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ABSTRACT

The signaling mediated by small non-proteinogenic molecules, which probably have the capacity to serve as a
bridge amongst complex systems is one of the most exiting challenges for the study. In the current report, stem
cells differentiation of the immune system in Nile tilapia treated with sub-basal doses of GABA evaluated as c-
kit* and Sca-1* cells disappearance on pronephros, thymus, spleen and peripheral blood mononuclear cells by
flow cytometry was assessed. Explanation of biological response was performed by molecular docking approach
and multiparametric analysis. Stem cell differentiation depends on a delicate balance of negative and positive
interactions of this neurotransmitter with receptors and transcription factors involved in this process. This in
turn depends on the type of interaction with hematopoietic niche to differentiate into primordial, early or late
hematopoiesis as well as from the dose delivery. In fish treated with the low doses of GABA (0.1% over basal
value) primordial hematopoiesis is regulated by interaction of glutamate (Glu) with the Ly-6 antigen. Early
hematopoiesis was influenced by the bond of GABA near or adjacent to turns of FLTR3-Ig-IV domain. During late
hematopoiesis, negative regulation by structural modifications on PU.1/IRF-4 complex, IL-7Ra and GM-CSFR
mainly prevails. Results of molecular docking were in agreement with the percentages of the main blood cells
lineages estimated in pronephros by flow cytometry. Current study provides the first evidences about the role of
inhibitory and excitatory neurotransmitters such as GABA and Glu, respectively with the most transcriptional

factors and receptors involved on hematopoiesis in adult Nile tilapia.

1. Introduction

The ability of cells and organs to maintain homeostasis relies upon
the accurate balance of regulatory mechanisms, particularly when the
effectors organs depend on the signals made by soluble molecules. A
suitable example is the central nervous system, which transduces in-
formation from the environment and organizes the integral response of
the different organs to the body effectors [1]. The hypothalamo-hypo-
physial system is a member of the sympathetic nervous system regu-
lated by feedback signals from the endocrine glands and other circu-
lating factors [2-4]. Together with the adrenal glands, thyroid, gonads
and liver encompass the named neuroendocrine system (NES) char-
acterized by pulsatile release of a number of neurohormones,
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neuropeptides and hormones, midst others [5]. However, the integra-
tion of these signaling is a quite complex and the network between the
neuroendocrine cells and amongst others cells permits a fine control to
achieve homeostasis. This fact is possible to occur considering the entry
of hormones and other factors into the brain through the cerebrospinal
fluid [4]. Also, the ingress of cytokines, chemokines, prostaglandins
(EP3) and PAMP/DAMP to the brain and glands of the NES allow the bi-
directional communication between nervous and immune systems
[6-8]. This phenomenon is likely to take place because of presence of
“hard-wired” circuitry of the autonomic nervous system with the im-
mune system (IS) through nerve fibers located in primary and sec-
ondary lymphoid organs, and by existence of different types of neu-
roendocrine receptors on immunocompetent cells [8]. In addition, some
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IS cells can produce neurotransmitters or possess the feedback me-
chanisms involved in the response mediated by such substances. Under
certain stimuli, T cells and macrophages could synthesize y-aminobu-
tyric acid (GABA), and express receptor type A of the GABAergic
transmission output machinery [9,10]. In other case, activation of so-
matosensory neurons, as example by exposure to PAMP/DAMP, induce
action potentials that move from the brainstem to the spleen and other
organs of the IS [11,12]. As a consequence of action potential differ-
ences, T cell release acetylcholine (ACh) able to interact with nicotinic
acetylcholine receptor subunit alpha7 (a7 nAChR) present on im-
munocompetent cells to inhibit cytokine release carried out by mac-
rophages [11,13]. If those complex networks between the NES and IS
are amazing, others less recognized roles are documented. Neuro-
transmitters and neuropeptides could be potentially involved on he-
matopoiesis, priming and migration of immune cells [14]. Through
pretty well performed experiments, it has been shown that the em-
bryonic pluripotent cells express the GABAergic system and also
spontaneously release GABA suggesting that those cells are able to es-
tablish a GABA niche by release of this transmitter [15]. Despite the
outstanding findings previously documented, in juvenile and adult or-
ganisms a lack of information prevails about the possible role of GABA
increase on differentiation of hematopoietic stem cells (HSCs). These
cells are Linc-kit*Sca-1* [16] and inhabit the named LSK niche
[17,18]. In the current study, the Nile tilapia (Oreochromis niloticus) was
selected as a model because the IS of fish species contains both, the
innate and adaptive response as in mammals [19]. However, the most
important reasons were whether to known if develop of HSCs in bony
fish respond to the stimuli elicited by neurotransmitters such as GABA
and because representative O. niloticus genome assemblies exist (Bio-
Project: PRINA354796). Considering the former statements, in this
study changes on surface markers (c-kit, and Sca-1) of the HSCs elicited
by increase of GABA at sub-basal levels was evaluated by flow cyto-
metry in cells of pronephros (the evolutionary equivalent to the bone
marrow in mammals), spleen, thymus and peripheral blood mono-
nuclear cells of the Nile tilapia (Oreochromis niloticus) after an eight
days intravenous treatment. The interactions of this neurotransmitter
with receptors and transcription factors involved on differentiation of
HSCs were assessed by molecular docking methodology to explain the
effects elicited by this substance and mathematical model for dis-
criminate determinants interactions involved on HSCs differentiation.

2. Materials and methods
2.1. Specimens

Pre-adult specimens of Nile tilapia weighing 234 *+ 18 g obtained
from a fish farm were used in the present study. The specimens were
maintained in the laboratory for three months before the beginning of
the experiments using synthetic water (0.22 g MgSO,, 0.18 g NaHCOs,
0.08 g KCl and 0.13 g CaSO,42H,0 per L). In addition, photoperiods of
18h light and 8h dark, at 25 + 2°C, with aeration and constant fil-
tration were maintained. The fish were fed with pellets for tilapia feed
(Purina™).

