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C H A P T E R 1 

I N T R O D U C T I O N 
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General introduction 

1.1. Introduction 

The f reshwater e cosy s t ems are fac ing an innumerab le a m o u n t of threa ts , inc lud ing po l l u t i on 
f rom diverse sources (agr iculture, industry, c i t ies) , mod i f i c a t i on of the natural s t ruc ture of 
water bod i es , c l imate change, invasive spec ies . . . (OECD, 2 0 1 7 ) . It s e ems crucial t o unde r s t and 
t he se dynamics , so t ha t it w o u l d be poss ib l e to look for so lu t i ons . However, the re is a lack 
of i n fo rma t ion nowadays regard ing t h e po ten t i a l ef fects over the env i ronment , thus , t he 
c o n s e q u e n c e s at eco log ica l level remain u n k n o w n . 

A t present , w e live in a rapidly chang ing society, w i th a 7.6 b i l l ion wo r l d p o p u l a t i o n and a 
t rend in g roup ing t o g e t h e r in me t ropo l i t an areas (OECD, 2 0 2 0 ) . In fact , t he c i t ies increased 
in p o p u l a t i o n more t han d o u b l e s ince 1975 (OECD, 2 0 2 0 ) . The recent de ve l oped l i festy le lead 
into the d ischarge of a w i d e var iety of c o m p o u n d s used for h u m a n and veter inary pu rposes , 
in c o n t i n u o u s increas ing vo lumes . S o m e of t h e s e are d e n o m i n a t e d " emerg ing c o m p o u n d s " 
and inc lude persona l care p roduc t s , pharmaceut i ca l s , and i l l icit drugs (Thomaids et al., 2 0 1 2 ) . 
Desp i te the i r f r equen t de t e c t i on in water, t he major i ty of t h e m are sti l l no t m o n i t o r e d due to 
the lack of s tud ies a b o u t the i r env i ronmenta l risk (Barceló et al., 2 0 0 5 ) . 

O n e of t h e reasons why t he se subs tances are emerg ing in wa te r is ev ident : The consequences 
of c lus te r ing an increas ing a m o u n t of peop le , t o g e t h e r w i th t h e current s tandard of l iv ing. Sti l l 
t h o u g h , the re is ano the r i m p o r t a n t fac tor : The d e v e l o p m e n t of very sens i t i ve m e t h o d s of wa te r 
analyses such as e.g. so l id-phase ex t rac t ion (SPE), l iqu id ch roma tog raphy w i th t a n d e m mass 
spec t rome t r y (LC-MS/MS) or l iquid ch romatog raphy w i th h igh-reso lut ion mass spec t rome t r y 
(LC-HRMS). These p rocedures pe rm i t to f ind a w i d e range of subs t ances at l ow concen t ra t i ons , 
wh ich cou ld no t be de t e c t ed be fore (Cunha et al., 2 0 1 7 ) . Addi t iona l ly , t he de t e c t i on of non-
target sc reen ing offers advan tages for de t e c t i ng new psychoac t i ve subs tances , a g roup of 
drugs in c o n s t a n t change (González-Mariňo et al . , 2016 ) . 

The m e t a b o l i s m of m o s t pha rmaceu t i ca l s and il l icit d rugs resul ts in t h e part ia l excre t ion in 
ur ine and faeces of t h e unchanged parent c o m p o u n d a long w i th several act ive me tabo l i t e s 
and con jugates . A l t h o u g h sewage t r e a t m e n t p lants (STP's) b e c a m e an essent ia l t o o l for 
c o n d i t i o n i n g t h e wate r ef f luents , t he eff ic iency of t he d i f ferent t r e a t m e n t s can be ove r l oaded 
by t h e vo lumes , t h e nature of t h e d i scharged e l ements , and t h e l ow d i lu t ion (Sim et al., 
2 0 1 1 ; B rooks , 2 0 1 8 ) . Add i t i ona l a spec t s are t h e seasona l var ia t ion in t h e usage, and the 
removal eff ic iency (Go lovko et al., 2014a ,b ) . As a ma t t e r of fact , STP's are no t des igned to 
remove the major i ty of t he emerg ing subs t ances they receive, so t h e s e are re leased again into 
the env i ronment (Kasprzyk-Hordern et al., 2 0 0 8 ) . This is t he reason why they are c o m m o n l y 
cons ide red t h e ma in source of c o n t a m i n a t i o n for th is g roup of po l l u t an t s (Kasprzyk-Hordern 
e t a l . , 2 0 0 8 ) . However, t he d i s s em ina t i on of t he se subs t ances is even more c o m p l e x because , 
apart f rom the po int-sources , t he d i f fuse sources play an i m p o r t a n t par t in the b roader 
geograph ica l d i s t r i bu t i on (Thomaids et al., 2 0 1 2 ; Ge rbe r sdor f et al., 2 0 1 5 ) . Wh i l e t h e recent 
research a ims to prov ide i m p r o v e m e n t s to the STP's t echno logy , t h e ad ju s tmen t s requi red can 
s u p p o s e high cos ts . Such mod i f i c a t i ons have been obse r ved to be eff ic ient, e.g. in the case of 
d r ink ing wate r t r e a t m e n t (Švecová et al., 2021 ) . 

The concen t ra t i ons of t he se po l lu tan t s in wa te r bod i e s range f r om nanograms (ng) t o 
mic rograms (ug) per l i ter (Cal isto and Esteves, 2 0 0 9 ; Pal et al., 2 0 1 3 ; A s i m a k o p o u l o s and 
Kannan, 2 0 1 6 ; Grab icova et al., 2 0 1 7 ) . However, it is poss ib l e to f ind t h e m in h igher a m o u n t s , 
even mi l igrams per liter, in spec i f ic sources , such as ef f luents f rom hosp i ta l s or pha rmaceu t i ca l 
indust r ies (Fick et al., 2 0 0 9 ; K o s m a et al . , 2 0 2 0 ) . A g o o d examp le of h o w these e l emen t s are 
w idesp read in the aqua t i c env i ronment is the i r de t e c t i on in d r ink ing wate r (Rosa Bo l eda et 
al., 2 0 1 1 ) . In case of drugs of abuse , t he p resence in wa te r can be s o m e t i m e s due to d irect 
d i sposa l f rom the c l andes t ine labora tor ies (Boles and Wel ls , 2 0 1 0 ) . 
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Emerg ing subs t ances have cer ta in character is t ics t ha t raise susp i c ions a b o u t the i r poss ib l e 
harm to the env i ronment : pers i s tence , b i o a c c u m u l a t i o n and tox ic i t y (Ebele et al., 2017 ) . 
A l t h o u g h the major i ty of t h e pharmaceu t i ca l s and drugs of abuse do no t have phys i cochemica l 
character is t ics t o be cons ide red as pers i s tent , they are con t i nuous l y re leased into the 
env i ronment . Therefore, t hey behave as if they were as such due to a "pseudo-pers i s t ence " 
p h e n o m e n o n (Rosi-Marshal l e t a l . , 2 0 1 5 ; E b e l e e t a l . , 2017 ) , resu l t ing in t h e exposu re o f a q u a t i c 
fauna to a mix ture of subs tances dur ing the i r ent i re life (Fent et al., 2 0 0 6 ) . A lso , t he up take 
of t he se subs tances f rom wate r leads to b i o c o n c e n t r a t i o n in t i s sues of e x p o s e d organ isms , 
wh ich in tu rn can lead to add i t i ve ef fects of subs tances ac t ing on t h e same (or similar) d rug 
ta rgets (Grabicova et al., 2 0 1 4 ; Cerveny et al., 2 0 2 1 ) . In s o m e cases, the i r b i o a c c u m u l a t i on 
t h rough a f o o d w e b has a lso been repor ted ( Lagesson et al., 2 0 1 6 ; Grab icova et al., 2017 ) . 
Because t h e p resence and concen t r a t i on of t h e s e c o m p o u n d s in wa te r is var iable, t h e tox i c 
ef fects can a lso differ due to the dose-t ime exposure , t h e spec ies , and/or t he d e v e l o p m e n t a l 
s tage . Fur thermore , t he mix ture of c o m p o n e n t s in the env i ronment p roduces addi t ive , 
synergist ic , and/o r an tagon i s t i c ac t ions b e t w e e n each s ingular subs t ance (Ebele et al., 2017 ) . 

There were a l ready several examp les of h o w emerg ing c o m p o u n d s can enta i l a hazard for 
the env i ronment and hea l th . S o m e of the cases are soc ia l ly we l l-known, e.g. t h e dea th to l l 
o f vu l tures due to the env i ronmenta l p resence of d i c lo fenac (Oaks et al., 2 0 0 4 ) , i m p o s e x 
effects p r o d u c e d by the an t i fou l ing TBT used in boa t s (Laranjeiro et al., 2018 ) , in tersex in 
f ish due to p roges t ins (Sauer et al., 2 0 2 0 ) , t h e impac ts in coral reefs caused by sunsc reens 
(Schneider and Lim, 2019 ) , t he large p rob l emat i c of t h e mic rop las t i cs (Ragusa et al., 2 0 2 1 ) , 
eel hyperact iv i ty fo r t h e presence of coca ine in wa te r (Capa ldo et al., 2018 ) . . . A n d t h e list is 
in a c o n t i n u o u s g row th . 

Pharmaceut i ca l s and drugs of abuse are des igned to be b io log ica l l y act ive, rise the i r 
ef fects w i t h l ow doses and execu te the i r a c t ions in cer ta in ta rgets (Fent et al., 2 0 0 6 ) . The 
neuro t r ansmiss ion pa thways are ext remely conse rved a l ong evo lu t ion , w h a t is impr in ted in t he 
brain ana tomy and the phys io log ica l act iv i t ies a l ong the di f ferent spec ies (Li et al., 1996 ; Fabbri 
et al., 1998 ; Lillesaar, 2 0 1 1 ; O 'Conne l l and H o f m a n n , 2 0 1 2 ) . Consequent l y , t h e ma in concerns 
a b o u t psychopha rmaceu t i c a l s and il l icit d rugs are the po ten t i a l r e sponses -ana logous or no t 
- in non-targeted fauna (Fent et al., 2 0 0 6 ) . The m e t a b o l i s m and pha rmacok ine t i c s of t he se 
subs tances has been a lso obse r ved to be s imi lar in f ish as in h igher e vo lu t i oned o rgan isms 
(Tanoue et al., 2 0 1 7 ) . 

