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RESUMO GERAL

O estudo de novos agentes anestésicos permitira a proposicdo de farmacos alternativos que
sejam eficazes, potencialmente menos onerosos, sem prescindir da seguranca e eficicia
necessarias, com acdo rapida sobre o sistema nervoso e sem complicacdes posteriores para o
animal. Em peixes, a atividade anestésica do 6leo essencial (OE) de citronela foi comprovada,
no entanto, ndo ha informacdes na literatura referente a qual ou quais constituintes majoritarios
deste Oleo seriam o0s responsaveis pelos efeitos bioldgicos e comportamentais observados em
juvenis anestesiados. Neste sentido, 0 objetivo deste estudo foi avaliar a eficacia anestésica dos
fitoconstituintes isolados do OE de citronela, geraniol (GRL) e citronelol (CTL) em juvenis de
tambaqui, Colossoma macropomum, através da verificagdo dos tempos de indugdo e
recuperacdo por ensaios de concentracdo-resposta, além de avaliar seus efeitos sobre o
comportamento, modulacdo do tdnus muscular, frequéncia e ritmo cardiorrespiratorios,
potencial cardiotoxico, capacidade de determinar depressdo neuronal central e balango
oxidativo. Para a avaliacdo da anestesia e recuperacdo (Capitulo 1), a eficcia anestésica do
GRL e CTL foi através da caracterizacdo comportamental e a avaliagdo de marcadores
eletrofisiologicos. Os peixes (24,78 + 2,50g) foram divididos em dois grupos experimentais: |
— Avaliacdo Comportamental: Foram testadas seis concentracdes (10; 30; 50; 70; 90; e 110 pL
L) para cada composto, onde foram encontradas as concentracdes efetivas para ambos 0s
produtos (70 pL L' GRL e 90 pL L CTL). Il — Caracterizagdo Eletrofisioldgica: as
concentracdes determinadas no primeiro experimento foram utilizadas para os registros de
EMG, ECG, intensidade e frequéncia do batimento opercular (OBI e OBR) e frequéncia
cardiaca (FC).

Nossos resultados demonstraram que 0 GRL e CTL promoveram a imobilizagéo total do corpo,
apresentaram propriedades miorrelaxantes, com alteracfes, mas sem comprometimento da
funcdo cardiaca. Na caracterizacdo cardioldgica e potencial cardiotoxico (Capitulo 2),
foram avaliadas as mudancas nos padrdes de resposta cardiaca dos animais expostos ao GRL e
CTL e durante a recuperacdo. Os juvenis de tambaqui (13,9 + 1,4g) foram expostos as mesmas
concentracdes determinadas no primeiro capitulo, e os registros eletrocardiograficos (ECG)
tiveram duracg&o de cinco minutos. Foram investigados os parametros frequéncia cardiaca (FC)
(batimentos min. ™), registro de amplitude (mV), intervalo RR (s), intervalo QT (s) e duragéo do
complexo QRS (s). Os animais expostos ao GRL apesar de apresentarem efeito cronotrépico

negativo, mantiveram o ritmo sinusal. J& quando expostos ao CTL, foram observadas
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bradicardia acentuada e arritmia, que se mostraram reversiveis quando na recuperacéo, que se
mostrou rapida para ambos os anestésicos. Para a avaliagdo da depressao neuronal (Capitulo
3), a fim de observar o aprofundamento anestésico e a reversibilidade dos efeitos promovidos
pelo GRL e CTL sobre o SNC, os peixes (35,2 + 9,4g) foram expostos aos anestésicos e 0s
registros de EEG de inducdo e recuperacdo foram realizados por 300 segundos. Foram
observadas irregularidades nos tracados, no entanto, o0 GRL permitiu tracado regular, ja os
animais expostos ao CTL apresentarem tracados incompativeis com uma condi¢do de anestesia
adequada. Para a avaliacdo do balanco oxidativo durante o transporte em sedacdo
(Capitulo 4), os animais (26,97 + 3,73 g) foram submetidos ao transporte simulado por 2, 6 e
10 horas, utilizando doses sedativas correspondendo a 15% da dose efetiva encontradas no
primeiro capitulo desse trabalho (GRL — 10,5 pL Lt e CTL — 13,5 puL L™?). Ao final do
transporte foram avaliados a capacidade antioxidante (ACAP), concentracdo da glutationa
(GSH) e grupo sulfidrila (P-SH) e os niveis de peroxidagdo lipidica (TBARS) em braquias,
cérebro, figado e musculo. Nas branquias foram encontradas as maiores concentracdes de GSH
e P-SH na presenca dos anestésicos. Por outro lado, os niveis de LPO foram consideravelmente
maiores no masculo dos animais transportados com adicdo de CTL na &gua, independente do
tempo de transporte. Concluimos que GRL adicionado a dgua de transporte em doses sedativas,
seria uma boa opcéo para mitigar danos oxidativos principalmente nas branquias. Por outro
lado, o CTL demonstrou acdo pro-oxidante, com altos niveis de LPO no musculo dos animais

pos-trasnporte.

Palavras chaves: fitoconstituintes, eletrofisiologia, EMG, ECG, FR, OBI, EEG, estresse

oxidativo, EROs, transporte, sedacdo
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ABSTRACT

The study of new anaesthetics will allow for the proposition of alternative drugs that are
effective, potentially less expensive, without giving up the necessary safety and efficacy, with
rapid action on the central nervous system and without further complications to the animal. In
fish, the anaesthetic activity of citronella essential oil (EO) has been proven, however, there is
no information in literature on which major constituents of this oil would be responsible for the
biological and behavioural effects observed in anesthetized fish. In this sense, the objective of
this study was to evaluate the anaesthetic efficacy of the isolated phytoconstituents from the
EO of citronella, geraniol (GRL) and citronellol (CTL) in juvenile tambaqui, Colossoma
macropomum, through concentration-response trials during induction and recovery, in addition
to evaluating its effects on behaviour, modulation of muscle tone, cardiorespiratory rate and
rhythm, cardiotoxic potential, ability to determine central neuronal depression and oxidative
balance. For the assessment of anaesthesia and recovery (Chapter 1), the anaesthetic efficacy
of GRL and CTL was assessed through behavioural characterization and the assessment of
electrophysiological markers. The fish (24.78 £ 2.50 g) were divided into two experimental
groups: | — Behavioural Assessment: Six concentrations were tested (10; 30; 50; 70; 90; and
110 pL L) for each compound, whereby effective concentrations were found for both products
(70 pL L* GRL and 90 pL LICTL). Il — Electrophysiological Characterization: the
concentrations found in the first experiment were used to record EMG, ECG, intensity, and
frequency of the opercular beat (OBI and OBR) and heart rate (HR).

Our results demonstrated that GRL and CTL promoted whole body immaobilization, presented
myorelaxant properties, showed some alterations, but without compromise to the cardiac
function. In the Cardiological characterization and cardiotoxic potential (Chapter 2),
changes in cardiac response patterns of animals exposed to GRL and CTL and during recovery
were evaluated. Tambaqui juveniles (13.9 £ 1.4 g) were exposed to the same concentrations
determined in the first chapter, and the electrocardiographic recordings (ECG) were made for
five minutes. The parameters heart rate (HR) (beats min. ), amplitude of the record (mV), RR
interval (s), QT interval (s) and QRS duration (s) were investigated. The animals exposed to
GRL, despite having a negative chronotropic effect, maintained the sinus rhythm. When
exposed to CTL, marked bradycardia and arrhythmia were observed, which proved to be
reversible during recovery, which was rapid for both anaesthetics. For neuronal depression

assessment (Chapter 3), in order to observe the anaesthetic deepening and the reversibility of

22



© 00 N oo o B~ W N e

N N P PR R R R R R R e
R O O©W 0O N o o B W N - O

the effects promoted by the GRL and CTL on the CNS, the fish (35.2 + 9.4 g) were exposed to
anaesthetics and the induction and recovery EEG recordings were performed for 300 seconds.
Irregularities were observed in the tracings, however, while GRL allowed for a regular tracing,
the animals exposed to CTL presented tracings incompatible with an adequate anaesthesia
condition. For oxidative balance assessment during transport in sedation (Chapter 4), the
animals (26.97 + 3.73 g) were submitted to simulated transport for 2, 6 and 10 hours, using
sedative doses corresponding to 15% of the effective dose found in the first chapter of this study
(GRL — 10.5 pL L and CTL — 13.5 pL L1). At the end of transport, antioxidant capacity
(ACAP), concentration of glutathione (GSH) and sulfhydryl group (P-SH), and levels of lipid
peroxidation (TBARS) in gills, brain, liver and muscle were evaluated. In gills, the highest
concentrations of GSH and P-SH were found in the presence of anaesthetics. On the other hand,
LPO levels were considerably higher in muscle of animals transported with the addition of CTL
in water, regardless of transport time. We concluded that GRL added to the transport water in
sedative doses would be a good option to mitigate oxidative damage mainly in gills whereas
CTL demonstrated a pro-oxidant action, determining high levels of LPO in the muscle of fish

post-transport.

Keywords: phytoconstituents, electrophysiology, EMG, ECG, HR, OBI, EEG, oxidative stress,
ROS, transport, sedation
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1. INTRODUCAO GERAL

A contribuicdo da aquicultura para a producao global de animais aquaticos atingiu um
recorde de 49,2% no ano de 2020. Mesmo com a diversidade de espécies cultivaveis, essa
contribuicdo ainda parte de um pequeno nimero de espécies que dominam a producéo aquicola
(FAO, 2022). No Brasil, de acordo com dados do IBGE (2020), a produgéo total da aquicultura
foi de mais de 643 mil toneladas, sendo que a producéo de peixes ultrapassou 553 mil toneladas.
Neste cenario, o tambaqui (Colossoma macropomum) se manteve como a segunda espécie de
peixe mais cultivada no pais, atras apenas da tilapia (Oreochromis niloticus), que segue como
a principal espécie produzida em todas as regides brasileiras, exceto no Norte. Vale ressaltar a
elevada importancia em termos de valor bruto de receita com a comercializagédo do tambaqui,

que foi 2,4 vezes superior ao recebido pelo tilapicultor (IBGE, 2020).

Notadamente, esforcos sdo necessarios na promocao de espécies nativas de agua doce
como o tambaqui. Esta espécie é nativa do rio Amazonas, Orinoco e seus afluentes, sendo
comum em lagos de varzea e se caracteriza por sua rusticidade, resisténcia a doencas e indices
zootécnicos satisfatorios, atributos que foram essenciais para o aprimoramento de técnicas que
viabilizassem a sua criacao (Araujo-Lima e Goulding, 1998; Baldisserotto, 2018; Gomes et al.,
2010).

Outras caracteristicas do tambaqui também fizeram com que o mesmo fosse
recentemente reforcado como um bom modelo experimental, sendo ao mesmo tempo uma
espécie resistente a0 manuseio e sensivel a testes de avaliacdo da eficacia anestésica,
antiestressante e antioxidante de novos produtos para uso em peixes (Barbas et al., 2016; Barbas
et al., 2017a,b; De Souza et al., 2018). Alguns estudos relativos a anestesia de juvenis de
tambaqui ja existem na literatura (Roubach e Gomes, 2001; Facanha e Gomes, 2005; Barbas et
al., 2016; Barbas et al., 2017a,b,c; Barbas et al., 2019; De Souza et a., 2019; Barbas et al., 2019;
Barbas et al., 2021).

Considerando a necessidade de se produzir mais e de maneira mais eficiente, as
praticas de manejo se intensificaram na producédo aquicola, exigindo um maior controle fisico
dos animais durante 0 manuseio para a reproducdo induzida, biometria e também durante o
transporte. Essas praticas quando mal executadas acabam gerando estresse nos animais que
pode resultar em imunossupressdo, doengas e, consequentemente, mortalidades (Coyle et a.,
2004; Facanha e Gomes, 2005; Ross e Ross, 2008; Vidal et al., 2008). Ademais, questdes
relacionadas ao bem-estar de peixes estdo sendo cada vez mais amplamente discutidas, logo, a

utilizacdo de produtos anestésicos e antiestressantes para auxilio a piscicultura tem aumentado,
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no intuito de reduzir os niveis de estresse, inclusive o oxidativo, ao mesmo tempo em que
assegura aumento da sobrevivéncia, incremento da produtividade, promove bem-estar e garante

respeito as questdes relativas a ética animal (Sneddon, 2012).

De acordo com Sylvester (1975), um anestésico deve apresentar acdo rapida sobre o
sistema nervoso, sem complicacbes posteriores para 0 peixe, sendo que sua escolha,
geralmente, esta relacionada com a viabilidade econémica e alguns condicionantes legais. Essas
substancias se caracterizam por promoverem, de forma reversivel, depressdao do sistema
nervoso central, miorrelaxamento resultando em perda da percepcéo e da resposta aos estimulos
ambientais. Apesar de difundido o0 uso de anestésicos em peixes, seus mecanismos de a¢do no
sistema nervoso central (SNC) desses animais ainda séo relativamente desconhecidos.

Neste contexto, produtos quimicos como a o sulfato de quinaldina, a benzocaina e
metanossulfonato de tricaina (MS-222) por muito tempo foram os mais utilizados como
anestésicos para peixes, apesar dos relatos de alguns causarem efeitos indesejaveis tais como
irritabilidade, perda de muco, danos as corneas e, contraditoriamente, promoverem estresse
(Svoboda e Kolavora, 1999; Inoue et al., 2003; Ross e Ross, 2008; Heo e Shin, 2010; Pawar et
al., 2011), com alteracdes metabdlicas e, consequentemente, afetando o desempenho dos

peixes.

Ainda assim, a expectativa € que 0 uso de anestésicos pode reduzir os danos
ocasionados pelo estresse, atenuando a resposta fisiologica. Diversos indicadores tém sido
validados para a avaliar a intensidade do estresse, tais como os bioquimicos e fisiolégico como,
0s parametros hematoldgicos e de osmolaridade (Mazeaud et al., 1981; Barbas et al., 2016;
Barbas et al., 2017b; Maltez et al., 2017; Barbas et al., 2020). No entanto, a condi¢do anestésica
ainda tem se baseado apenas na questdo visual. Mais recentemente, estudos eletrofisioldgicos
tém sido usados para corroborar a avaliagdo comportamental normalmente reportada na
literatura como metodologia de avaliagdo de anestesia e sedacdo em peixes (Barbas et al.,
2017a; De Souza et al., 2019; Cantanhéde et al., 2020; De Araujo et al., 2021; Costa et al.,
2022)

De acordo com Dellatre (2007), um grande numero de fendmenos biol6gicos
importantes é acompanhado de manifestacGes elétricas celulares associadas a mecanismos de
transporte com permeabilidade seletiva de ions (K*, Ca?*, Na* e CI") participantes da gerac&o
do potencial de membrana nas células em geral. Esses ions fluem através de diferentes canais
presentes nos seres vivos, sendo responsaveis pela transmissao elétrica em todo o sistema

nervoso participando de inimeros processos fisiologicos e bioquimicos (Mudado et al., 2003).
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A avaliacdo do eletromiograma, eletroencefalograma, da frequéncia e ritmos
cardiorrespiratorios possibilitam um entendimento mais detalhado dos fendmenos
farmacol6gicos em animais expostos a anestésicos gerais. Para procedimentos mais invasivos
como cirurgias ou eutanasia, o registro desses marcadores possibilita a avaliacdo dos efeitos de
depresséo sobre o poder de contragdo muscular e o sistema nervoso central, o que caracteriza
em ultima instancia, a eficidcia de um produto como anestésico geral. O monitoramento
cardiorrespiratdrio permite avaliar a compatibilidade do anestésico com a vida e 0s impactos
envolvidos para esses sistemas organicos vitais (Barbas et al., 2017a; De Souza et al., 2019;
Vilhena et al., 2019; De Arauljo et al., 2021; Costa et al., 2022).

Por outra perspectiva, o estresse pode ser avaliado por indicadores bioquimicos, pela
resposta de tecidos a liberacdo de espécies reativas de oxigénio (ERO) e a mudanca do potencial
redox. Quando em excesso, as ERO promovem um desequilibrio entre os sistemas pré e
antioxidantes, em que predomina o pré-oxidante, com danos celulares, quando sua acumulacéo
vai além da capacidade de defesa dos sistemas antioxidantes do organismo, resultando em uma
situacdo de estresse oxidativo (Halliwel e Gutteridge, 2007; Bisbal et al., 2010 Lushchak, 2011;
Liang et al., 2016). Nos peixes, podem determinar elevacao da peroxidacéo lipidica no tecidos,
causando danos as membranas lipidicas (Modesto e Martinez, 2010). Apesar da anestesia ser
capaz, em muitos casos, de mitigar alteracbes bioquimicas e fisiologicas em peixes, o proprio
anestésico pode, paradoxalmente, induzir efeitos que causem perturbacdo de parametros

bioquimicos e de estresse oxidativo (Velisek et aL., 2011).

Diversos estudos tém demonstrado vantagens na utilizacdo dos extrativos vegetais
(6leos essenciais, extratos aquosos, etandlicos e cerosos de plantas, etc...) como alternativos as
substancias quimicas, uma vez que, em tese, sdo menos prejudiciais ao meio ambiente e a satde
do homem devido as suas propriedades bioativas e biodegradaveis (Inoue et al., 2005; Parodi
et al., 2012; Barbas et al., 2016; Barbas et al., 2017a,b). Além da sua eficacia na inducéo
anestésica, a utilizacdo de extratos vegetais tem como vantagem a diminuigdo do estresse e a
potencial protecao contra danos oxidativos (Dias et al., 2012; Parodi et al., 2012; Barbas et al.,
2016; Barbas et al., 2017D).

Deste modo, o estudo de produtos naturais, a exemplo dos extrativos vegetais,
permitird para além da investigacdo sobre os potenciais efeitos anestésicos, a avaliagdo do
potencial antiestressante. Ainda, aliada a eficacia farmacologica, o produto natural candidato a
anestésico e/ou antiestressante, podera ser menos oneroso comparativamente as drogas

sintéticas, sem que prescinda da seguranca e eficicia necessérias, determinando acdo rapida
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sobre o sistema nervoso central e sem complicagdes posteriores para o animal (Cho e Heath,
2000; Gongalves et al., 2008).

O capim citronela, Cymbopogon nardus, € uma planta originada do Sri Lanka e da
india, utilizada em infusdes como cha calmante e digestivo (Mahalwal e Ali, 2003; Castro et
al., 2007). Apresenta propriedades antibacterianas e antioxidantes in vitro (Park et al., 2015).
Em peixes, sua atividade anestésica foi comprovada por Barbas et al (2017a) ao anestesiar
juvenis de tambaqui com 6leo essencial (OE) de citronela. No entanto, ndo ha informacdes na
literatura referente a qual constituinte majoritario deste 6leo seria o responsavel pelos efeitos
bioldgicos e comportamentais observados nos juvenis anestesiados ou, ainda, se tais efeitos sdo

decorrentes de sinergia entre seus fitoconstituintes.

Entre os compostos quimicos majoritarios do C. nardus, estdo 0s monoterpenos:
citronelol e geraniol, que sdo responsaveis pelo odor caracteristico do OE (Castro et al., 2010).
Além do uso desses compostos em varios produtos comerciais, incluindo cosméticos e
fragréncias, o geraniol exerceu ampla atividade farmacologica como anti-inflamatdrio, anti-
oxidante, anti-ulcerativo, neuroprotetor, acdo acaricida, atividade antisséptica inibindo o
crescimento de fungos e bactérias (Martins, 2006; Solorzano-Santos e Miranda-Novales, 2012),
além de potencial citoprotetor e antioxidante em modelos animais submetidos & estresse
oxidativo (Tiwari e Kakkar, 2009). O citronelol demonstrou atividade inibitoria e bactericida
(Lopez-Romero et al., 2015) além de efeito antifingico, antiespasmddico, analgésico e

anticonvulsivante (De Sousa et al., 2006; Quintans-Jfflnior, 2008).

N&o existem informagdes na literatura, anteriormente a este trabalho, que tenham
investigado o potencial desses dois isolados, citronelol e geraniol, para peixes como anestésicos
e antioxidantes. Ambos os isolados poderdo funcionar como importantes alternativas,

facilitando 0 manejo de peixes e atuando como importantes mitigadores de estresse.

2. EMBASAMENTO TEORICO
2.1 Anestesicos na Aquicultura

Os anestésicos tém sido utilizados na aquicultura a fim de garantir a supressao da dor
e melhorar as condigdes de “bem-estar”, partindo-se da premissa que peixes s&o animais
sencientes (Sneddon, 2003). Além disso, sdo utilizados para mitigar os efeitos deletérios
decorrentes do estresse de manejos necessarios. Sdo utilizados na producéo aquicola e para a

imobilizacgéo dos animais com o objetivo de facilitar o manuseio durante os procedimentos de
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despesca, biometria, reproducdo artificial, desova e transporte. Sdo importantes quando do
manuseio de modelos experimentais animais, que sdo mantidos para fins de pesquisa e que
requerem manejo constante, por muitas vezes exigindo procedimentos invasivos e um estado
de inconsciéncia (Sylvester, 1975; Ackerman et al., 1990; Coyle et al., 2004; Lambooij et al.,
2006; Weber et al., 2008; Zahl et al., 2012; Sneddon, 2003, 2012; Ghisi e Oliveira, 2016;
Readman et al., 2017).

