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Abstract
Microcystins (MCs) are produced during the growth and proliferation of some species of cyanobacteria, mainly
Microcystis aeruginosa, which has massive growth in eutrophic water bodies. Microcystins are highly toxic Microcystis-
derived metabolites that exert its main effect  in the liver through the inhibition of protein phosphatase (PP1 and PP2A).
However, other damages in �sh species are less documented and could be unexpected. The aim of the current study
was to evaluate the effects of Microcystis aeruginosa extract (MaE) into the central nervous system (CNS) of the Nile
tilapia. The MaE was normalized by MCs content (MC-LR). We include a positive control for protein phosphatase
inhibition, norcantharidin intraperitoneally dosed at sublethal levels. On the eighth day, measurement of
neurotransmission biomarkers (AChE, BChE, CbE and GABA) were measured, as well as levels of mitochondrial calcium,
and the mitochondrial membrane potential by �ow cytometry in the brain and spinal cord were assessed, in addition to
the PP1/PP2A activity in the liver. The MCs elicited mortality at 5 µg/L. The positive control and MCs at sublethal levels
inhibited the PP1/PP2A activity in the liver and induced alterations in the neurotoxicity biomarkers evaluated in the CNS.
This response is probably due to the disruption of transport ions, dependent and independent of ATP because of
alterations in the mitochondrial membrane potential and mitochondrial calcium. The �ndings of this study suggest that
pollutants capable of inducing cyanobacterial blooms are able, in an indirect way, to exert neurotoxic effects in �sh
species through MC levels. 

Introduction
Microcystins (MCs) are toxins (secondary metabolites) produced by cyanobacteria (blue-green algae), primarily
Microcystis aeruginosa, forming blooms worldwide, particularly in tropical and temperate environments. MCs are
hepatotoxic cyclic heptapeptides released into the water during or on senescence of cyanobacterial blooms (Harada
and Tsuji 1998; Malbrouck and Kestemont 2006). MCs are the most common of the cyanobacterial toxins found in
freshwater, and are being often responsible for poisoning terrestrial animals, including livestock, wildlife, and humans
who are exposed to MC-polluted water (Carmichael et al. 2001). By these reasons, there is an increasing concern all over
the world due to the acute and chronic effects on humans and wildlife from the MCs linked with water pollution. MCs
are potent and highly speci�c hepatotoxinas due to the inhibition of type-1 (PP1) and type-2A (PP2A) protein
phosphatases (Harada and Tsuji 1998; Gupta et al. 2003; Mikhailov et al. 2003). A large number of studies have
documented the hazardous potential of MCs in aquatic organisms as well (e.g. Chorus and Bartram 1999; Landsberg
2002; Wiegand and P�ugmacher 2005; Olivares-Rubio et al. 2015).

However, some studies have also indicated behavioural changes and neurotoxic effects induced by MCs on �sh
species. In embryo and adult zebra�sh (Danio rerio) and moderlieschen (Leucaspius delineatus), there is evidence
ofalterations in swimming activity and spontaneous locomotor behaviour after MC-LR exposure (Baganz et al. 1994;
Baganz et al. 2004; Kist et al. 2012). This was also seen in embryo zebra�sh exposed to Planktothrix agardhii
containing MC-YR and MC-LR (Jonas et al. 2015) and treated with pure MC-LR (Wu et al. 2016). Other studies on
Jenynsia multidentata reported changes in swimming activity by acute MC-LR exposure (100 µg/L), as well as
anxiogenic effects with a decrease of almost 63% in swimming distance and an increase in the immobility time
(Cazenave et al. 2008). Interestingly, the parental MC-LR exposure of zebra�sh induced larvae hypoactivity related to
alterations in neurotransmitter systems and neuronal development by transfer of this toxin to the offspring (Wu et al.
2017). The neurotoxicity biomarkers showed that the M. aeruginosa extract containing MC-LR decreased the AChE
activity in the rainbow trout (Gélinas et al. 2012) as in newly hatched zebra�sh (Qian et al. 2018) or embryo zebra�sh
treated with MC-LR alone (Wu et al. 2016). In contrast, a signi�cant increase in the metabolism of this enzyme in
zebra�sh by MC-LR-waterborne exposure was reported (Kist et al. 2012). In spite of preceding reports, there are no
available studies in the Nile tilapia, as in many other �sh species. Therefore, the study aim was to evaluate the
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neurotoxic effects of a wild strain of Microcystis aeruginosa extract at sublethal concentrations in the brain and spinal
cord of juvenile Oreochromis niloticus through measurement of neurotransmission biomarkers (AChE, BChE, CbE, and
GABA), levels of mitochondrial calcium, and mitochondrial membrane potential. We will also compare these damages
tothose induced by a speci�c inhibitor of the PP1/PP2A activity, norcantharidin.

Materials And Methods
ObtainingMicrocystis aeruginosa strain and its crude extract

