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A B S T R A C T

Nervous and immune systems maintain a bidirectional communication, expressing receptors for neuro-
transmitters and cytokines. Despite being well established in mammals, this has been poorly described in lower
vertebrates as fishes. Experimental evidence shows that the neurotransmitter acetylcholine (ACh) regulates the
immune response. In this research, we evaluated mRNA levels of muscarinic acetylcholine receptor (mAChR) in
spleen mononuclear cells of Nile tilapia (Oreochromis niloticus) and compared the expression levels of immune
cells with the brain. The mAChR subtypes (M2-M5A) were detected in both tissues, but mAChRs mRNA levels
were higher in immune cells. This data have a potential use in biomedical and comparative immunology fields.

1. Introduction

The existence of “neuro-immunological interactions” in mammals
has been demonstrated to consist of a constant and bidirectional com-
munication between the immune system and the nervous system: an
essential relationship for the maintenance of homeostasis (Romero
et al., 2004). In this sense, the activation of the neuroendocrine-im-
mune interactions serve to maintain an adequate function of the or-
ganism in the presence of the stressful stimulus, allowing response to
minimize infections or injuries to the body, to recover health (Kepka
et al., 2013; Verburg-van Kemenade et al., 2013).

Several studies show how elements of the nervous system regulate
the immune system and vice versa, depending on a plurality of mole-
cules such as cytokines and neurotransmitters as acetylcholine (ACh),
produced by neurons and leukocytes. This molecule influences the
immune system through specific receptors expressed in leukocytes, as
muscarinic acetylcholine receptors (mAChRs) (Verburg-van Kemenade
et al., 2013). Previously reported results by our research group show
that Nile tilapia fish leukocytes, possess essential components of a non-
neuronal cholinergic system, like ACh and acetylcholinesterase (AChE)
(Toledo-Ibarra et al., 2014), which could be related to the functionality
of leukocytes and therefore regulate the immunocompetence of the
organism (Kawashima et al., 2012).

This study has a phylogenetic and biomedical importance. Teleost
fishes are the first lower vertebrates to develop mechanisms of innate
and adaptive immunity (Rauta et al., 2012; Toledo-Ibarra et al., 2013).
In consequence, studying the elements of neuroendocrine communica-
tion in fish is important to know the evolution of this axis. On the other
hand, the study of the leukocyte cholinergic system could be linked to
inflammatory and immunocompetence diseases (autoimmunity, hy-
persensibility, and major susceptibility to infection) (Kawashima et al.,
2012; Díaz-Resendiz et al., 2015). For that reason, the aim of this paper
is to compare mRNA levels of mAChR subtypes in spleen mononuclear
cells (SMNC) with expression levels in the brain of Nile tilapia (O. ni-
loticus).

2. Materials and Methods

Male Nile tilapia fish (n=7) (273 ± 43 g and 20 ± 3 cm) were
euthanized by submersion in ice bath and the brains were immediately
aseptically dissected and placed in 1mL TRIzol Reagent (Invitrogen™).
The SMNC were isolated following the method by Toledo-Ibarra et al.,
2016 while total RNA was obtained according to the methodology by
Rio et al., 2010. Total RNA was reverse-transcribed at a final con-
centration of 25 ng/μL using TaqMan™ Reverse Transcription Reagents
(Applied Biosystems) with oligo d(T)16. Gene expression analysis was
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performed by real-time PCR using a 7500 Fast Real-Time PCR ther-
mocycler (Applied Biosystems) with Fast SYBR Green Master Mix
(Applied Biosystems). Expression levels of mAChR subtypes were nor-
malized with elongation factor-1 alpha (EFL-1α). The oligonucleotides
used in this research are listed in Table 1. Mean ± SD was determined
for each subtype of mAChR in brain and SMNC, and expression levels
between tissues were compared with a Student's t-test. The statistical
significance was determined when p < .05.

3. Results

The results show that the brain and SMNC of Nile tilapia fish express
four subtypes of mAChR (M2-M5A). There were significant differences
in mAChR subtypes expression between immune cells and brain tissue.
In brief: the M2 expression on brain (X =6.45, SD=1.6) and SMNC
(X =10.92, SD=1.96), p < .001. While the M3 expression on brain
(X =8.85, SD=2.1) and SMNC (X =13.84, SD=1.92), p < .001.
Additionally, the M4 expression on brain (X =8.30, SD=1.89) and
SMNC (X =11.71, SD=2.0), p < .004. Finally, the M5A expression
on brain (X =9.27, SD=2.01) and SMNC (X =12.27, SD=1.43),
p < .004. This indicates that all mAChR subtypes are more abundant in
SMNC than in brain (Fig. 1).

4. Discussion

Neuronal presence of mAChR is well characterized in mammals;
nonetheless, there are few extensive studies concerning non-mamma-
lian vertebrate species (Williams and Messer Jr, 2004). While the pre-
sence of mAChR has already been reported in fish brain (Beauvais et al.,
2001; Williams and Messer Jr, 2004; Arenzana et al., 2005; Seo et al.,
2009; Toscano-Márquez et al., 2013), this research confirms the ex-
pression of mAChR subtypes M2, M3, M4, and M5A Neuronal mAChRs

have important functions associated with proliferation, differentiation,
and survival of nervous system cells (Carruthers et al., 2015). In the
central nervous system, mAChRs are involved in a variety of vegetative,
sensory, behavioral, cognitive, and motor functions (Eglen, 2005).
Additionally, mAChRs regulate a wide range of physiological activities
such as heart rate, smooth muscle contraction, and glandular secretions
(Eglen, 2005; Wess et al., 2007).