Neste sentido, para um anestésico ser considerado eficiente, além de ter baixo custo,
ser atoxico, e de facil administracdo, este deve induzir a anestesia rapidamente com o minimo
de hiperatividade ou estresse, com recupera¢do rapida em uma condi¢do o mais livre possivel
de estresse (Ross e Ross, 2008). Por isso, a concentracdo ideal de um anestésico e o tempo de
anestesia, sdo de extrema importancia, umas vez que podem afetar diretamente o tempo de

recuperacéo/retorno.

As concentracOes efetivas de um anestésico sdo avaliada pelo tempo de inducgdo e
tempo de recuperacdo (Falahatkar e Poursaeid, 2017). Através da analise comportamental, um
anestésico promove mudangas comportamentais visiveis, devendo a inducéo ocorrer antes de 3
minutos e a recuperacao em até 5 minutos, sendo 10 minutos como o limite maximo ideal para
0 tempo na recuperagdo (Marking e Meyer, 1985; Park et al., 2008; Ross e Ross, 2008). De
acordo com Park et al. (2008), os estagios de anestesia incluem a agitacdo, perda de equilibrio
e paralisia completa dos movimentos com batimento opercular minimo ou ausente. No retorno,
0 primeiro estagio é o restabelecimento do equilibrio seguido da natacdo normal quando o

animal é considerado recuperado.
2.1.1 Anestesia e Sedacao

Os anestésicos atuam diretamente no sitema nervoso central (SNC) dos peixes,
considerando que diferentemente dos demais invertebrados, as vias de admnistracdo para esses
animais sdo distintas, uma vez que geralmente séo anestesiados por banhos de imerséo onde o
anestésico é absolvido pelas branquias e assim entra na corrente sanguinea até o SNC,
bloqueando algumas acdes reflexas (Burka et a., 1997; Treves-Brown, 2000; Sladky et al.,
2001; Woody et al., 2002; Ross e Ross, 2008; Zahl et al., 2009; Barbas et al., 2016). Neste
sentido, a dosagem e a concentracdo utilizadas, bem como o tempo de exposi¢do, sdo

determinantes para determinar a sedag&o, anestesia ou obito (Coyle et al., 2004).

De acordo com Zahl et al (2012), a sedacdo é caracterizada pela diminui¢do da

sensibilidade, e ja a anestesia geral ocorre quando o animal atinge um estado de inconsciéncia,

28



g A W N

© 00 N O

10

11

12

13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29

30
31
32

imobilizacéo e alivio da dor. Quando ocorre a perda completa ou parcial dos sentidos devido a
depressdo generalizada do SNC, o manuseio do animal durante procedimentos mais invasivos
é facilitado, por isso, de preferéncia, devem ser acompanhados de relaxamento muscular
efetivo, uma vez que em anestesia profunda os animais estdo disponiveis para procedimentos

rapidos e seguros (Ross and Ross, 2008; Uehara et al., 2019).

De modo geral, as concentrac6es consideradas ideais sdo determinadas em funcdo do
tempo de inducdo e de recuperacdo e quando em baixas concentracBes ou em situacdo de
anestesia superficial, os anestésicos podem ser utilizados como sedativos. Nessas condicdes,
ocorre perda parcial de equilibrio e supressdo da reacdo a estimulos externos (Cooke et al.,
2004; Barbas et al., 2017).

2.1.2 Transporte

O transporte de peixes pode ser realizado em sistema aberto ou fechado (e.g., sacos
plasticos), e é considerada pratica rotineira das mais importantes no manejo e no processo de
producdo. Por ser considerado um momento critico, exige cuidados, sendo um estressor
importante na aquicultura e que impacta o sucesso da recria, por exemplo. A captura, as
mudancas de temperatura, a duracdo, a densidade, além do proprio transporte sdo fatores
potencialmente perturbadores da homeostase (Gomes et al, 2003; Carneiro et al., 2002; Barbas
etal., 2017c¢).

No Brasil, o transporte mais utilizado é o sistema fechado, que é realizado em sacos
plasticos de polietileno com um terco do volume Util preenchido com agua e dois tergcos com
injecdo de oxigénio puro (Berka, 1986; Bendhack, 2004; Sampaio e Freire, 2016). Essas
condicdes podem desencadear diversos tipos de estresse, tanto fisioldgico que consiste nas
alteracbes nos processos metabdlicos, osmorregulatorios, inflamatorios e imunoldgicos dos
organismos, quanto estresse comportamental, com tentativa de fuga, natacdo erratica e
acelerada, que sdo ocasionados por altos niveis de vibracdo, choques repentinos e ruidos
elevados que ocorrem normalmente no momento do transporte (Ross e Ross, 2008). Tais fatores
exigem a adogdo de procedimentos eficazes e capazes de assegurar 0 bem-estar e sobrevivéncia

dos animais durante todo o trajeto.

Uma alternativa adotada para mitigar o estresse fisiologico durante o transporte € o
uso do cloreto de sddio (NaCl) dissolvido na agua do transporte, proporcionando um equilibrio

osmotico entre o animal e 0 meio (Barton e Peter, 1982; Gomes et al., 2003; Oliveria et al.,
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2009). Entretanto, ndo h4 efeito sedativo propriamente quando do uso de sal. Nesse sentido, o
uso de anestésicos sintéticos e naturais tem sido bastante difundido (Gomes et al., 2003;
Bendhack, 2004; Anjos et al., 2007; Oliveira et al., 2009). Quando em doses sedativas, 0
anestésico pode ser suficiente para diminuir o estresse no transporte de peixes considerando

que este ndo € procedimento invasivo (Sneddon, 2012; Barbas et al., 2017c, 2019).

Quando em baixas concentragbes, o uso do anestésico € capaz de diminuir a
sensibilidade a estimulos visuais e mecénicos, onde o animal tem sua atividade reduzida,
mantendo o equilibrio parcial e a capacidade de natacdo, sendo uma condi¢do considerada ideal
para o transporte uma vez que reduz o metabolismo (consumo de oxigénio dissolvido), o
estresse e também evita danos fisicos (Cooke et al., 2004; Coyle et al., 2004; De Souza et al.,
2019).

2.1.3 Uso de extrativos vegetais

Os anestésicos para peixes podem ser divididos em produtos sintéticos e naturais (a
base de plantas) (Zahl et al., 2010; Aydin e Barbas, 2020). Dentre os anestésicos sintéticos
usados extensamente na aquicultura estdo a benzocaina, que se torna uma opgéo por ser de facil
obtencdo e baixo custo, e 0 metanossulfonato de tricaina (MS-222) esse composto causa
depressdo no sistema nervoso central e hipdxia, paralisando os peixes (Gomes et al., 2001;
Popovic et al., 2012; Sneddon 2012; Vera et al., 2013).

No entanto, o efeito desses anestésicos como redutores de estresse em peixes durante
0 manejo se mostrou contraditorio, pois reacGes adversas aos proprios anestésicos tém sido
observadas em peixes expostos a essas substancias. Varios estudos reportaram efeitos
indesejaveis durante banhos anestésicos em peixes, como alteracdes nos parametros
bioquimicos e de estresse oxidativo, perda de muco, irritacdo de branquias e olhos, e também
alguns desconfortos para os manipuladores (Velisek e al., 2011; Fujimoto et al., 2017; Roubach

e Gomes, 2001), tornando o uso de anestésicos naturais uma alternativa aos tradicionais.

Nos altimos anos diversas pesquisas com 0 uso de produtos naturais com baixa ou
nenhuma toxicidade como os extrativos vegetais (6leos essenciais - OE), extratos aquosos,
etanolicos e cerosos de plantas) tém sido usados como anestésicos e sedativos para peixes
(Inoue et al., 2005; Morais et al., 2012; Parodi et al., 2012; Barbas et al., 2016; Santos et al.,
2016; Barbas et al., 2017a,b; De Souza et al., 2019). Embora os OE tenham sido usados com
sucesso para anestesia em peixes e aparentemente com poucos riscos de intoxicacgdo, alguns

estudos alertaram que essas substancias devam ser avaliadas também com bastante critério,
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como no caso do eugenol. Embora essa substancia, derivada de uma planta, seja a mais
amplamente usada na anestesia de peixes (Cho e Heath, 2000; Cooke et al., 2004; Inoue et al.,
2011; Simdes et al., 2011; Oliveira et al., 2009), estudos demonstraram efeito adverso
importante, com os peixes apresentando comportamento convulsivo e epileptiforme durante
exposicao ao eugenol (Barbas et al., 2021). Outros produtos derivados de plantas também tem
sido explorados quanto a sua adequacdo para 0 manejo de peixes (Fagcanha e Gomes, 2005;
Barbas et al., 2016; Barbas et al., 2017a,b; Souza et al., 2019; Vilhenta et al., 2019; Barbas et
al., 2019; De Araujo et al., 2021; Costa et al., 2022).

Em geral, os efeitos farmacoldgicos dos OE e seus mecanismos de atuacdo no SNC de
peixes ainda sdo bastante desconhecidos, podendo ser resultado direto de um Gnico composto
principal, interacBes de substancias ou com efeito sinérgico dos fitoconstituintes (Heldwein et
al., 2014; Cunha et al., 2017). Mudancas no tipo e na proporc¢édo de substancias ativas nos OE
sdo responsaveis por diferencas significativas nos efeitos sedativos e anestésicos. Vale ressaltar
que os OE contém vérias substancias e a composi¢do e concentracdo dos componentes dos
Oleos essenciais podem variar devido a fatores ecoldgicos e as condicdes edafoclimaticas,
refletindo diretamente nas propriedades funcionais, até mesmo em plantas de mesma espécie
(Steffens, 2010).

Por muito tempo o0 uso de extratos vegetais ou seus isolados, como os OEs, tém sido
usados na industria farmacéutica devido as suas diversas atividades, antibacteriana, analgésica
e antioxidante. Os OE sdo substancias volateis, lipofilicas que se caracterizam por um forte
odor, ja que sdo comumente encontradas em plantas aromaticas. S&o substancias complexas e
com varios componentes, principalmente por terpenos, entre eles, estdo os do tipo mono, que
sdo moléculas volateis que desempenham mdaltiplos papéis na biologia da planta (Tholl et al.,
2004). S&o substancias amplamente utilizadas nas industrias farmacéutica por apresentar
diversas atividades bioldgicas (Bastos et al., 2009; Menezes et al., 2010a,b; Lima et al., 2013;
Santos et al., 2016) e recentemente estdo sendo prospectados como anestésicos para peixes (De
Aragjo et al., 2021). Dentre os compostos encontrados em OE de plantas, destacam-se o
geraniol e o citronelol, que s&o monoterpenos quimicamente relacionados e encontrados em

diversos OE incluindo o de Cymbopogon nardus.

O geraniol é um alcool terpeno primario, aciclico, insaturado que apresenta odor e
sabor floral por isso, é amplamente usado como fragrancia e sabor na inddstria alimenticia.
Diversos estudos ja mostraram os efeitos farmacoldgicos desse composto, como antifugico,

neuroprotetor, hepatoprotetor, além de efeito antiflamatdrio e antioxidante, inibindo a resposta
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inflamatoria e do estresse oxidativo e promovendo o metabolismo de células inflamatérias e
aumentando o conteido de GSH e estimulando as atividades de enzimas antioxidantes; e
também como antiaritmico em modelos de mamiferos (Martins, 2006; Tiwari e Kakkar, 2009;
Chen e Viljoen, 2010; Solorzano-Santos and Miranda-Novales, 2012). O citronelol é um alcool
aciclico natural e ja& mostrou efeitos cardioprotetores além de alguns efeitos farmacoldgicos
como antifugico, antiespasmaodico, hipotensivo, vasorelaxante e atividade anticonvulsivante
descrita (Bastos et al., 2009; Brito et al., 2012 Santos et al., 2019; Menezes et al., 2010).

De modo geral, é notoria a aceitacdo que os produtos naturais tem ganhado nos ultimos
anos, sendo promissores como alternativas para uso na aquicultura em substituicdo a algumas

drogras sintéticas que comprovadamente apresentaram efeitos adversos.
2.2 Marcadores Biologicos

Por muitos anos, a avaliacdo da anestesia em peixes tem se baseado, equivocadamente,
apenas na analise visual do comportamental como uma metodologia padrdo, o que néo
comprova a anestesia geral, analgesia ou miorrelaxamento. Atualmente, sabemos que o
anestésico interfere em varios parametros fisiologicos e bioquimicos dos animais, que tém sido
cada vez mais avaliados além disso, também, o tipo e a proporcdo de substancias ativas no 6leo

essencial sdo determinantes na eficicia do anestésico (Aydin e Barbas, 2020).
2.2.1 Indicadores Eletrofisiolégicos

Existem varios mecanismo envolvidos na anestesia de peixes, entre eles, o bloqueio
de canais i6nicos e modulacdo de receptores inibitorios de acido gama-aminobutirico dos tipo
A (GABAA). De modo geral, véarios fendmenos bioldgicos sdo acompanhados por
manifestacdes elétricas celulares associadas & mecanismos seletivos de transporte de
permeabilidade i6nica (K*, Na*, Ca' e CI") que participam da geracio de potencial de
membrana nas células (Neumcke et al., 1981; Yang e Uchida, 1996; Delatre, 2007).

Quando em repouso, a célula apresenta diferenca de potencial elétrico de varias
dezenas de milivolts através da membrana plasmatica, com meio intracelular negativo em
relacdo aos liquidos extracelulares (Delatre, 2007). Quando ocorre uma perturbacdo desse
estado, é gerado um potencial de acdo, que pode se propagar e transmitir o estimulo para células
vizinhas que sdo igualmente excitaveis. Esse processo esta associado ao fluxo de ions por meio
da membrana e é capaz de alterar a concentracao idnica nos meios intra e extracelular, ou seja,
por ser eletricamente polarizada, a membrana se abre invertendo a sua polaridade

momentaneamente e essa difusdo de ions a favor de gradientes de concentracdo é a mais
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importante causa de manifestacdo elétrica em sistemas bioldgicos (Delatre, 2007; Krueger-
Beck et al., 2011).

Assim, a avaliacdo dos registros eletrofisioldgicos é fundamental para a compreensédo
dos processos de propagacédo de potenciais de acdo em 6érgdos especializados. A conducéo de
potenciais de acdo em tecidos especializados, nervosos ou musculares, por exemplo, da origem
a manifestacOes eletrofisioldégicas mensuraveis (Riberiro, 2013). A compreensdo desses
processos em condicdes normais ou alteradas em modelos experimentais, permite corroborar a
avaliacdo comportamental normalmente reportada na literatura como metodologia de avaliacao
de anestesia e sedacdo em peixes, aumentando a validade, objetividade e consisténcia dos
resultados.

Os anestésicos podem diminuir significativamente a frequéncia respiratoria em peixes,
que é um indicativo indireto do fluxo de agua que passa através das branquias. Também é capaz
de alterar o perfil eletrocardiografico e eletroencefalografico, além de modular os parametros
eletromiograficos (Barbas et al., 2017a; De Souza et al., 2019; De Araujo et al., 2021; Vilhena
etal., 2019; Barbas et al., 2020; Costa et al., 2022). No entanto, estudos sobre 0 monitoramento

eletrofisiologicos de peixes sob anestesia ainda sao relativamente escassos.

De acordo com o acima exposto, a avaliagdo de marcadores eletrofisioldgicos,
possibilitam um entendimento mais detalhado dos efeitos provocados por novos farmacos
durante e ap0s a exposicao, viabilizando ou ndo seu uso como anestésicos gerais para
procedimentos mais invasivos como cirurgias e até mesmo eutanasia. Ja que facilita o
monitoramento dos efeitos de depressdo sobre 0 SNC, podendo assim caracterizar a eficacia de
um produto como anestésico geral (Barbas et al., 2017b; De Souza et al., 2019; Vilhena et al.,
2019; De Araujo et al., 2021; Costa et al., 2022).

2.2.2 Bioquimico: Estresse Oxidativo

O estresse é capaz de causar disturbios morfologicos, fisiologicos e bioguimicos, como
um excesso na geracdo de radicais livres, por exemplo. Por isso, 0s parametros bioquimicos
tém sido avaliados em peixes frente a xenobidticos, onde € possivel se verificar os niveis
ocorrentes de atividade antioxidante (Tew e Ronai 1999). Apesar de a anestesia, por vezes, ser
capaz de atenuar distarbios biogquimicos e fisiologicos em peixes causados pelas praticas de
manejo, o proprio anestésico pode atuar como um estressor e levar a alteragfes nos pardmetros

bioguimicos, promovendo uma condicao de estresse oxidativo (Velisek e al., 2011).
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Os organismos possuem a capacidade natural de se adaptar ao ambiente ao qual estéo
inseridos, no entanto, quando submetidos a uma situacédo de estresse, a quantidade de radicais
livre é aumentada e o0 excesso na geracdo desses radicais tem como consequéncia o
enfraquecimento do sistema imunoldgica, afetando a capacidade de manutencdo da
homeostase. A formagdo de radicais livres ocorre de forma natural, como resultado do
metabolismo aerdbico para a geracdo de ATP. Radicais livres se caracterizam por serem
moléculas altamente reativas, pois possuem numero impar de elétrons em sua Ultima camada
(Mariano, 2006, Oba et al., 2009; Hermes-Lima, 2004; Hermes-Lima et al., 2015).

No sistema bioldgico, os radicais livres buscam se estabilizar e reagem com os elétrons
de outras biomoléculas a sua volta, como proteinas, lipideos, carboidratos e &cidos nucléicos.
Uma vez que essas biomoléculas perdem um elétron, sofrem modificacdo na sua forma e
funcdo. Esses radicais livres e moléculas que surgem, sdo denominadas espécies reativas de
oxigénio (EROs) ou pro-oxidantes e ocorrem em diferentes tecidos, sendo comum para todos
0s seres aerobicos (Belld et al., 2000; Hermes-Lima, 2004).

Para se proteger e neutralizar a formacdo de EROs, os organismos dispem de
mecanismos de defesa antioxidante, comumente divididas em enzimaticas e ndo-enzimaticas,
que se caracterizam como um conjunto de substancias que reduzem os riscos de lesdes
oxidativas por EROs (Comporti, 2010). Entre as principais defesas antioxidantes né&o-
enziméticas estdo o acido ascérbico (vitamina C), a-tocoferol (vitamina E), carotenoides,
flavonoides, acido lipoico e o tripeptideo glutationa (GSH), todos sendo captadores de radicais
(Vasconcelos et al., 2007; Lobo et al., 2010; Kutter et al., 2014; Wu et al., 2015). A GSH é uma
molécula composta pela combinacdo de trés residuos de aminoacidos (cisteina, glicina e
glutamina), e atua contra a formacéo de radicais livres, na homeostase tiélica, na manutencao
do balanco redox da célula, agindo como primeira linha de defesa contra a geracao excessiva
de ERO e na detoxificagdo de xenobioticos. Esta presente nos organismos nas formas reduzidas
(GSH) e oxidada (GSSG) (Wang et al., 2018) e sua capacidade antioxidante se da pelo
grupamento tiol (SH) reativo de sua cisteina, o qual também pode ser encontrado em proteinas
(P-SH) ou em tidis de baixo peso molecular (NPSH), como a cisteina e a GSH (Reischl et al.,
2007; Ventura-Lima et al., 2009; Wang et al., 2018).

No entanto, quando a agédo dos antioxidantes ndo € suficiente e ocorre uma perturbacéo
do equilibrio entre agentes pré-oxidantes e antioxidantes nos tecidos, se estabelece uma
situacdo de estresse oxidativo, capaz de provocar danos em varias estruturas moleculares com

danos permanentes a tecidos e 6rgdos (Halliwell e Gutteridge, 1989, 2007; Storey 1996;
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Halliwel e Gutteridge, 2007; Lushchak et al., 2005; Jones, 2006; Bisbal et al., 2010; Lushchak,
2011; Liang et al., 2016).

Como varios mecanismos estdo envolvidos na acdo antioxidante celular, muitos
antioxidantes enzimaticos e ndo enzimaticos ja sdo utilizados como biomarcadores durante
exposicdo de peixes a novas substdncias candidatas a anestasico, a fim de aumentar a
capacidade antioxidante durante a manipulacdo rotineiras dos animais (Saccol et al., 2017
Souza et al., 2019; Boaventura et al., 2021).

