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Abstract

Background: Myelin basic protein (MBP) is one of the most important structural components of the myelin sheaths
in both central and peripheral nervous systems. MBP has several functions including organization of the myelin
membranes, reorganization of the cytoskeleton during the myelination process, and interaction with the SH3 domain
in signaling pathways. Likewise, MBP has been proposed as a marker of demyelination in traumatic brain injury and
chemical exposure.

Methods: The aim of this study was to molecularly characterize the myelin basic protein a (mbpa) gene from the
Colombian native fish, red-bellied pacu, Piaractus brachypomus. Bioinformatic tools were used to identify the phyloge-
netic relationships, physicochemical characteristics, exons, intrinsically disordered regions, and conserved domains of
the protein. Gene expression was assessed by gPCR in three models corresponding to sublethal chlorpyrifos exposure,
acute brain injury, and anesthesia experiments.

Results: mbpa complete open reading frame was identified with 414 nucleotides distributed in 7 exons that encode
137 amino acids. MBPa was recognized as belonging to the myelin basic protein family, closely related with ortholo-
gous proteins, and two intrinsically disordered regions were established within the sequence. Gene expression of
mbpa was upregulated in the optic chiasm of the chlorpyrifos exposed fish in contrast to the control group.

Conclusions: The physicochemical computed features agree with the biological functions of MBP, and basal gene
expression was according to the anatomical distribution in the tissues analyzed. This study is the first molecular char-
acterization of mbpa from the native species Piaractus brachypomus.
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Background structures from degeneration [1-3]. In fish, myelination
Oligodendrocytes of the central nervous system (CNS) is conserved across species at a molecular and cellular
and Schwann cells in the peripheral nervous system level and also showed high conserved mechanisms with
(PNS) generate the myelin sheath, covering axons to a ~ mammals [4]. Due to the rapid nerve conduction in mye-
proper propagation of neural signal at a high speed with  linated neurons, myelin in different vertebrates have been
a diminution of ionic leakiness, as well as preserving related with to a rapid escape from predators [5]. Mye-
lin membrane is a modified plasma membrane wrapped
. around nerve axon composed of lipids and proteins, from
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7 exons of the classic MBP [7]. Isoforms of classic MPB
differ in size and are formed due to alternative splicing
of a single mRNA transcript, presenting several differ-
ent functions among them [7]. In this way, in fish, several
MBP cDNAs have been reported [8, 9]. MBP is consid-
ered a key protein that forms a selective barrier that pre-
vents the diffusion of cytosolic and membrane proteins
to the myelin sheath region based on their size [10]. In
addition, MBPs are necessary for the organization of the
myelin membrane, reorganization of the cytoskeleton
during the myelination process, and interaction with
the SH3 domain in signaling pathways [10-12]. On the
other hand, MBP has been proposed as a marker of active
demyelination in traumatic brain injury (TBI), due to its
response to structural damage, and the levels of its gene
transcripts change after chlorpyrifos (CPF) exposure and
anesthesia [13-15].

Furthermore, fish research has been widely used to
improve our understanding of the complexity of the
molecular and cellular mechanisms involved in human
medical conditions, for new diagnostic and therapeu-
tic tools, as well as to study the impact of environmen-
tal factors and pollution [16]. In the same way, teleost
fish present advantages as models of brain regeneration,
and currently, it has been demonstrated the importance
of studying numerous species to comprehend different
strategies that have evolved and could eventually be used
to induce regeneration in non-regenerative species [17].

The red-bellied pacu, Piaractus brachypomus, is an
endemic freshwater species used as a biomodel in phar-
macological and immunotoxicology studies [18-21].
Thus, the aim of this study was to characterize the mbpa
gene of the Colombian native fish red-bellied pacu (Piar-
actus brachypomus) through bioinformatic tools and in
models of sublethal toxicity of chlorpyrifos, anesthesia
with menthol and eugenol, and acute brain injury.

