lipid mediators not only modulate microglia actions 
by decreasing cytokine production but also decrease kisspeptin neurotransmission and increase RFRP. Thus, the HPT axis is inhibited as evidenced by 
decreased GnRH, LH, and T. Further studies are needed in order to confirm whether this hypothesis is correct or not. Kissn, GnRHn and RFRPn stand 
neurons for respective neurotransmitter.
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environment during an early phase of CNS development pro-
duces a series of structural, metabolic, and epigenetic changes 
in this system for a longer period of postnatal life, increasing 
the risk of neurological and neuropsychiatric diseases, such 
as schizophrenia and autism spectrum disorders [80, 81]. 
Moreover, the oxytocinergic system is very sensitive to epi-
genetic modifications throughout adult life, particularly in 
situations of stress, infection, or trauma, revealing the great 
plasticity of this system [82, 83].

OXT promotes health by influencing the nervous and im-
mune systems with its neuroprotective, anti-inflammatory, 
and antioxidant roles, both in childbirth and against insults in 
adult life. Recent findings consider OXT as a neuroprotector 
of the fetal brain since it prevents the damage that can occur 
during birth, which is a powerful inflammatory/immuno-
logical event [69, 81]. OXT protects fetal neurons from the 
hypoxic and inflammatory conditions of childbirth by modi-
fying the action of neurotransmitter signaling, inhibiting 
microglia, and reducing oxidative stress [84]. OXT is involved 
in the control and protection of brain tissue in adulthood 
since it has been shown that OXTR increases its expression in 
brain regions with microvascular damage in individuals with 
Alzheimer’s disease. This is a specific response, given that 
the signaling cascades of this receptor provoke antioxidant, 
anti-inflammatory, and proangiogenic responses [85].

Although OXT is one of the best described physiological 
and behavioral modulators, the pathophysiological and cel-
lular consequences of OXT signaling are poorly understood 
and still present numerous contradictions and complexities. 
Contributing to this puzzlement is the fact that OXT inte-
grates a system with vasopressin (VP), even though they have 
different signaling cascades [86]. Furthermore, precursor 
forms of OXT are biologically active in brain [87], and in 
addition, the oxytocinergic system also interacts with many 
components of the hypothalamic–pituitary–adrenal axis as 
well as with acetylcholine, GABA, glutamate, opioids, cat-
echolamines, steroids, and endocannabinoids [74, 88].

Circulating OXT can inhibit inflammation, exert an anti-
microbial effect, promote wound healing, and suppress im-
mune disorders associated with stress. In this process, the 
hypothalamus can release OXT to act on the immune system 
directly by activating OXTR or by modulating the activity 
of other systems indirectly [67, 68]. To understand the role 
of the oxytocinergic system in regulating the immune system, 
our studies focus particularly on its relationship with the ECS.

The ECS is currently an important neuromodulatory system 
whose primary function is to maintain homeostasis [6, 9]. As 
stated in previous sections, the proper interplay between all 
the elements of the ECS is essential for the homeostatic main-
tenance of a number of physiological, cognitive, behavioral, 
and emotional processes. In fact, several studies highlight the 
anti-inflammatory role of the ECS [1, 89-91].

As previously mentioned all components of the ECS are 
present in the organs that constitute the hypothalamic–pitu-
itary axis [92] and can control the release of hypothalamic 
neuropeptides and pituitary, gonadal, and adrenal hormones. 
The hypothalamic–neurohypophysial system is a neuroendo-
crine system essential for survival, and due to the remark-
able role of the ECS as a prohomeostatic neuromodulator 
[14, 15], understanding the interplay between the 2 becomes 
imperative. In 1991, Herkenham et al first reported that CB 
receptors are localized in the PVN of the hypothalamus and 
in the pituitary lobe [93]. Subsequently, we determined the 

presence of immunoreactive neurons for the CB1-type can-
nabinoid receptor adjacent to the cerebral ventricle, an area 
with a predominance of oxytocinergic magnocellular neurons 
[94]. It has been reported that endocannabinoids are re-
leased as retrograde messengers by magnocellular neurons 
and CB1 receptors are localized within the SON, suggesting 
that endocannabinoids could modulate the physiology of 
oxytocinergic neurons [95]. Next, one report highlighted the 
interaction between endocannabinoids and the modulation 
of the physiology of magnocellular neurons, since OXT and 
endocannabinoids cooperate to shape the electrophysiological 
properties of SON neurons [96]. Two years later, we demon-
strated the direct influence of the ECS on the production and 
release of OXT and the intimate relationship between nitric 
oxide (NO) and the hypothalamic oxytocinergic and ECS, 
which provides regulation of the systemic inflammatory and 
stress responses [57, 89, 90]. Our in vitro studies performed 
in brain tissues from untreated adult male rats showed that 
AEA increased nitric oxide synthase activity in the hypothal-
amus as well as in the neurohypophysis, and we showed that 
AEA acting through hypothalamic CB1 receptors increased 
OXT release [57].