2.3 Modelo Experimental: Tambaqui (Colossoma macropomum)

O tambaqui, Colossoma macropomum, € um caraciforme da familia Serrasalmidae
com ampla distribui¢do em toda a bacia amazénica e bacia do Orinoco, nativo do rio Amazonas,
Orinoco e seus afluentes. Possui elevada tolerancia as variacbes na qualidade agua,
principalmente pH (intervalos entre 4 a 8) e oxigénio dissolvido. Neste Ultimo caso, esta espécie
apresenta um mecanismo de ajustes contra hipoxia, conferindo ao animal a capacidade de
realizar a respiracdo na superficie aquatica quando a concentracdo de oxigénio diminui para o
nivel de 0,5 mg L (Saint-Paul, 1984 a,b) através de uma adaptagdo morfo-anatémica que
consiste na expansao dermal na mandibula inferior, que tem a funcéo de direcionar o fluxo da
agua superficial mais oxigenada para a regido das branquias (Braum & Junk, 1982; Saint-Paul,
1984a,b; Val, 1986). O tambaqui possui uma grande area de superficie branquial, que permite
a espécie uma maior capacidade de absorcdo do oxigénio em situacbes de elevada demanda
energética (Saint-Paul, 1984a,b). Sua resisténcia as condi¢bes de cultivo e as doencas, com
elevadas taxas de crescimento foram essenciais para a melhoria de suas condi¢des de criacdo
(Saint-Paul, 1986; Valladdo et al., 2016).

H& muito a se desvendar a respeito das respostas fisioldgicas dos peixes expostos as
diferentes substancias anestésica e antiestressantes, sendo que o tambaqui tem sido refor¢ado
como um modelo experimental in vivo promissor, considerando a sua resisténcia ao manuseio
e a sua alta sensibilidade aos testes de novos produtos anestésicos para uso na aquicultura
(Barbas et al., 2016; Barbas et al., 2017a,b; De Souza et al., 2019; Aydin e Barbas, 2020).

3. OBJETIVO GERAL

Avaliar a eficacia anestésica dos fitoconstituintes geraniol e citronelol em juvenis de

tambaqui, Colossoma macropomum, através da verificacdo dos tempos de inducédo e
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recuperacdo, através de ensaios de concentracdo-resposta, e seus efeitos sobre o
comportamento, parametros de eletrofisiologia e balang¢o oxidativo.

3.1 Objetivos especificos

e Auvaliar as laténcias para anestesia rapida e profunda e a recuperacéo em juvenis de C.

macropomum submetidos a banhos anestésicos com geraniol e citronelol;

e Caracterizar a extensdo do miorelaxamento através da anélise do eletromiograma, além
de avaliar os impactos sobre a funcdo cardiorrespiratoria por meio dos registros de
eletrocardiograma, frequéncia cardiaca e intensidade e frequéncia dos batimentos
operculares de juvenis de C. macropomum expostos a banhos de curta duragdo com o

geraniol e citronelol,;

e Caracterizar a extensdo da depressdo do SNC através das respostas e alteracdes no
tracado eletroencefalografico em juvenis de C. macropomum expostos a banhos de curta

duracdo com o geraniol e citronelol,;

e Avaliar o balanco oxidativo e o potencial quimioprotetivo dos compostos através da
verificacdo da capacidade antioxidante total (ACAP), niveis de GSH e P-SH, e do
indicador de peroxidacao lipidica (TBARS) em amostras de branquias, cérebro, figado
e musculo de juvenis de C. macropomum submetidos a simulacdo de transporte por
diferentes tempos em &gua adicionada de concentracGes sedativas de geraniol e

citronelol.
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Abstract

The efficacy of a product as an anaesthetic can be determined through combining behavioural
assessment and the evaluation of selected electrophysiological markers, such as the
electromyogram (EMG) and electrocardiogram (ECG) for muscle contraction power and
cardiac function characterizations, respectively. This study aimed to evaluate the anaesthetic
efficacy of geraniol (GRL) and citronellol (CTL) in tambaqui juveniles, Colossoma
macropomum, through concentration-response trials, and their effects on behaviour and
cardiorespiratory responses. Fish (24.78 + 2.50 g) were assayed into two experimental groups:
| — Behavioural Assessment: In which six concentrations were tested (10; 30; 50; 70; 90; and
110 pL L™1) for each compound. For both isolates the concentration of 10 uL L did not induce
any signs of anaesthesia. As for the other concentrations, all fish were anaesthetized and fully
recovered according to behaviour evaluation. Concentrations of 70 uLL. L™* GRL and 90 puL L
CTL were considered the most effective doses as they promoted anaesthesia and allowed for
recovery within appropriate time intervals; Il — Electrophysiological Characterization:
Concentrations of 70 uL L™ GRL and 90 puL L CTL were used for the recordings of EMG,
ECG, opercular beat intensity and rate (OBl and OBR), and heart rate (HR). For both
experiments, nine fish per concentration (n = 9) per analysis were used and each animal was
considered a replicate. Our results demonstrated that geraniol and citronelol induced full body
immobilization, which resulted at least in part, from the myorelaxant properties of these
compounds. GRL and CTL at 70 uL Lt and 90 uL L%, respectively were sufficient to render
fish fully and rapidly immobilized. Both products transiently reduced ventilation during
anaesthesia, nevertheless allowing for complete recovery after exposure. Although either
isolate significantly decreased heart rates, they did not compromise resumption of normal
cardiac function. In general, no mortalities were observed and all animals recovered after
exposure. Both products could be considered safe alternatives for fish handling and other

aquaculture-related activities that might require fish immobilization.

1. INTRODUCTION

Intensive aquaculture demands close monitoring and frequent handling of aquatic
organisms for biometrics, transport, spawning, and other potentially stressful procedures
(Facanha and Gomes, 2005; Ross and Ross, 2008). The use of stress-relieving agents such as

anaesthetics has increased in fish farming to mitigate stress, ensure increased yields, better

47



© 00 N oo o B~ W N e

W W W W W N RN NDNMDNDDRNDNRNDNNINRNIERERER P P R P P PR, e
BE WO N P O © © N o 00 W NP O © 0N o 00 b W N B O

health conditions and survival rates, and also for welfare purposes (Sneddon, 2012; Barbas et
al., 2017a, 2017b; Aydn and Barbas, 2020).

A general anaesthetic should act promptly on the central nervous system (CNS)
without further complications to the fish. Moreover, anaesthetics are expected to reversibly
promote CNS depression with loss of sensation and response to environmental stimuli
(Sylvester, 1975; Ross and Ross, 2008). The choice of an anaesthetic is usually associated with
economic feasibility and depends on legal constraints.

Several synthetic substances have been used to induce anaesthesia and facilitate stress
prevention, including products such as benzocaine and methanesulfonate of tricaine (MS-222),
which are commonly used drugs (Gomes et al.,2001; Cotter and Rodnick, 2006; Sneddon,
2012). However, some studies have warned about undesirable effects such as bleeding,
hyperglycaemia, loss of mucus, olfactory problems, intense irritability, damage to the corneas,
stress and death (Losey and Hugie, 1994; Ross et al., 2007; Sneddon, 2012; Aydin and Barbas,
2020).

On the other side, several studies have shown advantages with the use of natural
products, e.g., herbal extractives (essential oils, aqueous extracts, ethanolic and waxy plant
extracts, etc....) which were of similar or superior efficacy, showing less toxicity to fish
compared to commonly used synthetic anaesthetics (Inoue et al., 2005; Parodi et al., 2012;
Barbas et al., 2016; Barbas et al., 2017a, 2017b). Natural anaesthetics or plant-derived stress
relieving products could be less expensive compared to synthetic drugs, without compromising
safety and efficacy (Cho and Heath, 2000; Gongalves et al., 2008).

Citronella grass, Cymbopogon nardus, is a plant originated from Sri Lanka and India
(Mahalwal and Mahalwal and Ali, 2003) that has shown antibacterial and antioxidant properties
in vitro being widely used in teas for its soothing properties (Castro et al., 2010; Park et al.,
2015). Its anaesthetic activity has been suggested by Barbas et al. (2017a) when exposing
juveniles of tambaqui, Colossoma macropomum, to citronella essential oil (EO) in baths.
However, there is no information as to which major constituent of this oil would be responsible
for the biological and behavioural effects observed in anaesthetized fish, or alternatively, if
such effects could be a result of synergistic action among its phytoconstituents.

The major chemical compounds of C. nardus are the monoterpenes geraniol and
citronellol, which are responsible for the characteristic odour of the EO (Castro et al., 2010). In
addition to the use of these compounds in various commercial products, including cosmetics
and fragrances, geraniol exerted a broad pharmacological activity as an antiinflammatory,

antioxidant, anti-ulcerative, neuroprotective, acaricidal, and antiseptic agent, inhibiting fungal
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and bacterial growth (Martins, 2006; Soldrzano-Santos and Miranda-Novales, 2012). Moreover
it presented cytoprotective and antioxidant effects in animal models subjected to oxidative
stress (Tiwari and Kakkar, 2009). Citronellol has shown bacteriostatic and bactericidal
activities (Lopez-Romero et al., 2015) as well as antifungal, antispasmodic, analgesic and
anticonvulsant properties (De Sousa et al., 2006; Quintans-Janior et al., 2008). Although these
compounds are commercially available at relatively affordable prices, there are no studies on
the potential of these isolates as general anaesthetics for fish.

Behavioural assessment is usually reported in literature as a standard methodology for
fish anaesthesia evaluation; however, electrophysiological evaluation should be more
frequently used to corroborate such observations as they increase the validity, objectivity, and
consistency of the data. A number of important biological phenomena are accompanied by
cellular electrical manifestations associated with selective ion permeability transport
mechanisms (K*, Na“and CI™) participating in the generation of membrane potential in cells.
These ion fluxes are responsible for the electrical transmission in live animals through different
channels, throughout the nervous system and participating in numerous physicochemical and
biomechanical processes such as muscle contraction (Mudado et al., 2003; Delattre, 2007) and
cardiorespiratory function (De Souza et al., 2019). The evaluation of the electromyogram,
electroencephalogram, frequency and cardiorespiratory rhythms allows for a more detailed
understanding of the neuropharmacological phenomena that take place in animals exposed to
general anaesthetics. For more invasive procedures such as surgeries or euthanasia, recordings
of these markers enable the evaluation of the muscle relaxation extent attained and CNS
depression. Cardiorespiratory monitoring throughout and after anaesthesia will allow for a life-
compatibility assessment and shed light on the impacts that might be implicated with these vital
systems (Barbas et al., 2017b; De Souza et al., 2019).

Tambagqui, C. macropomum, is a native species to the Amazon River, Orinoco and its
tributaries, being a common fish species in floodplain lakes and an economically important fish
to many Northern Latin American countries. It is characterized by its resistance to farming
conditions and diseases, showing good growth rates. Such features were essential for the
improvement of its rearing conditions (Saint-Paul, 1986; Valladéo et al., 2016).

Different studies have used juveniles of tambaqui in anaesthesia trials (Facanha and
Gomes, 2005; Roubach et al., 2005; Barbas et al., 2016). This species has been reinforced as a
promising in vivo model for tests with novel anaesthetics, in which not only the anaesthetic

potential of herbal products has been evaluated, but also their stress relieving and antioxidant
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properties (Barbas et al., 2016; Barbas et al., 2017a, 2017b; De Souza et al., 2019; Aydin and
Barbas, 2020).

Thus, this study aimed to evaluate the anaesthetic-like properties of geraniol and
citronellol in tambaqui juveniles through concentration-response trials and their effects on

behaviour, muscle contraction power and cardiorespiratory modulation.

2. MATERIAL AND METHODS

2.1 Acquisition of the plant constituents

The oils were purchased from a commercial establishment (AROMACH
ingredients™) and stored in amber glass bottles at 4 °C until use. According to the
manufacture’s information the products were certified for purity as follows: geraniol (GRL)
(68.2%) and citronellol (CTL) (96.0%).

2.2 Animals and acclimation period

All procedures in this study were approved by the Animal Ethics Committee of the
Federal Institute of Para/IFPA — Castanhal — Protocol # 6686081118 (ID 000021).

For this study, juveniles of tambaqui, Colossoma macropomum were purchased from
a commercial farm with initial average weight of 3.0 £ 0.5 g. Prior to the experiments, animals
were acclimated for 30 days to a recirculation system (six 300-L fibre tanks connected to a
biofilter), continuously aerated, at a density of 33 fish per tank (~ 0.35 kg/m?) and photoperiod
set at 12 h Light: 12 h Dark. Water quality parameters were controlled and maintained as
follows: pH 6.3 + 0.6, temperature 28.5 + 0.6 °C and dissolved oxygen 5.3 + 0.4 mg L™ were
measured using a multiparameter equipment (HANNA™ H[9828). Total ammonia nitrogen
(TAN) 1.97 + 0.29 mg L™t N-NH3 was determined following methodology of Unesco (1983),
nitrite 0.16 + 0.02 mg L™* N-NO2 was evaluated according to Bendschneider and Robinson
(1952), and alkalinity (57.7 + 8.8 mg CaCO3 L) was evaluated by titration according to Eaton
et al. (2005) guidelines.

The feed (commercial feed - 32% protein) was supplied three times daily until satiety.

For the trials, fish were assayed in groups (treatments) for the evaluation of times to
anaesthesia and recovery (latencies) (Experiment I) and the effects of the compounds on
selected electrophysiological markers (Experiment 1) as described ahead.

50



© 00 N o o b~ WwN

N DN RN N NDND R R R P B P B PR
~ o O B WO N P O © 0N O 0o W N BB O

28

29
30
31
32

2.3 Experiment I: Behavioural Assessment

Stock solutions of the compounds were prepared by pre-dilution in ethanol (96%) at a
1:9 ratio (oil: ethanol). Thereafter, anaesthetic efficacy of the oils was tested in six
concentrations (10; 30; 50; 70; 90; and 110 pL L) for each compound: GRL and CTL. After
acclimation, nine fish (24.78 + 2.50 g) per concentration were used and each animal was
considered a replicate (n = 9). Latencies (in seconds) to anaesthesia and recovery stages were
visually assessed and recorded with a digital stopwatch. For the anaesthesia tests, animals were
transferred to aquaria (30L) containing 15 L water added by the respective anaesthetic
concentration. For recovery evaluation an identical aquarium was used with the same volume
of clean water. Fish were observed individually, always by the same observer and used only
once. Two control groups (9 animals per group) were monitored in an aquarium similar to the
one used in the tests. Sham fish were handled in anaesthetic/ethanol-free water and the other
control group was exposed to ethanol-only added water (vehicle control) at a concentration
which corresponded to the highest volume used to dilute the highest concentration of oil. The
same water from the maintenance tanks was used throughout the behavioural evaluation.

The maximum observation time was 30 min, including the controls. Behavioural cues
associated with induction and recovery were characterized according to Park et al. (2008) with
modifications as suggested by Barbas et al. (2016): agitation (A1), loss of equilibrium and
erratic swimming (A2) and absence of or minimum opercular beating with loss of reaction to
tail pinch stimulus (A3) were used as behavioural indicators of anaesthesia induction; erratic
swimming and recovery of equilibrium (R1), normal opercular beating and normal swimming
(R2) were used as markers to evaluate recovery.

Upon reaching A3 stage, the fish were measured, weighed and immediately transferred
to the anaesthetic-free aquarium, for the observation and registration of the different stages of
recovery. The water was completely changed and the aquariums were washed after each test.
After full recovery (R2), animals were handled back to their maintenance tanks, according to

their respective treatments, and monitored for 72 h to check for mortalities.

2.4 Experiment Il: Electrophysiological Characterization

The concentrations used for the recordings were 70 pL L™t GRL and 90 L L™t CTL,
as they promoted deep and fast immobilization, i.e., anaesthesia (< 3 min) (see results in Table
1). For the recordings of the electrical signals and analyses of the acquired data, the

methodologies of Barbas et al. (2017a) and De Souza et al. (2019) were followed.
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Table 1: Latencies to induction and recovery stages (seconds + SD) in tambaqui, Colossoma macropomum
juveniles exposed to anaesthetic concentrations of geraniol (GRL) and citronellol (CTL).

[nL L] Latencies to stages of induction (s) Latencies to stages of recovery (s)
Al A2 A3 R1 R2

GRL 10 - - - - 309 + 69
30 - 192 +43% 528 + 1632 137 +53 313+ 78
50 - 104 + 32° 240 + 42° 169 + 59 331 +51
70 - 71+ 17% 191 + 40° 146 + 49 263 + 45
90 - 73 +13% 170 + 30P 189 + 41 369 + 100
110 - 52 + 9° 130 + 33° 179 + 96 294 + 120

CTL 10 - - - - 449 + 125
30 - 153 £ 552 422 + 1402 160 + 232 329 + 402
50 - 104 + 31° 293 + 84° 215 + 55% 353 + 492
70 - 79 +23° 261 + 68° 261 + 770 609 + 265°*
90 - 87 + 18P 183 + 22b¢ 323 + 77°* 657 + 720*
110 35+7 67+19° 103 + 36° 314 + 66°* 699 + 1320*

Traces denote absence of any stage after a 30 min observation. The times to reach the different stages of induction
or recovery are cumulative. Lower case letters in the same column indicate significant differences between
concentrations within the same anaesthetic and values with an asterisk indicate significant differences within the

same concentrations between anaesthetics (two-way ANOVA, Tukey’s test, P < 0.05), n = 9.

The juveniles of tambaqui (24.78 + 2.50 g) were assayed into four groups: a) control
(basal), b) fish submitted to GRL induction and recovery, c) fish submitted to CTL induction
and recovery, and d) fish submitted to ethanol (vehicle control) and recovery (if applicable).
Recordings of electromyography (EMG), opercular beat intensity (OBI) and opercular beat rate
(OBR), electrocardiography (ECG) and heart rate (HR) were then carried out. Nine fish per
electrophysiological recording were used (n = 9), including controls and ethanol-exposed fish
for each indicator. Mean values for EMG and ECG (including calculations of HR) were
obtained from the same animals, and the same procedure was used for the OBl and OBR mean
values which were measured in the same group of fish. The same water from the maintenance
tanks was used during the recordings.

After recordings, the experimental animals were killed with a blow to the head

followed by mechanical destruction of the brain.

2.5 Statistical analyses

To verify the homogeneity of variances and normality, data were submitted to Levene
and Kolmogorov-Smirnov tests, respectively. After assumptions were met, comparisons of
mean latencies for induction and recovery stages were made using two-way ANOVA (with

concentrations and anaesthetic being used as factors) followed by Tukey’s test. Comparisons
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among mean amplitudes (power) of EMG and OBI, mean heart rate (HR) and mean opercular
beat rate (OBR) were performed using one-way ANOVA followed by Tukey’s test. Moreover,
Pearson correlation was carried out between times to A3 or R2 stages and increasing
concentrations of GRL or CTL. The GraphPad Prism™ 5 software was used for the analyses

and the minimum significance level was set at p < 0.05 in all cases (Zar, 1996).
3. RESULTS

3.1 Behavioural assessment

Control fish and fish exposed to ethanol (vehicle) did not show any signs of
anaesthesia after 30 min observation. No mortality was observed during exposure to the
anaesthetics or throughout 72 h in observation. All results for latencies to anaesthesia and
recovery are shown in Table 1.

Agitation (A1) was not observed upon exposure to either anaesthetic, except at 110 uL
L™t CTL after 35 + 7 s. For both GRL and CTL exposure, the concentration of 10 uL L did
not induce A1, A2 and A3 stages, however, mild sedation was attained with resumption of
normal swimming (R2) after 309 + 69 s and 449 + 125 s for GRL and CTL, respectively. Time
to reach A3 stage in group exposed to anaesthesia with GRL was longer at 30 uL L™ (528 +
163 s) (p < 0.05) relative to the other concentrations within the same anaesthetic. Likewise, the
same pattern is observed for CTL exposure, with 90 and 110 pL L™* concentrations showing
even lower latencies (p < 0.05) compared to other concentrations. Yet, times to reach A3 stage
were similar within the same concentrations and between anaesthetics, not showing significant
differences.

Regardless of concentration, GRL did not elicit a dose-dependent response after
induction, showing no significant differences among mean times in recovery. On the other
hand, R2 in CTL-exposed fish was positively correlated with increasing concentrations, being
shorter (p < 0.05) at 30 and 50 uL L than at the concentrations of 70, 90 and 110 pL L%, As
for the recovery response within the same concentration and between anaesthetics, return times
were longer (p < 0.05) for CTL-exposed fish at 70, 90 and 110 pL L% Irrespective of
concentration or time to R2, all fish were considered fully recovered in the behavioural
evaluation.

For GRL (Fig. 1A), the higher the concentration of the product, the shorter the
induction time (A3) was. The same pattern of induction with CTL was observed (Fig. 1B). On

the other hand, during recovery (R2) no clear pattern could be observed, as time for recovery
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from GRL exposure did not vary significantly over increasing concentrations. On the other
hand, the CTL trial showed a clear opposite correlation in time vs. concentration. In the

equations, “y” corresponds to the time required for deep anaesthesia (A3) while “x

corresponds to the GRL and CTL concentrations used.

A -o- A3 - R2 B -9- A3 - R2
600 Y =-69-036x+441.57 y = 8.51x+317.02 10007 vy =-57.73x+ 408.53 y = 100.11x + 201.79
R*=0.804 R#=0.1126 R = 0.9673 R = 0.9361
400
W
S
-¥)
E
=
2004
0 T T T T T 0 T T T T T

Fig. 1: Trends of induction (A3) and recovery (R2) in juvenile tambaqui, Colossoma macropomum exposed to

short-term baths with increasing concentrations of geraniol (A) e citronellol (B).