The algae were attained fromthe upper layer of a freshwater body with a visible degree of eutrophication, being careful
to take part of the top creams of green tones. The obtained sample was taken from Tezozomoc Park in Mexico City,
bordering to the north with the municipality of Tlalnepantla and to the northwest with the municipality of Naucalpan
into the State of Mexico, between the coordinates 19°29'05”N and 99°12'36”W. The biomass was cultured by cross
streak in petri dish containing agar dissolved with sterile f/2 medium (Guillard, 1975). Permanent slides were prepared
of isolated specimens using standard techniques for microalgae. Observations were made with a Zeiss optical
microscope equipped with a Canon PowerShot G6 digital camera and identi�ed by Komárek and Anagnostidis (2005)
and Guiry in Guiry and Guiry (2020) criteria. Once the cyanobacterium was identi�ed as Microcystis aeruginosa, stock
cultures were grown in sterile f/2 medium in 4 L glass bottles at 22 ± 2°C supplied with continuously bubbling air and
irradiated with white �uorescent tubes (516±50 lux) with nonstop light for at least three weeks to reach its exponential
growth and its begin in the decay phase. The biomass was centrifuged at 2,500 rpm, and the extract was obtained with
methanol at 65 oC using a Soxhlet extractor for 8 h. The methanolic extract was concentrated with a rotary evaporator.
The quanti�cation of MCs in the methanolic extract was performed using Shimadzu high-performance liquid
chromatography (HPLC) with an Agilent Technologies column (4.6 x 250 mm). The reference standard was purchased
from Sigma-Aldrich (Sulpeco®, cat. 33578,) certi�ed as microcystin RR-YR-LR solution (5 µg/mL in methanol,each)
following analytic procedures previously documented (Olivares-Rubio et al. 2015). The Microcystis aeruginosa
methanolic extract rendered a value of 1.65 ± 0.07 µg/mL of MC-LR plus MC-RR and 0.09 ± 0.001 µg/mL of MC-YR.

Short-term Exposure

Juvenile specimens of Nile tilapia (Oreochromis niloticus) were obtained from a �sh farm and were maintained under
laboratory conditions 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 for the protection of animals used for scienti�c purposes
(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32010L0063). The Nile tilapia (n = 8/treatment) of
10.54 ± 0.17 cm (mean ± SEM) were subjected to a short-term exposure of 8 d. The test MC concentration was
established considering the value proposed by the World Health Organization (WHO) of 1 µg/L as the maximum
permissible limit in water for human consumption. Higher values (5 and 10 µg/L of MCs) were also included. The
control group for MC water exposure was methanol with a concentration of 0.001% (v/v) and semi-hard synthetic water
as the absolute control. The levels of positive control for PP1/PP2A inhibition (norcantharidin, Sigma-Aldrich®, cat.
N8784) were established based on acute tests (25 to 2.5 mg/kg). The DL10 (1.0 mg/kg) was selected as the higher dose
for short-term exposure, additionally, in a logarithmic way, two doses below (0.1 mg/kg and 0.01 mg/kg) were
intraperitoneally administrated using a saline solution as a vehicle. During the time exposure, �sh were fed every three
days with pellets (2% w/bw). Due to the nature of the biomarkers under study, it was not possible to use a �sh
anaesthetic, for this aim, the specimens of O. niloticus were anaesthetized on ice and euthanized by fast freeze to
obtain the brain, spinal cord, and liver after the exposure. These tissues samples were weighed and stored in buffer
solution according to the needs of each biomarker, and homogenized in a Glas-Col ™ homogenizer under an ice bath.
For enzymatic evaluations (PP1/PP2A, AChE, BChE, CbE, and GABA levels), PBS1X was used, and the homogenate was

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32010L0063
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centrifuged at 9,000 rpm/4°C/15 min to obtain the S9 fraction. The fractions were stored at −80 °C. The total content of
proteins was determined using a 2-D Quant Kit GE Healthcare ™, using a BSA standard curve from 10 to 50 µg.

Biomarkers evaluation: PP1/PP2A activity

A volume of 200 μL of S9 fraction was added to 800 μL of buffer pH 7.2 (50 mM imidazole pH 7.2, 2 mM dithiothreitol,
0.5 mg/ml bovine serum albumin, 5 mmol theophylline, 0.2 mmol MnC12) plus 10 μL of 20 mM p-nitrophenyl
phosphate. The mixture was incubated at 30 °C for 20 minutes in the dark. The reaction was stopped with 200 μL of 0.5
M Na2CO3, and the absorbance at 410 nm against reagent blank was determined. Enzymatic activity of PP1/PP2A

[EC3.1.3.16] was calculated by the molar extinction coe�cient of p-nitrophenol of 18,300 mM-1 cm-1 (Silberman et al.
1984). Results are shown as mMOL/min/mg protein.

Acetylcholinesterase activity (AChE)

The enzymatic determination of AChE [EC3.1.1.7] was performed by the Hestrin method (1949) using a standard curve
of acetylcholine chloride (Sigma®, cat. A6625) to determine the per cent of inhibition by the presence of hydrolyzed
acetylcholine. FiftyμL of the S9 fraction was taken; 125 μL of Tris buffer pH 7 and 125 μL of standard acetylcholine (10
μmoles/mL) were added, and it was stirred and incubated at room temperature for 30 minutes. After that time, 250 μL
of 2M alkaline hydroxylamine was added; 125 μL of 4N HCl and 1250 μL of 0.34 M of FeCl3. The absorbance at 540 nm
was determined in a microplate Synergy MX spectrophotometer, and was divided by the incubation time to obtain the
absorbance per minute, obtaining in this way, the AChE activity (µM/min/mg protein).

Activity of carboxylesterases (CbE)

The determination of the activity of carboxyl esterases (CbE) [EC3.1.1.1] was carried out in the S9 fraction through the
hydrolysis of p-nitrophenol acetate to form p-nitrophenol (C6H5NO3) according to Hotta et al. method (2002) with
modi�cations. 50 µL of S9 fraction of and 25 µL of Tris-HCl (100 mM and pH 8) were placed in 96-well microplates, the
mixture was incubated at 37 °C by 5 minutes, and immediately 150 µL of reaction buffer was added. The absorbance
was monitored at 405 nm each minute by �ve minutes in a microplate Synergy MX spectro�uorometer. The production
of C6H5NO3 was calculated using the coe�cient of molar extinction of 18,700 M-1cm-1, proposed by Kumar et al. (2010)
for C6H5NO3 dissolved in Tris-HCl at 100 mM and pH 8.0. Data are display as mM C6H5NO3/min/mg protein.