2.2. Evaluation of y—aminobutyric acid (GABA) basal levels

Prior to the exposure, basal levels of GABA were evaluated in the
serum of ten tilapia by liquid chromatography with a Shimadzu HPLC
equipment connected to a variable wavelength UV detector with a 5-ym
C18 Agilent Technologies column (4.6 x 250 mm) using 2-hydro-
xynaphthaldehyde as derivatizing reagent [20]. In brief, 0.8 ml of
serum was mixed with 0.8 ml of methanol HPLC grade (Sigma-Al-
drich™), mixed and centrifuged at 12,000 rpm. Then, 0.7 ml of super-
nant, 0.6 ml borax solution (5g/dL) pH 8.0 (Sigma ™) and 2.0 ml of
derivatizing reagent (2-hydroxy-1-naphthaldehyde 0.3 w/v in me-
thanol, Aldrich ™) was transferred to a glass tube with flat bottom,
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heated (80 °C/10 min) and cooled at room temperature. The mix was
placed on 5ml volumetric flask and the final volume was adjusted to
5ml with methanol. Five pl of the mixture was injected in the C18
column using a solution of methanol:water (62:38 v/v) as mobile phase
with a flow-rate 0.2 ml/min. Content of GABA in serum samples was
estimated with a calibration curve of 4.68-75 ug/ml of y-aminobutyric
acid certified reference standard, TraceCERT® (Sigma-Aldrich™).
Standout that it is possible to determine the absorbance at 330 nm of
derivatized GABA in a microplate reader once the linearity of the
method was verified by liquid chromatography following the steps
detailed in brief.

2.3. Treatments

Considering basal levels of neurotransmitters, different doses of
GABA dissolved in sterile injectable water were tested intravenously
into the caudal vein to find the definitive test intervals. The acceptance
criteria were the lack of mortality in 24 h post exposure or alterations in
the behavior of the fish. Above 15% of sub-basal increases of GABA,
100% mortality was found in less than 24 h (data not shown). Two days
before the treatment, the specimen was placed per treatment (n = 6) in
a 140L glass aquarium with dark walls and thick stone substrate to
avoid behavioral alterations. Serial dilutions of this neurotransmitter
were performed in a sterile injected water to reach the appropriate
concentrations. GABA was dosed in three independent experiments at
0, 0.0048, 0.048 and 0.48 ug GABA/100 g fish, which represent the
0.1%, 1.0% and 10.0% of increase over the basal levels of GABA. The
volume injected into the caudal vein of each solution was 50 ul at day
zero, three and six. On the eighth day, specimens were sedated by
freezing on ice for sampling the blood from the caudal vein with he-
parinized syringe and after, the fish were euthanized by rapid freezing
(15 min/—80 °C) according to local protocol for the production, pro-
tection and welfare of experimental animals [21] and in agreement
with Article 38 and Chapter V of the Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 on the
protection of animals used for scientific purposes (https://eur-lex.
europa.eu/legal-content/EN/TXT/?uri = celex%3A32010L0063).  Ne-
cropsy was done on ice bed to obtain the head of the kidney (prone-
phros), thymus and spleen. The treatment was performed in a three
independent experiments. Peripheral blood mononuclear cells (PBMCs)
was isolated by density gradient with Ficoll Paque Plus (Sigma™), while
the tissues was rinsed with sterile PBS1X at 4 °C, and carefully sieved on
a Falcon™ nylon cell strainers (Thermo Fisher Scientific™) using a syr-
inge plunger and cool PBS1X. These cells were finally purified by
density gradient with Ficoll Paque Plus to discharge debris and ery-
throcytes. Cells were rinsed with sterile PBS1X at 4 °C and centrifuged
(3200 rpm/4 °C/15 min) three times to detect c-kit and Sca-1 by flow
cytometry.

2.4. Flow cytometry detection of c-kit and Sca-1

Antibodies against immunogens of mammals to detect c-kit and Sca-
1 were used due to cross-reactivity with fish species was found [22,23]
and non-availability of specific antibodies for the fish markers in the
market assessed in this study. The anti-c-kit antibodies possess varia-
tions in sensitivity, but did not stain different cells than those expres-
sing c-kit [22,24,25]. For c-kit, monoclonal anti—c-kit conjugated to
FITC (11-1171-82, eBioscience™) was selected due to similar Ab was
used in other fish species [22,26]. Rabbit polyclonal antibody to Scal/
Ly6A/E (ab198852, Abcam) contains the UPAR/Ly6 domain and cross
reactivity in mouse, rat and humans was reported. However, only a
previous report about detection of lymphocyte antigen 6 complex, locus
A/E (Sca-1) in fish species (Cyprinus carpio) using polyclonal antibodies
with cross-reactivity exist [22]. Staining the cells of the Nile tilapia was
performed in the dark at 37 °C/1 h using the primary antibodies diluted
at 1:5000 in PSB1X/Tween. In the case of Sca-1, a goat anti-rabbit IgG
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H&L-Alexa Fluor® 488 (ab150077, Abcam) was used as the secondary
antibody (1:5000). Three serial washes using PBS1X and centrifugation
after the staining with primary or secondary Ab were performed in the
dark. Finally, cells were fixed with 100 ul of paraformaldehyde (4%)
and re-suspended with 200 ul of PBS1X for flow cytometry analysis.
Labeled cells were acquired at 10,000 events in a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA), and data was processed by
Cell Quest Pro software (Becton Dickinson, San Jose, CA).

2.5. Evaluation of lymphoid and myeloerythroid lineages-derived cells in
pronephros after the treatments with GABA by flow cytometry

Using the dot-plots obtained from the former flow cytometry ana-
lysis, separation of progenitors, erythrocytes, lymphocytes, and mye-
lomonocytes in pronephros was resolved by combined light-scatter
profiles (forward scatter FSC and side scatter SSC: cell size and cellular
granularity, respectively) based on a previous report [27].

2.6. Molecular docking analysis

Despite the lack of evidence in fish species about the receptors and
transcriptional factors involved in differentiation of hematopoietic stem
cells (HSCs) compared to adulthood of mammals, the O. niloticus
genome assemblies (Oreochromis niloticus (assembly ASM185804v2)
allowed modelling of protein structures in silico. In order to build the 3D
models, a template (protein whose crystal structure has been eluci-
dated) needed to be identified. Basic Local Alignment Search Tool
(BLAST) search was performed to select the crystal structure of the
closest homolog available in the Protein Data Bank (PDB) (www.pdb.
org). The protein that showed the highest percent identity was selected
as a template for construction of 3D models. The 3D models were
generated using the homology modelling program Modeller 9v11 [28].
The Ramachandran's map using PROCHECK (Programs to Check the
Stereo Chemical Quality of Protein Structures) [29] and ERRAT graphs
[30] were used to analyze the built homology models. The WHAT IF
program was used to analyze and also identify residue packing and
atomic contact for the detection of bad packing of side chain atoms or
unusual residue contacts [31]. The Z-score of Ramachandran's plot was
predicted using the WHAT CHECK software [32]. The quality and ac-
curacy of 3D model was then validated using Verify3D [33]. The pro-
tein models generated were visualized using MOE software suite. Fur-
ther, the 3D models were used for the identification of active sites and
for the docking of ligands. The active site was predicted using an alpha
shape algorithm to determine potential active sites in 3D protein
structures using MOE site finder [34]. Docking studies of GABA and
precursor (glutamic acid) [35] against the built homology models were
performed using dock module implemented in MOE20 [34].