3.2 Electrophysiological responses

Since no differences (p > 0.05) were observed between mean amplitude and frequency
values of the control (basal) and ethanol (vehicle control) groups for any of the measured
electrophysiological markers, only mean values of the former (basal) were used for comparison

purposes with GRL and CTL-exposed groups.

3.2.1 Electromyography (EMG)

Electromyographic tracings showed continuous activity with intense muscle
contraction under normal conditions (Fig. 2A). Signal intensity increased in frequencies up to
20 Hz, as observed in the correspondent frequency spectrogram (Fig. 2B). Mean power
amplitude observed in the control (basal values) corresponded to 7.62 + 0.72 mV? / Hz x 1073
(Fig. 3). Dorsal muscle contraction activity is observed in Fig. 2C for GRL-exposed fish,
following with myorelaxation after 100 s, as also evidenced by the frequency spectrogram (Fig.
2D). In earlier moments of the induction, i.e., during the first half of the record (Ind IgrL) the
average amplitude (10.67 + 0.86 mV?/ Hz x 10~%) was significantly higher than that of the basal
group. Mean amplitude significantly reduced to 0.14 + 0.06 mV? / Hz x 1072 in the second half

of the induction (Ind llcrL) as observed in Fig. 3.
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Fig. 2: Electromyographic records (EMG) of tambaqui, Colossoma macropomum in the basal state (A and B);
submitted to short-term baths with geraniol (GRL) at 70 uL L™ (C and D), citronellol (CTL) at 90 uL L™ (E and
F) and during recovery after anaesthesia with GRL (G and H) and CTL (I and J). Recordings were performed for

300 s. A colorimetric scale is used in the frequency spectrograms whereby the reddish colours indicate a more

intense electrical signal over time and across different frequencies.
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Differently from GRL, CTL induced a more intense excitability, which is reflected by
high amplitude spikes in the first 100 s (Fig. 2E) also corroborated by the intensity of the signal
in the colorimetric scale of the frequency spectrogram (Fig. 2F) within the same interval,
following with muscle relaxation afterwards. This high mean amplitude is quantified in Fig. 3
with higher averages (15.69 + 3.23 mV?% Hz x 1073, p < 0.001) relative to the control in the
first half of the induction (Ind IctL), whereas during the second half of the induction with CTL
(Ind Ilct), mean amplitude of 0.26 + 0.10 mV?/ Hz x 1072 was significantly lower (p < 0.001)
compared to the control and Ind IcTL.

During recovery post-anaesthesia low amplitude tracings were initially observed for
both products. The resumption of muscle activity progressed over time, and muscle contraction
power augmented during the second half of the tracings (Fig. 2G and 1), as also evidenced by
the frequency spectrograms in both cases (Fig. 2H and J). Mean amplitude of tracings for the
whole recovery interval were 5.99 + 1.15 and 2.63 + 0.92 mV? Hz x 1072 for GRL and CTL-
exposed fish, respectively, thus returning (p > 0.05) to basal values. Further, it was clear that
mean amplitudes increased significantly during recovery as it can be seen when mean values

were compared against values durina Ind 11 in both cases (Fia. 3).

201 kR

:
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n
1
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1

Power mV 2/Hz X 1073
3

+H+ L
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Fig. 3: Mean amplitudes recorded in the electromyogram (EMG) of Colossoma macropomum juveniles submitted
to anaesthesia with geraniol (GRL) and citronellol (CTL). Recordings performed for 300 s in the controls, fish
undergoing anaesthetic baths with GRL at 70 pL L%, CTL at 90 pL L™tand in recovery post-anaesthesia (Rec
GRL and Rec CTL). The Ind I and Ind Il periods correspond to the mean amplitude within standardized intervals
from 1 to 150 s and 150 to 300 s, respectively. *** Indicates significant differences (p < 0.001) from Ind | to
control; +++ Indicates significant differences (p < 0.001) from Ind Il to Ind | within the same anaesthetic; °
Indicates significant differences (°, p < 0.05; °°, p < 0.001) in Recovery compared to Ind Il relative to the same
anaesthetic, [ANOVA and Tukey’s test (p < 0.05, n = 9)].
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3.2.2 Opercular Beat Intensity (OBI) and Opercular Beat Rate (OBR)

The tracings in the control group (Fig. 4A) showed constant and regular waves, also
corroborated by the pattern attained in the frequency spectrogram (Fig. 4B) during normal
beats. The mean power in the control was 3.29 + 0.71 mV% Hz x 1073 (Fig. 5A) while OBR
was calculated to be at 114.2 + 4.74 bpm (Fig. 5A and B).

Upon contact with GRL and within the 150 s of the recordings, a transient apnea was
observed, followed later on by an adaptation to a regular beating (Fig. 4C). This reduction in
amplitude can be confirmed by the respective mean OBI value 0.52 + 0.16 mV%/ Hz x 103 (Fig.
5A). Nevertheless, the OBR in Ind Igre is higher (p < 0.05) (122.8 + 4.06 bpm) than that of the
basal group, and the frequency spectrogram (Fig. 4D) showed higher intensity of the signal
mainly in frequencies below 10 Hz. However, during Ind llcr., OBR decreased to 62.44 + 7.27
bpm (p < 0.001) compared to the control and compared to the first half of the induction period
(Fig. 5B).

CTL decreased the opercular beat power throughout the induction period (Fig. 4E)
which was reduced (p < 0.001) relative to basal recordings (Fig. 5A). A more irregular
distribution and less intense signal can be seen in the CTL frequency spectrogram (Fig. 4F).
Although a reduced mean amplitude value for OBl was recorded (0.27 + 0.10 mV2/ Hz x 1073)
compared to the control, the mean OBR was 121.8 + 6.67 during Ind ICTL, being unchanged
compared to the control. Later, during Ind llcTL, the rate reduced to 62.44 + 7.27 bpm (p <
0.001) relative to the control (Fig. 5B).

During recovery, both products proved to be reversible. However, GRL seemed to
allow for a faster recovery of the movements (Fig. 4G) as tracings showed a relative greater
amplitude and better energy distribution in the frequency spectrogram (Fig. 4H) compared to
the CTL’s spectrogram as per the colour pattern attained (Fig. 4J). The OBI mean values were
higher (p < 0.001) compared to induction values for both products, 1.79 + 0.41 and 1.39 + 0.18
mV?/ Hz x 1072 for GRL and CTL, respectively (Fig. 5A). Moreover, increased OBRs (p <
0.001) for GRL (88.44 + 2.40 bpm) and CTL (78.44 + 6.62 bpm) during recovery were also
observed compared to mean OBRs in the second half of the induction in either case (Fig. 5B).
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Fig. 4: Opercular beat intensity (OBI) records of tambaqui, Colossoma macropomum in the basal state (A and B),
submitted to baths with geraniol (GRL) at 70 pL L™ (C and D) and citronellol (CTL) at 90 uL L™* (E and F) and
during recovery after anaesthesia with GRL (G and H) and CTL (I and J). Recordings were performed for 300 s.

A colorimetric scale is used in the frequency spectrograms whereby the reddish colours indicate a more intense
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Fig. 5: Record of mean amplitude of opercular beat intensity (OBI) (A) and opercular beat rate (OBR), in beats
per minute (bpm) (B) of Colossoma macropomum juveniles submitted to anaesthesia with geraniol (GRL) and
citronellol (CTL). Recordings made in 300 s in the controls, fish submitted to anaesthetic baths with GRL at 70
puL L7, CTL at 90 pL L and during recovery after anaesthesia (Rec GRL and Rec CTL). The Ind I and Ind I
periods correspond to the average amplitude of standardized intervals from 1 to 150 s and 150 to 300 s,
respectively. * Indicates significant differences (*, p < 0.05; ***, p < 0.001) from Ind I to control; +++ Indicates
significant differences (p < 0.001) from Ind Il to Ind | within the same anaesthetic; °® Indicates significant
differences (p < 0.001) of Recovery in relation to Ind Il within the same anaesthetic, [ANOVA and Tukey’s test
(p<0.05,n=9)].

3.2.3 Electrocardiographic recordings (ECG)

The basal electrocardiogram of tambaqui is presented in Fig. 6A. Fig. 6B presents a 2-
s snapshot, showing the P wave, QRS complex and T wave. The average beat rate was 104.0 +
4.00 bpm in sham fish.

During the induction with GRL, heart rate decreased, but the amplitude of the ECG
tracings was maintained, as can be seen by the regularity of the P and T waves and the amplitude
of QRS complex (Fig. 6C and D). The mean frequency of heart beats in GRL-exposed fish was
59.56 + 3.58 bpm, which was lower (p < 0.001) compared to the control group. Upon recovery,
there was a gradual reversibility of the effect with return of amplitude without major changes
in the tracings and maintenance of sinus rhythm (Fig. 6E and F), with an increase of heart rate
t0 70.22 £ 2.73 bpm (p < 0.001) in relation to the induction response (Fig . 7).

On the other hand, during induction with CTL some arrhythmia was observed,
showing irregularities in the tracings, reduced amplitude, elevation of the T wave and distortion
of the QRS complex at some points (Fig. 6G and H). Upon contact with CTL, a decreased heart
rate 48.44 £+ 2.19 bpm was observed relative to the control (p < 0.001) (Fig. 7). During recovery,
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a reduced amplitude (Fig. 61 and J) and a significantly depressed heart rate (56.00 + 2.45 bpm)

was still observed (p < 0.001) compared to responses during induction (Fig. 7).
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Fig. 6: Normal electrocardiographic (ECG) tracings of tambaqui Colossoma macropomum (10 s) (A) and 2-s

snapshots showing the P and T waves, and the QRS complex (B); and fish undergoing short-term baths with
geraniol (GRL) at 70 pL L* (C and D) and during recovery after anaesthesia (E and F), citronellol (CTL) at 90

60



20

21
22
23
24
25
26
27
28
29
30
31
32
33
34

puL L7t (G and H) and during recovery after anaesthesia (I and J). Recordings were all performed for 300 s (left

panels) showing 10-s fragment amplifications (right panels except for B panel).
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Fig. 7: Heart rate (HR), in beats per minute (bpm) of Colossoma macropomum juveniles submitted to anaesthesia
with geraniol (GRL) and citronellol (CTL). Recordings made in 300 s in the controls, fish submitted to anaesthetic
baths with GRL at 70 uL L* (Ind GRL), CTL at 90 uL L* (Ind CTL) and during recovery post anaesthesia (Rec
GRL and Rec CTL). *** Indicates significant differences (p < 0.001) of Induction relative to the control; °®
Indicates significant differences (°®, p < 0.001) of Recovery in relation to Induction within the same anaesthetic,
[ANOVA and Tukey’s test (p < 0.05, n = 9)].

4. DISCUSSION

Throughout exposure, both products induced a reversible full body immobilization and
significantly modulated electrophysiological responses with distinctive characteristics. GRL
and CTL did not elicit agitated behaviour during exposure except for the concentration of 110
uL L7t in the latter. Although anaesthetic induction should preferably occur with low or no
hyperactivity, such a reaction is commonly observed in animals exposed to anaesthetic baths
with different substances, as reported in other studies (Gomes et al., 2001; Ross and Ross, 2008;
Barbas et al., 2016; Barbas et al., 2017a; De Souza et al., 2019; Vilhena et al., 2019).

Anaesthetics act on the fish CNS, which are usually anaesthetized in baths added with
products that can be rapidly absorbed through the gills and thus enter the bloodstream (Ross
and Ross, 2008). The time to render fish anaesthetized is important as it can influence the stress
response and a long induction time can negatively impact recovery (Sladky et al., 2001; Woody
et al., 2002; Zahl et al., 2009; Barbas et al., 2016). Ideally, an anaesthetic should induce rapid
immobilization and allow for a fast recovery in an as much as possible stress-free condition.

Our findings showed that induction time was inversely correlated with concentration, which
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corroborates other similar studies on fish (Barbas et al., 2016; Barbas et al., 2017a; Fujimoto et
al., 2017; De Souza et al., 2019; Vilhena et al., 2019).

Concentrations of 70 uL L™* GRL and 90 uL L™* CTL were sufficient to render fish
fully immobilized in approximately three minutes, and thus complying with the guidelines as
proposed for fish anaesthesia (Ross and Ross, 2008; Barbas et al., 2017a, 2017b). Compounds
used in this study are the major components of the C. nardus essential oil, and concentrations
used herein were much lower than those reported by Barbas et al. (2017a) when investigating
the effects of citronella essential oil as an anaesthetic for C. macropomum juveniles. While the
citronella essential oil at 600 uL L™ was recommended as a suitable concentration to promote
fast and deep anaesthesia in C. macropomum, our findings suggest that a 6.5 to 8.5-fold
reduction in concentration for an effective anaesthesia is possible when using these isolated
citronella essential oil derivatives. Thus, it could represent reduction of costs depending on the
technology used for the oil extractions.

Regardless of anaesthetic concentration, induction time may vary among specimens,
which could be related to variations in the rate of water flow across the gills (Treves-Brown,
2000) and the level of anaesthetic depression depending on the purpose of the procedure
(biometrics, surgery, transportation and others). Herein, concentrations of 30 pL L™* and above
induced all stages of anaesthesia for either product, however, the animals showed distinct
responses during recovery.

While GRL promoted timely recovery irrespective of the concentration used, the group
exposed to CTL oil had longer recovery periods, i.e., more than 5 min to resumption of normal
swimming in anaesthetic-free water, and thus not complying with the time threshold criteria for
recovery. Recovery time response was inversely proportional to induction time and directly
correlated to increments in concentration. However, prediction of fish recovery after
anaesthesia is always an issue, as several studies have reported irregular responses during that
stage (Mylonas et al., 2005; Barbas et al., 2016; Barbas et al., 2017a; De Souza et al., 2019;
Vilhena et al., 2019).

Electrophysiological responses seemed to be consistent with a general anaesthetic
effect. According to the EMG data, there were clear differences in muscle contraction power in
the first half of the induction, showing excitability during exposure in both cases in relation to
the basal group. When under anaesthesia, fish are expected to show CNS depression and
increased muscle relaxation, which in turn will lead to reduced motor coordination, and
impairing the righting reflex and normal swimming behaviour. During the second half of the

record the oils promoted loss of muscle tonus with general immobilization, as corroborated by
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the low amplitude in tracings, which were overlapped by A3 stage. These results are in line
with those reported by De Souza et al. (2019) working with Nepeta cataria essential oil in C.
macropomum juveniles and by Fujimoto et al. (2017) who reported a depression in muscle
contraction power in fish anaesthetized with clove oil.

Reversibility of the effects occurred for both products as per the EMG tracing patterns
observed during recovery. Overall, there was a gradual and progressive recovery in muscle
contraction power post-exposure, showing partial reversibility of the muscular tonus without
indication of excitability or spasms throughout the recordings. Mean amplitude values for
RECcTL are below basal and RECgrL values, indicating the need for a longer time for
resumption of the muscle contraction power as also reported in other studies using the same
species as a model (Barbas et al., 2017a; De Souza et al., 2019; Vilhena et al., 2019).
Indisputably, these results show that the myorelaxant effects of GRL and CTL are reversible.

Both anaesthetics reduced the power and frequency of the opercular beat throughout
the first half of the recovery. In animals exposed to GRL, the OBI decreased by 84.17% during
induction and OBR by 45.33% during the second half of the record. For the group in contact
with CTL, the OBI was much lower (91.66%) compared to the control, and the reduction in
OBR was in the order of 47.08% during second half of the induction. These results are expected
in view of the synchronization that occurs between beat power and frequency. Water flow
depends on the opercular beat, which in turn is essential for an effective gas exchange across
blood and water. As total suppression of ventilation did not occur during baths, severe hypoxia
does not seem to represent a threat to life of fish submitted to short-term exposure using these
compounds.

The HR in GRL-exposed fish during induction was 42.74% lower than that of the
control. The tracings were continuous and regular, allowing for a progressive return of the HR
during recovery, with no signs of arrhythmias. Reductions in HR of tambaqui were observed in
other studies using different anaesthetics (Barbas et al., 2017a; De Souza et al., 2019).

Although either isolate significantly decreased heart rates, it did not compromise
resumption of normal cardiac function. However, CTL caused a more severe depression of the
cardiac function with mild arrhythmia. Barbas et al. (2017a) and De Souza et al. (2019)
observed transient arrhythmia during recovery of juvenile tambaqui exposed to essential oil of
citronella and propofol, respectively. Similarly to our findings, both studies also showed
reduction in the OBI. As the flow occurs to the benefit of the arteries, a combination of central

and peripheral control of cardiorespiratory interactions is capable of generating synchronization
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between respiration and the heart function, with a component related to breathing through the
vagal nerve innervating to the heart (Taylor, 1992; Taylor et al., 1999).

Geraniol has the ability to inhibit Ca?* currents and prevent arrhythmic effects on the
atrial tissue (De Menezes-filho et al., 2014). It could explain our findings, since the control of
the heart rate in fish is exerted by the action potentials of the sinoatrial node, i.e., activities
generated by the pacemaker tissue in the heart, which involves the activation of K*, Na* and
Ca?* channels, where K*-induced contractions are inhibited by blocking Ca?* channels or by
removing Ca?* to the external environment and therefore are dependent on the Ca* fluxes.

Rhythmic oscillations occurred in animals exposed to CTL. In this group, bradycardia
was observed during the induction period (48.44 £ 2.19 bpm) with a reduction of 53.42% in
relation to the control, which remained depressed throughout the recovery period (56.00 £ 2.45
bpm). This is likely related to the partial blockade of voltage-dependent Na* channels induced
by CTL, resulting in the stabilization of excitable membranes, since voltage-dependent Na*
channels are a major contributor to rapid membrane depolarization (De Sousa et al., 2006). It
has been previously reported that this isolated compound determined significant cardiovascular
effects, whereas the bradycardic condition can improve cardiac contractility as an adaptive
response during anaesthesia (Schwerte et al., 2006; Bastos et al., 2009; Menezes et al., 2010;
Santos et al., 2011).

The effects of monoterpenes can occur by various mechanisms due to their structural
diversity, as they can be cyclic or acyclic molecules. In addition, changes in vagal tone affect
heart rate, and this increase affects bradycardia (Taylor et al., 2010) which is associated with
hypoventilation. As suggested by De Souza et al. (2019), these events may occur due to an
indirect consequence of central neuronal depression or a result of the direct depressant effect
of anaesthetics in the cardiac and respiratory tissues. Presumably, their vasodilatory action
appears to be caused by an inhibition of Ca?* influx across the plasma membrane, as studies
have concluded that the use of these monoterpenes promotes hypotensive and bradycardic
activity (De Sousa et al., 2006; Bastos et al., 2009).

In summary, the present study discussed some effects caused by CTL and GRL at the
behavioural and physiological levels in an attempt to make sense of any deleterious implications
that could be involved during exposure to these substances. Moreover, the importance of
pursuing more specific indicators, such as EEG recordings, could shed more light on the
potential of these substances to cause CNS depression in fish. Future studies should focus on a
more prolonged monitoring of fish undergoing anaesthesia and recovering from exposure to

these compounds to further characterize responses in muscle or any late impacts on cardiac
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function, especially in the case of exposure to CTL including the characterization of the ECG

complex and waves.

5. CONCLUSION

In conclusion, our results showed that geraniol and citronelol were able to promote
full body immobilization, which resulted at least in part, from the myorelaxant properties of
these citronella-derived compounds. Concentrations of 70 pL L™ GRL and 90 pL L™ CTL
were sufficient to render fish fully and rapidly immobilized. Both products transiently reduced
ventilation during anaesthesia, nevertheless allowing for complete recovery after exposure.
Although either isolate significantly decreased heart rates, they did not compromise resumption
of normal cardiac function. In general, as no mortalities were observed and all animals
recovered after exposure, both products could be considered safe alternatives for fish handling

and other aquaculture-related activities that might require short-term fish immobilization.
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Abstract

Electrocardiographic recordings (ECG) provide information on the duration of the action
potential and the heart rhythm. Altered ECG may reflect important disturbances to the cardiac
function. The aim of this study was to evaluate putative cardiotoxic effects in Colossoma
macropomum upon exposure to geraniol (GRL — 70 uL L) and citronellol (CTL — 90 pL LY)
in anaesthetics baths. The fish were randomly distributed across the following treatments: a)
control (basal recordings), b) vehicle control (ethanol), c) fish exposed to GRL — 70 uL L™ and
subsequent recovery, and d) fish exposed to CTL — 90 uL L™ and subsequent recovery, and )
washout from ethanol. Five minute long recordings were used. The parameters heart rate (HR)
(beats min.t), amplitude record (mV), R-R interval (s), Q-T interval (s) and QRS duration (s)
were investigated. No mortality was observed and all animals recovered post exposure. The
controls and ethanol-exposed fish presented normal patterns in ECG tracings showing sinus
rhythm. Some alterations were observed during induction, e.g., a negative chronotropic effect
was observed in fish exposed to GRL, however, with maintenance of the sinus rhythm. Only
the Q-T interval was longer than that of the controls. On the other hand, during induction with
CTL, marked bradycardia with arrhythmia and prolongation of the Q-T and R-R intervals and
QRS complex duration were observed, indicating a potential for atrioventricular blockade.
During recovery, albeit slow, all parameters returned to sinus rhythm, suggesting that although
important cardiac changes occurred during induction, mostly with CTL, they proved to be
reversible. In conclusion, both anaesthetics provoked cardiac alterations without
compromising the recovery, which proved to be fast and effective. Such findings lend more
credence to geraniol and citronellol to be used as fish anaesthetics.