Activity of butyrylcholinesterase (BChE)

For quanti�cation of enzymatic activity of BChE [EC3.1.1.8], a volume of 10 μL of S9 fraction was placed in a 96-well
microplate, and 10 μL 6 mM of S-butyrylthiocholine iodide and 180 μL of the reaction solution (50 mM at pH 7.7 of
phosphate buffer and a solution of dithiobis nitrobenzoate at 0.25 mM) were added. The absorbance was evaluated at
405 nm in periods of 30 seconds (0, 30, 60, and 90 seconds) at 37 °C on a Synergy MY microplate spectrophotometer.
The molar extinction coe�cient of 23,460 mM-1 cm-1 was used (Knedel and Böttger 1967). Graphs symbolize the
activity of BChE as mM/min/mg protein.

Evaluation of γ-aminobutyric acid (GABA) levels

A volume of 400 μL of S9 fraction and 400 μL methanol HPLC grade was placed in Eppendorf tubes, mixed, and then
were centrifuged at 12,000 rpm for 10 minutes at 4 °C in a refrigerated centrifuge. 350 µL of the supernatant, 300 µL of
borax solution (g/dL in deionized water) pH 8 (Sigma-Aldrich®, Cat. HT1002), and 500 µL of derivatizing agent (4-
hydroxy-1-naphthaldehyde 0.3 w/v in methanol, Aldrich®, cat. 131067) were mixed, incubated at 80 ° C for 10 min, and
cooled. This mix was placed in a volumetric �ask, and the �nal volume was adjusted to 5 ml with methanol. F�nally the
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sample was �ltered through 0.45 µm syringe �lters. The absorbance was evaluated at 330 nm in a microplate
spectrophotometer, with 250 µL of the processed sample in each well. The GABA content was estimated with a
calibration curve of 4.68–75μg/ml of γ-aminobutyric acid certi�ed reference standard TraceCERT® (Sulpeco®, cat.
43811) following the Khuhawar and Rajper (2003) method modi�ed by Vega-Lopez et al. (2019). Results are
represented as µM GABA/mg protein.

Mitochondrial isolation and analysis of membrane potential (ΔΨm) and mitochondrial calcium (mCa+2) levels

The functional mitochondria wereisolated from the brain and spinal cord with 100 µL of buffer IBc, according with
directions proposed by Frezza et al. (2007) for cells and liver mouse cells. The mitochondrial membrane potential
(ΔΨm) was evaluated with 3,3´-dihexyloxacarbocyanine iodide (DiOC6(3) at a �nal concentration of 50 nM using 100 µL
of isolated mitochondria according to Chang et al. (2013). Although this method was designed for cells, DiOC6(3) is

also useful for the measurement of ΔΨm in isolated mitochondria (Kataoka et al. 2005). Mitochondrial calcium (mCa+2)
was assessed using a Fluo-4 NW Calcium Assay Kit (Thermo Fisher Scienti�c™) using 125,000 mitochondria/50 µL
following the manufacturer protocol. For both stain techniques, stained mitochondria were centrifuged at 10,670xg/10
min, and the supernatant was discarded, p-formaldehyde at 0.1% was added and vortexed for 30 seconds at 1,000 rpm,
and the mixture was incubated at room temperature for 30 minutes for preservation. Lastly, the mitochondria were
centrifuged, the p-formaldehyde was discarded. The pellet was resuspendedin 500 µL of DPBS (Chang et al. 2013) and
stored at room temperature in darkness until the �uorescence was measured in a Sony SH800™ �ow cytometer (Sony™).
The mean �uorescence intensity was inversely proportional to the ΔΨm, and the Fluo-4 NW was chemically bound by
electronic a�nity to the intra-mitochondrial calcium. Data from ΔΨm and mCa+2 are shown as the mean �uorescence
intensity (MFI).

Statistical analysis

The Shapiro-Wilk test was applied to know the distribution of data and most passed the normality test. Hence, the
biomarkers results were analysed by one-way analysis of variance (ANOVA) followed by Dunnet´s comparison Test. The
Kruskal-Wallis and Mann-Whitney U tests were used for the statistical analysis of mean �uorescence intensity of ΔΨm
and mCa+2, using the software for descriptive statistics, "GraphPad Prism 6" (GraphPad Software, San Diego, California,
USA, www.graphpad.com). We considered statistical signi�cance at a value of p ≤ 0.05 for all tests. With the aim to
compare the effects elicited by M. aeruginosa extract with those damages induced by the positive control of PP1/PP2A
inhibition (norcantharidine) on the CNS organs, we employed the “Integrated Biological Response version 2” (IBRv2)
analysis developed by Sanchez et al. (2013), which is a helpful tool in the interpretation of these variables under both
�eld and controlled conditions (Olivares-Rubio et al. 2013; Dzul-Caamal et al. 2016). Also, we applied a parametric
correlation analysis (Pearson) to know the possible relationships among neurotoxicity biomarkers.

Results

PP1/PP2A activity
The inhibition of the enzymatic activity of PP1/PP2A in the liver of the Nile tilapia elicited by the M. aeruginosa extract
(MaE) was signi�cantly decreased, even at doses of MC-LR considered safe (Fig. 1A). Similarly, the NCTD induced an
abolishment of this catalysis in a dose-dependent manner (Fig. 1B).

