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Glial fibrillary acidic protein (GFAP) is considered a signature marker for astrocytes in several spe-
cies, due to its role in cell integrity and signalling. This study aimed at the molecular characterisation
of GFAP cDNA from Piaractus orinoquensis and to assess the gene expression in an acute brain
injury model. The nucleotide sequence of gfap was obtained from cDNA nanosequencing and full
open reading frame was amplified and confirmed by sanger sequencing. Relative gene expression was
assessed in fish tissues and in the brain under an acute injury by qPCR. Western blot analysis was
performed for the detection of GFAP in the brain. GFAP from Piaractus orinoquensis showed con-
served regions and domains and GFAP transcripts were detected in all tissues. In the acute brain in-
jury model, there was a downregulation of GFAP mRNA level as well as for HIF-1a and GlucoR two
hours post-injury. The study of the inflammatory response modulated by astrocytes will help to un-
derstand the regulatory mechanisms in the central nervous system and the development of a piscine
bio model for human and animal neuropathology. This is the first report of the full open reading
frame of red-bellied pacu GFAP cDNA.
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INTRODUCTION

Intermediate filaments are fundamental vimentin, and glial fibrillary acid protein
components of the cytoskeleton in neu- (GFAP) (Hol & Capetanaki, 2017). GFAP
rons and astrocytes (McKeon & Benar- is expressed in astrocytes and other glial
roch, 2018). Type II intermediate fila- cells, and is considered a signature marker

ment proteins include desmin, peripherin, for astrocytes in several species (Kalman
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et al., 2013; Zhan et al., 2020). It is re-
sponsible for the mechanical integrity of
astrocytes and their supporting functions
including cell signalling to neurons and
maintenance of blood-brain  barrier
(McKeon & Benarroch, 2018). GFAP
interacts with other proteins including
intermediate filaments such as vimentin,
adhesion molecules, and intracellular
chaperones (McKeon & Benarroch,
2018), and it participates in mitosis by
regulating filament assembly required for
cytokinesis (Guichet et al., 2016).

Due to its role in the pathophysiology
of several neurologic disorders, including
Alexander disease and neoplasia (Zhou et
al., 2019; Ahmadipour et al, 2020),
GFAP has been used as a biomarker for
astrogliosis or reactive astrocytes, includ-
ing in the traumatic brain injury, where it
can be used for assessing severity and
progression of damage and predicting
patient outcomes (Lei et al., 2015; Li et
al., 2019; Brenner & Messing, 2021;
Abedzadeh-Kalahroudi et al., 2023). Re-
cently, GFAP quantification has been
proposed as a valuable tool for the early
diagnosis and monitoring of neurological
disorders (Luijerink et al., 2024).

Fish models are used in biomedical re-
search for studying human diseases and
developing therapeutic strategies due to
their physiological similarities to humans,
genetic manipulation possibilities, and
cost-effectiveness (Baek et al., 2022).
Piscine models as zebrafish have been
used in neuropathological research and
screening of drug candidates for neuro-
logical disorders with promising results
(Probst et al., 2020). In South America,
including Colombia, several native fish
species have been studied. The red-bellied
pacu (Piaractus orinoquensis), a native
Colombian fish, is used as a biological
model in immunotoxicological and phar-
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macological research (Zapata-Guerra et
al., 2020). Recently, some neurological
biomarkers have been reported in this
species making it a candidate for neuropa-
thology studies (Holguin-Céspedes et al.,
2022; Carrillo-Godoy & Rondoén-Barra-
gan, 2023; Rueda-Garcia & Rondon-
Barragan, 2024). The aim of the present
study was the molecular characterisation
of GFAP cDNA from red-bellied pacu
(Piaractus orinoquensis) and assessment
of gene expression in an acute brain injury
model (stab wound).

MATERIALS AND METHODS

Ethical statement

All experimental procedures followed the
Guidelines from the Bioethics Committee
of the Central Office of Research from
University of Tolima based on Law
84/1989 and the Resolution 8430/1993
and complied with the guidelines for ani-
mal care and use in research and teaching
(Jenkins et al., 2014).