Materials and methods

Ethical approval

For the experimental procedures, the guidelines of the
Local Bioethics Committee of the Research and Sci-
entific Development Office of the University of Tolima
were followed, based on Law 84/1989 and the Resolution
8430/1993, moreover complying with the established
parameters for animal care and their use in research and
teaching [22, 23].

mbpa cDNA sequencing

Transcriptomic sequences of red-bellied pacu were
obtained from brain cDNA sequencing carried out by the
MinION sequencer method in our laboratory (Oxford
Nanopore Technologies, UK). Reads were mapped with
Colossoma macropomum mbpa gene (XM_036567606.1)
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as a reference using Geneious Prime software v2021.2.2
[24]. The resulting sequence was used to design specific
primers for amplifying the complete open reading frame
(ORF) of mbpa gene (Table 1). PCR was carried out in a
ProFlex"" 3x32-Well PCR System thermal cycler (Thermo
Fisher Scientific, USA) using GoTaq® Flexi DNA poly-
merase (Promega, Madison, USA). Amplification was
performed in a reaction volume of 25 pL composed by
14,875 uL of distilled deionized water (ddH,O), 1 pL of
c¢DNA template, 5 uL of Flexi Buffer 5x colorless GoTaq
® (Promega, USA), 1 pL of dNTPs (1.5 mM) (Invitro-
gen, USA), 1 pL of each primer (Table 1) at 10 pmol/pL
(Macrogen, Korea), 1 uL of MgCl, (25 mM) (Promega,
USA), and 0.125 pL of GoTaq Flexi DNA polymerase
(Promega, USA). The PCR amplification consisted of one
initial denaturation cycle of 95°C for 3 min, followed by
35 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30
s, and a final extension of 72°C for 5 min. PCR products
were confirmed by the agarose gel electrophoresis. The
PCR product was sequenced by the Sanger method (Mac-
rogen Inc., Korea). Reads were analyzed using BLAST
(https://blast.ncbi.nlm.nih.gov) to identify the obtained
sequences with the following parameters: database,
non-redundant nucleotide sequences (nr); organism, all
(by default); algorithm, BLASTn (nucleotide-nucleotide
BLAST). Then, assembling was performed with Geneious
Prime software v2021.2.2 [24].

MBPa protein sequence analysis

From the nucleotide sequence, the amino acid composi-
tion of MBPa was predicted using Geneious Prime soft-
ware v2021.2.2 [24], and both were reported to GenBank
(Accession number MZ157122). Deduced protein was
compared with reported sequences in the Protein data-
base from NCBI through the BLASTp algorithm. The

Table 1 Sequences of primers for Sanger sequencing and gPCR

Gene Sequence (5’-3) Amplicon Accession number
size (pb)
mbpa F CCCAGGCTCAGAAGA 455 XM_036567606.1
complete TCAGC
ORF R GGCTCTTTCCCGTCT
CAGAAG
mbpa F CTAGCACCTCAGGAC 188 MZ157122
AGAGC
R GTTCACATCTCCACG
GCGTC
efla* F  ACTGAGGTCAAGTCT 110 MK085759.1
GTGGA
R CCACGACGGATGTCT
TTAA

*Zapata et al. (2020)
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exons translated of MBPa from teleost fish were identi-
fied according to Nawaz et al. [1]. A search of conserved
domains and protein motif was performed on Interpro-
Scan [25]. Intrinsically disordered regions (IDRs) were
identified by MobyDB-lite [26], an integrated database on
InterproScan. The primary structure was analyzed using
the Expasy ProtParam tool, by computing the predicted
molecular weight, theoretical isoelectric point (pI), the
total number of both negatively as positively charged res-
idues, instability index, and the grand average of hydro-
pathicity (GRAVY) [27].

MBPa multiple sequence alignment (MSA)

mbpa from P. brachypomus was used as a query for
BLASTn search in order to find orthologous sequences
from teleost fish. Twenty-three mRNA sequences were
retrieved from the Gene NCBI database correspond-
ing to Thunnus maccoyii mbpa (XM_042435722),
Coregonus  clupeaformis  mbpa  (XM_041902839),
Cheilinus undulatus mbpa (XM_041809423), Tox-
otes  jaculatrix  mbpa  (XM_041053828), Noto-
labrus  celidotus mbpa (XM_034704637), Perca
Sfluviatilis mbpa (XM_039821220), Hippoglos-
sus  stenolepis mbpa (XM_035182098), Microp-
terus salmoides wmbpa (XM_038725849), Sebastes
umbrosus mbpa (XM_037795862), Pungitius
pungitius ~ mbpa  (XM_037474676),  Acanthopa-
grus  latus mbpa (XM_037092987), Colossoma
macropomum mbpa (XM_036567606), Ethe-
ostoma  cragini mbpa (XM_034892848), Gym-
nodraco acuticeps mbpa (XM_034235965),
Sander lucioperca mbpa (XM_031295735), Elec-
trophorus electricus mbpa (XM_027019538),
Anabas testudineus mbpa (XM_026347403), Amphi-
prion ocellaris mbpa (XM_023271127), Oncorhyn-
chus  mykiss mbpa (XM_021571745), Cyprinus
carpio mbpa (XM_019083323), Pygocentrus nattereri
mbpa (XM_017700610), Kryptolebias marmoratus
mbpa (XM_017440618), and Fundulus heteroclitus mbpa
(XM_012851567). The complete ORF was translated, and
then, MSA was performed with the 24 predicted amino
acid sequences by ClustalW in Geneious Prime software
v2021.2.2 [24].