Activity of enzymes involved in neurotransmission (AChE, CbE, and
BChE)

http://www.graphpad.com/
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The catalysis of AChE was irregular and did not respond consistently among the studied organs of the Nile tilapia
exposed to M. aeruginosa extract (MaE) and dosed with NCTD. In the brain (Fig. 2A) and spinal cord (Fig. 2B) of
specimens treated with MaE, an uneven response was found, which was only signi�cant in the spinal cord at 5.0 µg/L.
A similar patter occurred in the brain of �sh dosed with NCTD (Fig. 2C); however, the low and medium doses of this
substance increased the AChE activity in the spinal cord (Fig. 2D).

Interestingly, CbE activity in the brain of �sh treated with MaE (Fig. 2E) or with NCTD (Fig. 2G) decreased in both cases,
but it was signi�cant only for NCTD. In contrast, in the spinal cord of O. niloticus exposed to 1.0 and 10.0 µg/L of MaE
(Fig. 2F), as well as for three doses of NCTD (Fig. 2H), signi�cant decreases were found.

As was the case for the others esterases, the BChE in the brain seems to be statistically unaltered by toxicants able to
inhibit PP1/PP2A, such as was the case for MaE (Fig. 2I) with the exception of the high dose of NCTD (Fig. 2K), which
increased the activity of this enzyme. However, the median concentration of MaE elicited a signi�cant increase of BChE
in the spinal cord (Fig. 2J). This was not seen with NCTD, despite a similar response (Fig. 2L).

Levels of GABA
Despite previous �ndings, the levels of GABA were not consistently affectedin the organs studied. The GABA levels in
the brain decreased at 5 µg/L (p ≤ 0.05), and also at the high concentration of MaE (Fig. 3A); notwithstanding, in the
spinal cord, (Fig. 3B) levels of this neurotransmitter decreased at 1.0 µg/L and increased at 5.0 µg/L (p ≤ 0.05). In a
general way, the effects of NCTD showed a depletion of GABA in the brain (Fig. 3C), which was signi�cant at 0.01 µg/kg
(p ≤ 0.5), as was also detected for the spinal cord (Fig. 3D).

Mitochondrial membrane potential (ΔΨm) and mitochondrial Ca+ 2

levels (mCa+ 2)
In the brain, the MaE does not cause any signi�cant change in ΔΨm; however, a decrease was noted with high
concentration of this extract (Fig. 4A). Nevertheless, in the spinal cord, a signi�cant increase in the ΔΨm (decrease of
MFI of DiOC6) was found at 5.0 and 10.0 µg/L of MC-LR (Fig. 4C). Fish dosed with NCTD showed a decrease in ΔΨm in
the brain, particulary when treated with a high dose (Fig. 4B). This also occurred in the spinal cord of the Nile tilapia
dosed with 0.01 µg NCTD/kg (Fig. 4D).

In contrast, the level of mCa+ 2 was statistically abolished in the brain of Nile tilapia treated with MaE (Fig. 4E), as was
also noted in the spinal cord of �sh treated with the medium and high concentrations of MC-LR (Fig. 4G). However, in
�sh dosed with NCTD, the levels of mCa+ 2 increased (p ≤ 0.001) in the brain of O. niloticus exposed to 0.01 µg
NCTD/kg (Fig. 4D), as well as in the spinal cord (p ≤ 0.001) in the treatments of 0.01 and 0.1 µg NCTD/kg (Fig. 4F).

Star plot areas obtained from Integrated Biological Response
version 2 (IBRv2)
The integration of the biological response exhibited a clear neurotoxic effect exerted by both MaE and NCTD regarding
their own controls, particularly in �sh exposed to medium and high concentrations or doses. At the lower MaE
concentration, the star plot area showed that the spinal cord was more affected than the brain. In �sh exposed to 5.0
µg/L and 10 µg/L of MaE, the damage had a similar response between both organs. Likewise, GABA levels, ΔΨm, and
mCa+ 2, and to some extent CbE activity, suffered the most with regard to basal values (Fig. 5 left panels). In contrast,
the neurotoxicity elicited by NCTD was more consistent between organs and doses, and the response of the
neurotoxicity biomarkers was similar than those elicited by MaE including to PP1/PPA2 in the liver (Fig. 5 right panels).
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Correlation between biomarkers
In agreement with the �ndings of the star plot area obtained from IBRv2, the Pearson moment correlation analysis
proved that MaE (Table 1) and NCTD (Table 2) caused neurotoxicity. This hypothesis is feasible to occur by increases in
the number of correlations (negative and positive) between biomarkers compared with those observed in the control
groups. Basal values of GABA in the brain were inversely related to AChE in the spinal cord and with CbE in the brain in
both control groups. In MaE treatment control group, the results displayed a negative correlation among brain CbE with
AChE in the spinal cord, but positive in the brain. In the same controls, brain AChE exhibited a positive correlation with
the PP1/PP2A in the liver, and the activity of BChE was positively correlated in both nervous system organs (Table 1).
Interestingly, in the NCTD group, a posivite correlation between ΔΨm and GABA was observed in the spinal cord, mCa+ 2

with AChE, and BChE with CbE in the brain of the Nile tilapia.
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Table 1
Correlations between biomarkers in the Nile tilapia (Oreochromis niloticus) treated with Microcystis aeruginosa extract

standardized as MC-LR levels (Only signi�cant results are show).