2.7. Statistical analysis

The distribution of the data was analyzed by Shapiro-Wilk nor-
mality test. Since the p values obtained for c-kit and Sca-1 expression
were higher than > 0.1, a Gaussian distribution was assumed. Data of
treatments with regard to control fish was analyzed by one-way ANOVA
followed by a Dunnett and post hoc test, and by a Tukey's multiple
comparison test to detect differences among treatments using GraphPad
Prism version 5.00 for Windows (GraphPad Software, San Diego
California USA). Results were considered significant at p < 0.05.). With
the aim to discriminate real interactions of GABA on stem cells differ-
entiation, a redundancy analysis (RDA) was performed in basal levels as
well as in specimens treated with the low doses of this neuro-
transmitter, along with its precursor, glutamic acid (Glu) using the
XLSTAT software for Excel.
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3. Results
3.1. Levels of y—aminobutyric acid (GABA) in control fish

Basal value of GABA in the Nile tilapia was found to be
14.96 = 0.52pug GABA/ml serum (n = 10) which represent a value of
4.98 = 0.17 ug GABA/100 g fish considering a value of 3% of total
blood (W/W) in the Nile tilapia (http://digeset.ucol.mx/tesis_
posgrado/Pdf/Alfredo_Mena_Herrera.pdf).

3.2. Basal values of c-kit* and Sca-17 cells in hematopoietic organs and
peripheral blood mononuclear cells

Basal values of c-kit ™" cells (including lower—and-upper 95% of CI
with of mean) were lower in pronephros (0.475% =+ 0.159%;
0.415-0.534%) than in the spleen (0.939% =+ 0.159%, p < 0.001;
0.798-1.08%), but was  higher compared to PBMCs
(0.337% *+ 0.049%, p < 0.01; 0.319-0.356%) and thymus
(0.276% = 0.034%, p < 0.001; 0.249-0.302%). Sca-1*™ cells were
statistically (p < 0.01) higher in the spleen (0.538% =* 0.221%;
0.456-0.621%) than in  pronephros (0.354% = 0.037%,
0.340-0.368%); however, in the pronephros, the mean basal value of
Sca-1" cells were higher compared to PBMCs (0.261% = 0.055%,
p < 0.001; 0.208-0.276%) and thymus (0.197% 0.029%,
p < 0.001, 0.169-0.209%).

+

3.3. c-kit™ and Sca-1 expression by exposure to y-aminobutyric acid
(GABA)

The expression of c-kit ™ cells was diminished in pronephros (Fig. 1A
[36]) and spleen (Fig. 1C) with regard to control group. In contrast, the
higher dose of GABA (0.48 ug/100 g fish) elicited an increase of c-kit™
cells in thymus (Fig. 1B) and PBMCs (Fig. 1D). However, the low doses
of GABA (0.0048 ug/100 g fish) also triggered a decrease of c-kit™ cells
as noted in pronephros and spleen. The Sca-1" cells obtained from the
thymus were the most responsive to the effects elicited by sub-basal
increase of GABA. Sca-1" cells increased in specimens treated with
higher dose of GABA, mostly in pronephros (Fig. 1A), thymus (Fig. 1B)
in the spleen (Fig. 1C) and PBMCs (Fig. 1D). Nevertheless, the decrease
of c-kit™ and Sca-1" cells elicited by the low doses (0.0048 ug GABA/
100 g fish) of this neurotransmitter is particularly relevant for the
current study. Representative cytometry results are shown in Suppl.
Fig. 1.

3.4. Major blood lineages in pronephros after the treatments with GABA

In the pronephros of control fish, the great percentage of blood cells
was erythrocytes (59.16 * 15.99%) followed by precursors
(20.40 = 12.09%), lymphocytes (11.26 = 3.99%) and myelomono-
cytes (9.42 * 2.42%) (Fig. 2A). However, by exposure to GABA ip.
dosed these percentages clearly changed in pronephros, particularly at
the low and medium doses. In the low doses of GABA (0.0048 ug GABA/
100g fish), the percentage of precursors statistically decreased
(0.25 * 0.06%, p < 0.001), similarly than observed with lymphocytes
(4.75 = 1.32%, p < 0.001) and myelomonocytes (4.30 = 2.06%,
p = 0.001). Contrastingly, the erythrocytes notably increased
(92.80 = 2.39%, p < 0.001) (Fig. 2B). At 0.048 ug GABA/100 g fish,
the percentage of precursors decreased by approximately a half
(8.94 = 5.06%, p < 0.01) compared to control fish; however, the most
notable decrease was observed in the percentage of erythrocytes
(5.44 + 3.42%, p < 0.001) while lymphocytes (68.22 + 14.28%,
p = 0.001) and myelomonocytes (17.34 + 10.70%, p < 0.05) in-
creased regarding to controls (Fig. 2C). However, in the high doses of
GABA (0.48 ug GABA/100 g fish) only a decrease about of 0.41-fold
lower in the percentage of myelomonocytes (3.94 = 1.11%,
p < 0.001) was found (Fig. 2D). Representative dot plots (FSC/SSC) are
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Fig. 1. Effects of sub-basal increase of y-aminobutyric acid (GABA) on c-kit+ and Sca- 1 + immune system cells of the Nile tilapia (Oreochromis niloticus) dis-
appearance evaluated by flow cytometry. Treatments with GABA (ug GABA/100 g fish): A) Pronephros. B) Thymus. C) Spleen. D) Peripheral blood mononuclear cells.
Statistical differences regarding control fish with *p < 0.05, **p < 0.01. Mean fluorescent intensity (MFI) in treated fish: hi = high (=5); m = mean (1-5);
lo = low (< 1.0) obtained as MFI treated/MF]I control [35]. In control fish MFI =800 is consider high.

show in Fig. 2E-H.

3.5. Insilico analysis about effects of GABA and precursor (glutamic acid)
on receptors and transcription factors involved on differentiation of
pluripotent (PSCs) and hematopoietic stem cells (HSCs) of the Nile tilapia

In this study, receptors and transcription factors involved in dif-
ferentiation of pluripotent and hematopoietic stem cells of the Nile ti-
lapia are shown in Table 1 [37-65]. Docking studies of GABA (Pub-
Chem CID:119) and precursor (glutamic acid, PubChem CID:611)
against the built homology models were performed using dock module
implemented in MOE20. Using this strategy, it was found that these
substances interact with all of these biomolecules (Suppl. Fig. 2). The
results are challenge because a robust analysis was needed with the aim
to discriminate real interactions of these neurotransmitters on stem
cells differentiation evaluated as c-kit* and Sca-1* cells disappearance.
Due to this, redundancy analysis (RDA) was performed in basal levels as
well as in specimens treated with the low doses of GABA (0.0048 ug
GABA/100 g fish) along with its precursor, the glutamic acid (Glu).
Relations in the first and fourth quadrants represent key interactions
able to maintain the immune system stem cells arrest, whereas in
second and third quadrants show favorable relationships among neu-
rotransmitters in the differentiation of these cells.