Keywords: Electrocardiogram, anaesthetic, biomarker, phytoconstituent, ECG

1. INTRODUCTION

The evaluation of anaesthesia efficacy in fish should go beyond the sole recording of
time to reach full body immobilisation and recovery. The assessment of behavioural markers
alone does not allow for the verification of general anaesthesia, analgesia or myorelaxation
(Barbas et al., 2017a). Moreover, the safety of the anaesthetic procedure, e.g. through
characterization of cardiorespiratory response should not be overlooked (De Souza et al., 2019;
Aradjo et al., 2021; Cantanhéde et al., 2021). Other biomarkers can be monitored to prevent

deleterious physiological effects to occur in fish submitted to anaesthesia.
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Despite the growing number of studies evaluating the potential of essential oils (EO)
and their isolated compounds as anaesthetics for fish (Aydin and Barbas, 2020), little efforts
have been directed to the characterization of undesired side effects and margin of safety. In
addition to behavioural assessment and fish survival, many other implications of anaesthesia
should be considered. Clove EO, for instance, presents eugenol as its main active constituent
(Jirovetz et al., 2006) and is widely used in aquaculture (Inoue et al., 2003; Mylonas et al.,
2005; Roubach et al., 2005; Aydin and Barbas, 2020). Although clove oil or eugenol (as an
isolate) continue to be proposed as suitable products for use in fish (Fujimoto et al., 2017; De
Oliveira et al., 2019; Wang et al., 2019), they should always be carefully scrutinized as several
adverse effects such as seizure-like neuronal excitability (Barbas et al., 2021), ventilatory
failure, neurotoxic and hepatotoxic effects (Sladky et al., 2001) and cardiorespiratory failure
(Cotter and Rodnick, 2006) have also been reported in eugenol-exposed fish. effects such as
seizure-like neuronal excitability (Barbas et al., 2021), ventilatory failure, neurotoxic and
hepatotoxic effects (Sladky et al., 2001) and cardiorespiratory failure (Cotter and Rodnick,

2006) have also been reported in eugenol-exposed fish.

The depression of the central nervous system (CNS) is a direct consequence of general
anaesthesia, which can affect cardiac and respiratory function and lead to bradycardia or even
cardiorespiratory arrest during or after exposure to the anaesthetic (Zahl et al., 2012; Barbas et
al., 2017a; De Souza et al., 2019; Araujo et al., 2021; Cantanhéde et al., 2021). Thus, the
characterization of the electrocardiogram (ECG) is important to identify changes in action

potentials reflected by tracing patterns that might suggest cardiotoxicity.

The characterizations encompass descriptions of the QRS complex duration which
represents the depolarization of the ventricle and the propagation of the cardiac impulse,
whereby Q is a negative wave that precedes an ascending R wave and subsequently, a
descending S wave; also the duration of the Q-T intervals, which is the time from the first
activation to the last repolarization of the ventricular myocardium, and also the duration of the
R-R interval, in which the distance between two successive R waves depends on the heart rate
(HR) (Yoshikawa et al., 1988; Keating and Sanguinetti, 2001; Harmer et al., 2011; Xing et al.,
2017).

The ECG markers have been increasingly used as complementary information in the
evaluation of the anaesthetic efficacy of plant extracts and isolated compounds in live fish,
proving to be a reliable and safe tool (Barbas et al., 2017a; De Souza et al., 2019; Aradjo et al.,

2021; Cantanhéde et al., 2021). A recent study using menthol, which is a compound obtained
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from the EO of mint (Mentha spp.), confirmed its anaesthetic effect in juveniles of tambaqui
(Colossoma macropomum) without impairment of cardiac function at doses of 40 and 60 mg L
-1, presenting reversible cardiac depression (Cantanhéde et al., 2021). This reversibility in
cardiac depression has also been reported by Barbas et al. (2017a), De Souza et al. (2019) and
Araljo et al. (2021) using this same fish species exposed to EO of Cymbopogon nardus
(citronella), Nepeta cataria (catnip), geraniol and citronellol (citronella EO-derived

compounds).

Geraniol and citroneloll are monoterpenes found in the EO of several medicinal plants
such as C. nardus, Cymbopogon citratus, Cymbopogon winterianus and Lippia alba (Bastos et
al., 2010; Castro et al., 2010). These plants have stood out for their pharmacological effects
showing anticonvulsant, antinociceptive, antibacterial, antiarrhythmic, hypotensive and
vasorelaxant effects (De Sousa et al., 2006; Quintans-Junior, 2008; Bastos et al., 2010; De
Menezes-Filho et al., 2014; Lopez-Romero et al., 2015), also presenting promising anaesthetic
properties in fish (Araujo et al., 2021).

Tambagqui (C. macropomum) fish stands out for its good growth rate and resistance to
diseases and high tolerance to low concentrations of dissolved oxygen, being the most reared
native species in Brazil and other Latin American countries (Inoue et al., 2011; Valladdo et al.,
2016; Valenti et al., 2021). This species has been used as a promising model to evaluate new
natural anaesthetic candidates (Facanha and Gomes, 2005; Roubach et al., 2005; Inoue et al.,
2011; Padua et al., 2013; Barbas et al., 2016, 2017a, 2017b; Saccol et al., 2017; Baldisserotto
et al., 2018; Santos Batista et al., 2018; De Souza et al., 2019; Vilhena et al., 2019; Araljo et
al., 2021; Cantanhéde et al., 2021).

Therefore, considering the potential properties of geraniol and citronellol as anaesthetics
for fish, and the lack of detailed information on the effects of these compounds on the cardiac
function, the aim of this study was to provide a thorough assessment of the cardiac effects of

these compounds in tambaqui juveniles submitted to short-term baths.
2. MATERIAL AND METHODS

2.1 Animals and acclimation period

Juveniles of tambaqui, Colossoma macropomum were acquired from a commercial farm
after induced spawning. Upon arrival, fish were stocked in aquariums at the Bioterium of the

Laboratory of Pharmacology and Toxicology of Natural Products at the Universidade Federal
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do Para (UFPA) under controlled room temperature (25 a 28 °C) and photoperiod fixed at 12 h
L: 12 h D. Feeding was carried out twice a day with commercial feed (32% protein) until satiety.
The water was partially renewed every day (approximately 20% of the aquarium volume) with
dechlorinated tap water from the same source. During the acclimation period (15 days), the
water quality variables Temperature: 26.8 + 0,7 °C, Dissolved Oxygen (DO): 5.3 + 0.4 mg L*
and pH: 7.5 + 0.3 were measured using a multiparameter equipment (HANNAT™), Total
ammonia nitrogen (TAN): 0.1 + 0.07 mg L'* NH4" + NHs™ — N were quantified according to
Unesco (1983).

2.2 Anaesthetic preparation and conservation

The oils and dosages used were in accordance with those determined in a previous study
by Aradjo et al. (2021). Briefly, stock solutions were prepared using a pre-dilution of the oils
in ethanol (96%) at a ratio of 1:9, from which aliquots were taken for the ECG trials. The stock
solution was added directly to the aquarium water at concentrations of 70 and 90 uL L-1 for
geraniol and citronellol, respectively. The ethanolic solutions were stored in amber glass vials

at 4 °C, until use.

2.3 Experimental Design

The tambaqui juveniles (13.9 £ 1.4g) were randomly distributed across the following
treatments: a) control (basal recordings), b) vehicle control (ethanol), c) fish exposed to geraniol
(GRL) and subsequent recovery, and d) fish exposed to citronelol (CTL) and subsequent
recovery, e) washout from ethanol. Nine fish were used for each recording (n = 9 per treatment).

EEG analyses were carried out for 5 minutes during expose and recovery.

2.3.1 Electrocardiogram (ECG) Recordings and Analyses

ECG recordings were performed inside a Faraday cage (TMC ™) and the acquired data
were later analysed following the same methodology reported for other studies of our research
group (Barbas et al., 2017a; De Souza et al., 2019; Cantanhéde et al., 2020; 2021).

Briefly, for the monitoring, the electrodes were built in stainless steel rods with 0.3 mm
in diameter and 5.0 mm in length. The affixation of the reference electrode followed the
indication of the cardiac vector, being ventrally affixed, 0.2 mm after the opercular cavity end
whereas the recording electrode was inserted 2.0 mm below the pectoral fin. Subsequently, the

electrodes were connected to a high impedance amplifier. Parameters analysed consisted of
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mean values for heart rate (in beats mint), wave amplitude (mV), R-R interval (s), Q-T interval
(s) and QRS duration (s).

After recordings, the experimental animals were killed with a blow to the head followed
by mechanical destruction of the brain.

The electrodes were connected to a digital data acquisition system using a high
impedance differential amplifier (Grass Technologies, Modelo P511), adjusted with 0.3 and
300 Hz filterings, with 2000X amplification and monitored by an oscilloscope (ProteK, Modelo
6510). The Records were continuously digitized at 1 KHz (National Instruments, Austin, TX)
and stored on a hard disk for later processing using a specialized software (LabVIEW express).

The analysis of the acquired signals was performed through the programming language
Python version 2.7. The Numpy and Scipy libraries were used for mathematical data processing
and the Matplolib library was used for graphing. The graphical interface was developed using
the library PyQt4. The amplitude graphs present the potential differences between the reference
and recording electrodes. The record signals were observed at 1000 samples per second.

2.4 Statistical analyses

Assumptions of normality and homogeneity of variances were made using the
Kolmogorov-Sminov and Levene tests, respectively. Comparisons of mean power values were
made using one-way ANOVA, followed by the Tukey’s test. The software GraphPad Prism® 5
was used for the analyses and a p<0.05 value was considered statistically significant in all cases.

3. RESULTS

3.1 Electrocardiogram (ECG) and Heart Rate (HR) during induction

No mortality occurred during induction with GRL and CTL or during recovery. The
ECG of tambaqui in the basal group and ethanol-exposed group are shown in Fig. 1 and 2,
respectively, also with details on the QRS complex and description of the corresponding waves
(Fig. 1B and 2B). All cardiac parameters for these groups were considered normal and regular.
The T wave indicates ventricular repolarization and the QRS complex represents the
depolarization of the ventricle, whereby the Q wave is negative and precedes an ascending R
wave, followed by a descending S wave that represents the depolarization of the ventricle. After
the initial 150 s of the exposure with either substance, changes were observed in the tracings as

shown by the 2s-amplification records (Fig. 3 A and B).
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Fig. 1. Normal electrocardiographic (ECG) recording of Tambaqui, Colossoma. macropomum in the Basal group

with sinus rhythm in 10s (A) and 2s amplification demonstrating P, T waves, duration of R-R and Q-T intervals

and QRS complex amplitude (B).
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Fig. 2. Electrocardiographic (ECG) recording of Tambaqui, Colossoma macropomum during contact with Ethanol

(A), and 2s amplification demonstrating P, T waves, duration of R-R and Q-T intervals and QRS complex

amplitude (B).

76



Amplitude (m¥) Amplitude (V)

Amplitude (m¥)

1 The HR in the controls was regular (102 + 4 beats min. 1) and mean power (amplitude)
2 was 1.11 £ 0.09 mV. On the other hand, ethanol-exposed fish had a mean frequency of 93 = 6
3 beats min., which was lower (p <0.05) than the controls, however, no significant differences
4 inamplitudes were observed (1.28 + 1.58 mV) (Fig. 4A and B).
5 There were variations in the tracings upon exposure to the anaesthetics. For the GRL
6  group, the HR was 90 + 4 beats min. %, showing a difference in relation to the basal group (p <
7 0.05) with amplitude reaching 0.72 £ 0.07 mV lower (p <0.05) when compared to the control
8 and ethanol-exposed fish (Fig. 4A and B), however a sinus rhythm was maintained (Fig. 3A).
9 Differently, fish exposed to CTL showed changes in the ECG pattern, evidenced in the
10  amplification of the tracings in Fig. 3B. This group showed a sharp drop in HR (49 £ 5 beats
11 min. ) and amplitude (0.21 + 0.01 mV) much lower (p <0.05) when compared to the other
12 groups.
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15
g 1.0
<
2 Dl
g 0.0 T
1.0 “ s
20 1.0
- 50 100 150 200 250 30 50 100 150 200 250 300
20 2.0
- 1.5
1.0 E 10
0.0 é 05
0 At
1.0 B -0.5
-2.0 1.0
' 160 180 200 220 2400260 2807 . 300
e Time 2 seconds =" Time 2 seconds
1.0 1.0
05 | ' ﬂ < 05
J\ | \\ <
0.0 (/] e e ‘"‘"/"‘“/\“‘J W‘\N‘”’ ER) JW“MM
u [ ; E
03 | l 2 -0.5
-1'2096.0 296.5 297.0 2975 208.0 286.0 286.5 287.0 2875 288.0
. Time (s) Time (s)
27 Fig. 3. Electrocardiographic recording (ECG) of Tambaqui, Colossoma macropomum upon contact with Geraniol
28  (GRL) 70 uL L and Citronellol (CTL) 90 uL L, with a total duration of 5 minutes, the red line indicates the
29  tracing that was evaluated with magnification of the last 150 seconds of exposure with either substance and 2-
30  second magnification of the tracing demonstrating the ECG components.
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The interval between R-R waves remained regular in the controls, with an average of
0.50 + 0.03 s (Fig. 4C); and the time to start ventricular depolarization (Q wave) and ventricular
repolarization (T wave) represented by the Q-T interval (Fig. 4D) was 0.27 + 0.01 s. The
duration of the QRS complex was 0.03 + 0.00 s (Fig. 4E). In the ethanol control, these
parameters did not differ in relation to the basal control, and maintained the sinus rhythm, with
an R-Rinterval of 0.67 £ 0.01 s, Q-T interval of 0.28 £ 0.04 s and QRS duration of 0.04 + 0.00
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Fig.4. Mean values recorded in the control group, vehicle control (ethanol), (GRL) 70 uL L and Citronellol
(CTL) 90 pL L™ in juvenile Tambaqui, Colossoma macropomum during 5 minutes of induction, showing
comparisons between means of electrocardiographic heart rate (beats min. %) recordings (A) ; Amplitude averages
(mV) (B); Comparison between R-R interval means (seconds) (C); Evaluation of Q-T interval means (seconds)

*okk

(D); Evaluation of the average duration of the QRS complex (seconds) (E). ™ indicates statistical difference for
the control; ## indicates statistical difference for the control group Ethanol; *** Indicates statistical difference for

the geraniol group. [ANOVA and Tukey's test (p < 0.05, n = 9)].
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2 Upon exposure to GRL, the distances between the R waves were maintained, as well
3 asthe QRS duration, with averages of 0.62 + 0.04 and 0.04 + 0.00 s, respectively. Only the Q-
4 Tinterval (0.30 £ 0.01 s) was significantly higher (p <0.05) compared to the controls. However,
5 all parameters changed in fish exposed to CTL, differing (p <0.05) from the other groups,
6 showing averages for R-R interval of 1.31 + 0.29 s, QT interval of 0.42 + 0.02 s and duration
7  of the QRS complex of 0.08 + 0.01 s.
8 3.2 Electrocardiogram (ECG) and Heart Rate (HR) during recovery
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37 Fig. 5. Electrocardiographic recording (ECG) of Tambaqui, Colossoma macropomum in 5-min recovery after
38 (GRL) 70 pL L™* and Citronellol (CTL) 90 uL L-*exposure. The red line indicates magnification of the last 150
39 seconds of exposure with the substances and 2-second magnification of the tracing demonstrating the ECG
40  components.
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No differences were observed between the controls during recovery, and ECG
recordings were performed only for ethanol control, which remained no significant differences
in relation to the basal group, and presenting HR values, mean amplitude, R-R and Q-T intervals
and QRS duration of 97 + 5 beats min™, 1.05 + 0.12 mV, 0.52 + 0.04 s, 0.27 + 0.01 s and 0.03
+ 0.00 s, respectively. However, for animals exposed to GRL and CTL, a gradual return to

normal ECG was observed (Fig. 5A and B).
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Fig. 6. Mean values recorded in the control group, vehicle control (Ethanol), (GRL) 70 uL L™ and Citronellol
(CTL) 90 pL Lt in juvenile Tambaqui, Colossoma macropomum during 5 minutes in recovery. Comparisons were
made between means of electrocardiographic heart rate (beats min. ) recordings (A); Amplitude averages (mV)
(B); Comparison between R-R interval means (seconds) (C); Evaluation of Q-T interval means (Seconds) (D);

*okk

Evaluation of the average duration of the QRS complex (seconds) (E). ™ Indicates statistical difference from the
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controls; ¥ Indicates statistical differences from the Ethanol control group; *** Indicates statistical difference from
the geraniol group. [ANOVA and Tukey's test (p < 0.05, n = 9)].

In recovering fish exposed to GRL, the records showed differences in tracings relative
to the induction group (Fig. 7), with a gradual increase in HR (97 + 4 beats min) and amplitude
(1.04 £ 0.05 mV) (Fig. 6A and B), showing no statistical differences against the controls. On
the other hand, animals exposed to CTL (Fig. 5B) presented a slow recovery. HR was relatively
low (81 + 4 beats min™), and amplitude of 0.38 + 0.05 mV was lower (p <0.05) relative to the

other groups (Fig. 6A e B), showing a yet lingering anaesthetic effect in recovery.

The R-R interval during recovery in GRL-exposed fish showed a gradual return to the
initial condition (0.56 + 0.05 s), with a Q-T interval of 0.28 +0.03 s and a QRS duration of 0.04
+ 0.00 s. No significant differences occurred between the controls (Fig. 10A and B). On the
other hand, animals exposed to CTL showed higher averages in the R-R (0.73 £ 0.09 s) and Q-
T (0.32 £ 0.04 s) intervals, with a QRS of 0.04 + 0.00 s, being the higher (p < 0.05) in relation
to all groups (controls and GRL) (Fig. 6C, D and E).

4. DISCUSSION

The ECG profile is relevant for the evaluation of the effects regarding several
substances used in aquatic animals (Vanegas et al., 2016; Barbas et al., 2017a; Xing et al., 2017
Song et al., 2018; Yonekura et al., 2018; De Souza et al., 2019). Cardiac responses are
modulated by external agents to which fish are exposed. ECG records allow for the assessment
of cardiac alterations that may indicate tissue damage or acute cardiotoxicity, including possible
longterm impacts to the heart function (Vornanen, 2017; Xing et al., 2017; Cantanhéde et al.,
2020).

While the heart maintained its sinus rhythm in the controls, GRL and CTL did
modulate cardiac responses in tambaqui. Fish exposed to GRL had reduced HR and mean
amplitude compared to the controls, which indicates a negative chronotropic effect, despite not
presenting marked cardiac depression. Similar to our findings, other studies found reductions
in the HR and progressive resumption thereof during recovery of tambaqui exposed to citronella
and Nepeta cataria EO and menthol (Barbas et al., 2017a; De Souza et al., 2019; Cantanhéde
et al., 2020).

Heart rate is determined by the pacemaker activity rate. The electrical impulses that

generate the sinus rhythm in fish are determined by specialized pacemaker tissue cells located
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in the sinoatrial node and exerted by action potentials upon which Na*, K* and Ca?* ions are
involved (Farrell and Jones, 1992; Hassinen et al., 2017; Rantin et al., 2020).

The inhibition of contractions mediated by the activation of voltage-dependent Ca?*
channels has already been described for the GRL in vitro and in vivo studies. It caused a
vasorelaxant effect, in addition to promoting negative chronotropic and inotropic effects after
direct blockade of L-type Ca?* channels (De Menezes-Filho et al., 2014). However, the
relationship of Ca?" influx on myocardial contractility of fish is still poorly understood
(Driedzic and Gesser, 1994). This negative chronotropism was also observed in our results for
the animals submitted to anaesthesia with GRL.

Similar to the controls, fish exposed to GRL showed rather rhythmic recordings, with
R-R interval without much variation (low SD), and despite the prolongation of the Q-T interval,
the substance did not affect the QRS complex. These results were similar to those described for
this substance in studies that evaluated the contractile and electrophysiological properties of
GRL in isolated hearts (De Menezes-Filho et al., 2014).

The greatest alterations in tracings were observed in CTL-exposed fish, which showed
longer cardiac cycle with bradycardia. As proposed in previous studies, it could be a result of
the CNS depression or a direct consequence of the depressant effect of this substance on the
cardiac and respiratory tissues (De Souza et al., 2019). The HR dropped sharply, presenting
quite reduced power, indicated by the decreased amplitude of the R wave, showing a negative
CTL-related chronotropic effect. Clinical studies have suggested that the reduced amplitude of
the R wave may be a predictor of myocardial infarction (Sun et al., 2013).