  AChE-
B

AChE-
SC

CbE-
B

CbE-
SC

BChE-
B

BChE-
SC

GABA-
B

GABA-
SC

ΔΨm
-B

ΔΨm
-SC

Ca+ 

2-B
Ca+ 2-
SC

CTRL

PP 0.84,
p < 
0.05

                     

AChE-
SC

    -0.86,
p < 
0.05

0.86,
p < 
0.05

    -0.84,
p < 
0.05

         

CbE-B             -0.93,
p < 
0.01

         

BCHE-
B

          0.85,
p < 
0.05

           

1.0 µg MC-LR/L

AChE-
B

    0.82,
p < 
0.05

    -0.90,
p < 
0.01

           

CbE-B       0.85,
p < 
0.05

    0.93,
p < 
0.01

         

BChE-
SC

                      -0.82,
p < 
0.05

ΔΨm -
SC

                    -0.96,
p < 
0.01

 

5.0 µg MC-LR/L

PP               0.99,
p < 
0.001

       

AChE-
B

  -0.95,
p < 
0.01

      -0.98,
p < 
0.001

0.85,
p < 
0.05

         

AChE-
SC

          0.99,
p < 
0.001

-0.95,
p < 
0.01

      0.90,
p < 
0.05

 

CbE-
SC

        0.98,
p < 
0.01

  0.88,
p < 
0.05

         

B: Brain. SC: Spinal cord. PP: PP1/PP2A activity. AChE: Acetylcholinesterase activity. CbE: Carboxyl esterases
activity. BChE: Butyryl cholinesterase activity. GABA: γ-aminobutyric acid levels. ΔΨm: Mitochondrial membrane
potential. Ca+ 2: Mitochondrial calcium.
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  AChE-
B

AChE-
SC

CbE-
B

CbE-
SC

BChE-
B

BChE-
SC

GABA-
B

GABA-
SC

ΔΨm
-B

ΔΨm
-SC

Ca+ 

2-B
Ca+ 2-
SC

BChE-
B

            0.89,
p < 
0.05

         

BChE-
SC

            -0.89,
p < 
0.05

      0.85,
p < 
0.05

 

GABA-
B

                    -0.88,
p < 
0.05

 

10.0 µg MC-LR/L

AChE-
B

        0.93,
p < 
0.05

        -0.95,
p < 
0.01

   

AChE-
SC

      0.96,
p < 
0.01

  0.98,
p < 
0.001

0.99,
p < 
0.001

0.99,
p < 
0.001

      0.94,
p < 
0.05

CbE-B         0.98,
p < 
0.001

      -0.90,
p < 
0.01

    0.90,
p < 
0.05

CbE-
SC

          0.99,
p < 
0.001

0.90,
p < 
0.05

0.98,
p < 
0.001

-0.88,
p < 
0.05

    0.98,
p < 
0.001

BChE-
SC

            0.94,
p < 
0.05

0.99,
p < 
0.001

-0.91,
p < 
0.01

    0.99,
p < 
0.001

GABA-
B

              0.97,
p < 
0.01

      0.90,
p < 
0.05

GABA-
SC

                -0.91,
p < 
0.01

    0.98,
p < 
0.001

ΔΨm -
B

                      -0.96,
p < 
0.01

ΔΨm -
SC

                    0.89,
p < 
0.05

 

B: Brain. SC: Spinal cord. PP: PP1/PP2A activity. AChE: Acetylcholinesterase activity. CbE: Carboxyl esterases
activity. BChE: Butyryl cholinesterase activity. GABA: γ-aminobutyric acid levels. ΔΨm: Mitochondrial membrane
potential. Ca+ 2: Mitochondrial calcium.
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Table 2
Correlations between biomarkers in the Nile tilapia (Oreochromis niloticus) intraperitoneally dosed with norcantharidin

(Only signi�cant results are show).

  CbE-SC BChE-B BChE-SC GABA-B GABA-
SC

ΔΨm -B ΔΨm -
SC

Ca+ 2-B Ca+ 2-SC

CTRL

AChE-
B

              -0.84, p 
< 0.05

 

AChE-
SC

      -0.91, p 
< 0.05

         

CbE-B   0.83, p < 
0.05

  -0.89, p 
< 0.05

         

GABA-
SC

            0.82, p 
< 0.05

   

0.01 µg/kg

AChE-
B

-0.88, p 
< 0.05

    0.97, p 
< 0.01

         

AChE-
SC

                0.95, p < 
0.01

CbE-B   0.99, p < 
0.001

        0.82, p 
< 0.05

   

CbE-
SC

    0.86, p < 
0.05

           

BChE-
B

            0.82, p 
< 0.05

   

BChE-
SC

        0.88, p < 
0.05

       

GABA-
SC

              -0.90, p 
< 0.05

 

ΔΨm -
B

            0.91, p 
< 0.01

-0.82, p 
< 0.05

 

0.1 µg/kg

PP               0.93, p < 
0.01

0.84, p < 
0.05

AChE-
B

  0.81, p < 
0.05

  0.87, p 
< 0.05

         

AChE-
SC

                -0.84, p < 
0.05

CbE-B     0.94, p < 
0.01

  0.94, p < 
0.01

       

B: Brain. SC: Spinal cord. PP: PP1/PP2A activity. AChE: Acetylcholinesterase activity. CbE: Carboxyl esterase
activities. BChE: Butyryl cholinesterase activity. GABA: γ-aminobutyric acid levels. ΔΨm: Mitochondrial membrane
potential. Ca+ 2: Mitochondrial calcium.
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  CbE-SC BChE-B BChE-SC GABA-B GABA-
SC

ΔΨm -B ΔΨm -
SC

Ca+ 2-B Ca+ 2-SC

CbE-
SC

    0.83, p < 
0.05

-0.86, p 
< 0.05

0.93, p < 
0.01

       

BChE-
B

                 

BChE-
SC

       

0.91, p < 
0.05

-0.84, p 
< 0.05

     