Phylogenetic analysis

Sequences of mpba (mentioned above) and mbpb
mRNA from several teleost fish species were
retrieved from the GenBank as follows: Anabas tes-

tudineus mbpb (XM_026370072), Betta splendens
mbpb (XM_029128101), Chelmon rostratus mbpb
(XM_041942705), Coregonus  clupeaformis  mbpb

(XM_041871757), Esox lucius mbpb (XM_010885414),
Perca fluviatilis mbpb (XM_039805415), Periophthalmus
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magnuspinnatus mbpb (XM_033981030), Sander lucio-
perca mbpb (XM_031278393), and Simochromis dia-
gramma mbpb (XM_040013314). Additionally, sequences
of mbp from cartilaginous fish taxon were chosen for the
outgroup (Heterodontus francisci X17664, Raja erinacea
REU44053, Squalus acanthias SAU44052). The long-
est available ORF was translated, and multiple sequence
alignment was performed by using ClustalW in Geneious
Prime software v2021.2.2 [24]. Then, the 36 amino acid
sequences were used to represent evolutionary relation-
ships of the fish MBP isoforms building a phylogenetic
tree through the neighbor-joining method [28] with
10,000 replicates and the Jukes-Cantor genetic distance
model [29] in Geneious Prime software v2021.2.2 [24].

Sublethal exposure to chlorpyrifos for mbpa gene
expression

Fingerlings of P. brachypomus with homogeneous weight
(39 £ 2.4 g) were divided into two groups: fishes exposed
to a concentration of 0.011 pg/L of chlorpyrifos [18] (n =
5), and a control group without CPF exposure (0 pg/L)
(n = 5). Twenty-four hours before the experiment, fish
feeding was suspended. Then, a semi-static tank system
was used for the subsequent 3 days of the assay, with
daily replacement of 50% of water and addition of CPF
for maintaining the sublethal concentration. After the
experimental period, fish were anesthetized using the
hypothermic method [30] and sacrificed by cervical dis-
location [31]. Brain tissues (olfactory bulb, optic chiasm,
and telencephalon) were collected and kept in liquid
nitrogen until subsequent use.

Anesthesia assay for mbpa gene expression

Red bellied-pacu fingerlings (» = 10) with homogene-
ous weight (38.5 & 3 g) were individually anesthetized by
immersion in a glass tank with menthol (1R, 2S, 5R-2-iso-
propyl-5-methylcyclohexanol) (Farmacia Colony, Colom-
bia) or eugenol (4-Allyl-2-methoxyphenol) (Proquident
S.A., Colombia). Both anesthetic agents were dissolved
by using absolute ethanol (Merck, Germany). The effec-
tive anesthesia concentration used was 50 mg/L for the
menthol group (n = 5) and 40 mg/L for the eugenol
group (n = 5) [32]. Fishes were euthanized by cervical
dislocation when they reached general anesthesia state
[31]. Then, samples of brain, gills, and liver tissues were
collected and stored in liquid nitrogen until their use.

Acute brain injury for mbpa gene expression

Experiments were performed following the brain injury
procedures as described by Kishimoto et al. [33] and
Schmidt et al. [34]. Six Piaractus brachypomus finger-
lings with a body weight average of 38.5 + 2.3 g were
divided for the brain injury (» = 3) and a control group (n
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= 3). Before the acute cerebral injury, fishes were induced
to stage III of anesthesia, described as total loss of swim-
ming axis, by immersion in water at 2—4°C (hypothermic
method) [30].