It is ev ident that , s ince t h e brain is t he target organ for neuroac t i ve c o m p o u n d s , a w ide 
range of ef fects cou ld be e x p e c t e d as a resul t of the acc identa l exposu re . They even have been 
cons ide red one of t h e m o s t re levant g roup regard ing eco tox i c i t y ( Puckowsk i et al., 2016 ) . 
Several c o n s e q u e n c e s were a lready obse r ved - e.g. deve l opmen ta l impa i rmen t s (Painter et 
al., 2 0 0 9 ; Kal ichak et al., 2 0 1 6 ; T h o m p s o n and Vijayan, 2 0 2 0 ) , h i s to log ica l changes (Schul tz et 
al., 2 0 1 1 ; Gay et al., 2016 ) , d i f ferences in c o n d i t i o n (Hubena et al., 2 0 2 0 ; Thore et al., 2 0 2 0 ) , 
behav ioura l a l te ra t ions (Brodin et al . , 2 0 1 3 ; N ie l sen et al., 2 0 1 8 ; Mar t in et al., 2 0 1 9 ) , etc. The 
changes in behaviour, in speci f ic , a t t rac t a t t e n t i o n for the i r inherent eco log ica l c onsequences 
(Brodin et al., 2 0 1 4 ) . For the m o s t part , t he research conce rn ing psychoac t i ve c o m p o u n d s has 
been f o c u s e d on an t idep ressan t s . However, cer ta in neuroac t i ve c o m p o u n d s lack i n fo rma t ion 
regarding eco tox ic i t y desp i t e the i r de t e c t i on in wa te r in relat ively h igh concen t ra t i ons . 

1.2. Psychoactive compounds 

The Wo r l d Hea l th Organ iza t i on def ines t he t e rm as " subs t ances that , w h e n t aken in or 
admin i s t e red into one ' s s y s t em, af fect menta l p rocesses , e.g. cogn i t i on or affect . This t e rm 
and its equiva lent , p sycho t rop i c d rug are t h e m o s t neutra l and descr ip t i ve t e rm for the 
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General introduction 

w h o l e c lass of subs tances , l icit and il l icit, of in terest to d rug policy. ' Psychoac t i ve ' does no t 
necessar i ly imply dependence-produc ing , and in c o m m o n par lance, t h e t e rm is o f t en left 
uns ta ted , as in ' d rug use ' or ' subs tance abuse ' " . That is, all subs t ance tha t p roduces effects 
over the nervous sys tem. 

2 9 . 8 % of the hea l th d isorders is a t t r i bu t ed to men ta l d iseases , wh i ch enta i ls a h igh v o l u m e 
of usage of an t i dep ressan t s and o the r psychopha rmaceu t i c a l s (Cipriani et al., 2 0 1 8 ) . O n e 
ou t of t w o peop l e encoun te r a men ta l hea l th i ssue dur ing life, cons ide r i ng tha t phys ica l and 
menta l c o n d i t i o n - i.e. pa in , anx ie ty and dep ress i on - are i n t e r connec ted (OECD, 2019a ) . The 
m o s t f r equen t p rob l ems are anxiety, dep ress ion and d rug and a l coho l abuse , w i th 5.1, 4.5 and 
2 . 9 % of the g loba l p o p u l a t i o n a f fec ted , respect ive ly (OECD, 2019a ) . Depress ion has been the 
th i rd cause for non-fatal hea l th loss for t h e pas t 3 0 years, w i t h 3 5 0 mi l l ion peop l e suf fer ing 
th is d i sease w o r l d w i d e (Cipriani et al., 2 0 1 8 ) . The use of an t i dep ressan t s in OECD count r i es 
has increased w i th 2 0 0 % b e t w e e n 2 0 0 0 and 2 0 1 7 (OECD, 2 0 1 9 b ) . For example , in t h e Czech 
Republ ic t he intake of psychoana l ep t i c s rose f rom 42 to 6 4 DDD (Def ine Daily Doses per 
1,000 inhab i tan ts and day) b e t w e e n 2 0 1 0 and 2 0 2 0 (State Inst i tute for D rug Cont ro l , n.d.). 

Chronic pain is one of t h e m o s t c o m m o n p rob l ems in dai ly med ic ine , hand l ed w i th non-
op io id ana lges ics , o p i o i d ana lges ics and re lated c o m b i n a t i o n s (AEMPS and Min i s te r io de 
San idad , 2 0 1 7 ) . Fur thermore , pain suf fer ing has inherent t h e de te r io ra t ion of the men ta l s ta te 
(Zelaya et al., 2 0 2 0 ) . As an example , it is e s t ima ted tha t 2 0 . 4 % of the US p o p u l a t i o n suffer 
f rom chronic pain (Mil ls et al., 2 0 1 9 ) . The lack of a l ternat ives regard ing pain m a n a g e m e n t 
p roduce an over p resc r ip t ion of op io id m e d i c a m e n t s , that , t o g e t h e r w i th the i r po ten t i a l risk 
of abuse , have lead to the i l l icit t rade of t he se subs tances (OECD, 2 0 1 9 b ) . The o p i o i d crisis 
suf fered in Nor th Amer i c a is n o w spread ing to Europe (He lmerhors t et al., 2 0 1 7 ) . For instance , 
t he c o n s u m p t i o n of p resc r ibed op io ids in Spa in rose f rom 10 to 2 0 DDD (AEMPS onl ine, 
2 0 2 1 , M in i s te r io de San idad , Spa in , n.d), and f r om 33 to 53 DDD in t h e Czech Republ i c (State 
Inst i tute for Drug Cont ro l , n.d.), in 10 years ( f rom 2 0 1 0 to 2 0 2 0 ) . 

A c c o r d i n g to Un i ted Na t ions Off ice on Drugs and Cr ime, t h e n u m b e r of peop l e t ha t used 
drugs rose more t han 3 0 % f rom 2 0 0 9 to 2 0 1 8 , a l ong w i th t h e increase of t h e a m o u n t and the 
d i f ferent t ypes of narcot i cs (UNODC, 2 0 2 0 ) . The s ta t i s t i cs po in t ou t t ha t 2 6 9 mi l l ion peop l e 
used drugs in 2 0 1 8 , of wh i ch 58 mi l l ion peop l e c o n s u m e d op io ids and 27 amphetamine- l ike 
subs tances (ATS) (UNODC, 2 0 2 0 ) . The se izure of ATS g loba l ly quad rup l ed f rom the year 2 0 0 9 
to 2 0 1 8 (UNODC, 2 0 2 0 ) . The wo r l d d rug repor t f rom 2 0 2 0 literally m e n t i o n s : "Mo re peop l e are 
us ing drugs, and there are more drugs , and more t ypes of drugs , t han ever" (UNODC , 2 0 2 0 ) . 

The a foresa id numbers jus t d e m o n s t r a t e t ha t the c o n s u m p t i o n and avai labi l i ty of 
psychopha rmaceu t i c a l s - legal or i l legal ly - and drugs of abuse has r isen over the p reced ing 
years. This t r end is ev ident ly re f lec ted in t h e v o l u m e of psychoac t i ve subs tances de t e c t ed 
in wa te r ( EMCDDA, 2 0 2 0 a ) . The research invo lv ing concen t r a t i ons of psychopha rmaceu t i c a l s 
and drugs of abuse in d i f ferent wa te r bod i e s is, consequent l y , increas ing, and it has a lready 
been rev iewed several t imes (Zucca to and Cast ig l ion i , 2 0 0 9 ; Ca l i s to and Esteves, 2 0 0 9 ; Silva 
et al., 2 0 1 2 ; Loos et al., 2 0 1 3 ; Pal et al., 2 0 1 3 ; A s i m a k o p o u l o s and Kannan, 2 0 1 6 ; Peng et al., 
2 0 1 6 ; Cunha et al., 2 0 1 7 ; Yadav et al., 2 0 1 7 ; Campos-Mahas et al . , 2 0 1 8 ; Fontes et al., 2 0 2 0 ; 
Cast i l lo-Zacarias et al., 2 0 2 1 ; Escudero et al., 2 0 2 1 ) . 

The presence of p sychopha rmaceu t i c a l s and il l icit d rugs in wa te r is var iable over t i m e and 
region, general ly due to the d i f ferent t r ends in c o n s u m p t i o n , wea the r - e.g. d i lu t ion fac tor 
re lated to prec ip i ta t ions - and remova l eff ic iency in t h e STP's (RE) (Jiang e ta l . , 2 0 1 5 ) . It has been 
obse r ved tha t t h e concen t r a t i on of p sychopha rmaceu t i c a l s in wa te r general ly increase dur ing 
w in ter as a resul t of t he add i t i ona l p resence of men ta l cond i t i ons , t h e occur rence of acc idents 
and the lesser eff ic iency f rom the STP's (Go lovko et al., 2 0 1 4 b ; Mackul 'ak et al., 2 0 1 6 b ) . The 
re lat ion b e t w e e n t h e microb ia l act iv i ty and t h e t empera tu re , thus , b i odeg rada t i on , has been 
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a t t r i bu ted to the lower RE dur ing t h e co ld m o n t h s (Go lovko et al., 2014a ) . This ef fects has 
also been obse r ved regard ing the remova l of i l l icit drugs dur ing the w in te r m o n t h s (Yadav 
et al., 2 0 1 9 ) . Spec i f ic p laces cou ld s u p p o s e a ho t s p o t for pharmaceu t i ca l s - e.g. t r amado l 
or o the r ana lges i cs used in spa t o w n s (Mackul'ak et al., 2 0 1 6 c ) . Based on t h e resul ts f r om 
wastewater-based ep idemio logy , t he c o n s u m p t i o n of recreat iona l drugs is mos t l y re lated w i t h 
leisure t i m e and w e e k e n d ; however, t h e s t rong add i c t i on caused by s o m e of t h e m , such as 
METH, leads t o t h e dai ly usage (EMCDDA, 2 0 2 0 a ) . Soc ia l events , such as mus i c fest iva ls or 
spo r t events can enta i l a mass ive peak of psychoac t i ve subs tances and the i r me tabo l i t e s in 
water (Jiang et al., 2 0 1 5 ; Mackul 'ak et al., 2 0 1 9 ; Lemas et al . , 2 0 2 1 ; M o n t g o m e r y et al., 2021 ) . 
The t rends in c o n s u m p t i o n , and t h e pervas ive p resence in t h e water, resu l ted in the se l ec t ion 
of METH and t r amado l as c o m p o u n d s of in terest fo r th is d i s se r t a t i on (Table 1). 