1.0 µg/kg

PP                  

AChE-
B

  0.93, p < 
0.05

        -0.95, p 
< 0.05

   

AChE-
SC

0.96, p 
< 0.01

  0.98, p < 
0.01

0.99, p 
< 0.01

0.99, p < 
0.001

      0.94, p < 
0.05

CbE-B   0.98, p < 
0.01

      -0.90, p 
< 0.05

    0.90, p < 
0.05

CbE-
SC

    0.99, p < 
0.001

0.90, p 
< 0.05

0.98, p < 
0.01

-0.88, p 
< 0.05

    0.98, p < 
0.01

BChE-
B

                 

BChE-
SC

      0.94, p 
< 0.05

1.00, p < 
0.001

-0.91, p 
< 0.05

    0.99, p < 
0.001

GABA-
B

        0.97, p < 
0.01

      0.90, p < 
0.05

GABA-
SC

          -0.91, p 
< 0.05

    0.98, p < 
0.01

ΔΨm -
B

                -0.96, p < 
0.05

ΔΨm -
SC

              0.89, p < 
0.05

 

B: Brain. SC: Spinal cord. PP: PP1/PP2A activity. AChE: Acetylcholinesterase activity. CbE: Carboxyl esterase
activities. BChE: Butyryl cholinesterase activity. GABA: γ-aminobutyric acid levels. ΔΨm: Mitochondrial membrane
potential. Ca+ 2: Mitochondrial calcium.

In treated groups, the number of relationships increased with the level of toxins (Tables 1 and 2). However, due to the
higher number of correlations and their consistency with IBRv2, it is worth emphasising the �ndings observed with 10.0
µg/L of MaE and 1.0 µg/kg NCTD.

In the brain of �sh exposed to MaE, BChE was related with AChE; also reduced number of correlations among enzymes
involved in neurotransmission in the spinal cord was detected. BChe was positively related with AChE and CbE, and CbE
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with AChE. In thebrain, BChE displayed statistical correlations with AChE and CbE. GABA levels in the brain and spinal
cord showed positive and signi�cant links with AChE, CbE, and BChE in the spinal cord, as was the case for GABA in the
spinal cord with the same neurotransmitter in the brain. Nonetheless, the number of relationships of mitochondrial
performance with esterases and neurotransmitters increased. ΔΨm evaluated as mean �uorescence intensity in the
brain was inversely related with CbE in the brain and spinal cord, BChE in the spinal cord, and GABA in the brain. In the
case of ΔΨm in the spinal cord, only an inverse relationship with AChE in the brain was noted. In addition, ΔΨm in the
spinal cord was related to brain mCa+ 2. Despite these interesting �ndings, the higher number of statistical correlations
occurred among mCa+ 2 in the spinal cord with neurotoxicity biomarkers. We found positive correlations with spinal cord
AChE, spinal cord CbE and BChE activities, brain CbE, and GABA in the brain and spinal cord. A negative correlation was
found with ΔΨm in the brain (Table 1).

The results from �sh exposed to the to high doses of NCTD (1.0 µg/kg) demonstrated a positive correlation in a dose-
dependent manner of the three enzymes involved in neurotransmission among the brain and spinal cord and vice versa,
contrary to what was observed in the control group, where only one positive relationship was found. Remarkably, the
levels of GABA in the brain and spinal cord were positively related with AChE, CbE, and BChE activities in the spinal cord.
However, brain ΔΨm was negatively correlated with CbE in the brain and spinal cord, in addition to BChE and with GABA
levels in the spinal cord. In contrast, ΔΨm in the spinal cord only indicated a negative relationship with AChE in the
brain. However, a great number of correlations were found between mCa+ 2 in the spinal cord and the enzymes involved
in neurotransmission and with levels of GABA in both organs studied. However, this biomarker showed a negative
relationship with ΔΨm in the brain and was not linked with AChE and BChE in the brain, ΔΨm in the spinal cord, or
PP1/PP2A in the liver (Table 2).

Discussion
In this study, it is not suprising as in other studies in �sh species that some the main effect of MCs in the liver of
Oreochromis niloticus was the enzymatic inhibition of protein phosphatases such as the PP1/PP2A isoforms. However,
the interesting aspect is probably its relationships with the functionality of the nervous system. The inhibition of
PP1/PP2A by MCs has been widely studied in mammals an �sh species’since it has a high degree of speci�city towards
these enzymes (e.g. Toivola et al. 1994; Carbis et al. 1997; Landsberg 2002; Mezhoud et al. 2008). Similar toxic
responses have been documented for the speci�c inhibitor of PP1/PP2A activity, norcantharidin, using in vitro and in
vivo mammal models (Hill et al. 2008; Deng et al. 2013; Wang et al. 2018). The MCs and NCDT have been recognized as
inhibitors of protein phosphatase 2A through their binding with the catalytic subunit of this enzyme (Liu and Sun 2015;
Tang et al. 2016; Fontanillo and Köhn 2018; Wang et al. 2018). Similarly, MCs and NCDT are able also to inhibit the
activity of the ubiquitous Ser/Thr protein phosphatase 1 (PP1) (Liu and Sun 2015; Tang et al. 2016; Fontanillo and
Köhn 2018; Wang et al. 2018). The PP1 regulates diverse and essential cellular processes such as cell cycle
progression, protein synthesis, muscle contraction, carbohydrate metabolism, transcription, and neuronal signalling
(Liang et al. 2011). On the other hand, PP2A is one of the most complex members of the PP family; it is responsible for
regulating physiological processes such as neuronal stabilization by ion exchange, cardiac muscle function, and cell
cycle (Lires et al. 2008). In addition, the PPs are very important in regulating Ca+ 2 channels in neurons through the
cGMP dependent signalling pathway (Zsombok et al. 2005). However, much less is understood about whether and how
a particular type of PP contributes to regulating neuronal Ca+ 2 channel activities. Despite the wide involvement of
PP1/PP2A in the regulation of anionic channels,our results do not contribute in a great way to solving this question,
particularly in �sh exposed to MaE. However, the in vitro and in vivo terrestrial models provided speci�c clues about the
neurotoxicity, which the MCs entail. This toxic response is due to the ability of MCs to cross the blood-brain barrier and
most neural cells through OATPs, therefore the Ca+ 2 levels increase and could induce apoptosis (Hinojosa et al. 2019).
Speci�cally, in SH-SY5Y cells and rat hippocampus, it has been shown that MC-LR increased the demethylation of
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PP2Ac, which was accompanied by associated rises in GSK-3β phosphorylation at Ser9. As a consequence, the tau
hyperphosphorylation at PP2A-favorable sites occurred (Zhang et al. 2018). Based on previous reports, it has been
proposed that the neurotoxicity of MCs is also related with cytoskeleton disruption in nervous system cells (Hinojosa et
al. 2019). In contrast, in the brain and spinal cord of the Nile tilapia treated with the intermediate NCTD dose, statistical
relationships between mCa+ 2 in the brain and spinal cord and PP1/PP2A activity were observed. These results would be
promising to further investigate and suggest a highly speci�c saturable process, probably related to an increase in
mCa+ 2 levels and also with inhibition of PP2A activity in a dose-dependent manner.