The injury was performed in the frontal region of the
brain using a 000 gauge sterilized entomological nee-
dle, with a depth of 0.5 cm at a 45° angle. Then, fish were
kept in a recovery tank (without anesthesia). After 2 h,
the fishes were anesthetized as described previously and
euthanized by cervical dislocation [31]. Individuals from
control were under the same experimental conditions
and procedures except for the brain puncture. Cerebral
tissue was taken and kept in liquid nitrogen until their
use.

cDNA synthesis and quantitative real-time PCR (qPCR)
assays

For all experimental procedures, tissues collected were
homogenized completely by using of a F6/10 handheld
homogenizer (Jingxin, China). RNA extraction was per-
formed with TRizol reagent (Invitrogen, USA), the qual-
ity was measured by NanoDrop " One (Microvolume
UV-Vis Spectrophotometer, Thermo Fisher Scientific,
USA), and ¢cDNA was synthesized using the High Capac-
ity cDNA Reverse Transcription Kit (Thermo Fisher Sci-
entific, USA). Expression of mbpa was carried out with
gene-specific primers designed with Geneious Prime
software v2021.2.2 [24] based on the reported sequence
on the GenBank by our laboratory (Table 1). Basal tis-
sue expression was assessed by qPCR in the brain, blood,
intestine, stomach, kidney, muscle, spleen, heart, and
gills. In addition, mbpa mRNA levels were assessed in
two brain regions, being optic chiasm and olfactory bulb
of red-bellied pacu. In the case of the treatments, the
expression levels of mbpa gene were assessed in gills,
liver, and brain tissue for anesthesia treatment and in
brain tissue for sublethal chlorpyrifos exposure and acute
brain injury. qPCR was carried out in a QuantStudio™
3 Real-Time PCR System (Applied Biosystems, USA)
using a total reaction volume of 20 pL as follows: 7 pL
of ddH,0, 0.5 uL of each primer (Table 1) at 10 pmol/puL
(Macrogen, Korea), 2 pL of tissue cDNA as template, and
10 pL of Luna® Universal qPCR Master Mix (New Eng-
land Biolabs, USA). qPCR was set in Fast ramp mode,
as recommended by the manufacturer, and PCR prod-
ucts were validated by melt-curve analysis. Relative gene
expression was calculated using the 2"t method [35]
and elongation factor 1-a (efla) was used as a reference
gene. Data were expressed as fold change.

Statistical analysis
Data were analyzed by descriptive statistics and Shapiro-
Wilk normality test. Basal relative gene expression of the
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tissues was performed using the Kruskal-Wallis test and
Dunn’s test as a post hoc analysis. Additionally, basal
expression of brain regions was assessed using a t-test.
Relative gene expression for CPF exposure was evalu-
ated by the Mann-Whitney test, while for the brain injury
experiment, a I-test was performed; in the case of anes-
thesia experiment, gene expression was evaluated by the
Mann-Whitney and ¢-test. Data were expressed as mean
=+ SEM. All statistical analyses were done with GraphPad
Prism v 8.0 (La Jolla, USA), and differences were consid-
ered statistically significant when the p-value < 0.05.

Results

MBPa protein analysis and MSA

The complete ORF of mbpa gene from P. brachypomus
was detected by Sanger sequencing, with a total length
of 414 bp that encodes a protein of 137 amino acids.
Blastn search detected nucleotide identities with teleost
fish mbpa ranging from 74.43 to 98.31%. Similarly, blastp
from an amino acid sequence found between 64.67 and
98.54% identity with myelin basic proteins of several
fish species. Seven exons were identified for the teleost
MBPa protein, and InterproScan search detected a large
region from the residues 1 to 132, corresponding to the
Mpyelin basic protein family (PF01669) (Fig. 1). Addition-
ally, amino acid regions from 1 to 63 and 78 to 114 were
computed as IDRs by MobiDB-lite (Fig. 1). ProtParam
tool calculated a molecular weight of 15457.53 Da (15.5
kDa) and theoretical pI of 12.28. Computed negatively
(Asp+Glu) and positively (Arg+Lys) charged residues
were 7 and 31, respectively. The instability index yielded
a value of 115.27 and the GRAVY index was —1.036.
MSA showed an identity among MBPa from P brachy-
pomus and 23 orthologous MBPa proteins from 61.15 to
98.54%. Although there was high conservation between
the sequences, the highest identity was 98.54% with the
species Pygocentrus nattereri and Colossoma macropo-
mum (Fig. 1).