Table 7. Structure and some properties of the selected psychoactive compounds. 

Compound 

Amphetamine 

Formula 

C 9 H 1 3 N 

CAS number 

300-62-9 

Molecular weight 
(g/mol) 

135.21 

Log Kow 

1.76 

Methamphetamine C 1 0 H 1 5 N 537-46-2 149.23 2.07 

O-Desmethyltramadol C 1 5 H 2 3 N 0 2 

HO 

Tramadol C 1 6 H 2 5 N 0 2 

80456-81-1 

27203-92-5 

249 .35 

263 .38 

1.72 

1.35 

N 
CH, 

1.3. Methamphetamine 

1.3.1. Pharmacology  

METH is a very add ic t i ve p s y chos t imu l an t d rug d i scovered in 1893 by Nagai Nagayosh i , 
w h o s yn the t i zed it f rom ephedr ine (Panenka et al., 2 0 1 3 ) . METH (N-methyl-1-phenylpropan-
2-amine) is t h e N-methyl der ivat ive of a m p h e t a m i n e (Cru ickshank and Dyer, 2 0 0 9 ) . It is 
usual ly p resen ted in f o rm of p o w d e r or crysta l , any case whi te , odou r l e s s and bitter. This 
weak base has t w o s te reo i somers , dext roro ta ry (D-methamphetamine ) and laevorotary 
( L-methamphetamine ) , be ing the f irst t h e m o s t in tense in effects and k n o w n as "crysta l 
m e t h " in i l legal market , wh i l e t h e s e c o n d one is so ld as a mix ture of b o t h in p o w d e r f o rm 
(Cour tney and Ray, 2 0 1 4 ) . 
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As a c o n s e q u e n c e of its s imi lar i ty in the s t ruc ture (Table 2), METH behaves as an indi rect 
agon i s t of t h e m o n o a m i n e ' s dopam ine , no rep inephr ine and se ro ton in in the i r respect ive 
receptors (Cru ickshank and Dyer, 2 0 0 9 ) . The reversal ac t ion over t h e neuro t ransmi t te r ' 
t r anspor te rs and t h e change in t h e pH genera tes t h e re lease - i.e. f rom t h e cy toso l i c ves ic les 
- and a c c u m u l a t i o n of m o n o a m i n e s in the synapt i c te rmina l s . In add i t i on , t h e effect b e c o m e s 
increased for t h e b lockade of t he reuptake t r anspor te r s (Won et al., 2 0 1 3 ) . The comp lex i t y of 
the neuro t ransmi t t e r ' pa thways resul ts in the add i t i ve in te rac t ions w i th op io id , g lu tamate rg i c 
or GABAerg ic s y s t ems (Cour tney and Ray, 2 0 1 4 ; Mora ta l l a et al., 2 0 1 7 ) . A more comprehens i ve 
exp l ana t i on of METH m o d e of ac t ion can be f o u n d in Su lzer et a l . (2005 ) , Ares-Santos et al . 
(2013) , and Krasnova and Cade t ( 2009 ) . 

There is an extens ive l ist o f f unc t i ons deve l oped by the neuro t ransmi t t e r ' s a f fec ted by 
METH. Overal l , t hey inferfere in t h e f o l l o w i n g (F lorez et al . , 2 0 0 8 ) : 

• D o p a m i n e : we l l-executed m o v e m e n t s and tasks , mo t i v a t i on , conduc t , a t t en t i on , cont ro l 
of m ind and pe r cep t i on of reality. 

• Noradrena l ine : e m o t i o n a l response , a le r tness , v ig i lance, a lso p sy chomime t i c , s t imu l an t 
and ana lges ic ef fects . 

• Se ro ton in : vitality, a f fec t ions and fee l ings . 

Table 2. Structure and formula of the main neurotransmitters affected by methamphetamine. 

Compound 

Formula 

Structure 

Dopamine 

C 8 H „ N 0 2 

Norepinephrine 

C 8 H „ N 0 3 

V 
HO 

Serotonin 

C 1 0 H 1 2 N 2 O 

HO 

OH 

In h u m a n , t he m e t a b o l i s m of METH fo l l ows t h e next reac t ions (Cru ickshank and Dyer, 2 0 0 9 ) : 
• N-demethy la t ion to a m p h e t a m i n e by c y to ch rome P 4 5 0 (CYP). 
• A roma t i c hydroxy la t ion to 4-hyd roxymethamphe tamine (CYP). 
• 3-hydroxylat ion to norephedr ine . 
METH can be s m o k e d , in jec ted, sno r t ed and inges ted , w i th ev ident ly d i f ferent pha rmacok ine t i c 

parameters d e p e n d i n g on t h e route (Cru ickshank and Dyer, 2 0 0 9 ) . Then, is largely excre ted in 
urine, w i th 3 0 - 5 0 % unchanged parent c o m p o u n d and the rest as me tabo l i t e s ( amphe tamine , 
4-hydroxymethamphe tamine ) (Cour tney and Ray, 2014 ) . 

1.3.2. Consumption and occurrence  

METH was popu l a r i z ed in the Second Wor l d War by the Amer i can , G e r m a n and Japanese 
so ld iers , w h o ut i l i zed it t o mi t iga te t h e fa t igue and appe t i t e (Angl in et al., 2 0 0 0 ; Cou r tney and 
Ray, 2 0 1 4 ) . Then, th is subs t ance emerged aga in dur ing the 90 ' s for t h e use as a pha rmaceu t i ca l 
- i.e. men ta l d isorders and ove rwe igh t - and a lso as a d rug of abuse due to t h e avai labi l i ty 
t r iggered by the f irst c l andes t ine labora tor ies (Cour tney and Ray, 2 0 1 4 ) . 
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The marke t of METH is increas ing global ly, even reach ing the f irst p lace in t h e m o s t 
marke ted ATS wor ldw ide , w i th a to ta l v o l u m e con f i s ca ted of 2 2 8 tons in 2 0 1 8 (UNODC, 
2 0 2 0 ) . In particular, Czech Republ i c and S lovakia are count r i es w i th a s ign i f i cant h is tory of 
METH - there k n o w n as "pe rv i t i n " - expend i tu re due to the cheap p r o d u c t i o n , pur i ty and 
relat ive l ow pr ice in t h e marke t ( EMCDDA, 2 0 1 7 ; Mackul 'ak et al., 2 0 1 6 c ) . The subs t ance is 
mainly p roduced in ki tchen-labs mos t l y for se l f -consumpt ion and local sa les ; however , it has 
been recent ly r epor ted t h e d e v e l o p m e n t of industr ia l-scale l abora tor ies ( EMCDDA, 2 0 1 9 ) . The 
" c o o k s " of t he se ki tchen-labs are usual ly expe r i enced Czech emigrants w h o use ephedr ine 
and pseudoephed r ine-based drugs as precursors , such as rout ine co ld pharmaceu t i ca l s (Van 
Hout and Hearne, 2 0 1 7 ) . Desp i t e t he cont ro l of t he se med i c a t i ons in s o m e count r i es , new 
subs tances are used w o r l d w i d e acco rd ing to the mal leab i l i t y of t h e reac t ion , fo r example , 
pheny lacet i c ac id , ethyl pheny lace ta te , 2-phenylacetamide, benza ldehyde or 1-phenyl-
2-ni t ropropene (UNODC, 2 0 1 7 ) . 

A m o n g t h e 4 3 , 7 0 0 heavy d rug add i c t s in t h e Czech Republ i c in 2 0 1 8 , t he n u m b e r of perv i t in 
users was , approx imate ly , 3 3 5 0 0 , and the s ta t i s t i cs p o i n t e d tha t t he p rob l em has r isen more 
t han 5 0 % in t h e la test 10 years (Mravdk et al., 2 0 2 0 ) . A m e a n week l y c o n s u m p t i o n of 727 
and 601 m g / 1 , 0 0 0 peop l e /day has been e s t i m a t e d in t h e ci t ies of Prague and Ostrava , 
respect ive ly ( EMCDDA, n.d.). The numbe r s ind ica te t ha t t he usage of METH in Centra l Europe 
is n o w steady, a l t hough the sp read ing market , c r ime o rgan iza t ion and new furt ive laborator ies 
p roduce an increas ing avai labi l i ty of t h e d rug in European count r i es w i t h no abuse h is tory 
( EMCDDA, 2 0 2 0 b ; Van Hou t and Hearne, 2 0 1 7 ) . 

Unl ike l ipophi l i c subs tances , METH and A M P H are po lar c o m p o u n d s n o n so rbed by the 
underso i l , therefore , easi ly re leased into the wa te r (Boles and Wel ls , 2 0 1 0 ) . Bo th , parent 
c o m p o u n d and metabo l i t e , were repor ted to p resent a high stabi l i ty in the sewer waters 
(McCal l e t al., 2 0 1 6 ) . In add i t i on , METH has been obse r ved to have an insuff ic ient , and even 
very l ow e l im ina t ion in STP's (Pos t igo et al., 2 0 1 0 ; Yadav et al., 2 0 1 9 ) . S o m e au thors c i ted the 
mean concen t r a t i ons of METH w o r l d w i d e f rom 2 6 0 to 2 ,000 ng/L in was t ewa te r ef f luents , and 
f rom 2,1 to 4 0 5 ng/L in river waters (Liao et al., 2 0 1 5 ) . In Europe, t he m e a n concen t ra t i ons 
in in f luents and ef f luents are cons ide red 3 0 and 14 ng/L, respect ive ly ( A s i m a k o p o u l o s and 
Kannan, 2 0 1 6 ) . However, due to t h e a foresa id reasons, a m o u n t s ranging f r om 13 to 1805 
ng/L have b e e n de t e c t ed in was tewa te r s in Centra l Europe (Mackul'ak et al., 2016c ) . High 
concen t r a t i ons of METH, reach ing 1 ug/L, were f o u n d in ef f luents in t h e Czech Republ i c 
(Fedorova et al., 2 0 1 4 ) . In o ther p laces where s t rong c o n s u m p t i o n of METH is r epor t ed , such 
as Ch ina and Austra l ia , a m o u n t s exceed ing 1 ug/L have been measu red in sur face waters 
(Jiang et al . , 2 0 1 5 ; Pac iuszk iew icz et al., 2 0 1 9 ) . 