Notwithstanding, we do not normalized the MaE exposure with the basis on MC-YR or MC-RR levels, it has been
documented that MC-YR sligly increase of movement in zebra�sh embryos (Jonas et al. 2015), whereas MC-RR alter the
oxidative stress response (Cazenave et al. 2006) and modifyed the swimming activity of Jenynsia multidentata
(Cazenave et al. 2008). However, taking into account the sanitary importance of MC-LR as well as at environmental
level, the relevance of MC-LR able to induce neurotoxic effects stands out (Hinojosa et al. 2019).

In this study, we observed changes directly related to the activity of enzymes involved in neurotransmission, as well as
the ΔΨm and mCa+ 2 with exposure to MCs and NCTD. The results obtained for mCa+ 2 levels were different for NCTD
and MCs exposures; however, the star plot areas obtained from IBRv2 showed a similar tendency in the damage of the
CNS of the Nile tilapia. It is well known that any changes in mCa+ 2 levels cause alterations in membrane potential since
both variables are closely related, altering in this way the mitochondrial function or cation accumulation. The increase
of mCa+ 2 levels can augment ATP production by altering the activity of calcium-sensitive mitochondrial matrix
enzymes. Medium and high concentration of MCs do not increase calcium levels in the mitochondria, which may be
because the calcium channels are open. However, the release of calcium from the mitochondria could be related to the
necro-apoptosis processes (Bai et al. 2013). On the other hand, intracellular deposits of this cation activates calcium
channels, a response named Store-Operated Calcium Channels (SOCs) (Stathopulos and Ikura 2017). The SOCs are a
nearly ubiquitous Ca+ 2 entry pathway stimulated by numerous cell surface receptors via the reduction of Ca+ 2

concentration in the endoplasmic reticulum (ER). The de�ning feature of SOCs that distinguishes them from all other
classes of Ca+ 2 channels, is their activation by the reduction of Ca+ 2 concentration in the lumen of the ER. It is worth
mentioning that, at the neuronal level, changes in calcium channels can promote the fusion of the synaptic vesicle
membrane with the axon terminal membrane in the neurons, which causes the release of ACh to the synaptic cleft by an
exocytosis mechanism (Parekh and Putney 2005; Prakriya and Lewis 2005; Lewis 2011; Kawamoto et al. 2012; Finkel et
al. 2015). This relationship between mCa + 2 levels and AChE levelswas signi�cantly evident in the spinal cord of the
Nile tilapia treated with MaE and in the brain and spinal cord of �sh dosed with NCTD. In this regard, when ACh enters to
the synaptic cleft, it can bind to cholinergic receptors, whose binding occurs quickly occurs due to the neurotransmitter
being rapidly metabolised by AChE. As a consequence, the activity of AChE, and probably BChE and CbE, is affected,
promoting the presence of AChE and the synthesis of BChE after exposures to MCs as noted in the current study, as well
as in �sh treated with NCTD, by increasing the relationships between mCa+ 2 with these enzymes involved in
neurotransmission. Likewise, it is possible that decreases in ΔΨm, in addition to Ca+ 2 levels, in�uenced the neuronal
response in addition to the �exibility of Ca+ 2 signalling by modifying the cytosolic Ca+ 2 concentrations via a regulated
opening of the cellular membrane and subcellular Ca+ 2 sensitive channels as documented in the brain by Kawamoto et
al. (2012). However, the �ndings of IBRv2 denote that the activity of BChE and AChE seems to be unaltered regarding
the controls, in contrast to that observed with the activity of CbE. This response suggests that hydrolysis and
esteri�cation of other substrates (Perry et al. 2011) could be affected by exposure to MaE and NCDT, as well as the high
substrate-speci�city of AChE and BChE.
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Proteomic analysis showed seventeen proteins were involved in the response to MC-LR treatment, eight of them were to
be reported as being directly related with MC-LR effects: fumarylacetoacetase (EC 3.7.1.2), protein disul�de-isomerase
A4 and A6, 78 kDa glucose-regulated protein homolog, 40S ribosomal protein SA (EC 2.3.1.267 - [ribosomal protein S5]-
alanine N-acetyltransferase), prohibitin (EC 6.4.1.1 - pyruvate carboxylase), cytochrome b5, and ATP synthase
mitochondrial d subunit (Hubbard and McHugh 1996; Mikhailov et al. 2003; Malécot et al. 2009). The last �ve are
directly related to ATP generation in the mitochondria. Moreover, the concentrations of Ca+ 2 tend to equalise on both
sides of the cell membrane producing depolarisation and causing changes in the permeability of the membrane
allowing the in�ux of others divalent ions (Hubbard and McHugh 1996). About the topic, we fond negative relationships
between ΔΨm in the brain and mCa+ 2 levels in the spinal cord, and positive dealings between ΔΨm in the spinal cord
and mCa+ 2 levels in the brain of Nile tilapia treated with the higher concentration of MaE and in the higher dose of
NCTD. This response suggests that the generation of a proton gradient through the mitochondrial membrane was
modi�ed, altering in this way the release of neurotransmitters evaluated through the activity of the enzymes involved in
their metabolism. However, the control of this process was maintained in the but not the spinal cord’despite the proton
gradient alterations elicited by MaE and NCTD.