Phylogenetic relationships

The phylogenetic tree yielded three well-defined clades
with a clear differentiation of MBP isoforms in fish
(Fig. 2). Thus, the three sequences of cartilaginous fish
belonging to Squaliformes, Rajiformes, and Heterodonti-
formes orders were grouped, out of the internal branches
supported by 99% (red clade). Likewise, the nine MBPb
sequences from teleost fishes were segregated in a clus-
ter with 100% bootstrapping, conformed by the orders
Perciformes, Salmoniformes, Esociformes, and Cich-
liformes (green clade). Similarly, the 24 MBPa proteins
formed a group supported by 97%, including fish of the
orders Gymnotiformes, Cypriniformes, Characiformes,
Cyprinodontiformes, Perciformes, Scorpaeniformes,
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Fig. 1 Amino acid sequence alignment of MBPa protein from 24 fish species. Residues are colored according to physicochemical properties
as follows: blue (basic: R, K, and H), red (hydrophobic: A, V, F, P, M, |, L, W, G, and Y), green (acidic: D and E), and pink (polar: S, T, N, Q, and C). Dots
represent the conservancy among sequences. IDRs (green annotations); seven exons of MBPa encoded (blue annotations)
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Gasterosteiformes, Pleuronectiformes, and Salmoni- Additionally, mbpa mRNA levels in the liver, gills, and
formes (blue clade). In the MBPa clade, P. brachypomus  brain tissues showed no significant differences in the
is closely related with other Characiformes fish in a group  fishes under anesthesia with menthol or eugenol (Fig. 5).
supported by 88%. Both MPBa and MPBD isoforms were  Similarly, no statistical difference was observed in mbpa
recognized for Anabas testudineus, Coregonus clupea-  transcripts among the control group and brain injury
formis, Perca fluviatilis, and Sander lucioperca. group (Fig. 6).

Basal gene expression of mbpa Discussion

mbpa transcripts were detected in all tissues and in the =~ MBPa protein characterization

two brain regions from P. brachypomus. The highest tis- Previously, MBPa and MBPb isoforms have been
sue basal gene expression was found in the brain followed  reported in several fishes due to genomic duplica-
by the blood (Fig. 3A). A lower expression was detected  tions [1]. In this study, MBPa from P. brachypo-
in the intestine, stomach, kidney, muscle, spleen, heart, mus was identified as 137 aa protein encoded by
and gills (Fig. 3A). On the other hand, mRNA levels of 414 nucleotides, such as the proteins of Cyprinus
mbpa were significantly higher in optic chiasm compared  carpio  (XP_018938868.1), Colossoma  macropo-

to the olfactory bulb (p < 0.0010) (Fig. 3B.). mum  (XP_036423499.1),  Electrophorus  electri-
cus (XP_026875339.1), and Pygocentrus nattereri
Gene expression of mbpa in three experimental models (XP_017556099.1). In addition, P. brachypomus MBPa

The expression of mbpa gene in the optic chiasm showed showed a molecular weight of 15.5 kDa, which agrees
significant differences, where it was upregulated in fish  with the size of MBPa from Danio rerio detected by
exposed to chlorpyrifos (p < 0.015). Nevertheless, in  1D-SDS-PAGE, ranging from 12 to 20 kDa [1]. Simi-
the olfactory bulb and telencephalon, the mRNA level larly, in mammals, MBP isoforms exhibit molecular
of mbpa showed no significant differences (Fig. 4). weight between 14 and 21.5 kDa, of which the isoforms



Cruz-Méndez et al. Journal of Genetic Engineering and Biotechnology (2022) 20:8 Page 6 of 13
=
/M
=
a B
:‘ § oo o I
3 20 > Q )
S N Q Q
-
Z £ N S &
s ~ N & X
B £ N QQ‘ QQ:U L
z 3 s § & 8 &
@ i N S N O N
2 & 5 ¥ Q Q 0
g < g 0§ & ¢ N
S @ N Ny
sy I & o \eth
3 & W0 A
iy N ¢ WS,
(@ 3 e
3 S S
"I’aﬁ C"\o \'C‘C.\'\‘ g 02
7 St
Uy, . 5, 2% N S " A A O
g, gy, % ?-\g\\_ e C\“e‘
g, %> & 1S s
B, ont™
Ry, “ p% ¢ Py% . MBPA
@ 1y, 94 7, ’ itus
eq @ coclitu
MBp. 0 Fun qulus hete!
Hel()/m/(mms_/i‘anc/.sci MBP- 29 92 P
97 5 Kryptolebias marmoratus MBPa
7]
A00 G
) Vnodracy
CUlice,
chus ™Y b S % b B
oncor" oRe & “asre, "
i o > "Osug Mg
S & Y ~ iy,
0 AS Q < 3 Z
Co"“g o ce\\0\ A QS% > - Z " 47/(./ ., {?/,,% M&
= %
o S o < > 2, <, Py
S oS e,
\\\\"\\ 2 . > < = Z 47’0»
M S & § & < N AT %, %, %,
& N S Q &£ & T 2 S, “, 7S
2 ¢ & F §F g2 1 %2 = % 2
W e § § 3 I 3 = = %,
W & & N 3 3 B E . %
& ¥ § § 3 & = <.
& ¥ 3 T & % 2,
NI § 3 g S Z &)
N $ N B3 £ =) &)
¥ N ) 5 2 @
N s Y Z ®
N S S) 52
N N s =
S 8 3 -
=
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2021.2.2