3.5.1. Effect of sub-basal doses of GABA and glutamic acid as in basal
conditions on differentiation of pluripotent and hematopoietic stem cells
This study documented for the first time that increase in the sub-
basal level of GABA could regulate hematopoietic stem cell differ-
entiation through multiple interactions with apolar and polar residues,
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with strong H-bonding and long-range electrostatic interactions.
Further observation by flow cytometry shows that PSCs and HSCs dif-
ferentiation was favored by the low sub-basal increase of GABA (0.1%
above of mean basal levels), which in turn explained with high variance
(98.52%) in RDA (Fig. 3A). A value, which was higher than in control
fish (87.44% of explained variance). Of this results, one section (Q1,
Fig. 3A) shown that the arresting state (AS) of the pluripotent and he-
matopoietic stem cells, particularly c-kit* and Sca-1* cells of the
spleen and PBMCs was maintained without GABA and Glu interactions.
In contrast, diminished or absent GABA and Glu interactions with re-
ceptors and transcriptional factors of primordial, early and late hema-
topoiesis preserve the AS of c-kit* and Sca-1* cells in pronephros and
thymus (Q4, Fig. 3A). During the primordial hematopoiesis null inter-
actions of GABA with Ser32 (as side chain donor “SCD”) and with Lys63
(as backbone donor “BBD”) located on LU domain of the Ly-6 antigen
(uPA receptor -like domain) allows the AS of these cells (Fig. 4A). Si-
milar response was found when the contact of Glu217 (SCD) occurs on
a5-helix of the canonical bundle of main fold of CXCR4 (Sca-1 receptor)
of the Nile tilapia. In the same way, the glutamate also conserve the AS
all through the primordial hematopoiesis as was the case of its contact
with Ser133 (BBD) located on LMO2-like protein of LIM domain-con-
taining proteins that bind with SCL:E47,;;;1 1 heterodimer of T-cell acute
lymphocytic leukemia protein (c-kit) (Fig. 4B). Also Glu in contact with
Gly31 (BBD) of uPA receptor-like domain of Ly-6 antigen (Fig. 4C) and
with Gly222 located of alpha-helical transmembrane protein of CXCR4
(Sca-1R) prevent the primordial hematopoiesis in pronephros and
thymus. Interestingly, GABA and Glu interacts with some residues of
receptors involved on early hematopoiesis, preserving in this way the
AS. Minimum or absent contacts of GABA with Asn633 (BBD) present
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Fig. 2. Separation of major blood cell lineages (progenitors, erythrocytes, lymphocytes, and myelomonocytes) by combined light-scatter profiles (forward scatter FSC
and side scatter SSC: cell size and cellular granularity, respectively) using flow cytometry in the pronephros of the Nile tilapia (Oreochromis niloticus) treated with sub-
basal doses of GABA. A) Control fish. B) 0.0048 ug GABA/100 g fish. C) 0.048 ug GABA/100 g fish. D) 0.48 ug GABA/100 g fish. Representative dot plots in control
fish (E) and in fish treated with 0.0048 ug GABA/100 g fish (F), with 0.048 ug GABA/100 g fish (G) and with 0.48 ug GABA/100 g fish (H). Statistical differences
regarding control fish with *p < 0.05, **p < 0.01 and ***p < 0.001.
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on CRH2 subdomain of IgR-like extracellular domain of TPOR (Fig. 4D)
and with His126 (BBD) located between 36 and (7 of the D1 of N-
terminal ectodomain (similar to the type FN3-like or Ig-2fBR-like) of
EPOR contributes also to maintain the AS of pronephros and thymus
during the early hematopoiesis. Not only during the primordial and
early hematopoiesis the bond of GABA play a role to preserve the AS of
these cells, also do it during late hematopoiesis. Null or far away in-
teractions of GABA with Glu133 (BBD) and Leul68 (BBD) present on
PU.1-IRF-4 interface and with Lys88 (SCD) located on D1 of IL7Ra
ectodomain allows the AS of c-kit™ and Sca-1" cells of pronephros and
thymus. Similar response was observed by contact of GABA with Ile410
(SCD) and with Tyr411 located in a loop between (330 and 331 of C-

terminal domain of polymeric immunoglobulin receptor, and with
Thr494 (SCD) present on the Ig domain of C-terminal domain of GM-
CSFR.

Similarly, null or absent contacts of glutamate (Glu) contributes to
maintain the AS during the early and late hematopoiesis in the prone-
phros and thymus of the Nile tilapia (Q4, Fig. 3A). During the early
hematopoiesis, the hydroxylamine head of Glu acts as BBD with His382
present between (323 and (324 of FLT3R cytoplasmic domain (Fig. 4E),
and with Glu65 (SCD), GIn72 (BBD), and Arg120 (SCD) located on the
DI ectodomain (FN3-like or Ig-2(R-like) of EPOR diminishing this
process in the pronephros and thymus. Likewise, the bond of Glu with
some residues of transcriptional factors and receptors prevent the late
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Fig. 4. Ligand-protein interactions that disallow the differentiation of pluripotent and hematopoietic immune system stem cells of Nile tilapia treated with sub-basal
dose of GABA (0.0048 ug GABA/100 g fish). GABA with LU domain of the Ly-6 antigen (uPA receptor -like domain) (A), glutamate with LMO2-like protein of LIM
domain-containing proteins of T-cell acute lymphocytic leukemia protein (c-kit) (B), glutamate with uPA receptor-like domain of Ly-6 antigen (C), GABA with CRH2
subdomain of IgR-like extracellular domain of TPOR (D), glutamate with FLT3R cytoplasmic domain (E) using MOE software suite (v2014).

hematopoiesis. Interaction of Glu with Pro132 (SCD) present on the
complex N-domain of GATA binding factor 2, without having contact
with DNA, with Tyr130 (SCD), Prol71 (SCD) located on IRF-4 con-
served domain of PU.1/IRF-4/DNA complex, in addition to contact with
Aspl169 (SCD) present on D2 of IL7Ra ectodomain prevent the late
hematopoiesis in the pronephors and thymus. In the same way, null
interaction of glutamate with Glu319 (BBD) located in a loop between
a3 and B19 cytoplasmic domain of IL7R and with Trp517 (H-pi inter-
action) present on Ig cytoplasmic domain of GM-CSFR favor the AS
during late hematopoiesis in the pronephros and thymus of the Nile
tilapia.