Experimental animals

For molecular characterisation of the
GFAP gene, healthy fingerlings of red-
bellied pacu Piaractus orinoquensis
(n=3), with a body weight of 2.2-2.8 g,
regardless of sex (i.e. both sexes) coming
from the same spawning were used. The
fingerlings were kept in a tank with a
thermostat and constantly aerated fresh-
water and without a filter at a temperature
of 20£1 °C and a biomass density < 1 g/L,
fed twice a day a commercial diet (Solla
Mojarra 30%) equivalent to 2% of the
total biomass. Animals were acclimated
for 21 days and treated with NaCl (1%) to
prevent possible parasitic diseases. Fish
were euthanised by cervical dislocation
after anaesthesia by individual immersion
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in a glass tank with dissolved clove oil,
Eugenol 50 mg/L (Proquident S.A., Co-
lombia) (Zapata-Guerra et al., 2020). Tis-
sue samples of brain, muscle, gut, liver,
stomach, spleen, gill, blood, kidney, and
heart were taken and snap-frozen in liquid
nitrogen until their use.

gfap cDNA sequencing

Nucleotide gfap sequence was obtained
from cDNA nanosequencing using the
MinION sequencer (Oxford Nanopore
Technologies, UK) of the brain of red-be-
llied pacu which was mapped on Pygo-
centrus nattereri (XM_017697492.2) and
Colossoma macropomum (XM_036589
799.1) gfap gene sequences as reference
templates. Primers were designed from the
assembled/mapped sequence using Ge-
neious Prime software v2025.1.2 (Bio-
matters Ltd, USA) (Table 1) to amplify
the full open reading frame (ORF) and
amplification was performed from brain
cDNA of red-bellied pacu fingerlings.
Before RNA extraction, tissues were thor-
oughly homogenised by using F6/10
handheld homogenizer (Jingxin, China).
RNA was extracted by using TRIzol (Invi-
trogen, USA), assessed by NanoDrop™
One (Microvolume UV-Vis Spectropho-

tometer, ThermoFisher Scientific, USA)
and cDNA was synthesised through High-
Capacity cDNA Reverse Transcription kit
(Thermo Fisher Scientific, USA).

Full ORF was amplified by endpoint
PCR using a thermal cycler ProFlex (Ap-
plied Biosystem, USA) with volume reac-
tion of 25 pL containing 5 pL of 5% Col-
orless GoTaq® Flexi Buffer, 1 pL of
dNTPs mix, 1 pL of each primer (forward
and reverse), 2 uL of MgCl,, 0.5 U of
GoTaq® Flexi DNA polymerase (Prome-
ga, Madison, USA), and 1 pL of tissue
cDNA as template. PCR steps included
initial denaturation at 95 °C for 3 min,
followed by 35 cycles of denaturation at
95 °C for 30 s, annealing at 55 °C for 30
s, and extension at 72 °C for 1.5 min, with
a final extension step at 72 °C for 7 min.
Amplicons were revealed by horizontal
electrophoresis using 1% agarose gel (Ul-
trapure™ Agarose, Thermo Fisher Scien-
tific, USA) in a 0.5x TBE buffer. Hydra-
green™ (ACT Gene, Piscataway, NJ) was
used as a DNA dye and visualised under a
UV gel documentation system (Enduro™
GDS, Labnet International, USA). A 100-
base pair (bp) DNA ladder (New England
Biolabs, USA) was included as a molecu-
lar weight marker. Amplicons were puri-

Table 1. Sequences of primers for PCR and qPCR assays

. Amplicon Accession
Gene Primer sequence .
size (bp) number
F- ACTGAGGTCAAGTCTGTGGA
*
ofla R- CCACGACGGATGTCTTTAA 10 MK085759.1
gfap ** F- ATGGAGAGCCAGCGTGTCCTCTCG 1460
(full ORF)  R- ATGGGTGAGATGTGATCAGTGC MW752483
gfap ** F- GCAGGAACAGTTAATGGCTCAG 99
(qPCR) R- GCCTCATACTGCACTCTGATCT
F- CTACCTGCGCATGAGAAAACTTC
T *
HIF-la R- ACCATGTCTCCATCCTCAGAAAGC 133 MK085762.1
F- ATGAAGGTCCTGTTGCTGCTCA
3
GlucoR R- GTAGAATCGTTGCCAGTTCTGG 153 MK085760.1
Reference: * Zapata-Guerra et al. (2020); ** This study.
22 BJVM, 29, No 1
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fied and sequenced by Sanger method
(Macrogen Inc, Korea).