1.3.3. Effects in human and mammal model organisms  

METH is a s t rong ps y chos t imu l an t wh i ch c o m p l e x phys io log ica l r e sponses p roduce a large 
n u m b e r of ef fects at phys ica l and psycho log i ca l levels (Panenka et al., 2 0 1 3 ) . Because th is 
subs t ance genera tes an in tense ac t i va t ion of s ympa the t i c s y s t em, the ma in acute ac t ions are 
cen t red in a s t imu l a t i on of o rgan i sm in the same way as the prepara t ion for s o m e danger -
c o m m o n l y k n o w n as " f ight or f l igh t " r e sponse (Rusyniak, 2 0 1 3 ) . S o m e of the ma in o u t c o m e s 
are an acce le ra ted card iovascular and respi ratory s ys tem func t i ons , hyperg lycemia , and 
release of s t ress h o r m o n e s (Panenka et al., 2 0 1 3 ) . The short-term ef fects at neuro log ica l 
level are euphor i a , a le r tness , inc reased sel f-steam, p leasure, mo t i v a t i on , in tense fee l ings , 
and reduced fa t igue (Cru ickshank and Dyer, 2 0 0 9 ; Prakash et al., 2 0 1 7 ) . Physical cond i t i on , 
such as me tabo l i c impa i rmen t s or exhaus t i on of t h e o rgan i sm, can be p r o d u c e d by the long-
t e rm use of METH (Virmani et al., 2 0 0 7 ; Wal ters , Jr. et al., 2 0 1 2 ; Bowyer et a l . , 2 0 1 7 ) . The 
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chronic c o n s u m p t i o n t r iggers neu rodegene ra t i on , wh i ch can lead to ep i sodes of psychos i s , 
w i thdrawa l s yndrome , cogn i t i ve def ic i ts , anxiety, or dep ress ion (Cru ickshank and Dyer, 2 0 0 9 ) . 

METH very m u c h affects all t h e o rgan i sm ; however, s o m e vital organs appear ext remely 
d i s rup ted due to t h e direct and indi rect ef fects - i.e. brain, hear t and liver (Halpin et al., 
2014 ) . The chron ic admin i s t r a t i on of METH p roduces a dep l e t i on of m o n o a m i n e s s torage 
in t h e respect i ve neurons , and the dec reased express ion of s o m e i m p o r t a n t enzymes for 
neu ro t ransmi t t e r syn thes i s - such as t y ros ine and t r y p t o p h a n hydroxy lase (Halpin et al., 
2014 ) . A l t h o u g h the spec i f ic m e c h a n i s m s of neuro tox i c i t y remain u n k n o w n , t h e avai lable 
research d e m o n s t r a t e s t h e role of hype r the rmia , m i tochondr i a l damage , neu ro in f l ammat ion 
exc i totoxic i ty , and ox ida t i ve s t ress (Krasnova and Cadet , 2 0 0 9 ; Morata l l a et al., 2 0 1 7 ) . The 
cascade of events resul ts in neurona l damage , even apop tos i s , part icu lar ly in brain areas 
where popu l a t i ons of m o n o a m i n e r g i c neurons are l oca ted (Ferrucci et al., 2 0 1 9 ; Halpin et 
al., 2 0 1 4 ; Mora ta l l a et al., 2 0 1 7 ) . Behav ioura l and phys io log ica l o u t c o m e s der ived f rom METH 
usage are obse r ved to be c o n n e c t e d to the changes over b ra ins tem, where an inter re la ted 
ef fect of d o p a m i n e and noradrena l ine is genera ted (Ferrucci et al., 2 0 1 9 , 2 0 1 3 ) (Figure 1). 

L-tyrosine,^^ Tyrosine Hydroxylase 

Figure 1. Biosynthesis of dopamine and noradrenaline (Wassail et al., 2009). 

Card iovascu lar comp l i c a t i ons are largely a s soc i a t ed w i th METH effects (Kaye et al., 2 0 0 7 ; 
Hawley et al., 2 0 1 3 ; Paratz et al., 2 0 1 6 ) . The impa i rmen t s in the c i rculatory s ys tem are man i f es ted 
in many ways, bu t in farc t ions in myocard ia , ca rd iomyopathy , and d i s sec ted aneu r i sm are the 
m o s t f requent l y r epor ted (Karch, 2 0 1 1 ) . Microscopica l ly , f ibros is , microvascu lar impa i rmen t s 
and hype r t rophy can be o f t en obse r ved (Mi l roy and Parai, 2 0 1 1 ) . Ox ida t i ve s t ress and 
b ioenerge t i cs b r e a k d o w n is re lated to t h e card iovascu lar co l l apse (Li et al., 2 0 1 2 ) . Direct 
tox ic i t y over cardiac cel ls is man i f e s t ed by a p o p t o s i s in hear t (L iou et al., 2 0 1 4 ) . 

A c c o r d i n g to the hepa to tox i c effects, l iver is cons ide red an a d d e d target organ (Halpin 
and Y a m a m o t o , 2 0 1 2 ) . The d i s rup t i on over l iver w i th t h e c o n s e q u e n t increase of c i rcu la t ing 
a m m o n i a p roduces , in tu rn , neuro tox ic i t y (Halpin and Y a m a m o t o , 2 0 1 2 ) . Hepa to tox i c i t y has 
been re la ted w i th several h i s to log ica l changes , such as f ibros is or vacuo la t i on , and b iochemica l 
o u t c o m e s (Halpin et al., 2 0 1 3 ; Kor iem and So l iman , 2 0 1 4 ) . In liver, a p o p t o s i s and necros is of 
t he hepa tocy t e s have b e e n de t e c t ed after METH admin i s t r a t i on (Dias Da Silva et al., 2 0 1 3 ; 
W a n g e t a l . , 2 0 1 7 ) . 

Dihydroxyphenilalanine 

Dopamine ß-Hydroxylase 

Noradrenaline 
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1.4. Tramadol 

1.4.1. Pharmacology  

Tramadol , or (±)-cis-(2-dimethylaminomethyl)-l-(3-methoxyphenyl)-cyclohexanol, is a 
syn the t i c o p i o i d w ide l y u sed in h u m a n and veter inary med i c ine wh i ch chemica l s t ruc ture 
is s imi lar to code ine . It was inven ted in 1962 and p r o m o t e d under the commer t i a l brand 
"Tramal®" in 1977 by t h e W e s t Ge rman g roup Grunen tha l G m b H . It is a b i t te r and wh i t e p o w d e r 
p resen ted in drops , tab le ts , pi l ls, and parentera l f o rms (Wor ld Heal th Organ i sa t ion , 2 0 1 4 ) . 

Tramadol is a p rod rug wh i ch ef fects are m e d i a t e d by a dual synerg is t ic m e c h a n i s m b e t w e e n 
the parent c o m p o u n d and the ma in me tabo l i t e O-desmethy l t r amado l ( M l ) . The parent 
c o m p o u n d has a l ow aff inity for ^-opioid receptor - a l t hough it acts as an inh ib i tor of t he 
reuptake of the neuro t ransmi t t e r s se ro ton in and norep inephr ine in t h e synapt i c t e rmina l s -
whi le M l has s t ronger aff inity for ^-opioid receptor (Gong et al., 2 0 1 4 ) . 

The ma in reac t ion in t h e m e t a b o l i s m of t r amado l fo l l ows t he se routes (Gong et al., 2 0 1 4 ) : 

• O-desmethy la t ion to O-desmethy l t r amado l ( M l ) by CYP2D6 . 
• N-desmethy la t ion to N-desmethy l t ramado l (M2, inact ive) by CYP2B6 and CYP3A4 . 
• M l and M 2 are m e t a b o l i z e d into N,N-didesmethyl- t r amado l (M3) and N,0-

d i d e s m e t h y l t r a m a d o l (M5) , b o t h inact ive, by CYP2D6 , CYP2B6 and CYP3A4 . 
• M 3 and M 5 are degrada ted into N ,N ,0- t r idesmethy l t ramado l (M4) , act ive. 

Then, it is excre ted via urine, w i t h 3 0 % parent c o m p o u n d and 6 0 % as me tabo l i t e s (Vazzana 
et al., 2 0 1 5 ) . 

1.4.2. Consumption and occurrence  

Tramadol is one of the subs t ances invo lved in t h e current o p i o i d cr is is. Its use in daily 
med ic ine is increas ing in Europe (He lmerhors t et al., 2 0 1 7 ) . The c o n s u m p t i o n of t r amado l 
a lone or c o m b i n e d w i th o the r ana lges ics represen ted t h e h ighes t increase in the p resc r ibed 
op io ids in Spa in , 2.64 to 10 DDD f r om 2 0 1 0 to 2 0 2 0 (Min is ter io de San idad , n.d.). In t h e Czech 
Republ ic , t he use a l m o s t d o u b l e d f rom 2 0 0 8 (5.3 DDD) to 2 0 1 9 (9.5 DDD) (State Inst i tute 
for Drug Cont ro l , n.d.). The increased usage has been even r epo r t ed in veter inary med i c ine 
(Clarke et al., 2 0 1 9 ) . 

The i l l icit c o n s u m p t i o n of t r amado l is di f f icult t o e s t ima te due to t h e invo l vement of t he 
legal use and the re lated lack of in te rnat iona l regu la t ion (UNODC, 2 0 2 0 ) . The m i suse is a lso 
inc i ted by the cheap and easy p r o d u c t i o n (UNODC, 2 0 2 0 ) . The con f i s ca t ions of t r amado l 
g loba l ly we re 10 kg , 9 t o n s and 125 tons in 2 0 1 0 , 2 0 1 3 and 2 0 1 7 , respect ive ly (UNODC, 
2019 ) . In Europe, w i th 5,520 se izures , b e c a m e the m o s t con f i s ca ted op io id o the r t han hero in 
dur ing 2 0 1 8 (EMCDDA, 2 0 2 0 b ) . 