Up to this time, most studies in this field focused on the role 
of endocannabinoids on hypothalamic oxytocinergic neurons. 
Nevertheless, there had been no studies aimed at under-
standing the role of endocannabinoid action and function in 
the regulation of hormones released in the neurohypophysis. 
It is known that TRPV1 is abundantly located in terminals 
of several peptidergic neurons including vasopressinergic 
neurons [97], and they behave as nonselective channels for 
several cations. AEA binds to TRPV1, generating ion currents 
that control neuropeptide and hormone release. Moreover, the 
posterior pituitary gland consists of nerve endings of hypo-
thalamic neurons and pituicytes. Pituicytes are the major 
cell type in neurohypophysis and are the resident glial cells 
that surround these neuron terminals. Pituicytes are, there-
fore, critical regulators of the OXT and VP neurohypophysial 
output. We speculate that CB2 receptors could be located on 
pituicytes since they are astrocyte-like cells. In this regard, we 
designed experiments in order to demonstrate ECS function 
on the neurohypophysial level. We found an inhibitory ef-
fect of AEA on OXT and VP secretion from the neural lobe 
of the pituitary that seems to be mediated by NO, since the 
scavenging of NO by hemoglobin or the inhibition of nitric 
oxide synthase by L-NAME completely blocked AEA inhib-
ition of hormone secretion. Since the putative binding site for 
the endocannabinoid ligand to TRPV1 is located intracellu-
larly, then AEA must be taken up in order to reach that site. 
Interestingly, it has been shown that NO can stimulate AEA 
uptake [98]. These observations reinforce our findings that NO 
is necessary to mediate AEA inhibitory action on OXT and VP 
release from the neurohypophysis. We also demonstrated that 
CB2 and TRPV1 antagonists, AM630 and capsazepine re-
spectively, completely blocked the inhibitory effects of AEA on 
OXT and VP release from the neurohypophysis. CB2 blockade 
probably affects pituicyte morphology around the nerve ter-
minal leading to changes in neurotransmitter release and the 
blockade of TRPV1 confirms the participation of this channel 
on neurotransmitters release. Furthermore, in the presence of 
a CB1 receptor antagonist (AM251), the inhibitory effect of 
AEA persisted, suggesting that this subtype of cannabinoid re-
ceptor does not participate in OXT and VP release. In fact, 
some studies described that CB1 receptors are present in the 
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anterior pituitary gland and much less in the intermediate 
lobe, whereas they were not found in the neural lobe [99]. 
Since CB1 stimulation and TRPV1 stimulation cause opposing 
effects on intracellular calcium concentrations [100], it is not 
unreasonable to think that both receptors could not coexist 
functionally in the same neuron terminal. Our study shows for 
the first time that the ECS controls OXT and VP secretion to 
the periphery at the neurohypophysial level [101].

Infection has been shown to increase plasma levels of OXT 
and VP. A  very recent article describes that female rats in-
fected with Toxoplasma gondii exhibit greater abundance of 
mRNA for OXT and OXTR in the paraventricular nucleus of 
the hypothalamus as well as OXT plasma levels [102]. Also, 
elevated VP levels play a key role for the maintenance of os-
motic, cardiovascular, and stress homeostasis during inflam-
matory diseases and bacterial and viral infections. Moreover, 
a very recent publication indicates that pronounced activa-
tion of the vasopressin system in COVID-19 patients is as-
sociated with an adverse clinical course in those patients 
[103]. However, the mechanism involved in the activation 
of both neurotransmitter-producing neurons by an immune 
challenge has not been deeply studied. Moreover, it was ne-
cessary to assess whether the ECS is actually involved as a 
hypothalamic modulator of the response of these hormones 
to infection. We performed in vitro studies with hypothalamic 
fragments from naive male rats and observed that incubation 
with TNF-α increased OXT production. This effect was me-
diated by endocannabinoids, since we observed stimulation 
of hypothalamic anandamide synthase activity. Moreover the 
presence of CB1 antagonist (AM251) completely blocked 
the increased hormone levels. It is known that LPS activates 

magnocellular OXT and VP neurons in SON and PVN; there-
fore, we performed in vivo experiments where adult male 
rats received a single injection of LPS. We observed that LPS 
increased both OXT and TNF-α plasma levels after 1 hour 
of administration, returning to basal levels at 3 hours post-
injection. Blockade of hypothalamic CB1 and CB2 by central 
administration of selective antagonists, AM251 and AM630, 
respectively, attenuated the LPS-induced increases in OXT 
and TNF-α plasma levels. Moreover, enhancing hypothal-
amic endocannabinoid signaling by brain administration of a 
FAAH inhibitor (URB597) potentiated LPS-induced increases 
in circulating OXT and TNF-α levels. The amplification of 
endocannabinoid signaling at the hypothalamic level thus 
seems to facilitate the response of neuropeptides and cyto-
kines after an acute immune challenge [57, 89, 90, 104]. These 
results suggest that endocannabinoids may signal through 
hypothalamic cannabinoid receptors to facilitate LPS-induced 
neuroendocrine response during infection. (Fig. 2)