Sequence analysis, phylogenetic tree, and
model structure building

Nucleotide and deduced amino acids (aa)
sequence were analysed using Geneious
Prime software v2025.1.2 (Biomatters
Ltd, USA). Multiple sequence alignments
of the peptides were generated using Ge-
neious Prime software v2025.1.2 (Bio-
matters Ltd, USA), domains were pre-
dicted using InterproScan (https://www.
ebi.ac.uk/interpro/search/sequence/) and
conserved  domains  tool  (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrps
b.cgi). Signal peptide (http://www.cbs.dtu.
dk/services/SignalP/), phosphorylation
(http://www.cbs.dtu.dk/services/NetPhos/)
N-linked  (http://www.cbs.dtu.dk./servi-
ces/NetNGlyc/) and O-linked glycosyla-
tion (http://www.cbs.dtu.dk./services/
NetOGlyc/) sites were predicted using
online prediction servers. A phylogenetic
tree was built using the Neighbour-Joining
method with 1000 bootstrap on Geneious
Prime software v2025.1.2 (Biomatters
Ltd, USA). The structural model of red-
bellied pacu GFAP coil 1B was con-
structed using SWISS-MODEL (Biozen-
trum, Switzerland), and human GFAP
(PDB accession number: 6a9p.1.A) as a
template; and tender the figure with the
molecular graphics system PyMOL for
MacOS (Schrédinger, Inc, USA).

Western blotting of GFAP from brain
tissue

Western blot analysis was performed
based on Céspedes-Rubio et al. (2010).
Briefly, the brain (telencephalon) was
thawed and immediately homogenised
with lysis buffer containing 150 mM
NacCl, 20 mM Tris, pH 7.4, 10% glycerol,
I mM EDTA, 1% NP40, 100 puM
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phenylmethylsulfonyl fluoride, 1 pg/mL
aprotinin, and leupeptin (Sigma), and 100
UM orthovanadate. The sample was cen-
trifuged at 4 °C and 1,500 rpm. The su-
pernatant was obtained, and protein quan-
tification was done by the modified Brad-
ford method, using calibration standards
starting from 50 mg/mL of bovine serum
albumin (BSA) in deionised water and
decreasing order to absolute blank. So-
dium dodecyl sulfate-polyacrylamide gel
electrophoresis (8-10% SDS-PAGE) was
carried out using a mini-protean system
(Bio-Rad, Hercules, CA) with low-range
molecular weight standards (Bio-Rad).
Protein (320 pg) was loaded in each lane
with loading buffer containing 0.375 M
Tris, pH 6.8, 50% glycerol, 10% SDS,
0.5M DTT, and 0.002% bromophenol
blue. Samples were heated at 100 °C for 5
min before gel loading. After electropho-
resis, proteins were transferred to nitrocel-
lulose membranes (Amersham) using an
electrophoretic transfer system (Mini-
Trans-Blot Electrophoretic Transfer Cell)
at 300 mA for 2 h. The membranes were
washed with TTBS (20 mM Tris-HCI, pH
7.5, 500 mM NacCl, 0.05% Tween-20 con-
taining Tris-buffered saline solution, pH
7.4) and 3% of BSA for 60 min to block
nonspecific proteins epitope sites. TTBS
was used for all successive washings and
incubations. The membranes into selling
bags were incubated for 48 hours at 4 °C
with the following primary antibodies:
anti-GFAP rabbit polyclonal antibody
(Sigma-Aldrich, St. Louis MO., USA;
reference SAB5700611 No. 2507; diluted
1:500), and anti-B-actin (ACTB) mouse
AC-15 hybridoma monoclonal antibody
(Sigma-Aldrich; reference No. A5441;
diluted 1:2000). Membranes were washed
and incubated with secondary antibodies
(peroxidase-conjugated anti-rabbit IgG2
or anti-mouse IgGl; Jackson Immuno-
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research Laboratories, West Grove, PA;
diluted 1: 2,500) for 1 h at room tem-
perature. The immunoreactive signal was
developed by chemiluminescence ECL
Western blotting system (Thermo Scien-
tific, Rockford, IL; product No. 34080)
followed by exposure of the membranes to
digitalised images capture in a dark
chamber at 30, 60, and 90 seconds, of
exposition time in diaphragm opened re-
mote trigged. Digital photos were
analysed in Fiji Image-J software, version
1.53. ij.jar (NIH, USA). Previously, each
image was processed in fotoram.io photo
editor and PixlIr-E free advanced photo
editor.