Contrasting with the negative regulation on primordial, early and
late hematopoiesis that GABA and glutamate entails, there are sig-
nificant bindings of GABA and Glu that favor the differentiation of PSCs
and HSCs without an organ-specific response. These findings were
corroborated by the measurement of c-kit™ and Sca-1* cells dis-
appearance detected by flow cytometry in fish treated with the low
doses of GABA. Primordial hematopoiesis is favored by contact of GABA
with GIn217 (BBD) located on the a5-helix of the binding pocket
(CRS2) of helical domain of CXCR4 (Fig. 5A). Similarly, the bond of
glutamate with Pro27 (BBD) present on the uPA receptor -like domain
of Ly-6 antigen helps to sustain the same process (Fig. 5B). The early
hematopoiesis increased by low doses of GABA, particularly if is in
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contact with Thr47 (SCD and BBD) located on the Ig-I domain (V-set) of
VCAM-1 ectodomain (titin-like protein) (Fig. 5C), in addition to H-Pi
interaction of Trp60 of D1 domain (N-ectodomain) of EPOR (minimum
epitopic region) (Fig. 5D). However, the interactions of glutamate as
glutamic acid elicit the late hematopoiesis by complex process that
include electrostatics interactions of amidoxime head of glutamic acid
as SCD with the Cys443 located on the single transmembrane domain
and with Met93 of GM-CSFR (Fig. 5E) (Q2, Fig. 3A).

Opposing, it is evident in Q3 of Fig. 3A that scarce or null interac-
tions of glutamate favors the primordial and early hematopoiesis in fish
treated with the low doses of GABA. In the case of primordial hema-
topoiesis, null or absent bond of Glu with Pro170 (BBD) located in
LMO2-like protein of c-kit allows this process. Similarly, the early he-
matopoiesis could be ideal if the bond of Glu linked with low doses of
GABA is absent with Thr377 located between 23 and (24 of cyto-
plasmic domain of FLT3R, also when the hydroperoxyl head of Glu is in
contact with Glu49 (BBD) present on the Ig-I domain ectodomain of
VCAM or with Gly68 (SCD) of type FN3-like ectodomain of EPOR.

In control fish, predicted interactions show that of GABA and glu-
tamic acid are able to regulate PSCs and HSCs differentiation with ex-
plained variance of 87.44% in RDA (Fig. 3B). Binding of GABA and Glu
with transcription factors and receptors of primordial, early and late
hematopoiesis are positive factors that contribute to maintain the AS of
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His126

Fig. 5. Ligand-protein interactions that favor the differentiation of pluripotent and hematopoietic immune system stem cells of Nile tilapia treated with sub-basal
dose of GABA (0.0048 ug GABA/100 g fish). GABA with binding pocket (CRS2) of helical domain of CXCR4 (A), glutamate with uPA receptor -like domain of Ly-6
antigen (B), GABA with Ig-I domain (V-set) of VCAM-1 ectodomain (C), GABA with N-ectodomain of EPOR (minimum epitopic region) (D), glutamic acid with single

transmembrane domain of GM-CSFR (E) using MOE software suite (v2014).

Sca-17" cells of thymus and spleen as well as spleen and PBMCs c-kit ™"
cells. Augmented interactions of GABA (BBD) with Ser32 of Ly-6 an-
tigen, Phel5 (H-Pi) of VCAM-1 signal peptide, Ser133 (SCD) of IRF-4
conserved domain and Ile410 (BBD) of IgR cytoplasmic domain play a
role in AS of spleen Sca-1* cells. Stronger interactions of Glu with
Ser353 (SCD) of FLT3R Ig-IV domain and the glutamic acid (anionic
form of glutamate) with Thr494 (BBD) of GM-CSFR on Ig-V domain
allows the AS of thymus Sca-1* cells and spleen c-kit* cells (Q1 of
Fig. 3B). GABA could elicit the AS of PBMCs c-kit™ cells if is in contact
with Thr47 (SCD and BBD) of VCAM-1 Ig-I domain, with Glu61 on D1
domain of FN3-like of EPOR and with Glul148 (BBD) of PU.1 factor
(BBD) (Q4 of Fig. 3B).

In the opposite situation, diminished interactions of Glu with tran-
scription factors of late hematopoiesis are promising scenario linked
with differentiation of pronephros and thymus c-kit* cells as well as for
PBMCs Sca-1* cells. If interactions of Glu (SCD) with Argl67 near to
PU.1-IRF-4 interface and with Glu319 of IL-7R cytoplasmic domain are
seen, the differentiation of these cells are allowed (Q2 of Fig. 3B), op-
posing to the found in pronephros and thymus of fish treated with the
low doses of GABA just in the case of bonding of Glu with Glu319 of IL-
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7R. In contrast, the bonding of Glu as BBD with His382 present between
(323 and 324 of FLT3R cytoplasmic domain allows the differentiation of
pluripotent and hematopoietic stem cells without organ-specific re-
sponse in control fish. The bonding of GABA (SCD) with Gly31 of Ly-
6A.2/Ly-6E.1 antigen, Asn633 of TPOR, Asp930 of FLT3R cytoplasmic
domain, Glu201 of GATA-binding factor 2 N-domain and with Ser379 of
IL-7R cytoplasmic domain allows the differentiation of PSCs and HSCs
surely occurs. Similar response might observe if GABA (BBD) is in
contact with Arg92 of IRF-4 domain. In addition, Glu (SCD) might
contribute to primordial and early hematopoiesis if its contacts with
Gly31 of Ly-6A.2/Ly-6E.1 antigen and with His382 of FLT3R Ig-IV cy-
toplasmic domain. This response was concordant with the findings of
fish treated with the low doses of GABA suggesting that the bonding of
Glu with uPA receptor -like domain of Ly-6A.2/Ly-6E.1 antigen and
with CRH2 subdomain of IgR-like extracellular domain of TPOR
maintains the AS of primordial and early hematopoiesis. Likewise to the
observed with the bonding of Glu with His382 of FLT3R Ig-IV cyto-
plasmic domain, which maintain the AS in pronephros and thymus of
fish treated with the low doses of GABA. In control fish, bond of Glu as
anion with Met493 of GM-CSFR Ig-V domain is not a favorable scenario
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for differentiation of c-kit™ cells as well as for PBMCs Sca-1" cells in
pronephros and thymus. Similar relationships of Glu as BBD were de-
tected with Arg120 of D1 ectodomain of the EPOR, with Tyr130 of PU.1
factor (Q3 of Fig. 3B) as detected also in pronephros and thymus of fish
treated with the low doses of GABA. In control fish, increased inter-
action of Glu with Argl67 of IFR and with Glu319 of IL7R could be a
negative situation for the differentiation of c-kit™ cells as well as for
PBMCs Sca-1* cells in pronephros and thymus (Q3 of Fig. 3B) con-
trasting with the finding in fish treated with the low doses of GABA.