In addition to variations in levels of AChE, BChE, and CbE, the inhibitory neurotransmitter of the CNS, γ-aminobutyric
acid (GABA) was evaluated. Approximately 20% of all neurons in the nervous system have GABA as a neurotransmitter,
which prevents CNS overexcitation (Bak et al. 2006; Kalueff and Nutt 2007). Our results showed positive relationships
of GABA levels in the brain and spinal cord with mCa+ 2 levels in the spinal cord. In addition, GABA in the brain and
spinal cord was positively related with the inhibition of AChE, BChE, and CbE on the organs in �sh treated with MaE and
also with the same enzymes in the spinal cord of �sh dosed with NCTD. These results clearly indicate post-synaptic
alterations able to induce disruption of GABA-binding with its receptor, leading an over-excitation of CNS cells.

To our knowledge, previous studies about these responses are not available in �sh exposed to MaE and NCTD; however,
this study has opened up new opportunities’to explore more consequences of eutrophication process, particularly in �sh
species exposed to MCs linked with blooms of some Microcystis aeruginosa strains.

Concluding Remarks
In summary, alterations in calcium levels are intimately intertwined with ion exchange; therefore, inhibition of
phosphatases, as well as alterations in mitochondrial calcium levels, cause disruptions in neurotransmission by
modi�cations of transporters of ATP-dependent ions. These effects related with the eutrophication process can be
evaluated by the neurotoxicity biomarkers studied in the present work.
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Figure 1

Activity of PP1/PP2A in the liver of the Nile tilapia (Oreochromis niloticus) treated with Microcystis aeruginosa extract
(A) and with norcantharidin (B). The bars represent the mean value and the bar errors represent the standard deviation.
Biomarkers results were analysed by one-way analysis of variance (ANOVA) followed by Dunnet´s Comparison Test,
and statistical difference was set at *p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.
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Figure 2

Activity of the enzymes involved in neurotransmission in the brain and spinal cord of the Nile tilapia (Oreochromis
niloticus) treated with Microcystis aeruginosa extract (MaE) and with norcantharidine (NCTD). AChE in the brain (A) and
spinal cord (B) of �sh exposed to MaE. AChE in the brain (C) and spinal cord (D) of �sh treated with NCTD. CbE in the
brain (E) and spinal cord (F) of �sh exposed to MaE. CbE in the brain (G) and spinal cord (H) of �sh treated with NCTD.
BChE in the brain (I) and spinal cord (J) of �sh exposed to MaE. BChE in the brain (K) and spinal cord (L) of �sh treated
with NCTD. The bars represent the mean value and the bar errors represent the standard deviation. Biomarkers results
were analysed by one-way analysis of variance (ANOVA) followed by Dunnet´s Comparison Test, and statistical
difference was set at *p ≤ 0.05 and ** p ≤ 0.01.
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Figure 3

Levels of γ-aminobutyric acid (GABA) in the brain (A) and spinal cord (B) of the Nile tilapia (Oreochromis niloticus)
treated with Microcystis aeruginosa extract (MaE) and with norcantharidine (NCTD) in the brain (C) and spinal cord (D).
The bars represent the mean value and the bar errors represent the standard deviation. Biomarkers results were
analysed by one-way analysis of variance (ANOVA) followed by Dunnet´s Comparison Test, and statistical difference
was set at *p ≤ 0.05.
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Figure 4

Mitochondrial membrane potential (ΔΨm) and mitochondrial Ca+2 levels (mCa+2) in the brain and spinal cord of the
Nile tilapia (Oreochromis niloticus) treated with Microcystis aeruginosa extract (left panels) and with norcantharidine
(right panels). ΔΨm in the brain (A) and spinal cord (C) of �sh treated with MaE. ΔΨm in the brain (B) and spinal cord
(D) of �sh dosed with NCTD. mCa+2 in the brain (E) and spinal cord (G) of �sh treated with MaE. mCa+2 in the brain (F)
and spinal cord (H) of �sh dosed with NCTD. The bars represent the mean value and the bar errors represent the
standard deviation. Biomarkers results were analysed by one-way analysis of variance (ANOVA) followed by Dunnet´s
Comparison Test, and statistical difference was set at *p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001.
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Figure 5

Star plot areas obtained from Integrated Biological Response version 2 in the brain and spinal cord of the Nile tilapia
(Oreochromis niloticus) treated with different concentrations of Microcystis aeruginosa extract (left panels) and with
different doses of norcantharidine (right panels).