Gene transcripts expression in an acute
brain injury model

Red-bellied pacu juveniles were used for
an acute brain injury experiment following
the stab wound model (Schmidt et al.,
2014). Six animals were kept in glass
tanks with the same conditions described
above and randomly distributed in two
experimental groups: the control group
(n=3) and the brain injury group (n=3).
All individuals were anesthetised using
Eugenol 50 mg/L (Proquident S.A., Co-
lombia) (Zapata-Guerra et al., 2020) for
handling and any procedure. Fishes of the
brain injury group were stabbed in the
frontal region of the brain using a 000-
gauge sterile entomological needle, with a
5 mm puncture depth performed on the
left side of the skull, to reach the telen-
cephalon and the optic lobe. All animals
from the control group and brain injury
group recovered from anaesthesia in a
glass tank without eugenol. Two hours
after stabbing, fish brain injury group
were euthanised with cold water (Ferreira
et al., 2022) and brain samples (telen-
cephalon and optic lobe) were taken from
the left hemisphere (ipsilateral to the in-
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jury) and the right hemisphere (contra-
lateral to the injury). The same procedure
was carried out with animals from the
control group. RNA extraction and cDNA
synthesis were performed as described
above.

RT-PCR and quantitative real-time
PCR (gPCR)

RT-PCR (reverse transcription poly-
merase chain reaction) was conducted
using qPCR primers designed based on
nucleotide sequence (Table 1) to amplify
a fragment of gfap and previously re-
ported for HIF-1a and GlucoR genes (Za-
pata-Guerra et al., 2020) from cDNA of
the different tissues and ipsilateral and
contralateral samples of the brain injury
group. RT-PCR was run using a thermal
cycler Proflex and GoTaq® Flexi DNA
polymerase (Promega, Madison, USA), as
described previously.

gfap, GlucoR, and HIF-1a transcripts
expression by gPCR. Each primer product
was validated by melt-curve analysis and
gel electrophoresis imaging to ensure am-
plification from genomic DNA was not
present and the specificity of the primer
sequence. qPCR assays were performed
using a real-time thermocycler QuantStu-
dio™ 3 (ThermoFisher Scientific, USA)
using Luna® Universal qPCR master mix
(New England Biolabs, USA). Relative
gene expression was calculated by 274
method (Rao et al., 2013), and efla was
set as a normalisation gene. Data are ex-
pressed as fold change.

Statistical analysis

Data were analysed by descriptive statis-
tics, differences in relative gene exp-
ression in tissues of the acute injury ex-
periment were assessed by the Student #-
test. Statistical analyses were done with
GraphPad Prism v. 10.0 for MacOS (La

BJVM, 29, No |
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Jolla, CA, USA). Differences were con-
sidered statistically significant when
P<0.05.