The prolongation of the Q-T and R-R intervals occurred and was a similar condition
to that described by Cantanhéde et al. (2021) in a study using different dosages of menthol as
an anaesthetic for tambaqui. Such a prolongation was ascribed to a bradycardic condition. In
fact, this condition is related to these intervals, as they are associated with HR (Ahnve and
Vallin, 1982; Browne et al., 1982; Vornanen, 2017; Rantin et al., 2020). Studies using zebrafish
suggested that Q-T prolongation is associated with arrhythmia (Xing et al., 2017; Lin et al.,
2018), a condition also evidenced in fish exposed to CTL. Prolongation of this interval usually
indicates delayed ventricular repolarization (Fermini and Fossa, 2003; Xing et al., 2017), since
the duration of the Q-T interval indicates the ventricular cycle, where Q marks the beginning
of the depolarization and T the ventricular myocardial repolarization process (Cotter and
Rodnick, 2006; Mcgrath and Li, 2008).
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The changes in the R-R interval with absence of the QRS complex in animals exposed
to CTL found herein, suggest arrhythmia and therefore a potential for atrioventricular blockade.
Tracing patterns between P waves, showed cardiac activity without sinus rhythm and with a
longer ventricular cycle. However, during washout when fish were transferred to anaesthetic
free water, this condition was rather rapidly reversed within five minutes.

These ECG changes probably occurred as a result of the indirect effect on the
ventricular conduction by the partial blockade of voltage gated-dependent Na* channels
induced by CTL, since these channels are responsible for the rapid depolarization of the
membrane. In addition, this blockade can promote a delayed intracardiac conduction,
prolonging the QRS complex, as they decrease the availability of channels for depolarization
(Keating and Sanguinetti, 2001; De Sousa et al., 2006; Delk et al., 2007; Harmer et al., 2011).
It was corroborated by our results, where fish exposed to CTL showed a prolongation during
the ventricular contraction process that corresponds to the QRS complex, indicating a negative
chronotropism effect, i.e, this group took longer to depolarize, showing weaker contraction
power.

QRS complex prolongation represents changes in action potentials and depolarization
time in all ventricular myocytes, as the influx of Na" promotes a gradual increase in
depolarization. Fish exposed to CTL showed similar responses to those reported for two
neotropical freshwater fish species (Brycon amazonicus and Hoplias malabaricus) previously
exposed to mercury (Hg) and subjected to hypoxia in which prolongations of the R-R and Q-T
intervals and duration of the QRS complex were described (Monteiro et al., 2020), with
atrioventricular blockade and arrhythmia.

Although GRL and CTL induced reversible body immobilisation and distinct
electrophysiological features in fish, which were compatible with anaesthesia (Araujo et al.,
2021), electrocardiographic characterization should be systematically used so as to rule out the
possibility of deleterious implications that might be involved throughout or after the exposure
to a given compound in anaesthetic baths. Future studies focusing on mechanistic aspects of
the induction with both compounds, e.g. recordings of intracellular action potentials and
sarcolemma ion currents, could shed more light on the cardiac safety and suitability of these

isolates to be broadly recommended and used as fish anaesthetics.

In summary, both anaesthetics elicited cardiac effects without compromising recovery.
However, GRL showed some advantages over CTL as it reduced heart rate without profoundly

changing the duration of the R-R, Q-T intervals or the amplitude and duration of the QRS
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complex. In addition, the GRL allowed for the maintenance of the sinus rhythm. On the other
hand, CTL induced bradycardia and arrhythmia with an indication for potential atrioventricular
blockade, prolonging the duration of the QRS complex and the R-R and Q-T intervals after
exposure. Notwithstanding, results of this study showed that both compounds allowed for a fast
effect reversibility during recovery in clean water. Overall, such findings lend more credence
to the use of these substances as fish anaesthetics, mainly in the case of geraniol.
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Abstract

The aim of the present study was to evaluate the level of neuronal depression in juvenile
tambaqui, Colossoma macropomum exposed to geraniol (GRL) and citronellol (CTL) in
immersion baths. A total of 54 juveniles weighing 35.2 £ 9.4g were used, essayed into 6
experimental groups: | — Basal control: clean water; Il — Ethanol: water containing the highest
volume of ethanol used in the anaesthetic dilution; 111 - GRL Induction — 70 uL L™%; IV - CTL
Induction —90 puL L™*; V — GRL Recovery; and VI — CTL Recovery. Electroencephalographic
recordings were performed for 300 seconds for each group. The results of the basal and ethanol
control groups showed regular and similar activity. Upon contact with the anaesthetics,
irregularities were observed in the tracings showing neuronal excitability and increased
amplitudes, mainly on the case of CTL. Mostly, the GRL-exposed fish had regular tracings
throughout induction, showing gradual recovery and stable tracings, consistent with an
adequate anaesthetic effect. On the other hand, fish exposed to CTL showed altered EEG
activity during induction, incompatible with an appropriate anaesthetic induction and smooth

recovery, presenting high and irregular EEG amplitudes.

Key words: EEG; monoterpenes; anaesthetic; sedation; fish welfare.

1. INTRODUCTION

Several studies have evaluated anaesthetics for use in aquatic animals, however, only
a few have used electrophysiological markers to corroborate the neuronal effects of these
substances on the fish brain. Recent studies have evaluated fish anaesthesia from a combined
brain and behavioural perspective throughout and after the exposure to gauge the extent of
neuronal depression attained (Barbas et al., 2021; Costa et al., 2022).

In a study carried out using juvenile tambaqui, it was evaluated the behavioural
changes induced by eugenol, which is considered a suitable anaesthetic for fish and widely used
in aquaculture. However, an intense eugenol-related neuronal excitability, resembling a
convulsive event was described, without depression of the central nervous system (CNS)
activity in the short term, which was corroborated by the electroencephalographic EEG patterns
recorded (Barbas et al., 2021). Hence, it was suggested that eugenol, which has been a
traditional natural product for fish anaesthesia worldwide, might not be a suitable product for

short-term anaesthetic induction of fish, as it could imply important concerns in terms of fish
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welfare. Therefore, alternative products should be prospected to be recommended based on
their suitability, also from a neuronal perspective.

Chemicals such as quinaldine sulfate, benzocaine and tricaine methanesulfonate (MS-
222) have long been the most used anesthetics for fish, despite reports of some causing
undesirable effects such as irritability, mucus loss, corneal damage and, contradictorily,
promote stress (Svoboda and Kolavora, 1999; Inoue et al., 2003; Ross and Ross, 2008; Heo and
Shin, 2010; Pawar et al.,, 2011), with metabolic changes and, consequently, affecting

performance of the fish.

In this context, the use of natural products in sedative or anaesthetic doses has
increased in an attempt to reduce the stress levels in fish farming, while ensuring increased
survival, productivity, welfare and complying with ethics-related issues (Sneddon, 2012; Aydin
and Barbas, 2020). The phytochemicals geraniol and citronellal are the main monoterpene
compounds within the citronella grass, Cymbopogon nardus (Castro et al., 2010), that have an
already verified anaesthetic effect on fish (De Aradjo et al., 2021).

It is worth noting that, despite the variety of studies in the search for new anaesthetics
(Aydin and Barbas, 2020), the characterization of the CNS response and possible deleterious
effects on the brain function are still poorly elucidated for fish (Zahl et al., 2012). To overcome
this limitation, electrophysiological analyses can be used to contribute to the validity and
objectivity of the general anaesthesia evaluation in fish, as the monitoring of anaesthesia should

include appropriate and selected parameters (Barbas et al., 2021; De Araujo et al., 2021).

Several studies on the anaesthesia of juvenile tambaqui, Colossoma macropomum,
have already been reported. This fish species shows resistance to handling and high sensitivity
to substance testing. It has been considered a promising experimental model in
electrophysiological studies according to recent studies (Barbas et al., 2017; De Souza et al.,
2019; Vilhena et al., 2019; De Aradjo et al., 2021; Barbas, et al., 2021; Cantanhede et al., 2021,
Costa et al., 2022).

Thus, the objective of this study was to evaluate the level of neuronal depression in
juveniles of tambaqui, C. macropomum exposed to short-term immersion baths with geraniol

and citronellol.
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2. MATERIAL AND METHODS

2.1 Experimental Animals

Juveniles of tambaqui, Colossoma macropomum, weighing 35.2 £ 9.4g acquired from
a commercial farm were used. Initially, the animals were acclimated for 7 days in aquariums
with a capacity of 300L in the Experimental Vivarium of the Laboratory of Pharmacology and
Toxicology of Natural Products at the Universidade Federal do Pard (UFPA). The animals were
kept in an environment with constant aeration and photoperiod of 12h C: 12h E. Feeding was
performed twice a day with commercial feed (32% CP) until satiety. Daily cleaning was
performed with partial water change (approximately 20% of the tank volume) to remove
uneaten feed and faeces. The water quality variables were monitored daily and maintained as
follows: Temperature 26.8 °C; pH 7.5; DO > 5.0 mg L*; ammonia 0.1 mg L.

2.2 Experimental Design

The animals were randomly essayed in 6 groups, as follows: a) Basal Control: in
substance-free aquarium water; b) Ethanol Control: in aquarium water containing the highest
equivalent volume of ethanol used in the anaesthetic dilution; ¢) Geraniol Induction (GRL):
immersion bath in aquarium water containing 70 pl L't GRL; d) Citronellol Induction (CTL):
immersion bath in aquarium water containing 90 pl L CTL; e) Geraniol recovery; f)
Citronellol Recovery. Nine fish were used for each group (n=9), with each animal considered
a replica and used only once. Analyses of electroencephalographic recordings were performed

for 300 seconds during induction and recovery.

To evaluate the CNS activity of tambaqui, the power spectral density was evaluated
for a period of 5 minutes and, separately, the last 30 seconds of recording of the induction period
during contact with geraniol (GRL — 30 s) e citronellol (CTL — 30 s).

2.3 Implantation of electrodes and acquisition of electroencephalographic recordings

For the EEG recording procedures the methodologies of Hamoy et al. (2018) and
Barbas et al. (2021) were used. After the implantation of the EEG electrodes, fish were
transferred to the maintenance tanks for recovery, where they remained for 48 hours before the
recordings. Upon recordings, fish were taken according to their respective treatment and
restrained in a slotted foam pad, inside the aquarium, then the electrodes were connected to the

fish midbrain and a high impedance amplifier, for the measurement of the potential field of the
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midbrain area. Recording for each animal took 300 s. For more details on the EEG recording
procedures and setup refer to Barbas et al. (2021).

2.4 Signal analysis and statistics

For the analysis of the acquired signals, a tool was built using the Python programming
language version 2.7. Numpy and Scipy libraries were used for math processing and Matplolib
library for the graphics. The graphical interface was developed using the PyQt4 library (Souza-
Monteiro et al., 2015). Frequency spectrograms were calculated using a Hamming window of
256 points (256/1000s), and each frame was generated with an overlap of 128 points per
window. For each frame, the power spectral distribution (PSD) was calculated using the Welch
mean periodogram methodology. Frequency histograms were made with the signal PSD (with
1-Hz boxes).

Kolmogorov-Smirnov and Levene tests were used to assess data normality and
variance homogeneity, respectively. Comparisons of power values were performed using one-
way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. The GraphPad Prism®
8 software was used for the analyses. A p-value < 0.05 was considered statistically significant

in all cases.

3. RESULTS
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Figure 1. Tambaqui C. macropomum midbrain electroencephalographic (EEG) records. (A) Control basal records

over 300 s (left); 1-s snapshot amplification (centre), and the spectrogram of frequency showing the distribution

of power (right). (B) Ethanol records over 300 s (left); 1-s snapshot amplification (centre), and the spectrogram of
frequency showing the distribution of power (right). Amplification of 5000X.
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There were no mortalities during or after the handling of the animals. The EEG
recordings for the basal and ethanol control groups showed regular and similar activity, as can
be seen in the amplification of the tracings, with low amplitudes with a mean amplitude of 0.11
+ 0.001 mV. The spectrogram shows the distribution of power (intensity of the signal) in
frequencies up to 40 Hz. Higher intensity was concentrated at frequencies below 5 Hz in both
basal and ethanol controls (Fig. 1 A and B).

After the animals were exposed to the anaesthetics, irregularities were observed in the
tracings with accentuated neuronal excitability, and an increased amplitude of the induction
tracing. For the group submitted to the immersion bath with the GRL, the amplitude of the
tracing reached 0.23 £ 0.001 mV. Spectrogram of frequency showed a distribution of power
between 20 — 25 Hz, which is maintained throughout the recording (Fig. 2 A).

For animals exposed to CTL, excitability also occured during induction, with
amplitude reaching 0.37 £ 0.002 mV. In this group there was a greater irregularity in the
tracings that were very evident (100 — 101s). The representative spectrogram, as well as for the
GRL, showed energy variation during induction with CTL (Fig. 2 B).
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Figure 2. Electroencephalographic (EEG) recordings of the Tambaqui C. macropomum midbrain during induction.
(A) uL L Geraniol records over 300 s (left); 1-s snapshot amplification (centre), and the spectrogram of frequency
showing the distribution of power (right). (B) 90 uL L™ Citronellol records over 300 s (left); 1-s snapshot

amplification (centre), and the spectrogram of frequency showing the distribution of power (right). Amplification
of 5000X.
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1 The recovery of fish exposed to GRL was gradual and showed to be stable in the

2 tracings with amplitude reaching 0.25 + 0.002 mV. Amplification of the record and the
3 spectrogram demonstrated a gradual increase in power at frequencies up to 40 Hz (Fig. 3 A).
4 On the other hand, during the 5 minute recovery of the animals exposed to CTL, the
5 mean amplitude was 0.37 + 0.001 mV, and similarly to the induction, irregularities were
6 observed in the tracings, evidenced by the amplification. The spectrogram demonstrated the
7  power variation in frequencies up to 40 Hz, with a slight higher power between 25 — 30 Hz
8 (Fig.3B).

9 Animals exposed to GRL and CTL showed higher power than the basal control,

10 indicating excitability during contact with the substances. As for the total recording time, during
11  recovery for both the GRL and CTL groups, excitability was also present, however, with
12 amplitudes below the induced group. Yet, only the PSD of the GRL group resembled that of
13  the baseline control in recovery (Fig. 4 A and B).
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23 Figure 3. Electroencephalographic (EEG) recordings of the Tambaqui C. macropomum midbrain during recovery.
24 (A) Geraniol (GRL) records over 300 s (left); 1-s snapshot amplification (centre), and the spectrogram of frequency
25  showing the distribution of power (right). (B) Citronellol (CTL) records over 300 s (left); 1-s snapshot

26  amplification (centre), and the spectrogram of frequency showing the distribution of power (right). Amplification
27  of 5000X.

28 The linear power distribution (Fig. 4 C) in the basal control and ethanol groups
29  presented respective mean powers of 0.0003 + 0.00003 mV?/ Hz and 0.0002 + 0.00003 mV?/
30  Hz without significant differences. The mean power of the GRL group during the recordings of

31 induction and recovery of animals exposed to anaesthetics was 0.006 £ 0.0001 mV2/Hz, higher
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(p < 0.05) from the other groups basal and ethanol and lower (p < 0.05) from the CTL. The
mean potency for the group exposed to CTL was much higher with a mean power of 0.002 +
0.0003 mV#/Hz, being significantly higher (p < 0.05) from the basal and ethanol controls.

The average power during the recovery of the GRL group was 0.0005 + 0.00003
mV?2/Hz, higher (p < 0.05) from the groups basal and ethanol, and lower (p < 0.05) from the
CTL - induction and CTL —recovery). In the CTL group, the mean was 0.001 + 0.0001 mV?3/Hz
much higher (p < 0.05) from the basal and ethanol control groups, CTL — induction and GRL

— induction.
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Figure 4. Power spectral density (PSD) of frequencies up to 40 Hz in Tambaqui C. macropomum compared with
the power averages from the basal control, during geraniol induction (GRL — uL L) and recovery compared with
the power averages of the baseline control (A); and during citronellol induction (CTL — 90 uL L) and recovery
(B); Means of linear power between basal control, ethanol, geraniol induction (GRL — Ind), citronellol induction
(CTL - Ind), geraniol recovery (GRL — Rec) and citronellol recovery (CTL — Rec) groups. * indicates statistical
differences from the control group; » indicates statistical differences from the GRL — Ind group; # indicates
statistical differences from the CTL — Ind group; + indicates statistical differences from the CTL — Rec group.
(After ANOVA followed by Tukey’s test). (*) P<0.01; (**) P<0.001; (***) P<0.0001.(n=9).

In the PSD of the GRL group, we observed lower power during induction when
analyzing the last 30 s of the recording. The frequencies from 6 to 24 Hz are below the basal

control averages, indicating less signal capture by the electrode during the last 30 s of contact
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with the anesthetic (Fig. 5A). In the CTL — 30 s group, the last 30 s of the recordings
demonstrated greater power variation than in the basal group (Fig. 5 B).
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Figure 5. Power spectral density (PSD) of frequencies up to 40 Hz in Tambaqui C. macropomum compared for
the last 30 seconds of the recordings (30 s), total time induction for geraniol (GRL — 70 uL L) (A); and total time
induction for citronellol (CTL — 90 uL L) (B); Means of linear power between groups of basal control, ethanol,
geraniol induction (GRL — Ind), citronellol induction (CTL — Ind), geraniol recovery (GRL — Rec) and citronellol
recovery (CTL — Rec) (C ). * indicates statistical differences from the control group; + indicates statistical
differences from the GRL group; # indicates statistical differences from the CTL group; » indicates statistical
difference for the CTL group — 30 s (C). (After ANOVA followed by Tukey). (*) P<0.01; (**) P<0.001; (***)
P<0.0001, (n=9).

The linear distribution (Fig. 5 C) demonstrated the basal control group mean of 0.0003
+ 0.00003 mV?/Hz. In the GRL group, the mean power was 0.006 + 0.0001 mV?3/Hz, higher (p
< 0.05) from the basal control group and lower (p < 0.05) form CTL — induction and CTL — last
30s. During the last 30 s of induction for the GRL — 30 s, the tracings were more stable with a
mean power of 0.00008 + 0.00002 mV?/Hz, was lower (p < 0.05) from the basal control, CTL
—induction groups , CTL — last 30 s and GRL — induction. With tracings below the basal control
group at frequencies 8 — 24 Hz. The CTL group, on the other hand, had an average power of
0.001450 + 0.0003388 mV?# Hz, differing from the other groups, as well as the CTL - 30 s
(0.001216 + 0.0001703 mV?/ Hz) with oscillations below the basal control, at frequencies 13
and 14 Hz and 28 at 31 Hz.
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4. DISCUSSION

Monitoring the brain activity through EEG is essential for assessing the level of
neuronal depression, as it will make it possible to attest if the drugs are acting at a central level
(Chandroo et al., 2004; Medeiros et al., 2018; Barbas et al., 2021; Costa et al., 2022). Our results
showed that the amplitudes of the EEG tracings observed in the basal control and ethanol groups
were low and the frequency spectrogram indicated that energy intensity were predominant at
frequencies below 5 Hz throughout the recording (Fig. 1 A and B). During neural signal
processing, the analysis of the frequency spectrogram makes it possible to understand how the
signal recorded by the EEG is composed, with its amplitude, intensity and frequency.

Furthermore, the spectrogram can serve to indirectly assess the nociceptive and
anaesthesia component generated in response to external stimuli that may be harmful to fish,
since many phytoconstituents have demonstrated action on the CNS, including sedative,
antinociceptive and neuroprotective effects (De Sousa et al., 2006; Medeiros et al., 2018).
Herein, fish exposed to GRL and CTL showed EEG tracing patterns of excitability. The
analyzed PSD, during the final 30 s of induction, showed that the GRL group presented reduced
power relative to the baseline, from 8 to 24 Hz (Fig. 5). It means that the EEG changes are well
correlated with the anaesthetic effect of GRL, indicating that these frequencies are presumably
related to an anaesthetic condition. This would be the first report in fish, since no studies of

frequency bands were found in this animmals.

The alterations presented in the CTL group with high mean amplitude of the tracings
during the entire induction period, in the last ones and also during the recovery, at a

physiological level, are inconsistent with the anesthetic standards.

Considering that EEG wave patterns have not been standardized for these animals yet,
judging by the route of the anaesthetic administration, which differs from the other vertebrates,
our results show the importance of the EEG in the evaluation of possible anesthetic candidates,
since these substances are capable of promoting alterations in the tracings. As a rule, it is known
that the GABAA receptor, the NMDA receptor and the voltage-gated channels (K*, Ca*? and
Na*) are the main targets of anaesthetics, being influenced in different ways (Alkire et al., 2008;
Hall et al., 2004; Medeiros et al., 2018).

The effects of monoterpenes can occur by different mechanisms due to their structural

diversity. GRL has already been shown to have hypnotic-sedative action in tests with rats
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(Medeiros et al., 2018). The authors suggested that the mechanism of action of GRL may be
through the allosteric modulation of the GABAA receptor, as is the case of menthol, which is
known to be a positive allosteric modulator of GABAA (Hall et al., 2004), these authors
attributed to its structure and to the associated functional group (OH) this positive modulation
of ion channels. Positive modulation of ligand-activated ion channels has a profound influence
on neuronal activity, resulting in sedation and anaesthesia (Hall et al., 2004). This sedative
effect of monoterpenes can be explained by the proven interaction of many of these with the
GABAA receptor (Medeiros et al., 2018)

Although the CTL has already shown anticonvulsant and antinoceptive activity, since
it is capable of inducing partial blockade of voltage-gated Na" channels and these channels are
fundamental in regulating the excitability of neurons, and the blockade can facilitate the
activation of the descending inhibitory pathway (De Sousa et al., 2006), our findings showed
that this substance was not able to promote adequate anaesthetic effect when analyzing the
electroencephalographic tracings.