Immune Challenge and Glial Cells
As the resident macrophagic cells and main form of innate im-
mune defense in the CNS, microglia were expected to play a 
crucial role after an immune challenge. Microglia are respon-
sible for the release of chemokines and cytokines as a response 
to physical insults or infectious agents. Moreover, active in-
volvement of the ECS in mediating cellular communication 
was observed in the functional coupling of glia and neuron 
synapses during normal synaptic activity and during injury. All 
components of the ECS are expressed in glial cells [105, 106]. 
During neuroinflammation, this system is highly activated, 

Figure 2. Putative mechanism for ECS on the release of oxytocin (OXT) from magnocellular neurons after an immune challenge. Lipopolysaccharide 
(LPS) and/or cytokines induce glial activation with increased Ca2+ production and inducible nitric oxide synthase (iNOS) activation that leads to a huge 
nitric oxide (NO) production. Cytokines, NO, and calcium induce the activation of magnocellular oxytocinergic neurons (OXTn) increasing the release of 
oxytocin (OXT) from dendrites to different adjacent neurons and from axon to general circulation via the neurohypophysis. Furthermore, inflammatory 
signals increase the synthesis of endocannabinoids, which stimulate the activity of the neuronal nitric oxide synthase (nNOS), increasing NO which 
further stimulates OXT release. Moreover, endocannabinoid signaling acts as retrograde messengers on cannabinoid receptors type 1 (CB1) present 
on presynaptic terminals of adjacent GABAergic (GABAn) and glutamatergic (GLUn) neurons. Since CB1 is a Gi/o coupled receptor, endocannabinoid 
inhibition of GABA adds to the heightened OXT release. In addition, endocannabinoid signaling also diminishes LPS-induced glutamate release, 
therefore preventing excitotoxic neuronal damage. Finally, endocannabinoids also bind to cannabinoid receptor type 2 (CB2) located on glial cells, 
downregulating glial cell activation and contributing to neuroinflammation resolution.
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showing anti-inflammatory and immunomodulatory effects 
on the brain’s innate immune response [107, 108]. Glial cells 
are a crucial source of de novo–produced endocannabinoids 
under basal conditions and during neuroinflammation.

Our group has published several original works on the acti-
vation of the ECS and the ability of these compounds to modu-
late the production of cytokines by microglial cells [109]. In 
particular, we have explored the immunomodulatory effects 
of AEA on the microglial response to inflammatory stimuli 
such as LPS and Theiler’s virus [109-111]. We showed that, 
depending on the state of microglial activation, the effects of 
AEA were dependent on the activation of the CB2 receptor 
[110, 111] or independent of cannabinoid receptors [112]. 
In addition, AEA induces the production of IL-10 [113] and 
the increase in this anti-inflammatory cytokine has an auto-
crine/paracrine effect, explaining the long-term effects of AEA 
[114]. AEA also modulates the expression of major histocom-
patibility complex type II, iNOS, IL-12, IL-23, IL-1β, and 
TNF-α in macrophage/microglial cells infected with Theiler’s 
virus or exposed to LPS [110, 115, 116]. Administration of 
AEA, a FAAH inhibitor, or an AEA reuptake inhibitor de-
creases spinal cord inflammation in Theiler’s virus–infected 
mice [114]. Another study shows the molecular mechan-
isms involved in neuroinflammation and neurodegeneration 
caused by alcohol intake. In this study, we determined that 
ethanol modifies the expression of ECS components by epi-
genetic mechanisms, which would be partly responsible for 
the microglial activation produced by alcohol [117].

Conclusions
The interconnection between the endocrine, nervous, and im-
mune systems is mediated by complex networks of cells and 
biological factors that are in constant communication to de-
velop coordinated responses to environmental changes. This 
exchange of signals implies that the immune system alerts 
the neuroendocrine central manager when a response to in-
fection or tissue injury is occurring. The nervous system an-
swers with the orchestration of the neuroendocrine response 
with all succeeding consequences on several physiological 
and behavioral functions, such as sleep, mating, locomotion, 
and feeding. In this regard, the endocannabinoid network is 
suitable for multiple points of interaction with the aforemen-
tioned neuroimmunoendocrine system. Endocannabinoid 
levels change in response to diverse stimuli, in different de-
velopmental stages, and in a wide range of pathological con-
ditions. ECS activation usually acts to restore physiological 
homeostasis by reducing inflammation, excitotoxicity, and 
neuronal death and controlling neuropeptide, neurotrans-
mitter, and hormone release, among others. The ECS acts 
as a mediator for the communication between neurons and 
glial cells in order to generate the most appropriate neuro-
endocrine responses in each situation. Those facts indicate 
the physiopathological relevance of this system and why its 
therapeutic potential in pain, inflammation, and autoimmune 
and neurodegenerative disorders is receiving a great deal of 
attention in current research.
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