RESULTS

gfap ORF contains 1338 bp that encodes
for a protein of 445 aa with a molecular
weight of 51218.46 Da and a theoretical
pl of 5.46. Predicted peptide showed the
intermediate filament head, DNA-binding
domain (position 7-80), intermediate
filament-rod domain (position 81-390),
intermediate filament coiled coil region
(position 81-117, 306-390), intermediate
filament rod domain coil 1b (position
129-227), linker 1 (position 118-128),
linker 1-2 (position 228-243), linker 2
(position 266-269), coil la (position 86—
117), coil 2a (position 244-265), coil 2b
(position 270-390) and a tail domain (po-
sition 391-445) (Fig. 1A).

Multiple alignment analysis demon-
strated a highly conserved domains among
species, with DNA-binding domain show-
ing lower identity. Amino acid identity
was high with red-bellied piranha
(95.056%), and tambaqui (94.382%), and
with a lower value with humans
(62.247%). The signal peptide was not
detected on the protein sequence and
thereby N-glycosylations were absent. O-
glycosylations were detected on amino
acid residues 9, 19, 20, 22, 26, 27, 30, 31,
35, 38, 39, 44, 46, 47, 52-54, 57, 66, 240,
331, 334, 379, 388, 391, 396, 405, 406,
409 and 412. In addition, 25 phosphoryla-
tion sites were predicted (Fig. 1B).

The phylogenetic analysis showed that
red-bellied pacu GFAP clusters with red-
bellied piranha and both shared a cluster
with tambaqui. In the same way, they
shared a common cluster with Mexican
tetra (Fig. 2).
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Protein modelling was based on hu-
man GFAP Coil 1b domain (PDB acces-
sion number: 6a9p.1.A) and it showed as a
homotetrameric structure comprising two
equivalent parallel coiled-coil dimers that
pack together in an antiparallel manner
(Fig. 3B). Pairwise alignment of POGFAP
and human GFAP showed some differ-
ences in the residues (Fig. 3A), however,
the intermolecular hydrogen bonds
(Y116- QI117, Fig. 3B1; KI134-K134,
Fig. 3b2; E158-T159, Fig. 3B3; F172-
R173, Fig. 3B3) and the salt bridge inter-
actions (R141-E140, Fig. 3B2; and E158-
R162, Fig. 3B3) are conserved. As de-
scribed for human GFAP (Kim et al,
2018), R183 (Fig. 3B5) may form a wa-
ter-mediated hydrogen bond with the
backbone carbonyl oxygen of EI178,
which allows the coiled-coil interface to
complete the network. At the residue
H204, each histidine has a positively
charged imidazole functional group which
may contribute to maintaining the coiled-
coil geometry.

Multiple alignments were performed
comparing GFAP amino acid sequence
between red-bellied pacu, zebrafish and
humans, to indicate the putative site of
mutations that have been related to Alex-
ander disease in humans. Human codons
R79, R88, R258 and R416 are conserved
in red-bellied pacu (R92, R101, R271 and
R429) (Fig. 4). In humans GFAP, E362,
and E373 correspond to R384 and R386
for red-bellied pacu. Tyrosine codon 242
in human GFAP is conserved in the red-
bellied pacu but changes for phenyla-
lanine in zebrafish.

By western blot analysis, GFAP from
red-bellied pacu brain lysates showed a
calculated molecular weight of 46 kDa

(Fig. 5).
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Fig. 1. Sequence analysis of GFAP from red-bellied pacu. A. Multiple alignment of GFAP amino
acid sequences among species. Species and accession numbers are given in the supplementary file at
https://trakia-uni.bg/wp-content/uploads/2025/05/Supplementary-file-2025-0009.pdf. B. Predicted
sites of serine phosphorylation and O-glycosylation of red-bellied pacu GFAP. Phosphorylation of
Ser-8 (S8) appears in red which is highly conserved among species. Glycosylation sites appear as a
blue line with ticks. Phosphorylation was predicted by using NetPhos 3.1.

the brain injury model, ipsilateral gfap,
GlucoR and HIF-loo mRNA levels were
By RT-PCR, gfap mRNA was detected in lower in animals with brain injury

gfap transcript gene expression

all tissues with an apparent lower expres-
sion in gills, blood and muscle (Fig. 6). In
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(P<0.05, P<0.001, P<0.05, respectively)
compared with control group (Fig. 7A).
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Fig. 2. Phylogenetic tree of GFAP sequences among species. Red-bellied pacu GFAP cluster with
red-bellied piranha and both shared a cluster with tambaqui. Phylogenetic tree was built using N-J
method with 1000 bootstrap. Branch labels represent substitutions per site. Species and accession
numbers are given in the supplementary file at  https:/trakia-uni.bg/wp-
content/uploads/2025/05/Supplementary-file-2025-0009.pdf.