18.5 kDa and 14 kDa are the most common [7, 36]. On
the other hand, computed theoretical pl was 12.28,
closely to the reported for MBP, recognized as a basic
protein with an isoelectric point of 10.8 [37]. This char-
acteristic pl is crucial to the MBP binding ability to
acidic lipids on the neuronal surface since in the brain
intracellular pH is maintained at approximately 7.2,
which gives it a predominantly positive charge to the
protein [37, 38]. Furthermore, it has been reported the
loss of these electrostatic interactions at a pH value of
10.8, due to MBP acquiring a neutral charge [37]. MBPa
from P brachypomus showed a greater proportion of
positively charged residues, an important property con-
sidering that basic/positive motifs (Arg+Lys) of MBP
allow it to bind and interact with negatively charged
lipids as phosphatidylinositol 4,5-bisphosphate (PIP2)
[1, 39]. It has been suggested that this interaction is

responsible to pull together the cytoplasmic surfaces of
adjacent myelin membranes and for the myelin biogen-
esis [1, 40]. Also, the association with negative lipids
and positive MBP amino acids represents a conserved
feature of myelin, being widely distributed among ver-
tebrates as mammals, cartilaginous, and teleost fish
[1, 39]. The instability index obtained classified MBPa
of our study as unstable protein on in vitro conditions
according to the scale described by Guruprasad et al.
[41]. However, in vivo, the interaction of the MBP with
phospholipids and galactosylceramides contributes to
myelin sheath formation, stability, and functions, turn-
ing myelin as one of the most stable anatomical com-
ponents [1, 42—44]. The computed GRAVY index was
negative (—1.036), on a scale from 2 to —2 [45], indi-
cating that MBPa has principally a hydrophilic nature.
Regarding this, MBP has been defined as hydrophilic
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protein, where regions of hydrophilic character have a
high propensity to the formation of f-turns and coil [46,
47]. On the other hand, MBPa was predicted with 99
from 137 amino acids that form IDRs, being the 72.26%
of whole protein, which is consistent with Harauz et al.
[48] who reported that MBP has a high proportion of
these regions, with around 75% of a random coil. In
the same way, MBP is described as intrinsically disor-
dered protein, due to some features described above as
its high positive charge and low hydrophobicity gives

structural flexibility with a large effective surface area
that adapts to several interactions with different bind-
ing partners and surfaces, but still specifically [7, 11,
48].

It is important to highlight that several domains and
functional motifs have been recognized for MBP from
mammals [49], corresponding to Ca’'-dependent
calmodulin-binding regions both in N-terminal than
C-terminal region [50], ligand of an SH3 (Src homol-
ogy 3) domain [51], MAP-kinase binding sites [48, 52],
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B-strands conserved sequences [53], and immunodomi-
nant region [54]. Also, the post-translational modifica-
tions of MBP protein for mammals have been completely
characterized [48]. Nevertheless, in the MBPa described

in this study, any of these regions were found, similarly to
the report by Nawaz et al. [1] who report no evidence for
golli peptides in the mbpa gene or transcripts for Danio
rerio isoforms. This could be explained due to MBPa in
fish which is not being encoded by alternative splicing
from Golli-MBP, but is encoded by a distinct gene with
a different genomic location [1]. Therefore, it is possible
to suggest that functional regions have diverged among
teleost and other vertebrates based on the available infor-
mation [1, 49]; in spite of several domains and motifs that
must be present in MBPa from fish, the lack of functional
and structural information hinders its identification and
modeling.