The expression of mAChR has been confirmed in monocytes and
macrophages as well as lymphocytes isolated from blood, lymph nodes,
spleen, and thymus from mammal models and immune cell lines
(Kawashima and Fujii, 2003; de la Torre et al., 2005; Razani-Boroujerdi
et al., 2008; Kawashima et al., 2012; Koarai et al., 2012). In mammals
five subtypes of mAChR have been characterized (Kawashima and Fujii,
2004). In respect to M1 mAChR subtype, Seo et al., 2009 suggested that
M1 receptor was probably lost in a common ancestor of teleost fish.
Particularly in Nile tilapia, the presence of mAChR has been reported in
lymphoid organs (spleen, kidney) (Seo et al., 2009). Additionally, our
research group has proven the presence of cholinergic system compo-
nents (ACh, AChE, and cholinergic receptors) in immune cells isolated
from this species (Toledo-Ibarra et al., 2014; Toledo-Ibarra et al., 2016).
Notwithstanding, this is the first report of mRNA mAChR subtypes (M2,
M3, M4, and M5A) in SMNC isolated from a teleost fish (Fig. 1).

This evidence reinforces the notion of a close communication be-
tween immune system cells and the central nervous system (Romero
et al., 2004). Furthermore, research groups strongly suggest that im-
mune system cells express receptors for and synthesize neuro-
transmitters. Together with cytokines, these molecules are key for the
immunoregulation, homeostasis, and maintenance of organisms
(Pavlov et al., 2003; Kawashima et al., 2012; Toledo-Ibarra et al., 2016;
Fujii et al., 2017; Torrealba et al., 2018).

The cholinergic system (neuronal and non-neuronal) could play an
important role in immunomodulation. For example, nicotinic acet-
ylcholine receptor (nAChR) agonists, particularly subunit α7, un-
mistakably downregulate TNF-α, IL-1β, and IL-6 production. On the
other hand, a pro-inflammatory role of mAChRs is suggested given that
mAChR agonist administration induces inflammatory processes while
antagonists inhibit them (Bos et al., 2007; Razani-Boroujerdi et al.,
2008).

As previously described, mAChR stimulation increases intracellular
Ca2+ flux, up-regulates c-fos expression, and affects cell proliferation
(Kawashima and Fujii, 2004). The optimal development, proliferation,
differentiation, and activation of immune cells demands mAChR path-
ways (de la Torre et al., 2005; Zimring et al., 2005; Qian et al., 2011;
Jinno et al., 2017). Besides, mAChRs are related with immune defense
given that antigenic stimuli enhance the cholinergic machinery
(Kawashima and Fujii, 2004). Additionally, it has been described that
mAChRs, and specifically M3 subtype, play a pivotal role in immune
defense against parasitic and bacterial infections (Darby et al., 2015;
McLean et al., 2016). Additionally, mAChRs modulate the antibody
class switching (Fujii et al., 2007). These studies have established the
importance of mAChR signaling during innate and adaptive immune
responses.

Research on the non-neuronal cholinergic system of non-

Table 1
Oligonucleotides used for amplification of specific gene products.

Target Sense (5′-3′) Antisense (5′-3′) Product (bp) Reference

mAChR-M2 GGCAGATCTCCAGAGCAAGCAAG TTGTTTCTCCTCTGGCCTGGTG 100 Seo et al., 2009
mAChR-M3 CTGGCGCATTTACAAGGAGACCC CTACCAGTTCCCGACATGTGCTC 200
mAChR-M4 TTTCTACCTACCTGTGGCCATCATG AGTGCCTGAGGTCTTCCTGCTG 100
mAChR-M5A CCAGGAGCAACGCGGTCAAATC TGGAAGCCTCCTGGAGACACTG 130
EFL-1α CAAGGAAATCCGTCGTGGATAC ACGGCGAAACGACCGAGGGG 327 *NM_001279647

mAChR-M2: muscarinic acetylcholine receptor subtype M2; mAChR-M3 muscarinic acetylcholine receptor subtype M3; mAChR-M4: muscarinic acetylcholine re-
ceptor subtype M4; mAChR-M5A: muscarinic acetylcholine receptor subtype M5A; EFL-1α: elongation factor 1-alpha; * for EFL-1α mRNA sequence (GenBank
accession number).

Fig. 1. Expression of mAChR subtypes (M2, M3, M4, and M5A) in brain (black)
and SMNC (white) of Nile tilapia (n=7), *: Student's t-test; p < .05.
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mammalian model immune cells is scarce. This work detects neuronal
cholinergic components (mAChR M2-M5A) expressed in spleen mono-
nuclear cells of Nile tilapia (O. niloticus). The data obtained in this re-
search provide evidence of bidirectional communication between the
neuronal and immune systems, demonstrating that this axis is a con-
served mechanism in vertebrate evolution. In addition, studies on the
lymphocyte cholinergic system could have important biomedical im-
plications, since ACh and cholinergic agents are relevant im-
munomodulators that surely will impact on the therapeutic strategies
for chronic inflammatory disease, such as asthma, chronic obstructive
pulmonary disease (COPD), palmoplantar pustulosis, amount others;
even implications in cases of poisoning by anticholinesterase agents,
such as organophosphorus and carbamate pesticides.
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