Comparison of ipsilateral vs contralateral
mRNA level of gfap showed no differ-
ences in the control group and a lower GFAP is considered a marker for diffe-
expression of gfap in the ipsilateral brain rentiated astrocytes in the nervous system,
(P<0.001) compared with the contralateral but it is also expressed in foetal and adult

brain of the injury group (Fig. 7B). neural stem cells in mammals (Hol & Ca-

DISCUSSION
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Fig. 3. Modelling of Coil 1b domain of red-bellied pacu GFAP. A. Pairwise alignment of red-bellied
pacu GFAP Coil 1b domain and human GFAP Coil 1b domain. Blue letters correspond to the residues
involved in “knobs-into-holes interactions”, differences in amino acids are indicated by arrowheads
below the sequence. B. Cartoon model of the homotetrameric red-bellied pacu GFAP Coil 1b domain.
The build was done based on human GFAP (PDB accession number: 6a9p.1.A) and the interaction
between amino acids were based on Kim et al. (2018).
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Fig. 4. Multiple alignment of amino acid sequences of red-bellied pacu GFAP (Pogfap), zebrafish
GFAP (zgfap) and human GFAP (hgfap). Dots (.) indicate conserved residues, dashes (-) indicate
gaps. Arrowheads indicate the position of Alexander disease mutations. Accession numbers are
XP_005164040.1 for the zebrafish GFAP sequence and NP_002046.1 for human GFAP sequence.
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Fig. 5. Western blot detection of GFAP and
ACTB from red-bellied pacu telencephalon. A
band of ~46 kDa was detected using anti-
GFAP antibody. A 42 kDa band corresponding
to ACTB was detected.

petanaki, 2017). GFAP can be divided
into three major domains: the N- terminal
head region, an alpha-helical rod domain
and the C-terminal tail region (Boyd et al.,
2012). GFAP in red-bellied pacu (PoG-
FAP) lacks a signal peptide and showed
several O-glycosylation sites. In studies
by Korolainen et al. (2005) O-glycosyla-
ted GFAP was common in less acidic iso-
forms and did not show differences be-
tween control patients and patients with

Alzheimer’s disease. Moreover, in PoG-
FAP, 25 phosphorylation sites were de-
tected, including Ser-8, which is impli-
cated in the regulation of filament assem-
bly or response to injury (Sullivan et al.,
2012), and Ser-13, related to Alexander
disease (Battaglia et al., 2019). Thr-7
phosphorylation site was absent in PoG-
FAP since Thr7Leu occurs in this fish
species. Ser-19, Ser-35, and the Ser-38
were identified in PoOGFAP and they are
close to phosphorylation sites Ser-17 and
Ser-34/38 in hGFAP. Furthermore, Ser-
388 site was detected in POGFAP which is
close to Ser-389 described in mammalian
GFAP, and this phosphorylation affects
interactions between intermediate fila-
ments (proteins) and GFAP (Inagaki et
al., 1994). In addition, POGFAP has a
predicted molecular weight of 51.2 kDa as
reported from fish and other species
(Zhang et al., 2014). Nevertheless, by
western blot, POGFAP showed as a band
of ~46 kDa, which also has been reported
as lower molecular band maybe of break-
down products of GFAP from post-
mortem brain lysates as protein source
(Heaven et al., 2019; Zhang et al., 2014).
In the Alexander disease, an autosomal
dominant neurological disorder, mutations