Phylogenetic analysis

Our results of protein sequence identity from the align-
ment of MBP isoforms are according to Nawaz et al. [1]
who found similarity from 22 to 99% in MBP from fish
and suggest these values as the outcome of a low selective
pressure to the evolutive maintenance of the particular
amino acid sequences. The distribution of the taxons in
the tree reflects the known MBP isoforms and evolutive
relationships in fish. In this way, Nawaz et al. [1] showed
a unique MBP for cartilaginous fish, while two isoforms
have been recognized from teleost fish. The cartilaginous
fish group, represented by rays and sharks, is remark-
ably separated from teleost clades. This may be explained
due to the fact that myelin was originated in jawed ver-
tebrates, since superclass Gnathostomata and the con-
sequently evolutive radiation to tetrapods, with the
chondrichthyes fishes being the most ancient living ver-
tebrates with multilayered and compacted myelin sheath
[55]. In addition, MBP from cartilaginous fish is more
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closely related to MPB from tetrapods than MBP found
in teleost fish [47, 49].

It is important to note that the 4 teleost species with
both MBP isoforms were distributed according to MBPa
and MBPb clades, suggesting a divergence among these
proteins. Regarding this, it has been reported differential
expression of these variants in the embryonic develop-
ment of zebrafish with a functional specialization [1].

Tissue basal expression of mbpa

In this work, the high expression of mbpa mRNA in brain
tissues was expected, due to MBP being widely distrib-
uted in the central nervous system by the action of the
oligodendrocytes [4]. The presence of mbpa transcripts
found in different normal tissues agrees with the well-
known distribution of MBP in the peripheral nervous
system, and its isoforms described in blood cell lineages,
immune tissues like lymph nodes, and macrophages
[56—58]. About this, the expression of MBP transcripts in
the immune system may be important for self-tolerance
to CNS, as stated by Kalwy et al. [57]. Additionally, it
has been reported that MBP isoforms have a differential
location in the cells and myelin, which suggests that they
could have distinct functions [7]. It is important to high-
light that we found the expression of mpba in both CNS
and PNS-related tissues, in contrast with the expression
of this specific isoform reported by Torvund-Jensen et al.
[59], who showed that mpba is restricted to the PNS in
Danio rerio, which could indicate a functional divergence
of MBP isoforms among fishes.

On the other hand, the significantly higher expression
of mbpa mRNA in optic chiasm than olfactory bulb may
be explained due to the fact that some brain zones require
a greater neuronal transmission capacity, for which the
myelin composition is variable within this organ accord-
ing to the differential functions [60]. Thus, the olfactory
nerve is composed of unmyelinated axons, while the
optic nerve axons are myelinated by oligodendrocytes, in
the same form as those in the white matter tracts of the
brain and the spinal cord [60, 61]. Therefore, our results
agree with the anatomical distribution and physiological
functions of the myelin in both brain regions.

Gene expression of mbpa in sublethal chlorpyrifos
exposition

CPF is an organophosphate widely used in the world in
crops and it has been related to both human and animal
health risks including several physiological disorders at
neurological, endocrine, immune, hematological, and
reproductive levels [62]. Previous studies show autoim-
munity targeting myelin as a result of CPF exposure and
abnormalities in the distribution and formation of the
myelin due to similar organophosphate compounds [63,
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64]. In the same way, Holguin et al. [18] reported ence-
phalic lesions in P brachypomus after sublethal CPF
exposure (0.011 pg/L). Due to its key role as constitutive
protein and for neuronal transmission [1, 7], we suggest
that mbpa mRNA was upregulated to provide protec-
tion against neurotoxicity induced by CPF. It is impor-
tant to note that the optic nerve and telencephalon are
myelinated, while olfactory nerves present axons with-
out myelin [61, 65, 66]. Likewise, El-Hossary et al. [67]
showed that CPF causes abnormal myelin sheath, which
in turn degenerates optic nerves. On the other hand, sev-
eral studies have determined that induced neurotoxicity
can generate demyelination between 3 and 4 weeks after
exogenous substance exposition [68, 69], and remyeli-
nation may begin 1 or 2 months after [70]. Additionally,
CPF with aberrant myelin form due to events triggered
after chemical exposure such as alterations in the MBP
expression, reduction in myelin-associated glycoprotein
(MAG) mRNA, and viability of oligodendrocytes has
been related [71-73]. According to this, mbpa could be
expressed in an anticipatory and exacerbated way in the
optic chiasm from P. brachypomus, causing abnormal
myelin. However, in this study, we do not analyze the
morphology of myelin in CPF exposed fishes; therefore,
it is suggested to evaluate this aspect in further studies.