Tramadol is a very ub iqu i tous subs t ance in water, as s h o w n by t h e presence of nanograms 
in d r ink ing water, we l l wa te r and seawaters (Alygizakis et al., 2 0 1 6 ; Peng et al., 2 0 1 6 ; Kondo r 
et al., 2 0 2 0 ) . The RE has been obse r ved to be low, and even negat ive dur ing t h e co ld season 
(Baker and Kasprzyk-Hordern, 2 0 1 3 ; Go lovko et al., 2 0 1 4 a ; Mackul 'ak et al . , 2016a ) . In add i t i on , 
it is a s tab le c o m p o u n d tha t p resen ts res is tance to hydrolys is and s l ow p h o t o d e g r a d a t i o n rate 
(Rua-G6mez and P u t t m a n n , 2 0 1 3 ; Tohski et al., 2 0 1 9 ) . Desp i t e of t he high a m o u n t s f requent l y 
de tec t ed in STP's, t he r epor ted concen t ra t i ons in ef f luents and surface waters are very 
var iable. Loads of t r amado l near or up to 1 ng/L were regular ly de t e c t ed in ef f luents (Baker 
and Kasprzyk-Hordern, 2013 ) , a l t hough a m e a n concen t r a t i on of 2 5 0 ng/L and a m a x i m u m of 
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1,166 has been repor ted in an EU m o n i t o r i n g in ef f luents (Loos et al., 2 0 1 3 ) . In Centra l Europe, 
the t r end of p resc r ip t ions is ref lected in t h e e levated v o l u m e s de t e c t ed in sewer wate rs and 
ef f luents (Mackul'ak et al., 2 0 1 5 , 2 0 1 6 c ) . The average g loba l concen t r a t i on of t r amado l has 
been cons ide red 8 0 2 ng/L in sur face waters (Birch et al., 2 0 1 5 ) . High a m o u n t s , up to 1 ug/L, 
were de tec t ed d o w n s t r e a m a STP in USA, and in river waters in UK (Kasprzyk-Hordern et al., 
2 0 0 8 ; Campos-Manas et al., 2 0 1 9 ) . 

1.4.3. Effects in human and mammal model organisms  

Tramadol is cons ide red a safe ana lges ic w i th a l ow poten t i a l o f abuse , used for acute 
and chronic , mode ra t e t o severe pain due to its potency, approx imate l y 1 0 % morph ine ' s 
(Wor ld Hea l th Organ i sa t ion , 2 0 1 4 ) . The ana lges ic eff ic iency is increased for t h e ac t ions over 
m o n o a m i n e neuro t ransmi t t e r s (Gong et al., 2 0 1 4 ) . Tramadol s u p p o s e an a l ternat ive t o high-
affinity op io id receptors - e.g. m o r p h i n e or na loxone - in chron ic pa in t r ea tmen t , caus ing a 
lesser phys ica l d e p e n d e n c e and respi ratory dep ress i on (Gong et al., 2 0 1 4 ; M i o t t o et al., 2 0 1 7 ; 
Dunn et al., 2 0 1 9 ) . 

The un ique dual m o d e of ac t i on , as ana lges ic and se lec t ive se ro ton in-norep inephr ine 
reuptake inhibitor, resul ts in its fu r ther use as an t i dep ressan t and anxyo ly t i c (Vazzana et al., 
2015 ) . It prov ides an add i t i ona l re laxat ion and wel l-being ef fects , wh i ch can con t r i bu te t o its 
abuse po ten t i a l (M io t to et al., 2 0 1 7 ) . The poss ib i l i t y of d e p e n d e n c e ar ises w i th t h e chron ic 
use and supra-therapeut ic a m o u n t s (Wor ld Hea l th Organ i sa t ion , 2 0 1 4 ) . Tramadol is f requent l y 
used in c o m b i n a t i o n w i th o the r ana lges ics , such as pa race tamo l or d ic lo fenac , in order t o 
c o m p l e m e n t t h e pa in rel ieve (Varrassi et al., 2 0 2 0 ) . However, t he c o n c o m i t a n t c o n s u m p t i o n 
w i th se ro tonerg i c pha rmaceu t i ca l s - i.e. an t idepressan ts , an t i convu l san ts , anx io ly t i cs - can 
lead to a se ro tonerg i c s ynd rome (Hassamal et al., 2 0 1 8 ) . 

1.5. Effects of psychoactive compounds in fish: current knowledge 

The eco tox i co log i ca l l i terature h igh l ights t h e po ten t i a l con t r i bu t i on of psychoac t i ve 
c o m p o u n d s as po l lu tan t s of conce rn . As a resul t o f t he recent ef fects obse r ved , it is ev ident 
t ha t t h e s e chemica l s can impac t t he aqua t i c e cosy s t ems even at l ow doses , however , it 
appears necessary t o character ize such impa i rmen ts . For instance , t he m o s t c o m m o n effects 
p roduced by l ow levels of an t i dep ressan t s we re changes in cond i t i on , behaviour, and reduc t ion 
in f o o d in take (Cast i l lo-Zacarias et al., 2 0 2 1 ) . 

The occur rence of pha rmaceu t i ca l s and drugs in wate r leads to the b i o concen t r a t i on 
of t he se subs t ances in t i s sues . S o m e of t h e psychoac t i ve subs tances do no t reach the 
b io concen t r a t i on fac tor i nc luded in the OECD gu ide l ines nor ge t the b i o a c c u m u l a t i o n index 
to be a c c o m m o d a t e d in the f o o d chain , never the less , t he ex i s tence of t he se chemica l s in 
aquat i c f auna is we l l-known. As an example , a w i d e range of PPCP's , inc lud ing psychoac t i ve 
subs tances , we re de tec t ed in b io ta f rom STP ef f luents (Grabicova et al., 2 0 1 4 ; Dav id et al., 
2018 ) , s t reams (Grabicova et al., 2 0 1 5 , 2 0 1 7 ) , p o n d s ( Lagesson e t a l . , 2 0 1 6 ) , rivers (Ondarza 
et al., 2 0 1 9 ; Cerveny et al., 2 0 2 1 ) , es tuar ies (Meado r et al., 2 0 1 7 ) , and mar ine env i ronmen t 
(Mezze lan i et al., 2 0 2 0 ) . The con t r i bu t i on via f o o d w e b and the di f ferences in b i o concen t r a t i on 
a m o n g spec ies , a l t hough less s tud i ed , shou ld be a lso cons ide red (Brodin et al., 2 0 1 4 ; Heynen 
et al., 2 0 1 6 b ; Lagesson et al., 2 0 1 6 ) . 

The the rapeu t i c p l a sma concen t r a t i on (TPC) of pha rmaceu t i ca l s in h u m a n and o ther 
m a m m a l s is avai lable t h rough pha rmaco log i ca l eff icacy s tud ies (Table 3). Due to the a foresa id 
s imi lar i ty in t h e s ignal t a rge t ing b e t w e e n m a m m a l s and f ish , t he poss ib i l i t y t o ex t rapo la te t he 
TPC f r om h u m a n to f ish has been desc r i bed in t h e "read across h y p o t h e s i s " (Hugget t et al., 
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2 0 0 3 ) . A w i d e range of pha rmaceu t i ca l s has been de t e c t ed in f ish p l a sma f rom several s i tes 
inc lud ing neuroac t i ve subs tances - e.g. A M P H , METH, ha lope r ido l , r i spe r idone (Meador et al., 
2 0 1 7 ; Ma lev et al., 2 0 2 0 ; Cerveny et al., 2 0 2 1 ) . Interestingly, several c o m p o u n d s e x c e e d e d the 
TPC (Meado r et al., 2 0 1 7 ; Cerveny et al., 2 0 2 1 ) . 

Table 3. Human therapeutic plasma concentrations (TPC's) of the selected compounds. The 
concentrations refer to ug/mL, elimination half-life in hours. Extracted from Regenthal et al. (1999). 

Compound Therapeutic Toxic Lethal Half-life 

Amphetamine 0 .02-0 .2 0.2 0.5 7-34 

Methamphetamine 0 .01-0 .05 0.2-1 4 0 6-9 

Tramadol 0.1-1 - 2 5-10 

Desp i te of t he va luable i n fo rma t i on p rov ided by the read across hypo thes i s , s o m e of the 
subs tances do no t corre late t o the p l a sma concen t r a t i on m o d e l due to the i r phys i cochemica l 
nature. For example , h igher concen t r a t i ons of psychopha rmaceu t i c a l s we re f o u n d in brain 
t han in b l o o d p l a sma - or they we re even a b s e n t in p l asma , as a resul t o f t he s t ructura l 
p roper t i es of t h e s e subs tances (Grabicova et al., 2 0 1 4 ; David et al., 2 0 1 8 ) . The q u e s t i o n ar ises 
if in such cases, and because t he se c o m p o u n d s are p r o d u c e d to reach cer ta in targets , it 
w o u l d be more accurate t o de t e rm ine the i r concen t r a t i ons in t h e ta rget organ - i.e. brain for 
neuroact i ve c o m p o u n d s (Grabicova et al., 2 0 1 4 ) . Or if t h e m o d e of ac t i on and m e t a b o l i s m are 
equ iva lent a m o n g di f ferent spec ies (Rand-Weaver et al., 2013 ) . 