Fig. 6. Tissue expression of gfap transcript by RT-PCR. qPCR primers were used to am-
plify a 99 bp amplicon. The figure shows a representative sample (1 out of 3) for 1. Brain,
2. Muscle, 3. Gut, 4. Liver, 5. Stomach, 6. Spleen, 7. Gill, 8. Blood, 9. Kidney, 10. Heart.
M. Molecular weight marker (100 bp DNA ladder, NEB).
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Fig. 7. Gene expression of gfap, GlucoR and HIF-1a transcripts in a brain injury model of
red-bellied pacu. A. Ipsilateral expression of gfap, GlucoR and HIF-1o transcripts in con-
trol and brain injury group; B. Ipsilateral vs. contralateral expression of gfap transcript in
control and brain injury group; *P<0.05, ***p<0.001.

of gfap gene resulted in elevated GFAP
expression, indicating gain-of-function
mutation (Ciammola et al., 2019). GFAP
from red-bellied pacu shares 62.2% of
identity with human GFAP which is
slightly lower than zebrafish with 67%
(Nielsen et al., 2003), however, several
mutated amino acids (#=11) in Alexander
disease are conserved among sequences.
Particularly, Y242 in human GFAP is
conserved in PoGFAP but is absent in
zebrafish GFAP. In Alexander disease, the
Y242D mutation resulted in a highly in-
soluble protein with abnormal circular
filament organization. This tyrosine resi-
due (Y242) in human and red-bellied pacu
(Y255), as well as phenylalanine (F254)
in zebrafish, are chemically distinct from
the aspartic acid residue observed in
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Alexander disease. On the other hand,
arginine at codon 239 is also conserved in
PoGFAP codon 252, same as reported by
Kim et al. (2018) for zebrafish.

In the present study, GFAP mRNA
was detected in all tissues, with low ex-
pression in gills, blood, and muscle. Al-
though GFAP is mainly expressed in as-
trocytes in the central nervous system, it
also can be expressed by mature glial cells
in the gut (Hagstrom & Olsson, 2010), by
Schwann cells in the peripheral nervous
system, and in nonneural cells in other
tissues (Hol & Capetanaki, 2017). In our
study, gfap transcript expression was
downregulated in the brain injury group
compared with the control group, 2 hours
after stab injury. Sirko et al. (2015) and
Baumgart et al. (2012) found a decrease
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in the GFAP expression immediately after
injury, which agrees with our results that
occurred by the 2™ hour, and the authors
discarded the possibility of lower expres-
sion due to loss of cellular components
since cells were detected around the injury
site. Previous reports by Chernoff et al.
(2003) demonstrated an initial loss of
GFAP after injury followed by an in-
creased level in the urodele cord. In the
same way, a preliminary report of GFAP
expression showed a higher level of
GFAP in red-bellied pacu under a chronic
sublethal exposure (25 days) to chlorpyri-
fos and trichlorfon, together with reactive
astrocytes (Reyes et al., 2019). In contrast
with our findings, Condorelli et al.,
(1990) found upregulation of GFAP in the
cortical zone as early as 6 h with a peak at
1-3 days in a murine brain injury model.
Furthermore, GFAP decreasing in as-
trocytes is linked to a loss of differentia-
tion from cancerous cells to a blastic, less
mature, more aggressive state (Hlobilkova
et al., 2007). Koh et al. (2009) showed a
decrease in GFAP mRNA in U373MG
cells during a relatively early stage of in-
fection with human cytomegalovirus. In
the inflammatory response in front of in-
jury in the brain, microglia and astrocytes
act as inflammatory sentinel cells in the
central nervous system (Xu et al., 2020),
changing their morphology from a resting
branched cell to a hypertrophic (ameboid)
morphotype (Baumgart et al, 2012),
which is a less differentiated cell with
high motility (Shinozaki et al., 2017). The
shortening of extended cytoplasmic proc-
esses is correlated with lower expression
of GFAP in glioma cells (Elobeid ef al.,
2000) which may explain the decrease in
gfap mRNA level in our study. In the
same way, Zhou & Skalli (2000) showed
that low GFAP expression (mRNA) gen-
erated an increased migratory rate of

BJVM, 29, No 1

glioma cells, thereby increasing the inva-
sive potential and a low differentiation of
the cells. In the inflammatory process,
several surface molecules are necessary
for immune cells migration through the
connective tissue and blood vessels, thus
the reduction in GFAP expression may be
possibly related to the migratory behav-
iour of glial cells in the early stage of in-
flammation at the central nervous system
in this fish species.