Gene expression of mbpa in anesthesia assay

Anesthesia is widely used in fishes to reduce stress and
guarantee the welfare of animals during surgery and
aquaculture procedures as handling, transport, and
feeding as well as in biological research [74, 75]. In fish,
anesthesia is administered by immersion; the anesthetic
compound is ventilated from a solution through the gills
and/or absorbed for the skin, then enters the blood-
stream, and is transported to the CNS [76]. As general
anesthetics, both eugenol and menthol suppress CNS
activity and the outcome is a state of unconsciousness
with a total lack of movement and sensation, referred to
as deep anesthesia [32, 75]. Regarding these compounds,
Zapata et al. [32] demonstrated rapid induction and
recovery times at low doses, without mortality or any
apparent physiological alterations in P. brachypomus.
Additionally, previous studies demonstrated reversible
changes on myelin structure during anesthesia, propor-
tional to the duration and concentration of the used com-
pound, that disappear upon removal of the anesthetic
[77]. Also, a high expression of mbp in zebrafish anesthe-
tized using propofol, showing its transcripts as an indica-
tor of the effect of exogenous compounds in the central
nervous system, has been reported [13]. Therefore, the
lack of deregulation of mbpa gene expression found in
this study reinforces the idea of no negative effects long-
term on general physiological conditions and in the
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structure of the nervous system of this species after anes-
thesia with menthol and eugenol.

Gene expression of mbpa in acute brain injury

TBI is a major global health issue, affecting millions of
individuals around the world and with an increasing
number of cases in recent years [78]. For that reason,
research of rapidity available biomarkers for robust diag-
nosis as well as prognosis of TBI have a growing inter-
est [15]. Studies suggest MBP as a biomarker of TBI due
to its neuro-specific role in myelin [14, 46]. In addition,
fish could be used as a model organism for evaluating
TBI because of its robust physiological response [79],
as assessed in zebrafish (Damnio rerio) [80, 81]. In this
study, we use mbpa as a marker of myelination, find-
ing no changes in its gene expression after acute brain
injury. Regarding this, Taib et al. [82] report in mice an
increase in gene expression of protein-related myelin
after 6 h post-injury, suggesting a protective response in
the brain due to the myelin loss after mechanical damage.
Similarly, Mierzwa et al. [83] showed significant demyeli-
nation at 3 days after induced TBI, followed by remyeli-
nation at 1 week. Thus, it is possible to suggest that after
2 h the regeneration processes of myelin are too early to
be detected.

Regarding MBP as a biomarker of brain damage, Hal-
strom et al. [14] report MPB concentrations elevated in
the plasma of patients with TBI compared to controls.
Notably, MBP levels in serum as a biomarker of TBI pre-
sent a high specificity (96%), but a low sensitivity (44%)
[84]. Additionally, it is released late into blood (48 to 72
h post-injury), making it temporally unfavorable [85]. It
is important to note that we do not measure MBPa in
serum, which could be taken into account in conjunc-
tion with analysis of acute and/or chronic brain injury for
future studies.

Conclusions

The information obtained through amino acid bioinfor-
matic analysis agrees with the molecular interactions
and physiological functions of myelin basic proteins
reported before and its basal gene expression is accord-
ing to the anatomical distribution in different tissues
analyzed. The high gene expression of mbpa in the
brain of the CPF group indicated an adaptive response
to protect against neurotoxicity and could be used as
a biomarker of cerebral damage induced by chemical
compounds. In the case of the lack of mbpa, mRNA
level changes after anesthesia with menthol and euge-
nol indicate no negative long-term effects on physi-
ological state and in the nervous system of this species,
demonstrating the safety of these compounds as fish
anesthetics. On the other hand, the gene expression
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of mbpa in the acute brain injury model showed that
remyelination is a late process in P. brachypomus and
does not occur within 2 h of post-lesion. More stud-
ies are necessary to expand the knowledge regarding
functional domains and post-translational modifica-
tions as well as the tertiary structure of the MBPa from
P. brachypomus. To the author’s knowledge, this is the
first molecular characterization of the myelin basic pro-
tein a (mbpa) gene from the Colombian native species
red-bellied pacu (Piaractus brachypomus).
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