4. Discussion

For the first time in the current study, the complexity of the che-
mical-biological interactions of some neurotransmitters such as the case
of GABA and glutamate capable of modulating the differentiation of
pluripotent and hematopoietic stem cells was documented in Nile ti-
lapia. Unlike other studies, it was shown that this process depends on a
delicate balance of negative and positive interactions such as SCD or
BBD with the receptors and transcription factors involved in primordial,
early or late hematopoietic differentiation of PSCs and HSCs. Likewise,
differentiation elicited by the low increase in the sub-basal levels de-
pends not only on the neurotransmitter, but also of its precursor for
GABA. Due to extended results, the interactions of these neuro-
transmitters in PSCs and HSCs differentiation were highlighted without
mentioning of some studies performed in the Nile tilapia regarding
erythropoiesis, granulopoiesis, lymphoplasmapoiesis and thrombopoi-
esis by ultrastructural examination [66]. Similarly, about the role of c-
kit on PSC and HSC differentiation in Danio rerio and some amphibian's
species [67,68].

There are consistent interactions of GABA and glutamate able to
maintain the AS of PSCs and HSCs in control fish as well as in specimens
treated with the low doses of GABA. Among receptors and transcrip-
tional factors involved on PSCs and HSCs differentiation the role of T-
cell acute lymphocytic leukemia protein 1 (c-kit or SCL) is widely re-
cognized [37-39] and involves enhanced self-renewal, lineage, and
reconstitution potentials during both steady state and stress hemato-
poiesis [69-72]. In fish treated with the low doses of GABA, the in-
teractions of glutamate (excitatory neurotransmitter) with the LMO2-
like protein of LIM domain-containing proteins of SCL contribute with
the AS of Sca-1* cells and c-kit™ cells in pronephros and thymus. Si-
milarly, the null or absent interactions of Glu with LMO2-like protein
could favor the differentiation of primordial hematopoietic cells
without an organ-dependent response. These findings suggest that
structural modifications on the LIM domain-containing proteins of SCL
by contact with Glu is an obstacle for binding the SCL:E47,y 5 het-
erodimer with DNA-binding domain. Therefore, the activity of helix-
loop-helix heterodimer DNA-binding domain to act as transcription
factor is disrupted. Fascinatingly, bHLH E12/E47 that comprise LIM
domain (LMO2:LDB1 complex), plays a role in rescuing functional he-
matopoiesis from SCL DNA-binding domain of adult non-lymphoid
human cells [73]. In this way, it is feasible to reinforce the findings of
the current study about the role of Glu by interactions with LMO2-like
protein of SCL as negative forces for PSC and HSC differentiation in
lymphoid organs of the Nile tilapia. Other well-documented transcrip-
tional factor that regulates the primordial hematopoiesis by acting as
growth factor and by its role on PSC maintenance is the Ly-6 antigen
[40]. Interactions of GABA with LU domain of Ly-6 antigen (uPA re-
ceptor -like domain) are negative forces for c-kit* cells and Sca-1* cells
differentiation in the thymus and spleen of control fish and in the
pronephros and thymus of fish treated with the low doses of this neu-
rotransmitter. Ly-6 antigen (Sca-1) is one of the characteristic markers
of primordial stem cells and plays an important role in self-renewal and
activation of progenitor stem cells [74,75]. Considering these findings,
it is possible to suggest that interactions of the inhibitory neuro-
transmitter (GABA) on the GPI-linked cell-surface glycoprotein (as ex-
ample the Ly-6 family) is an alternative for maintain the AS of PSCs on

810

Fish and Shellfish Inmunology 93 (2019) 801-814

the main hematopoietic organs of the Nile tilapia. Despite preceding
reports does not exists, also is relevant to consider the role of Glu on Ly-
6 antigen. Interestingly, the exposure to the low doses of GABA favored
the bond of Glu with uPA receptor—like domain of Ly-6 antigen al-
lowing the primordial hematopoiesis without an organ-specific re-
sponse. This response corroborate the relevance of balance between
inhibitory/excitatory neurotransmitters, not only at cellular levels, but
also at the level of hematopoietic niche as will be discussed later, en-
abling the differentiation of PSCs by interactions with Ly-6 antigen.
Nevertheless, binding of Sca-1 with its receptor, the CXCR4 located on
some cells of LSK niche is involved in the support of the survival, re-
tention and/or differentiation of stem cells [38,39,76-82] via PI3K
[83], Akt/Erk [84], STAT3/VEGF [85] and Wnt/Notch1 signaling [86].
In this regard, the contact of GABA with binding pocket of CXCR4 he-
lical domain disallowed the primordial hematopoiesis in pronephros
and thymus in fish treated with the low doses of GABA. The findings
about the role of GABA and Glu on primordial hematopoiesis denote
predominance of negative interactions at the level of the transcription
factor “SCL” and on CXCR4. However, the excitatory neurotransmitter,
the glutamate, may contribute with the differentiation of PSCs and
HSCs by interactions with the Ly-6 antigen in the main immune system
organs of the Nile tilapia. This finding was corroborated by statistical
diminution of precursors analyzed by flow cytometry in the fish treated
with the low doses of GABA.