Thus, we reinforce that due to the complexity in capturing neuronal signals and the
different mechanisms of action of monoterpenes, these compounds can present different EEG
responses, although they may induce loss of consciousness. In conclusion, both the GRL — 70
ul LT and the CTL — 90 pl L't were able to promote changes in the tracings, and the most
consistent were determined by the GRL, therefore, presenting the expected effects for an
anesthetic. While the CTL showed neuronal excitability during induction, with inconsistent

patterns, not being recommended as an anesthetic.
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RESUMO

Este trabalho teve como objetivo avaliar o balango oxidativo de juvenis de tambaqui,
Colossoma macropomum, apos transporte simulado em diferentes tempos (2, 6 e 10 horas)
utilizando doses sedativas de Geraniol (0,20 puL L) e Citronelol (0,18 puL L). Foram utilizados
360 juvenis (26,97 + 3,73 g € 11,93 + 0,44 cm) distribuidos em 12 tratamentos em triplicata na
presenca de Geraniol (GRL-02, GRL-06 e GRL-10) ou Citronelol (CTL-02, CTL-06 e CTL-
10) e dois tratamentos controle, agua livre de anestésico (CRT-02, CRT-06 e CRT-10) e veiculo
etanol (ETN-02, ETN-06 e ETN-10). Quando avaliada a capacidade antioxidante (ACAP) nos
tecidos ao fim de cada tempo de transporte, as branquias mostraram maior competéncia
oxidante em relacdo aos demais tecidos analisados, embora os resultados mais significativos
estejam relacionados aos niveis de P-SH e aumento na concentracdo da GSH no transporte com
GRL e CTL para as branquias. Por outro lado, o0 musculo foi o tecido com maiores niveis de
peroxidacgdo lipidica (LPO) nos animais transportados com CTL, independente da duracéo.
Assim, o uso do GRL se mostrou uma boa opc¢do como sedativo para o transporte de peixes,
mitigando os danos oxidativos princiaplemnte nas branquias, por outro lado, o CTL demonstrou

acao pré-oxidante, com altos niveis de LPO no musculo dos animais pos-trasnporte.

Palavras chave: antioxidante, pré-oxidante, fitoconstituintes, sedacdo, anestésico.

1. INTRODUCAO

O Transporte de peixes € uma pratica corriqueira na producdo aquicola, sendo
potencialmente uma das mais estressantes, ja que € influenciado por varios fatores que incluem
desde o processo de captura, densidade de estocagem, variagdes de temperatura e alteracdo de
outros parametros de qualidade da agua, como o aumento de compostos nitrogenados e
transicdes entre condicdo de hiperdxia e hipoxia na dgua de transporte (Gomes et al., 2003a,b;
Iversen et al., 2005; Gomes et al., 2006; Iversen et al., 2009; King, 2009).

No intuito de promover maior bem-estar e reduzir a resposta de estresse durante o
transporte de peixes vivos, anestesicos sintéticos e naturais, em doses sedativas, tém sido
utilizados adicionados a agua. A sedacdo diminui 0s movimentos corporais e respiratorios,
reduz a demanda por oxigénio por diminuicdo da taxa metabdlica e, consequentemente, reduz
0s niveis de excrecdo de amonia durante o transporte (Zahl et al., 2012; Vanderzwalmen et al.,

2018). Os anestesicos em doses de sedacdo podem, em muitos casos, auxiliar na mitigacao dos
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efeitos deletérios decorrentes do estresse fisioldgico durante e apos o transporte de peixes (Ross
et al, 2007; Azambuja et al., 2011; Oyoo-okoth et al., 2011; Zeppenfeld et al., 2014; Barbas et
al., 2017b).

Apesar do crescente uso de 6leos essenciais (OE) ou seus compostos isolados como
anestésicos e sedativos, a caracterizacdo dos efeitos colaterais em peixes ainda é rara e 0s
mecanismos de ac¢do desses produtos naturais ndo séo elucidados na maioria dos casos (Aydin
e Barbas, 2020). Nesse sentido, a utilizacdo de biomarcadores, além de permitir monitoramento
dos niveis de eventuais danos a tecidos e moléculas, também possibilita uma avaliacdo do
potencial antioxidante das diversas substancias de origem vegetal utilizadas para atenuar o
estresse durante o transporte de peixes (Barbas et al., 2017b, Teles et al., 2019)

Fisiologicamente, os peixes podem responder de varias formas quando submetidos a
uma situacdo de estresse, uma delas é através de um aumento na producao das espécies reativas
de oxigénio (ERO). Que ja sdo produzidas no organismo em condigdes fisiolégicas normais ou
patoldgicas (Barbosa et al., 2010), porém, sdo contrabalanceadas por um sistema de defesa
antioxidante. Eventualmente, quando ocorre um desequilibrio entre a producdo de pro-
oxidantes e defesas antioxidantes, com prevaléncia da primeira, se estabelece uma condicdo de

estresse oxidativo (Jones, 2006; Halliwell e Gutteridge, 2015).

Os monoterpenos geraniol (GRL) e citronelol (CTR) sdo compostos quimicos
encontrados em varias espécies vegetais, como a planta Cymbopogon nardus. Esse terpenos
possuem amplas aplicacdes nas industrias de alimentos, cosmética e farmacéutica (Castro et
al., 2010; Chen e Viljoen, 2010) e j& tiveram suas atividades anestésicas descritas em juvenis
de tambaqui com avaliacdo de marcadores eletrofisioldgicos (De Aradjo et al., 2021). No
entanto, nao se conhece os efeitos desses compostos sobre a resposta bioquimica nos diferentes

tecidos de peixes quando expostos a essas substancias.

O tambaqui, Colossoma macropomum, € uma espécie nativa dos rios Amazonas,
Orinoco e afluentes, e possui relativa tolerancia as variagdes da qualidade de agua, com
estratégias adaptativas que envolvem desde a expanséo labial inferior que auxilia na captacao
do oxigénio atmosférico, a ajustes hematologicos e de regulacéo idnica (Aradjo-Lima et al.,
1997; Aride et al., 2007). Recentemente, esta espécie vem sendo reforgada como um bom
modelo experimental devido a sua rusticitade, boa resisténcia ao manuseio e boa sensibilidade
aos teste de novos produtos naturais anestésicos, sedativos, antiestressantes e antioxidantes
(Barbas et al., 2016; Barbas et al., 2017a, b; De Souza et al., 2019; Vilhena et al, 2019; De
Araljo et al., 2021).
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Sendo assim, o objetivo desse trabalho foi avaliar o balango oxidativo de juvenis de
tambaqui submetidos ao transporte simulado por diferentes tempos em &gua contendo

concentragdes sedativas de geraniol e citronelol.

2. MATERIAL E METODOS

2.1 Aquisicao dos animais e aclimatagéo

Foram utilizados 360 juvenis de tambaqui, Colossoma macropomum (26,97 + 3,73 ¢
e 11,93 = 0,44 cm, comprimento total) provenientes de fazenda comercial. Todos 0s
procedimentos descritos neste trabalho foram aprovados pelo Comité de Etica em Animais do
Instituto Federal do Pard — IFPA (Protocolo nimero CEUA n° 6686081118, ID 000021).

Os animais foram mantidos no Laboratorio de Aquacultura de Espécies Tropicais do
Instituto Federal de Educacdo, Ciéncia e Tecnologia do Para — IFPA — Campus Castanhal,
acondicionados em tanque circular de 300 L com sistema de recirculagdo com qualidade da
agua monitorada diariamente: temperatura 26 + 3 °C; pH 6,2 + 1,1; OD 6,43 + 2,01. O
fotoperiodo foi fixado em 12 h C: 12 h E. A alimentacdo (racdo comercial — 32% de proteina)

foi ofertada trés vezes ao dia até a saciedade aparente.

2.2 Delineamento experimental

As solucbes-estoque de GRL e CTL foram preparadas a partir de sua diluicdo em
etanol (96%) na proporcao 1:9. Os anestésicos foram utilizados em doses sedativas (15% da
dose efetiva) com base nas concentracdes que induziram a anestesia profunda e rapida (< 3min)
em juvenis de tambaqui encontradas por De Araljo et al. (2021). Desta forma, as doses
estabelecidas para o presente estudo foram 10,5 uL L e 13,5 pL L, para o GRL e CTL,

respectivamente.

Foram utilizados sacos plasticos de polietileno (volume util de 30 L), adicionados de
agua (5L) e injetados com oxigénio puro na proporc¢éo de 1:3 (agua: oxigénio) e posteriormente
vedados e armazenados em caixas térmicas (170 L), agitadas manualmente (3 agitacfes na

caixa a cada 30 minutos) para simulacdo de movimentacdo do transporte.

Os animais foram distribuidos aleatoriamente na densidade de 10 animais/ saco (~166 g L™?)
em 12 tratamentos com 3 repeticdo cada (n=30/tratamento). Os tratamentos consistiram em
transporte simulado por 2, 6 e 10 horas com GRL (GRL-02, GRL-06 e GRL-10) e CTL (CTL-
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02, CTL-06 e CTL-10), separadamente, e dois controles, peixes transportados por 2, 6 e 10h
em agua livre de anestésico (CRT-02, CRT-06 e CRT-10) e em &gua adicionada de etanol, que
foi o utilizado na diluicdo (ETN-02, ETN-06 e ETN-10) na maior quantidade utilizada para a

diluicdo.
2.3 Analises dos paréametros de qualidade da agua

Antes e ap6s o transporte foram avaliados os pardmetros de qualidade a seguir:
oxigénio dissolvido — OD (mg L), pH e temperatura (°C), que foram medidos usando um
equipamento multiparimetro (HANNAT™ HI9828). A amodnia (mg L™?) foi determinada
seguindo metodologia da Unesco (1983), o nitrito (mg L™* N-NO) foi determiando de acordo
com Bendschneider e Robinson (1952) e a alcalinidade (mg CaCOs L) avaliada de acordo
com Eaton et al. (2005).

2.4 Analises dos Parametros de Estresse Oxidativo
2.4.1 Coleta e Preparacgéo de Tecidos

Apbs o final de cada tempo de transporte, quatro juvenis por réplica (saco), totalizando
um “n” de 12 animais por tratamento, foram pesados e sacrificados por seccdo da medula
espinhal. De cada individuo foram coletados e pesados amostras de branquia, cérebro, figado e
musculo e estocados em ultrafreezer a -80 °C. Os tecidos foram homogeneizados na propor¢do
de 1:5 (p/v) em tampdo (Tris-HCI — 100 mM; EDTA — 2 mM; e MgCI2.6H20 — 5 mM) (Da
Rocha et al., 2009) e os sobrenadantes resultantes da centrifugacdo dos homogenados (10 000

X @, 20 min, 4 ° C) foram armazenados a -80 °C até 0 momento da realizacdo das analises.

2.4.2 Proteinas totais
Inicialmente foi feita a quantificacdo de proteinas totais, realizada por meio do método
de biureto, utilizando kit comercial, com leituras feitas em triplicata, utilizando

espectrofluorimetro (550 nm).

2.4.3 Capacidade Antioxidante Total contra radicais peroxil (ACAP)
Para determinacdo da capacidade antioxidante total contra radicais peroxil nos tecidos,
foi utilizada a metodologia proposta por Amado et al. (2009) que consiste em quantificar a
capacidade antioxidante dos tecidos utilizando-se um substrato fluorescente (2', 7 dia
diclorofluoresceina diacetato — H2DCF-DA) e a producdo de radicais peroxil por decomposicéo
térmica de ABAP (dicloridrato de 2,2'-azobis 2 metilpropionamidina). As amostram foram

padronizadas em 2 mg mL™ de proteina. A fluorescéncia foi determinada através de um
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espectrofluorimetro a 37 ° C, 485 nm e 530 nm com leituras a cada 5 minutos num periodo de
tempo de 30 minutos. Os resultados foram expressos em &rea relativa, isto é, a diferenca entre
a area com e sem ABAP, dividida pela area sem ABAP. Para fins de interpretacdo dos

resultados, uma menor area relativa significa uma maior capacidade antioxidante.

2.4.4 Concentracdo do antioxidante glutationa reduzida (GSH) e niveis de grupos
sulfidrilas proteicos (P-SH)

As anélises foram realizadas pelo método de White et al. (2003) e Chen et al. (2008)

com modificagdes.

O protocolo baseia-se na medicao da concentracao de GSH pela sua reacdo com DTNB
(5,5'-Ditiobis (&cido 2-nitrobenzdico). Para o ensaio, 100 uL de sobrenadante, 200 uL de
solucgéo de reacéo (Tris-base 0,4M, pH =8,9) e 40 uL. de DTNB foram entdo transferidos para
microplaca e incubados por 15 minutos & temperatura ambiente. As leituras foram feitas em
espectrofluorimetro com leitor de placas. A concentragdo foi expressa em pumoles de GSH por

mg proteina.

A concentracdo do grupo P-SH foi determinada por sua reacdo com DTNB (5,5
Dithiobis (&cido 2 - nitrobenzoico)). Para o ensaio, 240 pL de amostra e 28 pL de acido
tricloroacético (TCA, 50%) foram adicionados aos tubos eppendorf e centrifugados a 14000
rpm a 4 °C por 15 minutos, o precipitado de GSH foi usado e ressuspenso usando 200 mL de
tampdo de homogeneizacdo para posterior homogeneizacdo. Finalmente, 100 pL de
sobrenadante, 160 uL de solugéo de reagéo (Tris-base 0,2 M, pH =8,2) e 40 uL. de DTNB foram
transferidos para microplacas e incubados por 15 minutos. As leituras foram feitas em
espectrofluorimetro com leitor de placas (Biotek Synergy HT), a temperatura ambiente. A

concentracdo foi expressa em nmol-SH por mg proteina™.

2.4.5 Substancias reativas ao acido tiobarbitarico (TBARS)

Os niveis de peroxidacéo lipidica foram medidos de acordo com Oakes e Van Der
Kraak (2003). Para determinar as substancias reativas ao acido tiobarbitarico (TBARS) pela
quantificacdo do malondialdeido (MDA), as amostras (branquias: 40 uL; figado: 80 uL;
cérebro: 50 uL. e masculo: 100 uL) foram adicionadas a uma solugéo contendo 20 pL de solucéo
de BHT (67 uM), 150 pL de solucdo de acido acético a 20%, 150 uL solucdo de TBA 0,8%, 50
uL de agua destilada e 20 pL de SDS a 8,1%. As amostras foram incubadas a 95 °C por 30 min.
Posteriormente, 100 uL de agua destilada e 500 pL de n-butanol foram adicionados a solucéo
final. O sobrenadante remanescente apds a centrifugagdo (3000 x g, 10 minutos, 15 °C) foi
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utilizado para determinar a fluorescéncia (excitacdo: 520 nm; emisséo: 580 nm) e os resultados
foram expressos em nmol MDA mg de tecido Umido™.

2.5 Analises estatistica

A normalidade dos dados e homogeneidade de variancias foram verificados pelos
testes de Kolmogorov-Smirnov e Levene, respectivamente. Quando ndo sendo atendidos esses
pressupostos, o valores foram transformados em Logio previamente as analises. Posteriormente,
as comparacdes dos valores medios foram feitas atraves de ANOVA de duas vias utilizando-se
0 tempo de transporte e os tratamentos (anestésicos e controles) como fatores, e as diferencas
entre as médias foram verificadas com o teste de Tukey. O nivel de significancia adotado foi
de p < 0,05 em todos os casos. Todas as anélises foram efetuadas através do software GraphPad

Prism® 5.

3. RESULTADOS

Independentemente do tempo de transporte ou da presenca ou nao de anestésico na
agua de transporte, ndo foram observadas mortalidades. Ndo foram observadas diferencas entre
0s grupos controles (controle agua e etanol) em relacdo aos parametros de qualidade de agua e
analises bioquimicas, portanto, os resultados do grupo etanol ndo foram considerados para

comparagoes.

3.1 Avaliacdo dos paréametros de qualidade da 4gua

Os parametros de qualidade da agua antes e ap6s o transporte, estdo apresentados na
tabela 1. Os maiores valores de OD (p < 0,05) foram observados nos grupos dos animais
transportados até 2 horas independente do grupo experimental, e teve sua concentracao
diminuida gradualmente em niveis significantes (p < 0,05) com o aumento do tempo de
transporte dentro do mesmo grupo anestésico. O pH, temperatura e alcalinidade néo
apresentaram diferencas estatisticas significativas nem em funcéo do tempo de transporte, nem

entre os diferentes tratamentos.

O valores de nitrito e aménia tiveram aumento significativo em todos os grupos
independentemente da duracdo do transporte ou da presenca de anestésicos, em comparagado

com a agua antes do transporte. Os maiores niveis de aménia (p < 0,05) foram observados nos
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1  sacos dos animais transportados por 10 horas, porém nédo diferiram em relacdo aos diferentes
2  tratamentos.
3
4 Tabela 1: Médias + desvio padrdo (DP) dos parametos de qualidade da gua antes e apés transporte de juvenis de
5 tambaqui, Colossoma macropomum, em diferentes tempos (2, 6 e 10 horas) com ou sem adi¢&o de Geraniol (10,5
6  pL L% e Citronelol (13,5 uL L.
Parametros Tempo(h) Controle Geraniol Citronelol
DO 00 531+£0,44
(mg L) 02 8,79 + 0,08 A&* 8,87 + 0,14/ * 8,91 + 0,314
g 06 6,11 + 0,22 AP* 5,99 + 0,024 5,68 + 0,524
10 4,14 + 0,06 ~°* 3,47 + 0,02 Ac* 4,08 + 0,23 A*
00 6,76 £ 0,06
H 02 6,46 + 0,017 6,59 + 0,022 6,61+0,1272
b 06 6,49 + 0,052 6,63 + 0,022 6,54 + 0,052
10 6,56 + 0,104 6,57 £ 0,047 6,43 +£ 0,03/
00 27,59 = 0,62
02 26,93 +£ 0,827 26,66 + 0,632 26,75+ 0,794
T°C 06 28,03+ 0,747 27,11 +0,72% 27,88 + 0,83/
10 27,61 +0,75%2 27,75+0,73/2 27,66 + 0,77/
00 0,16 £ 0,002
Nitrito 02 0,58 + 0,01 A& 0,57 + 0,21 48* 0,58 + 0,21 A&
(mg L1 N-NO2) 06 0,67 + 0,017 0,58 + 0,32 Aa* 0,67 0,11/
10 0,93 + 0,27 Ab* 0,80 + 0,22 Aax 0,74 + 0,134
Aménia Total 00 0,005 = 0,001
r?‘;:“al__l‘)) a 02 0,009 0,002%%% 0,008 % 0,004 7° 0,006 + 0,007 A8
g 06 0,015+ 0,0214%* 0,014 + 0,035 0,015 + 0,003 Ab*
10 1,111 + 0,012 Ae* 1,013 + 0,015 Aa* 1,122 + 0,019 A%*
00 59,3+4,01
Alcalinidade 02 59,45 + 2,294 59,24 + 11,9842 58,29 + 1,0342
(CaCOs L) 06 61,22 + 3,262 63,06 + 1,9242 64,02 + 1,57/
10 63,66 + 4,0142 65,19 + 2,162 65,14 + 1,802
7 Letras mailsculas na mesma linha indicam diferencas significativas entre os anestésicos dentro do mesmo tempo,
8 enquanto que letras mindsculas na mesma linha, indicam deferengas significativas dentro do mesmo anestésico e
9 entre tempos. Asteriscos indicam diferengas em relacéo ao tempo zero (ANOVA 2 vias, teste de Tukey, p < 0.05).
10
11
12 3.2 Capacidade Antioxidante Total contra radicais peroxil (ACAP)
13 Ao término do tempo de transporte, foram observadas diferencas significativas (p <
14 0,05) na capacidade antioxidante total das branquias dos animais do grupo controle (fig. 2 A)
15 nosdiferentes tempos de transporte dentro desse grupo, sendo a menor area relativa dos animais
16  transportados por 2 horas, seguido do grupo transportado por 6 horas e por fim, a maior area
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relativa no animais transportados por 10h. Esse ultimo foi maior (p < 0,05) em relacdo ao GRL
e CTL ap6s 10h, ou seja, com menor capacidade antioxidante.