Because psychoac t i ve subs t ances have been de t e c t ed in d i f ferent t i s sues , they can be 
s u s p e c t e d to genera te ef fects as a resul t o f t h e phy logene t i c s imi lar i ty in receptors . H is to logy 
da ted back to 1 7 t h century, w h e n it was app l i ed for the f irst t ime by Marce l lo Ma lp igh i us ing 
an a rchetype m i c ro s cope . Even t h o u g h , it is one of the o ldes t m e t h o d s in m o d e r n sc ience 
sti l l in use . H i s t opa tho logy b e c a m e a key process of t he eco tox i co log i ca l a s s e s s m e n t (Wol f 
and Maack , 2 0 1 7 ) . This t o o l enab les t h e v i sua l i za t ion , desc r i p t i on and unde r s t and ing of t he 
changes at t h e t i s sue level as a resul t of the chronic exposu re to chemica l s (Bernet et al., 1999) . 
As it is essent ia l l y an in terpreta t ive m e t h o d , its app l i ca t ion impl ies an unavo idab le subject iv i ty 
(Cr issman et al., 2 0 0 4 ) . N e w deve l opme n t s , such as immunoh i s to chem i s t r y , enhances the 
k n o w l e d g e of pa thophys io log i ca l p rocesses . The p rospec t ana tomica l desc r i p t i on of t he sub ­
lethal c o n s e q u e n c e s cou ld be he lpfu l , espec ia l ly w h e n it is s u s p e c t e d tha t t h e changes are 
parallel to t h o s e desc r ibed in t h e target o rgan i sms . S o m e h i s topa tho log i ca l o u t c o m e s f rom 
the exposu re to psychopha rmaceu t i c a l s and il l icit d rugs were a l ready desc r ibed (Schu l tz et al., 
2 0 1 1 ; Gay et al., 2 0 1 6 ; S ehonova et al., 2 0 1 7 ) . However, t he a s s e s s m e n t of t h e pa tho log i ca l 
les ions requires very expe r i enced observers , wh i ch can s u p p o s e a bo t t l eneck in the use of 
th is t e c h n i q u e (Wol f and Maack , 2 0 1 7 ) . In add i t i on , t h e absence of s t anda rd i zed approaches 
cou ld p roduce mis takes w h e n eva luat ing the obse rva t i ons (Wol f and Maack, 2 0 1 7 ) . 

As a f o r e m e n t i o n e d , p sychopha rmaceu t i c a l s and drugs are des igned to change spec i f ic 
neuro t ransmi t t e r pa thways . In fact , t h e p resence of such subs t ances in the env i ronment has 
been obse r ved to af fect t he neu ro t r ansmi t t e r levels in f ish brain and p l asma , w h a t can be 
t rans la ted into impa i rmen t s in mu l t ip l e p rocesses , such as m e t a b o l i s m or behav iour ( S immons 
et al., 2 0 1 7 ; David et al., 2 0 1 8 ) . Interestingly, f ish even s eem to be a t t rac ted by t h e presence 
of neuroac t i ve subs tances in water, p robab ly due to s o m e "good-fee l ing s t a te " (Abreu et 
al., 2 0 1 6 ) . The major i ty of obse rva t i ons a t t r i bu t ed to t h e s e subs t ances at real ist ic levels are 
related w i t h changes in behav iour ; thus , there is an increas ing interest in th is sub jec t over 
the last years (Cunha et al., 2 0 1 9 ) . Because neuroac t i ve c o m p o u n d s a im to have effects over 
h u m a n behaviour, s imi lar r e sponses cou ld be expec t ed in non-target o rgan i sms (Saar isto 
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et al., 2 0 1 8 ) . For example , an anxiolyt ic-l ike behav iour in f ish have been d o c u m e n t e d after 
the exposu re t o l ow concen t r a t i ons of anx io ly t i cs and an t idep ressan t s (Brodin et al., 2 0 1 3 ; 
Heynen et al., 2 0 1 6 a ; Kel lner e t a l . , 2 0 1 6 ; Mar t in et al., 2 0 1 7 ) . 

Several au thors agree on the advantages of behav ioura l app roaches for t h e eco tox i co logy 
f ield (Hel lou, 2 0 1 1 ; Me lv in and W i l son , 2 0 1 3 ; Brod in et al., 2 0 1 4 ; K laminder et al., 2 0 1 6 ; 
Pe terson et al., 2 0 1 7 ; Saar is to et al., 2 0 1 8 ) : 

• Behav iour s t ands as a ref lec t ion of i n t e r connec ted b io log ica l p rocesses - phys io logy, 
anatomy, genet i cs , and env i ronment . 

• It is cons ide red a sens i t i ve early wa rn ing ind ica tor of t he poss ib l e ef fects of po l l u t i on 
because the ef fects occu r at l ow - sub le tha l - concen t ra t i ons . 

• The quant i f i ca t ion of t he r e sponses prov ides an a d d e d advan tage w i th in t he risk 
eva lua t ion . 

• It is a non-invasive and modera te l y cheap t o o l . 
• F ind ings can be ob t a i ned faster t han w i th o the r tox i co log i ca l t es ts . 
• Changes in behav iour have i m p o r t a n c e at eco log ica l level due to the c o m p l e x re la t ion of 

t h e s e p rocesses . 

In order to s impl i fy the s tudy of behaviour, Réale e t a l . ( 2007 ) sugges t ed five key t e m p e r a m e n t 
tra i ts - ie. activity, aggress iveness , bo ldness/ shyness , exp lo ra t ion/avo idance , and soc iab i l i t y 
- t ha t f o rm the persona l i t y of each ind iv idua l . The d i s rup t i on of any behav ioura l t ra i t impl ies 
d irect and indi rect c o n s e q u e n c e s (Brodin et al., 2 0 1 4 ) (Table 4) . The d i rect ef fects occur w i th in 
an indiv idual and can be quant i f i ed and s tud i ed under labora tory and f ie ld cond i t i ons (Saar isto 
et al., 2 0 1 8 ) . The indi rect o u t c o m e s appear w h e n t h e direct var ia t ions af fect o the r spec ies 
in chain reac t ion , mod i f y i ng t h e t roph i c chain and the biodivers i ty , consequent l y , t h e w h o l e 
e cosy s t em cou ld be a f fec ted (Brodin et al., 2 0 1 4 ; Saar is to et al., 2 0 1 8 ) . Even if t h e changes in 
behav iour cou ld prov ide s o m e advan tage to the t e s t ed o rgan i sm, c o n s e q u e n c e s at eco log ica l 
level wi l l l ikely occur (K laminder et al., 2 0 1 4 ) . The order in wh i ch t h e s e o u t c o m e s in te rconnec ts 
w i th t he f i tness of e cosy s t ems w o u l d f o l l ow t hese levels: phys io logy - indiv idual - p o p u l a t i o n 
- spec ies - e c o s y s t e m - evo lu t i on (Peterson et al., 2017 ) . 

Table 4. Relation between basic behavioural traits and the possible ecological consequences due to 
their alteration for the exposure to pharmaceuticals. Extracted and modified from Brodin et al. (2014). 

Impacts 
Behavioural traits 

D i r e c t I n d i r e c t 

1-Activity C o o p e r a t i o n (2,5) C o m m u n i t y s t ruc ture 

2-Aggression Dispersa l /migra t ion (1,3,4,5) Cross-boundary ef fects 

3-Boldness Feed ing rate (1,2,3,4) E cosys tem func t i on 

4-Exploration Reproduc t i on (2,5) Feedbacks 

5-Sociality 
Parental care (2,5) Popu la t i on dynamics 

5-Sociality 
Predator avo idance (1,3,5) Trophic cascades 

A l t h o u g h t h e p romi s i ng advantages of us ing behav ioura l endpo in t s , the re is a lack of 
va l ida ted t es t s (Hubena et al., 2 0 2 0 ) . Var ia t ion in t h e resul ts can be or ig ina ted for t he natural 
d i f ferences in the indiv idual persona l i t y ; however, s o m e repeatab i l i t y shou ld be obse r ved in 
the ind iv idua ls f r om t h e same p o p u l a t i o n (Reale et al., 2 0 0 7 ) . The t ype of exposu re ( acu te/ 
chronic ) has been repor ted to be a crit ical f ac tor fo r a s sess ing the o u t c o m e s , m o s t l ikely due 
to t h e d ispar i ty in t h e avai labi l i ty of neuro t ransmi t t e r s over t i m e (Mart in et al., 2 0 1 7 ) . 
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Regardless the genera l lack of unde r s t and ing of the role p layed by t h e psychoac t i ve 
subs tances in t h e env i ronment , s o m e po l lu tan ts , such as d i a z e p a m , f luoxe t ine or o x a z e p a m , 
have b e e n more deep ly s t u d i e d . The part icu lar i ty of t he subs t ances se l ec ted in t he se thes i s 
- i.e. m e t h a m p h e t a m i n e and t r amado l - is t h e scarc i ty of k n o w l e d g e a b o u t the i r in f luence 
over aqua t i c f auna desp i t e of the i r levels de tec t ed in the env i ronmen t (Chapters 2 and 3). The 
current l i terature a b o u t the e co tox i co l ogy of t h e s e c o m p o u n d s is i nc luded in Table 5. 

Table 5. Ecotoxicological studies performed with the selected psychoactive compounds, 
methamphetamine and tramadol. Citalopram (CIT), ketamine (KET), methamphetamine (METH), 
naproxen (NAP), oxazepam (OXA), sertraline (SER), sewage treatment plant effluent (STP), tramadol 
(TRM), venlafaxine (VEN). 