The early hematopoiesis is regulated by receptors and adhesion
proteins, mainly the receptor-type tyrosine-protein kinase of FLT3
(FLT3R named also “fms-like tyrosine kinase-3 receptor”) [42], the
vascular cell adhesion protein 1 (VCAM-1) [45], the thrombopoietin
receptor (TPOR or C-Mpl receptor) [47], and the erythropoietin re-
ceptor (EPOR) [50] among others. The low doses of GABA play a role
mainly by negative regulation of the early hematopoiesis. The null or
absent interactions of Glu with His382 as well as by bonding with
Thr377 present between 323 and 24 of the cytoplasmic domain (Ig-IV
domain) of FLT3R could favor the differentiation of c-kit* and Sca-1*
cells in the pronephros and spleen. Similarly, in control fish this neu-
rotransmitter functions as negative regulator in the differentiation of
pluripotent and hematopoietic stem cells without organ-specific re-
sponse. Regardless of a lack of information about the topic prevails;
current results suggest that induced conformational change by inter-
actions with Glu reduce the affinity of Ig-IV domain to bind with its
substrate (FL). However, if the interaction of Glu occurs near or ad-
jacent to turns, as example with Ser353, the structural organization of
this domain occurs increasing the affinity with its substrate, improving
consequently the differentiation of c-kit* cells in the spleen and Sca-1"
cells is the thymus of control fish. Despite these findings, the bonding of
GABA on FLT3R cytoplasmic domain (Asp930) disallowed the autop-
hosphorylation and phosphorylation of downstream targets in control
fish preventing in this way the differentiation of MMPs. Nevertheless,
the high percentage of erythrocytes detected by flow cytometry in fish
treated with the low doses of GABA suggest a gradual loss of FLTR3
expression required for differentiation of long-term HSCs (LT-HSCs) to
reach MMP differentiation as documented in earlier studies for mam-
malian species [17]. The fish treated with the low doses of GABA the
early hematopoiesis increased without an organ-dependent response by
contact with Ig-I domain (V-set) of VCAM-1 ectodomain. This response
may be an indication that adhesion of LT-HSCs, ST-HSCs, MPP, LMPP
and CMP/homing take place [17,38,45,46]. Nevertheless, the hydro-
peroxyl head of excitatory neurotransmitter in contact with Glu49 of
this Ig-I domain ectodomain elicit unfavorable conformational changes
abolishing the differentiation of HSCs, MPPs, LMPPs and CMPs. How-
ever, in control fish, increased interaction of GABA on VCAM-1 signal
peptide provoke conformational changes able to maintain the AS of
spleen Sca-1" cells. Observed interactions of GABA and Glu on VCAM-1
are a clear example of the delicate balance that must prevails between
the role of inhibitory and excitatory neurotransmitters involved on the
early hematopoiesis. However, the increase of erythrocytes found by
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flow cytometry suggests the adhesion and posterior differentiation of
multipotent progenitors. Contrasting with the previous findings, the
bonding of GABA and Glu with thrombopoietin receptor put forward
lower participation during the early hematopoiesis. In control fish, the
bond of GABA and Glu with CRH2 subdomain of IgR-like extracellular
domain of TPOR maintain the AS of pronephros and thymus during the
early hematopoiesis. This interaction proposes that such modification
reduce the affinity of TPOR with its natural substrate thrombopoietin.
When this binding is successful helps in differentiation of stem cells by
activation of JAK/STAT, Ras, and MAPK pathways in mammals
[87-92]. Interestingly, the sequence motif “WSXWS” involved in re-
ceptor signaling close to transmembrane domain of Nile tilapia TPOR is
likewise observed in humans as “WSDWS” [47]. Also in control fish,
null or absent interaction of GABA at the end of B2 box motifs (Asn633)
of C-terminal domain of TPOR maintains the AS of primordial and early
hematopoiesis. This finding probably denotes that alteration of LEKL
motif is able to disrupt the tyrosine phosphorylation mediated by this
receptor. In this regard, the cytokine receptor motifs of TPOR such as
PS, PPIP and LEKL involved in functional tyrosine phosphorylation are
present in this fish species, standing out its role in differentiation of
HSCs as found in mouse [91]. In specimens treated with the low doses
of GABA, minimum or absent bond of GABA between (36 and 37 of the
D1 of N-terminal ectodomain (similar to the type FN3-like or Ig-2f3R-
like) of EPOR contributes likewise to maintain the AS of pronephros and
thymus during the early hematopoiesis. Similarly, null or absent in-
teractions of Glu by contact with the same ectodomain of EPOR. In
control fish, the interactions of GABA or Glu on this ectodomain are not
a favorable scenario for differentiation of c-kit* cells. Despite preceding
reports do not exists, these interactions propose that minimum epitopic
region for productive ligand (EPO)-protein interactions present on D1
ectodomain of EPOR [50] is disrupted. The consequences of such
bindings clearly indicate the existence of point control elicited neu-
roendocrine system involved on HSCs differentiation. Highlights that
this receptor is involved on regulation of cell-signaling mediated by
integrins and N-cadherins and in the activation of bone marrow stromal
cells and indirectly contribute HSCs differentiation by different sig-
naling pathways [48-50]. In contrast, in the fish treated with the low of
GABA, only the H-Pi interaction of GABA with Trp60 present on the
minimum epitopic region of D1 domain (N-ectodomain) of EPOR allows
the differentiation of HSCs. Current finding is to some extent opposite
to a previous study using small EPOR synthetic agonist (MW <
300Da) which demonstrated that EPOR receptor asymmetry (not
specific interactions such as salt bridges, H-bonds, and hydrophobic
clusters) is the critical factor needed for activating signal transduction
involved in human HSC differentiation via the JAK/STAT pathways
[93]. However, by computational analysis was showed that such
asymmetry is involved on JAK2 and MAPK/NF-kB pathways needed for
the differentiation of erythropoietin-dependent erythroid progenitors
[94,95]. Such findings are in agreement with the current study in which
a high increase of erythrocytes was found by flow cytometry analysis in
the Nile tilapia treated with the low doses of GABA.

In the late hematopoiesis, the role of factors, differentiation antigen
and receptors are widely recognized such as the case of GATA-binding
factor [27,51], transcription factor PU.1 [52], PU.1 factor receptor
(interferon regulatory factor) [52], thy-1 membrane glycoprotein (dif-
ferentiation antigen) [55], IL-7 receptor [59], Ig receptor [62] and GM-
CSF receptor [64] among others. In the Nile tilapia, the role of GABA
and Glu by interactions with GATA-binding factor is controversial. In
fish treated with the low doses of GABA the interaction with Pro132
present on the complex N-domain of GATA binding factor 2 prevent the
late hematopoiesis in the pronephros and thymus. Whereas, in control
fish, the bond of this neurotransmitter with Glu201 present on the same
domain allowed the differentiation of PSCs and HSCs of pronephros and
thymus c-kit™ cells as well as for PBMCs Sca-1" cells. This finding
indicates that conformational change elicited by the low sub-basal in-
crease of GABA on N-domain of GATA-binding factor is a negative
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factor for the proper binding of N-finger domain with GATA consensus
site of DNA. However, more studies are required about the topic.
Considering that the functionally transcription factor PU.1 is dependent
of its binding with its receptor (IRF-4) [52], the role of GABA and Glu is
a quite complex. In fish treated with the low doses of GABA, null or far
away interactions of GABA with PU.1-IRF-4 maintain the AS of c-kit™*
and Sca-1" cells of pronephros and thymus. Similarly, interaction of
Glu with the IRF-4 conserved domain of PU.1/IRF-4 prevents the late
hematopoiesis in the pronephros and thymus as occurs also by bonding
of GABA and Glu with IRF-4 present in the same organs. Likewise in
control fish, an increased interaction of GABA with IRF-4 conserved
domain is a key factor involved for maintaining the AS of spleen Sca-1*
cells. These findings are an indication that structural modification on
the PU.1/IRF-4 is an obstacle for lymphoid-primed MPP generation and
for the formation of common lymphoid progenitors as reported under
normal hematopoiesis in mammals [17,52-54]. The reduction of lym-
phocytes in fish treated with the low doses of GABA detected in the
current study reinforce this hypothesis.