On the other hand, Shinozaki et al.
(2017) showed that in a traumatic brain
injury model GFAP did not change one
day post-injury but was upregulated on the
3" day at the ipsilateral side of the cortex.
It may possible that at an early stage (2 h)
of brain injury in our model gfap is down-
regulated and modulated by the activation
of microglial cells and secretion of neu-
ron/microglia-derived  proinflammatory
cytokines, e.g. FGF, Gal-1, Gal-3, TNF
(Sirko et al., 2015; Gabel et al., 2016),
instead of activation astrocyte population,
which is considered the last glial cell type
to react to injury (Robel ef al., 2011). In
addition, in our study, there was no differ-
ence in the expression of gfap in the con-
tralateral region of the brain, which is
similar to the reported in traumatic brain
injury model (Shinozaki et al., 2017) and
stab wound injury in fish (Baumgart et al.,
2012). This absence of contralateral re-
sponse has been explained because the
injury severity of the lesion does not ex-
ceed the threshold of the intensity.

Hypoxia-inducible factor la (HIF-1a)
plays a critical role in the signalling path-
way of the central nervous system injury
promoting neuronal survival through regu-
lating several gene transcripts (Gong et
al., 2021). In our study, brains from brain
injury groups showed downregulation of
HIF-1a 2 hours post-injury. This agrees
with the findings of Shein et al. (2005) in
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a heat acclimation experiment in the brain,
where HIF-1a showed a lower expression
1 h after injury, and then the expression
increase at 4 h post-injury. In the same
way, in a model of ischemic brain injury,
Baranova et al., (2007) described that
activation of HIF-1a was more relevant in
the late phase (>24 h), modulating meta-
bolic and angiogenic factors.

Glucocorticoid receptor is a member
of the nuclear hormone receptor super-
family of ligand-activated transcription
factors and exerts numerous functions in
the brain and body and GlucoR-regulated
gene networks coordinate adaptive re-
sponse to stress (Timmermann et al.,
2019) and expression of GlucoR gene may
change between tissues and can be regu-
lated by several determinants including
age, sex, transcription promoters, cyto-
kines, and alarmins (Cruceanu et al.,
2022). In our study, GlucoR was down-
regulated in the brain injury group. This
agrees with findings of Brkic ez al. (2017)
who demonstrated downregulation of the
GlucoR in brain tissue after lipopolysac-
charide treatment. Although GlucoR ex-
pression increases after injury, in acute
response, as in our experiment, downregu-
lation of GlucoR may be related to the
upregulation of proinflammatory cyto-
kines.

GFAP is highly conserved in verte-
brates (Boos et al, 2021), allowing pi-
scine models in studies on neurological
disorders in veterinary medicine, using it
as a diagnostic biomarker improving the
patient’s outcome prediction. It serves as
a biomarker for neuropathological condi-
tions in horses and dogs (Loganathan et
al., 2024; Rohdin et al., 2024). However,
such studies are limited in other domestic
species like swine, cattle, and cats. In
conclusion, GFAP from red-bellied pacu
showed conserved regions and domains
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like other vertebrates including humans,
which makes it a candidate biomodel for
neurology studies. GFAP transcripts were
detected in all tissues and the acute brain
injury model, at 2 h post-injury, there was
a downregulation of its mRNA level as
well as for HIF-1a and GlucoR. The study
of the inflammatory response generated by
astrocytes and their biomarkers will aid to
understand the immune response in the
central nervous system and the develop-
ment of a piscine biomodel for human and
animal neuropathology. This is the first
report of the full ORF of red-bellied pacu
GFAP cDNA.
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