Compound Concentration Specie Duration Effects Reference 
CIT, TRM 411 ng/L Danio rerio larvae Anx io l y t i c (Bachour e t al . , 

2 0 2 0 ) 
STR CIT, TRM 1 Ug/L Aeshna 

cyanea, 
7 d P reda t ion , f e ed ing (Bláha e t al . , 

2019 ) 
Cyprinus 

carpio 
METH + 30 
compounds 

1-1,000 \xM D. rerio larvae Act iv i ty (Bugel and 
Tanguay, 2018 ) 

CIT, TRM 1 Ug/L Procambarus 
virginalis 

7 d Act iv i ty (Buřič et al., 
2018 ) 

METH 5 0 - 5 0 0 ng/L Daphnia 
magna 

21 d Ox ida t i ve stress (De Felice et al . , 
2020 ) 

METH, TRM 3.8 nmo l/L Squalius 42 d Parasite in terac t ion (Douda et al . , METH, TRM 
cephalus 2019 ) 

TRM 1 ug/L Procambarus 7 d Bu r row ing behav iour (Guo e t a l . , 2 0 2 0 ) 1 ug/L 
clarkii 

METH, TRM, CIT, 
OXA, SER, VEN 

1 ug/L P. virginalis 21 d Act iv i ty (Hossa in et al., 
2021 ) 

METH 1 ug/L Salmo trutta 56 d Behav iour Chap te r 2.2; 
(Horky e t al . , 

2021 ) 
(Horky e t al . , 

2021 ) 
TRM + 14 1-100 ug/L D. rerio larvae S w i m m i n g (Huang et al . , 

compounds 
1-100 ug/L 

2019 ) 
METH, TRM 1 ug/L S. cephalus 42 d C o n d i t i o n (Hubena e t al . , 

2 0 2 0 ) 
METH 0 . 0 0 4 - 4 0 U.M Oryzias 

latipes 
larvae Act iv i ty, ox ida t i ve 

stress 
(Liao et al., 2015) i 

METH 1 Ug/L Pacifastacus 
leniusculus 

21 d Act iv i ty, cardiac 
act iv i ty 

(Lozek et al . , 
2 0 2 0 ) 

TRM 1 Ug/L P. leniusculus 21 d Act iv i ty, cardiac 
act iv i ty 

(Lozek et al . , 
2019 ) 

TRM 0 . 2 - 6 0 0 ug/L D. rerio 28 d C o n d i t i o n , h is to logy, (P lhalova et al . , 0 . 2 - 6 0 0 ug/L 
ox idat i ve stress 2 0 2 0 ) 

METH 1-50 ug/L Salmo trutta 
fario 

35 d H is to logy Chap te r 2.1; 
(Sancho Santos 

et al., 2 0 2 0 ) 
TRM 1 ug/L S. cephalus 42 d Anx io l y t i c Chap te r 3.1; 

(Sancho Santos 
e t a l . , 2021 ) 

TRM 71 ng/L Pimephales 
promelas 

Behaviour, i m m u n e 
sys tem 

(Schoenfuss et 
al. , 2016 ) 

TRM 1 0 - 2 0 0 ng/L C. carpio, D. 
rerio 

32 d D e v e l o p m e n t ( Sehonova e t al . , 
2016 ) 
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NAP, TRM 1 0 - 2 0 0 Hg/L C. carpio 32 d D e v e l o p m e n t ( Sehonova et al., 
2017 ) 

TRM 1-100 ng/L P. promelas 23-24 d Anx io l y t i c (Tanoue e t al . , 
2019 ) 

TRM 1-100 ng/L P. promelas 23-24 d Pha rmacok ine t i c s (Tanoue e t al . , 
2017 ) 

METH + KET 0 .05-0 .5 | ig/L Caenorhabditis 
elegans 

60 h Act iv i ty, ox ida t i ve 
stress 

(Wang et al . , 
2019 ) 

METH + KET 2 5 - 5 0 ng/L M i c r o c o s m 4 0 d Changes in bacter ia (Wang et al . , 2 5 - 5 0 ng/L 
2020a ) 

METH 0 . 0 5 - 1 0 0 0. latipes 9 0 d Activity, h i s to logy (Wang et al . , 
Hg/L 2 0 2 0 b ) 

METH 0 . 0 1 - 1 0 0 
Hg/L 

D. rerio 15 d Pha rmacok ine t i c s (Yin e t a l . , 2019 ) 

1.6. Specific objectives 

The Direct ive 2 0 0 0 / 6 0 / E C of t h e European Par l iament and of the Counc i l o f 23 O c t o b e r 
2 0 0 0 cons i s t of po l i c ies to ensure and pro tec t t h e qual i ty of t he di f ferent wate rs and the 
aquat i c env i ronment in t h e Commun i t y . It con ta ins a list o f pr ior i ty subs t ances acco rd ing to 
the i r po ten t i a l risk, as a s t rategy aga ins t wa te r po l l u t i on . 

Emerg ing con t am inan t s , i nc lud ing psychopha rmaceu t i c a l s and drugs of abuse , are current ly 
not c o n t e m p l a t e d in the leg i s la t ion . The ev idences a b o u t the i r p resence in the env i ronment 
and the poss ib l e ef fects over hea l th are the key to the i r i n co rpora t i on in fu tu re regu la t ions 
(Barcelo e t a l . , 2 0 0 5 ) . 

The ma in ob jec t i ve of th is d i s se r t a t i on is, therefore , t o prov ide da ta a b o u t t h e current ly 
u n k n o w n ef fects of se l ec ted neuroac t i ve c o m p o u n d s on f ish. 

More specif ical ly, t h e f o l l ow ing goa ls were pu rsued : 
I. To acqui re k n o w l e d g e a b o u t t he impac t s for t h e exposu re to m e t h a m p h e t a m i n e : 

b i o a c cumu l a t i on in t i s sues , pa tho log i ca l a l te ra t ions in ta rget organs, and changes in 
behav iour (Chapter 2). 

II. To record t h e a l te ra t ions in bas ic behav ioura l t ra i ts due to the exposu re to t r amado l at 
l ow levels (Chapter 3). 

III. To under l ine the current p rob l emat i c regard ing t h e use of t h e h i s topa tho log i ca l m e t h o d 
in eco tox i co log i ca l s tud ies (Chapter 4) . 
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M e t h a m p h e t a m i n e , m a i n l y c o n s u m e d as a n i l l i c i t d r u g , is a p o t e n t a d d i c t i v e p s y c h o s t i m u l a n t t h a t has 
b e e n d e t e c t e d i n s u r f a c e w a t e r a t c o n c e n t r a t i o n s r a n g i n g f r o m n a n o g r a m s to m i c r o g r a m s p e r l i t r e , 
e s p e c i a l l y i n M i d d l e a n d Eas t E u r o p e . T h e a i m o f t h i s s t u d y w a s to e x p o s e b r o w n t r o u t (Salmo truttafario) 

to e n v i r o n m e n t a l (1 u g L _ 1 ) a n d h i g h e r ( 5 0 u g L _ 1 ) c o n c e n t r a t i o n s o f m e t h a m p h e t a m i n e f o r 3 5 d a y s w i t h 
a f o u r - d a y d e p u r a t i o n p h a s e to assess t he p o s s i b l e n e g a t i v e e f fec ts o n fish h e a l t h . D e g e n e r a t i v e l i v e r a n d 
h e a r t a l t e r a t i o n s , s i m i l a r to t h o s e d e s c r i b e d i n m a m m a l s , w e r e o b s e r v e d a t b o t h c o n c e n t r a t i o n s , a l t h o u g h 
at d i f f e r e n t i n t e n s i t i e s . A p o p t o t i c c h a n g e s i n h e p a t o c y t e s , r e v e a l e d b y a c t i v a t e d c a s p a s e - 3 , w e r e f o u n d i n 
e x p o s e d fish. T h e p a r e n t c o m p o u n d a n d a m e t a b o l i t e ( a m p h e t a m i n e ) w e r e d e t e c t e d i n fish t i s s u e s i n 
b o t h c o n c e n t r a t i o n g r o u p s , i n t h e o r d e r o f k i d n e y > l i v e r > b r a i n > m u s c l e > p l a s m a . B i o c o n c e n t r a t i o n 
f a c to r s r a n g e d f r o m 0.13 to 8 0 . A t h e r a p e u t i c p l a s m a c o n c e n t r a t i o n w a s r e a c h e d f o r b o t h c o m p o u n d s i n 
t h e h i g h - c o n c e n t r a t i o n t r e a t m e n t . T h i s s t u d y i n d i c a t e s t h a t c h r o n i c e n v i r o n m e n t a l c o n c e n t r a t i o n s o f 
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1. Introduction 

The contamination of surface waters with emerging substances 
has generated special interest due to its frequency and increasing 
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detection, leading to possible effects in aquatic ecosystems. Psy­
chopharmaceuticals and abusive drugs have been found in water at 
concentrations ranging from nanograms to micrograms per litre 
worldwide (Archer et al., 2018; Bade et al., 2018; Bijlsma et al., 
2012; Faberova et al., 2017; Postigo et al., 2010; Yargeau et al., 
2014). Once excreted by the human body, the metabolites and 
parent compounds of these substances are not fully removed by 
sewage treatment plants (STPs) and the compounds are released 
unchanged into surface water (Golovko et al., 2014; Mackulak et al., 
2015; Postigo et al., 2010). Their presence can also be related to 
direct discharge from clandestine laboratories (Boles and Wells, 
2010). Although the occurrence of these substances in water is 
usually ephemeral, their continuous release to the environment 
causes their pseudo-persistence (Rosi-Marshall et al., 2015). 

Psychopharmaceuticals and illicit drugs are produced to reach 
the central nervous system, being the neuronal target signalling 
highly conserved along evolution (Fabbri et al., 1998; O'Connell and 
Hofmann, 2012). Therefore, substances are suspected to behave 
similarly in target and non-target organisms (Fent et al., 2006). 
They can bioconcentrate and bioaccumulate in tissues of aquatic 
organisms (Grabicova et al., 2017,2014; Lagesson et al., 2016). Their 
environmental presence can lead to important changes in endo­
crine pathways and natural behaviour, resulting in unknown 
ecological consequences (Brodin et al., 2014; Calisto and Esteves, 
2009). The toxicity extends to the synergistic and additive action 
of the mixture of components present in the environment (Chiffre 
et al., 2016; Schnell et al., 2009), which leads to largely unknown 
adverse effects of chronic and lifelong exposure (Fent et al., 2006). 

Methamphetamine (METH) is an addictive psychostimulant 
that is widely consumed as a drug of abuse or as a pharmaceutical 
to treat attention deficit hyperactivity disorder, narcolepsy or 
obesity (Heal et al., 2013). It is an indirect-acting agonist in contact 
with dopamine, norepinephrine and serotonin receptors due to its 
similarity in structure (Cruickshank and Dyer, 2009), providing 
their availability and release and causing the stimulation of the 
organism similar to the "fight or flight" response (Panenka et al., 
2013). The increased activation of cardiovascular, neurologic, psy­
chomotor and respiratory functions (Hassan et al., 2016; Panenka 
et al., 2013) involves a wide range of symptoms including exhaus­
tion of the organism (Walters, Jr. et al., 2012) and cellular impair­
ments (Ares-Santos et al., 2013; Krasnova and Cadet, 2009). 