The specimens treated with the low doses of GABA show that di-
minished or absent GABA bond with IL-7Ra ectodomain as well as with
C-terminal domain allows the AS of c-kit" and Sca-1* cells of prone-
phros and thymus. Similarly, null interaction of Glu with cytoplasmic
domain of IL-7Ra favors the same response. In the case of control fish,
the augmented interactions of GABA with the cytoplasmic domain of
this receptor contribute on maintaining the AS of spleen Sca-17 cells,
and Glu in contact with IL-7Ra elicit the same effect on differentiation
of c-kit™ cells as well as for PBMCs Sca-1" cells in pronephros and
thymus. These interactions put forward that LMP differentiation and B
lymphoiesis are deregulated by effect of the low doses of GABA, cor-
roborating this finding by statistical diminution on the percentage of
lymphocytes in the treated specimens. One of the processes involved on
increase myelopoiesis and lineage-instructive signaling of granulocyte
macrophage progenitors is regulated by the GM-CSFR [39,63-65]. In
the Nile tilapia, the bond of GABA plays a role to preserve the AS of c-
kit* cells and Sca-17 cells in pronephros and thymus by contact with Ig
domain of C-terminal domain of GM-CSFR. Comparable response was
noted in control fish in which the interactions of Glu with GM-CSFR Ig-
V domain disallowed the differentiation of c-kit* cells as well as for
PBMGCs Sca-1" cells in pronephros and thymus. Besides, null H-pi in-
teraction of Glu with Ig cytoplasmic domain of GM-CSFR favored the AS
during late hematopoiesis in the pronephros and thymus of the Nile
tilapia. These results put forward the structural modification elicited by
GABA and Glu on GM-CSFR Ig-V domain which disallows the autop-
hosphorylation of the two main sites of juxtamembrane cluster involved
on the protein tyrosine activity of this receptor as documented during
the normal hematopoiesis of mammals [64]. Contrasting, the electro-
statics interaction of Glu, as glutamic acid, on the single transmem-
brane domain of GM-CSFR favors the late hematopoiesis in the Nile
tilapia exposed to the low doses of GABA. The biological consequences
of this finding remain to be proved; however, the significant reduction
on the percentage of myelomonocytes found on this study suggest that
disruption of autophosphorylation regulated by the protein tyrosine
activity of GM-CSFR is the most probably effect elicited by sub-basal
increase of GABA.

Notwithstanding that it is not possible to discern if the statistical
interactions of GABA and Glu involved on PSCs and HSCs differentia-
tion occurs in the hematopoietic niche or in the lymphoid organs such
as the thymus or spleen, the flow cytometry analysis of the main blood
cells lineages and the c-kit* and Sca-1* cells disappearance provides
some clues. The molecular and cellular process involved in genesis,
maturation and maintaining of PSCs and HSCs are widely conserved
across vertebrates [96]. In the adult Nile tilapia, the kidney (pronephros
and mesonephros) are the main sites for the lymphopoiesis/hemato-
poiesis; however, it is not possible to discharge the role of the spleen on
this process [66]. Also, the peritoneum membrane is considered has a
secondary function on this process by the presence of mesenchymal
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stem cells [66]. In the hematopoietic niche a lot of signaling pathways
and extracellular matrix components is critical for HSC differentiation
as well as the hematopoiesis is conserved across the species [96,97]. In
the hematopoietic niche of mice, a lot of different cells types have a
supportive role of HSCs such as endosteal cells, endothelial cells,
perivascular cells, and mesenchymal stem cells (MSCs) [98]. In addi-
tion, during the embryonic development others supportive environ-
ments play a role such as aorta gonad mesonephros region which is
responsible for HSC generation [97,99,100], whereas the fetal liver
promotes HSC maturation and amplification [101,102]. However, in
fish species embryo, remains to be proven which are the key cells
present on the hematopoietic niche involved on HSC fate? [96].

By means of transcriptome analysis of stromal cell lines of mice
Charbord team-work [98] demonstrated that the main genes positively
correlated with stromal HSC-supportive capacity were Ly6a, Ebf3,
Collal, and Ncaml, among others are present in best supportive
stromal cell lines. Notwithstanding, in the current study we do not
analyzed gene expression, the concordance of Ly6a antigen as the key
factor involved on precursor disappearance is remarkable. Also the cell
adhesion molecules (CAMs), characteristics of PSCs, are responsible for
the localization of hematopoiesis to the bone marrow such as the case of
neural cell adhesion molecule (Ncaml) and vascular cell adhesion
protein VCAM due to its capacity to mediate the physical association
between the developing hematopoietic cells and marrow stromal tissue
[103]. In the current study, the bong of GABA with Ig-I domain of
VCAM-1 ectodomain was positively correlated with increased early
hematopoiesis, a finding which was in agreement with the tran-
scriptome analysis of stromal cell lines of mice. Similarly, in the sup-
portive HSC environments, highlighted the role of CAMs as the best
correlated molecule involved on stromal HSC-supportive capacity [98].
In knockout zebrafish embryo, C-X-C chemokine receptor was corre-
lated with functions as positive regulator of PSC and HSC colonization
of the vascular niche [102]. Contrasting with these results, in the cur-
rent study GABA and Glu play a negative regulation on primordial
hematopoiesis at the level of CXCR4. The difference among both studies
is an example how neurotransmitters modulate the PSC colonization in
adult fish, which possess a developed vascular niche in addition to a
mature neuroendocrine system, in contrast with fish embryo that sup-
port the early stages of hematopoietic development during the primi-
tive wave of LSK cells [97]. Interestingly, it have been demonstrated the
role of central nervous system on PSC and HSC development via the
hypothalamic-pituitary-adrenal/interrenal stress response system. In-
creased runx1 expression and Flk1( + )/cMyb( + ) in PSCs and HSCs of
zebrafish embryo was regulated by serotonin or by the reuptake of
fluoxetine in an independent way of peripheral innervation [104]. With
the basis of this report, and because in some cases GABA and Glu play a
role on PSCs and HSCs differentiation without an organ-independent
response, it is possible to propose that nervous innervation of hema-
topoietic niche in the adult Nile tilapia is not a critical factor implicated
on hematopoietic differentiation.

5. Concluding remarks

The present study has shown that some neurotransmitters such as
GABA and glutamate have interactions with most of the transcription
factors and receptors involved in the hematopoietic stem cells differ-
entiation in the adult Nile tilapia. Sub-basal increases of GABA, not
greater than 0.1% above the baseline, can accelerate the differentiation
of these cells during primordial, early and late hematopoiesis. However,
their effects depend on a delicate balance of these interactions, parti-
cularly in the case of late hematopoiesis.
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