ACAP
A L C ,
3- Branquias 25+ Figado
Aa Aa
Aa Aa
g 204
T 5l 2 1
z 2 E 54
e K
= !
v Ac Aa Ba w 10] @
CEER = o E3
) — - =
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0- § N ol Eet e B kel 1 koo E
2 h
B Cérebro % oras
37 A =
Aa Aa a 6 horas

Aa Aa

PR

Area Relativa

e
Area Relativa

Controle Geraniol Citronelol Controle Geraniol Citronelol

Figura 1. Capacidade antioxidante total contra radicais peroxil nas Branquias (A); Cérebro (B); Figado(C); e
Musculo (D) de juvenis de Tambaqui, Colossoma macropomum, apés transporte em diferentes tempos (2, 6 e 10h)
na presenca ou auséncia (Controle) de concentrag@es sedativas de Geraniol (10,5 pL L) e Citronelol (13,5 pL L
1) na agua. Letras mailsculas indicam diferencas significativas entre os anestésicos dentro do mesmo tempo,
enquanto que letras minusculas, indicam deferencas significativas dentro do mesmo anestésico em tempos
diferentes. (ANOVA 2 vias, teste de Tukey, p < 0.05).

No cérebro (fig 2 B), apenas o grupo CTL transportado por 2 horas apresentou maior
area relativa (p < 0,05) em relacéo ao controle e GRL. Enquanto que no figado (fig 2 C), tanto
0 grupo GRL quanto o CTL 2 horas apresentaram maiores (p < 0,05) &reas relativas em relacdo
ao grupo controle. Diferencas entre os tempos dentro do mesmo anestésico foram encontradas
no grupo CTL, onde os animais transportados por 2 horas apresentaram maior area relativa (p

< 0,05) em relacéo as 6 e 10 horas.

No musculo (fig 2 D), o grupo controle apresentou as menores areas (p < 0,05) quando

comparados ao GRL e CTL, nos trés tempos de transporte. Quando comparado os diferentes
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anestésicos, o grupo GRL apresentou a maior &rea relativa em relagcdo aos demais apds 6 e 10
horas de transporte.

3.3 Concentracéo do antioxidante glutationa reduzida (GSH) e niveis de grupos sulfidrilas
proteicos (P-SH)

Os resultados das analises de GSH nas branquias (fig 3 A) mostraram que para o0 grupo
controle, o tempo de transporte ndo influenciou nas concentracdes de GSH. No entanto, quando
feita comparacdo entre 0s grupos anestésicos, apds 2 horas de transporte os niveis de GSH
foram maiores nos grupos GRL diferindo (p < 0,05) do grupo controle e CTL. A partir das 6 e
10 horas de transporte, os maiores niveis (p < 0,05) foram encontrados nos animais do CTL
diferindo grupo controle e GRL. Em relacdo ao tempo de transporte dentro do mesmo grupo, o

GRL apresentou niveis decrescente (p < 0,05) com 0 aumento no tempo de transporte.
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Figura 2: Determinacdo da atividade de GSH nas Branquias (A); Cérebro (B); Figado(C); e Masculo (D) de juvenis
de Tambaqui, Colossoma macropomum, ap0s transporte em diferentes tempos (2, 6 e 10h) na presenga ou auséncia
(Controle) de concentragdes sedativas de Geraniol (10,5 pL L) e Citronelol (13,5 pL L) na 4gua. Letras
maiusculas indicam diferencas significativas entre os anestésicos dentro do mesmo tempo, enquanto que letras
minusculas indicam deferencas significativas dentro do mesmo anestésico em tempos diferentes. (ANOVA 2 vias,
teste de Tukey, p < 0.05).
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Quando analisado o cérebro (fig 3 B) no grupo GRL, as menores concentragfes de
GSH foram encontradas apds 10h de transporte, sendo menor também (p < 0,05) dos demais
tempos de transporte quando feitas comparacgdes dentro do mesmo anestésico. No grupo CTL
para esse mesmo tecido, ndo foram encontradas diferencas (p > 0,05) em relacdo ao tempo de
transporte com essa substancia, no entanto, quando comparado ao controle e GRL, 0s menores

niveis de GSH (p < 0,05) foram encontrados apds 2h de transporte com CTL.

No figado (fig 3 C), os niveis de GSH foram maiores (p < 0,05) nos animais
transportados com CTL ap06s 2h em relacdo ao controle e GRL. No entanto, ap6s 10h de
transporte, 0s animais transportados com essa substancia apresentaram as menores (p < 0,05)

concentracfes de GSH e também quando comparado o tempo de transporte dentro do mesmo

anestésico.
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Figura 3: Determinacédo do teor de grupos sulfidrila associados a proteina (P-SH) em Branquias (A); Cérebro (B);
Figado(C); e Mdusculo (D) de juvenis de Tambaqui, Colossoma macropomum, apos transporte em diferentes
tempos (2, 6 e 10h) na presenca ou auséncia (Controle) de concentracdes sedativas de Geraniol (10,5 uL L) e
Citronelol (13,5 uL L) na 4gua. Letras maitsculas indicam diferencas significativas entre os anestésicos dentro
do mesmo tempo, enquanto que letras mindsculas indicam deferengas significativas dentro do mesmo anestésico
em tempos diferentes (ANOVA 2 vias, teste de Tukey, p < 0.05).

Em relacédo aos niveis de P-SH, nas branquias (fig 4 A), os animais controle mais uma
vez ndo foram influenciados pelo tempo de transporte. No entanto, foi 0 grupo com 0s menores

niveis de P-SH (p < 0,05) em relacdo ao GRL e CTL em os todos os tempos de transporte. Os
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maiores (p < 0,05) niveis de P-SH foram encontrados nos grupos CTL 6 e 10h, que também
apresentaram as maiores (p < 0,05) concentragcbes quando comparados entre tempos de

transporte, dentro do mesmo anestésico.

No cérebro (fig 4 B), quando avaliado os niveis de P-SH entre os diferentes
anestésicos, as maiores (p < 0,05) concentracdes foram encontradas no grupo GRL apds 6h de
transporte e as menores (p < 0,05) no grupos CTL apéds 2h, sendo esse tempo menor (p < 0,05)
dentro do mesmo anestésico. No figado (fig 4 C), as menores concentracdes foram encontradas
apos 2h de transporte no grupo CTL. E dentro do mesmo anestésico, apés 10h no grupo

transportado com GRL foram encontrados os menores (p < 0,05) niveis de P-SH.

Ja em relacdo ao musculo (fig 4 D), dentro do grupo controle quando comparados 0s
tempo de transporte, os maiores (p < 0,05) niveis de P-SH foram encontrados ap6s 10h. Em
relacdo as variacdes dentro do mesmo tempo de transporte, o controle também foi maior (p <
0,05) comparado a GRL e CTL apds 10h de transporte. Apés 6h, os maiores (p < 0,05) niveis
de P-SH, foram encontrados nos animais transportados com GRL. No grupo CTL, quando
comparado o tempo de transporte dentro do mesmo anestésico, os maiores (p < 0,05) niveis

foram encontrados apds 2h de transporte.

3.4 Substancias reativas ao acido tiobarbitdrico (TBARS)

Quando analisados os niveis de MDA nas branquias (fig 4 A), quanto ao tempo de
transporte nos diferentes tratamentos, o controle apresentou maiores niveis de MDA (p < 0,05)
quando comparados ao GRL 6 e 10 horas, e também em relacdo ao controle com CTL 2 horas
para o figado, onde apresentaram menores niveis de MDA.

Por outro lado, no cérebro (fig 4 B), quando avaliados o tempo de transporte entre 0s
anestésicos, o grupo controle e GRL apresentaram resultados semelhantes com maiores niveis
de MDA nos animais transportados por 6h, e uma reducdo nos animais transportados por 10h,
diferenciando (p < 0,05) dos transportados com CTL. Nesse grupo, os maiores niveis (p < 0,05)
foram encontrados nos animais transportados por 2h. Ainda nesse tecido, quando analisados a
influéncia do tempo de transporte dentro do mesmo grupo, foram encontradas diferengas (p <
0,05) em todos os grupos, no entanto, sem relacdo aparentemente definida. No figado, assim
como nas branquias, ndo foram encontradas diferencas (p > 0,05) em relacdo ao tempo de
transporte dentro do mesmo anestésico, nesse tecido, os maiores niveis (p < 0,05) foram

encontrados nos animais transportados por 2h no grupo CTL (fig 4 C).
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Figura 4: Concentracéo de substancias reativas ao acido tiobarbitirico (TBARS) nas Branquias (A); Cérebro (B);
Figado(C); e Musculo (D) de juvenis de Tambaqui, Colossoma macropomum, apés transporte em diferentes
tempos (2, 6 e 10h) na presenca ou auséncia (Controle) de concentracdes sedativas de Geraniol (10,5 uL L) e
Citronelol (13,5 L L) na 4gua. Letras maiUsculas indicam diferengas significativas entre os anestésicos dentro
do mesmo tempo, enquanto que letras mindsculas, indicam deferencas significativas dentro do mesmo anestésico
em tempos diferentes. (ANOVA 2 vias, teste de Tukey, p < 0.05).

Quando analisado o musculo (fig 4 D), em nenhum dos grupos houve influéncia no
tempo de transporte (p > 0,05) nos niveis de MDA. Em relagdo ao mesmo tempo de transporte
nos diferentes anestésicos, no grupo CTL foram encontrados os maiores niveis de MDA,

diferindo (p < 0,05) dos grupos controle e GRL nos tempos 2, 6 e 10 horas.

4. DISCUSSAO

O tambaqui, C. macropomum, por ser uma espécie de habito migratorio quando em
seu ambiente natural, esta adaptado a grandes variagOes fisicas e quimicas principalmente
aquelas relacionadas ao pH, temperatura, e teor de oxigénio dissolvido, sem comprometimento
fisiologico (Araujo-lima e Goulding, 1997; Sevilla e Giinther, 2000). No presente estudo, 0s
parametros de qualidade de 4&gua pH, temperatura e alcalinidade ndo variaram

significativamente apds o transporte em relagdo ao pre-transporte. Por outro lado, as
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concentragcdes de OD reduziram gradualmente com o aumento no tempo de transporte, e 0s

niveis de nitrito e amonia foram aumentadas apds todos os tempos de transporte.

Em nosso estudo, apesar de apresentarem diferencas significativas ao longo do tempo
de transporte, os niveis OD foram considerados adequados para o tambaqui. Quando
considerado o ambiente natural, a espécie é conhecidamente resistente a hipdxia, suportando
niveis de OD de 1 e até mesmo 0,5 mg L™, e os valores indicados para sua criagdo sio acima
de 3 mg L™ (Saint-Paul, 1984a,b; Saint-Paul, 1986). Os niveis de nitrito também se mantiveram
dentro faixa recomendada para a espécie de até 1,82 mg L™*. A amoénia total € um subproduto
gerado pelo metabolismo dos peixes, excretado principalmente pelas branquias por difusdo
(Baldisserotto, 2013), como ndo teve renovacdo da &gua, esse acimulo € esperado. No geral,
0s anestésicos adicionados a agua do transporte ndo influenciaram diretamente nas variaces
dos parametros de qualidade de 4gua, que se manteve adequada a espécie (Saint-Paul, 1984a,b;
Saint-Paul, 1986; Gomes et al., 2013).

E crescente as pesquisas em relacio aos efeitos de novos agentes anestésicos como
protetores antioxidantes para peixes. A competéncia antioxidante nas branquias foi
consideravelmente maior nos grupos anestesiados em relacdo ao grupo controle, quando
considerados as 6 e 10 horas de transporte. A ACAP fornece informacdes sobre o estado
antioxidante geral do peixe, sem distinguir entre componentes enzimaticos e ndo enzimaticos
(Amado et al., 2009). Nisso, o efeito protetor pode ser corroborado pelas maiores concentracéo
de P-SH que foram mais elevadas nos grupos GRL e CTL em relacdo ao controle,
independentemente do tempo de transporte, indicando menos danos proteicos nesse tecido,
confirmado pelos niveis de lipoperoxidacéo (LPO), ja que os niveis de P-SH é um indicativo

de oxidacdo de proteinas.

Foram encontradas maiores concentracfes de GSH nos grupos anestesiados. A GSH
possui papel preponderante no mecanismo antioxidante, participando de reacdes enzimaticas
como coenzimas, além de estar envolvida em varios processos fisiologicos, como na defesa
antioxidante e desintoxicacdo de xenobidticos e protegendo as células dos radicais livres
(Stephensen et al., 2002; Halliwell e Gutteridge, 2015). Quando analisadas as concentragdes de
GSH nas brénquias dos animais transportados com GRL, observou-se uma reducao gradual nos
niveis de GSH, o que pode estar relacionada ao aumento da demanda de GSH a reacdo dos
organismos ao estresse oxidativo, ou por ser um captador de radicais, pode ter reagido
diretamente com EROs, atenuando os efeitos deletérios das espécies ativas de oxigénio que ndo

foram metabolizadas pelo sistema enzimatico de defesas antioxidantes (Droge 2002). No grupo
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CTL, os niveis de GSH também se mantiveram elevados apds 6h de transporte, logo, sugerindo
um efeito protetor desses anestésicos, ja que foram capazes de promover alteragdes no sistema

antioxidante nas branquias, sendo que no grupo controle os niveis se mostraram inferiores.

Resultados similares foram encontrados por Azambuja et al. (2011), onde foi
observado um efeito protetor do OE Lippia alba em brénquias de jundiés transportados por 7
horas, indicado pela diminuicdo dos niveis de TBARS em comparacdo com peixes
transportados sem anestésico pelo mesmo tempo. Assim como os encontrados por Barbas et al.
(2017b) para o tambaqui apds 10 horas de transporte com o uso do OE de Nectandra
grandiflora, onde os autores constataram uma concentracdo 39,5% menor nos niveis de MDA
(LPO) nas branquias em relagéo aos animais controle, atribuindo a esse OE um efeito protetor.

De modo geral, esse efeito antioxidante nas branquias € importante, considerando que
esse tecido exerce contato intimo com a agua, sendo, portanto, bastante sensivel as alteracdes
quimicas e fisicas do ambiente e & presenca de xenobioticos, com danos que podem prejudicar
sua atividade multifuncional (Wood, 2017). Embora a atividade antioxidante seja uma possivel
indicadora de estresse oxidativo, cada 6rgéo, tecido e organismo tém repostas antioxidantes
diferentes (Amado et al. 2009). Nossos resultados demonstram resultados distintos para cada

tecido avaliado.

Em nosso estudo, esse efeito protetor nas branquias ou pode estar relacionado ao
potencial antioxidante ja demonstrados por essas substancias em outros organism, ou ainda, em
funcdo das propriedades anestésicas com reducdo no batimento opercular e consequentemente
reducdo no metabolismo, que implica em maior disponibilidade de antioxidantes e menos
danos. Ja que em condicdes fisioldgicas normais, as branquias apresentam alta taxa metabolica

para a manutencdo do metabolismo (Mommsen, 1984).

Quanto ao cérebro e figado, esses tecidos possuem alto teor de &cidos graxos poli-
insaturados, logo, estdo mais susceptiveis aos danos oxidativos e LPO (Halliwell, 2015;
Jhamtani et al., 2017). De modo geral, ndo foram observadas alteragdes marcantes na
capacidade antioxidante em relacdo ao cérebro, que permaneceu com valores similares aos
resultados do grupo controle, sem efeito aparente decorrente do uso dos anestésicos testados.
Para o figado, 0 uso de anestésico parece ter contribuido para a diminui¢cdo na competéncia
antioxidante apds 2 horas de transporte com CTL, com consequente aumento nos niveis de LPO
em relacdo ao controle, mesmo com um aumento na capacidade antioxidante apds 10h de

transporte, os niveis de GSH e P-SH foram reduzidos quando comparados ao controle.
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Quando analisado o masculo em ambos grupos anestésicos, 0s animais apresentaram
maior vulnerabilidade aos danos oxidativos, ou seja, maior &rea relativa, indicando uma
supressdo da defesa. Os niveis de GSH e P-SH néo apresentaram grandes variacdes nesse tecido
e mesmo que a capacidade antioxidante no muasculo do grupo GRL tenha sido menor, quando
avaliado os niveis de MDA, nenhum acréscimo nos niveis de LPO foi registrado para os animais

transportados nesse grupo, mantendo seus niveis nas condi¢des do grupo controle.

Por outro lado, quando avaliado o masculo no grupo CTL, os niveis de LPO foram
consideravelmente mais elevados independente do tempo de transporte. O aumento nos niveis
de MDA indicam dano na membrana, o que pode indicar que 0s animais apresentaram uma
condigdo de estresse oxidativo, assim, podemos considerar que essa substancia estimulou a
geracdo de EROs no musculo dos animais expostos, mostrando um possivel efeito pré-oxidante.
Apesar do uso de anestésico/sedativo promover a diminuicdo do metabolismo e menor
atividade natatoria dos animais, essa condi¢do poderia ser explicada pela intensa atividade
muscular apresentada nos animais antes de atingir anestesia como descrito por De Aradjo et al.
(2021).

Concluindo, o uso do GRL em dose sedativa durante o transporte se apresenta como
uma boa opc¢do, ja que foi capaz de atenuar os danos oxidativos principalmente nas branquias
pos-transporte. Por outro lado, o CTL demonstrou uma a¢do mais pro-oxidante, resultando em
altos niveis de LPO no musculo, indicando ndo ser apropriado como alternativa de sedativo
para mitigar o estresse durante esse tipo de manejo. Por fim, futuros trabalhos sdo ainda
necessarios para uma caracterizacdo mais detalhada das alteraces fisioldgicas promovidas por
essas substancias quando utilizadas por longas horas, ou até poucos dias, em doses sedativas.
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5. CONSIDERACOES FINAIS

A utilizacdo de anestésicos na aquicultura tem ido além do objetivo meramente de
contencdo de animais, principalmente os de grande porte, sendo também uma questdo de
garantia de bem-estar animal.

O uso de extratos vegetais, geralmente Oleos essenciais e seus isolados, tem sido
empregados como alternativas aos anestésicos sintéticos comumente utilizados para peixes por

serem opcdes de relativo facil acesso e vidveis, com boa usabilidade quando administradas
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corretamente e possibilitam uma recuperacdo rdpida do efeito anestésico sem maiores
intercorréncias na maioria das vezes.

Considerando a complexidade na avaliacdo de novos farmacos para a anestesia de
peixes, ja que varios fatores sdo determinantes para a caracterizacdo de sua eficacia além do
monitoramento comportamental durante a indugéo e recuperacao, vale ressaltar a importancia
de se ter informac0es adicionais.

Nesse sentido, o uso de marcadores, a exemplo dos eletrofisiolégicos e bioquimicos,
que corroborem os efeitos anestésicos e permitam um melhor entendimento quanto a eficacia
ou até mesmo dos efeitos colaterais dessas substancias em peixes, tem sido cada vez mais
necessarios, permitindo esclarecer os niveis de seguranca e a eficacia na utilizacdo quando
estabelecidas as concentrages efetivas.

Os resultados obtidos no presente estudo apresentaram-se bem alinhados aos nossos
objetivos, possibilitando a interpretacdo em profundidade dos efeitos fisioldgicos provocados
pelo geraniol e citronelol, que podem ser produtos interessantes no contexto aquicola, tendo em

vista serem disponiveis e de baixo custo de aquisicéo.

6. CONCLUSOES

e As substancias geraniol (GRL) e citronelol (CTL) nas dosagens 70 uL L™t e 90 pL L%,
respectivamente, mostraram efeito anestésicos em banho de curta duracdo em juvenis
de tambaqui, Colossoma macropomum com tempos de induc¢éo e recuperacdo dentro do

recomendado.

e O GRL e CTL nas condi¢cbes experimentais do nosso trabalho foram capazes de
promover miorrelaxamento e reducdo transitéria da ventilagdo branquial e
consequentemente reducdo na frequéncia cardiaca. Esses efeitos foram mais intensos
nos animais expostos ao CTL, porém, com recuperagdao completa quando em agua livre

de anestésico.

e O GRL se mostrou bastante seguro quanto a resposta cardiaca, com manutencdo do
ritmo sinusal durante a inducdo, com reversibilidade dos efeitos na recuperacgdo. O CTL
pareceu induzir a algum bloqueio atrioventricular e arritmia nos animais durante a
inducdo. Mesmo ao fim do tempo de recuperacao apds exposicdo ao GRL, esses animais
ndo apresentaram recuperacdo completa dos efeitos, de acordo com 0s respectivos

indicadores no ECG, o que demanda alguma atencao adicional quanto ao seu uso.
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O CTL néo promoveu adequada depressao do SNC de acordo com as analises de EEG,
determinando, em contraste, excitabilidade neuronal durante a inducdo de curta
duracdo. Experimentos que avaliem exposi¢do ao CTL em maior tempo S0 necessarios
para verificar se nesses casos ocorreria anestesia geral com depresséo generalizada do
SNC.

O GRL ndo promoveu danos oxidativos nos tecidos analisados e mostrou alguma
resposta antioxidante com efeito protetor nas branquias dos animais transportados em
dose sedativa dessa substancia. Por outro lado, o CTL mostrou agdo pro-oxidante nos

musculo dos animais transportados em doses sedativas.

Por fim, concluimos que o GRL pode ser considerado um anestésico eficaz para juvenis
de tambaqui, Colossoma macropomum e potencialmente para outras espécies de peixes
em doses anestésicas e sedativas, enquanto que o citronelol, apesar de promover
miorrelaxamento e paralisacdo corporal completa, apresenta desvantagens importantes
que deverdo ser melhor investigadas antes se sua indicagdo para ampla utilizagdo em

peixes.
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