The Czech Republic and Slovakia have a high consumption of 
illicit METH ("Pervitin") due to its historical background, cheap 
production, purity and relatively low price (Sefranek and Miovsky, 
2017; Zabransky, 2007). Among the 291 clandestine laboratories 
reported in Europe in 2017,263 were located in the Czech Republic, 
mostly for self-consumption and local sales (EMCDDA, 2017). In the 
Czech Republic, the number of primary METH users is reported to 
be over 34200, and the statistics indicates that this number has 
increased more than 50% in the last 10 years (EMCDDA, 2017). 
Whereas the mean concentration of METH in STP influent in Europe 
is 30 ng IT 1 (Asimakopoulos and Kannan, 2016), concentrations 
range from 13 to 1805 ng IT 1 in the Czech Republic and Slovakia 
(Mackulak et al., 2016). In 2017, European Monitoring Centre for 
Drugs and Drug Addiction (EMCDDA) (EMCDDA, 2017) reported a 
mean consumption in Ceske Budejovice, Brno and Bratislava of200, 
186 and 149 mg per 1000 person per day, respectively, and daily 
consumption did not reach 100 mg/lOOOp/day in the other Euro­
pean cities included in this study. Additionally, countries such as 
Australia and The USA have reported hazards related to the 
discharge of METH and other chemicals derived from 
manufacturing in clandestine laboratories (Melnikova et al., 2011; 
Wright et al., 2016). 

Several studies have been focused on the effects of psychoactive 
compounds in fish, including antidepressants (Kellner et al., 2015; 

Martin et al., 2017; Saaristo et al., 2017), antiepileptics (Li et al., 
2010; Qiang et al., 2016) or anxiolytics (Brodin et al., 2013; Huerta 
et al., 2016). However, little is known about the consequences of 
illicit drugs on the aquatic fauna at environmental concentrations 
(Liao et al., 2015; Wang et al., 2019). Impairments in microbial 
communities were reported due to the presence in surface water of 
METH (Wang et al., 2018) and amphetamine (AMPH) (Lee et al., 
2016). Liao et al. (2015) observed a decreased heart rate, delayed 
hatching, hypomotility and changes in swimming behaviour at 
597 ng L of METH for 7 days in medaka embryos {Oryzias latipes). 
Wang et al. (2019) reported changes in locomotor activity and 
chemotaxis in the nematode C elegans after 0.5 ng L _ 1 METH 
exposure for 60 h. Marble crayfish exposed to 1 ng L _ 1 of METH for 
7 and 21 days spent more time outside the shelter (Hossain et al., 
2019). Changes in stress reactions were observed in signal cray­
fish exposed to 1 ng L _ 1 for 21 days (Lozek et al., 2020). Yin et al. 
(2019) found a correlation of METH concentration between the 
diffusive gradient in thin films and in vivo zebrafish. 

Walters, Jr. et al. (2012) observed an impairment in energetic 
balance, feeding, and locomotive behaviour in Drosophila mela-
nogaster in response to a 2-day diet containing METH. Some of the 
pharmacological studies with METH at higher concentrations using 
zebrafish {Danio rerio) as a model reported disturbances in car­
diovascular development of larvae (Shao et al., 2012), larval hypo­
motility (Bugel and Tanguay, 2018) and behaviour in adult 
individuals (Jiang et al., 2016; M i et al., 2016; Zhu et al., 2017). Based 
on these results, METH seems to induce similar effects on in­
vertebrates as those reported in mammals. 

Data obtained in several studies in human and experimental 
mammals exposed to METH demonstrated that the cardiovascular 
system and liver are target organs, as a result, toxicity is reflected in 
pathological disorders of these organs (Dias Da Silva et al., 2013; 
Islam et al., 2009; Koriem and Soliman, 2014; Paratz et al., 2016; 
Wang et al., 2017). 

Brown trout {Salmo trutta fario) is a well-known model in eco-
toxicity test due to their continuously availability regarding pro­
duction, easy management in laboratory and phylogenetically 
relation with rainbow trout {Oncorhynchus mykiss), a recom­
mended species for OECD guidelines, but also for being an endemic 
species in European rivers (Nunes et al., 2015; OECD, 2012). 
Therefore, the aim of this study was to elucidate the presently 
unknown physiological responses of juvenile brown trout exposed 
to chronic environmental and higher concentrations of METH (1 
and 50 ng L _ 1 ) . In order to achieve this objective, we: (1) deter­
mined the bioconcentration of METH and its metabolite (AMPH) in 
five different fish tissues, (2) recorded the liver and heart histopa­
thology, and (3) investigated apoptosis in hepatocytes. 

2. Material and methods 

2.1. Chemicals 

The methamphetamine used for exposure was obtained from 
Sigma-Aldrich Corporation (USA) and amphetamine and their 
isotopically labelled analogues (D5 -AMPH, D5-METH) were ob­
tained from Lipomed (USA). A stock solution of METH (10 mg L " 1 ) 
was prepared with ultra-pure water (AquaMax Basic 360 Series and 
Ultra 370 Series instrument, Younglin, Korea) and stored at 4 °C. 
From the stock solution, exposure baths for fish at concentrations of 
1 and 50 ng L _ 1 were prepared. Acidified (with formic acid, Labi-
corn, CR) acetonitrile (Merck) and ultra-pure water were used as 
mobile phases for liquid chromatography and isopropanol (Merck) 
was used as extraction solvent for the biota samples. 
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2.2. Fish and experimental design 

Brown trout juveniles {Salmo trutta fario, 1 year old; mean 
weight 35.6 ± 9.9 g, mean body length 131 ± 13 mm) were obtained 
from a local hatchery and acclimatized under laboratory conditions 
for seven days before the start of the experiment. A population of 
354 trout was randomly distributed to six aquaria. Following the 
OECD guideline 305 (OECD, 2012), fish were maintained in 200 L of 
freshwater with constant aeration, a natural photoperiod, dissolved 
oxygen (8 mg L ), mean temperature of 14.5 ± 0.5 °C and pH of 
7.2 ± 0.3. Every two days, the fish were fed 1% of their initial body 
weight of commercial food (BioMar, Denmark), the water was 
changed, stock solution of METH was added to reach the final 
concentration, and the temperature, pH and dissolved oxygen were 
measured. Treatments were set at nominal concentrations of: 
0 ng IT 1 (control, METH-free water), 1 ng IT 1 (environmental 
concentration) and 50 \ig IT 1 (1% of LC50 for fish) (Kiyatkin and 
Sharma, 2011) for 35 days. Then, the fish were kept in METH-free 
water for four days for depuration. Al l exposures were run in du­
plicates. Sampling was performed after 0,4,12, 20, 28 and 35 days 
of exposure (Times 0,4,12, 20, 28 and 35, respectively), and after a 
4-day depuration phase (Time 39). For each sampling day, ten fish 
per group (5 fish per replicate) were removed (sampling plan is 
given in Appendix A) and sacrificed by decapitation. Water samples 
for determination of METH concentration were taken before and 
after changing the exposure bath. This experiment was performed 
in accordance with the EU-harmonized Animal Welfare Act of the 
Czech Republic. The research facility is authorized under No. 53100/ 
2013-MZE-17214, and the framework of the law against Animal 
Cruelty of the Czech Republic (No. 246/1992), number of the Ethical 
approval committee MSMT-6744/2018-4. 

2.3. Chemical analyses 

The water from the aquaria was analysed by liquid chromatog­
raphy with tandem mass spectrometry (LC-MS/MS; TSQ. Quantiva, 
heated electrospray in positive mode, Accela 1250 LC pump, 
Hypersil Gold aQ_ column (50 x 2.1 mm; 5 urn particles), PAL 
autosampler, Thermo Fisher Scientific, USA) every week before and 
after the water was changed. The analytical method is described in 
(Douda et al., 2019). In summary, isotopically labelled internal 
standard (D 5 -METH, D 5 -AMPH) was added to filtered (0.20 nm 
regenerated cellulose filter) water from aquaria and the sample was 
analysed by LC-MS/MS using gradient elution of water and aceto-
nitrile (both acidified with formic acid, method duration 10 min). 

Blood plasma, liver, kidney, brain and muscle (dorsal part of 
fillet without skin) were sampled and stored at - 8 0 °C until further 
analysis. The extraction and analytical methods are described in 
(Grabicova et al., 2018). Briefly, 0.2—0.5 g of tissue (depending on 
the type of tissue) from ten fish per group and sampling time were 
analysed. Internal standard, extraction solvent (acetonitrile and 
isopropanol, 3:1 v/v acidified with 0.1% of formic acid), and a ho-
mogenization ball were added. The samples were extracted (Tis-
sueLyser 11, Quiagen, Germany; 30 Hz, 10 min), centrifuged (Mini 
spin, Eppendorf, Germany; 6708 g, 5 min), filtered (Labicom; re­
generated cellulose, 0.45 urn pores), frozen ( -20 °C, 24 h) and re-
centrifuged. The aliquots were analysed by liquid chromatog­
raphy with high resolution mass spectrometry (LC-HRMS, Q_Ex-
active, Accela 1250 LC pump, Hypersil Gold aQ column 
(50 x 2.1 mm; 5 urn particles) PAL autosampler, Thermo Fisher 
Scientific). The analytical method was restricted to 7 min due to the 
analysis of only four analytes (METH, D 5 -METH, A M P H and D 5 -
AMPH). The gradient and mass transitions of target compounds is 
presented in Appendix B. The data were processed using Trace-
Finder 3.3 software (Thermo Fisher Scientific). The limits of 

3 

quantification (LOQs) were calculated from the response at the 
lowest calibration point, where the relative standard deviation of 
the average response factor did not deviate more than 30% 
(Grabicova et al., 2018). The bioconcentration factors (BCFs) were 
calculated by dividing the average concentration of METH in fish 
tissues by the respective mean concentration in water (OECD, 
2012). 

2.4. Histology 

Six fish per group were sampled after 35 days of exposure and at 
the end of the four-day depuration phase. Samples of liver, heart, 
skin, kidney and gills were obtained and fixed in 10% neutral 
buffered formalin for 48 h. The gill tissue was additionally decal­
cified for 2 h (DC1, Johnson and Johnson). Al l organs were processed 
for histology. 3-|im thick slides were prepared and stained with 
haematoxylin and eosin (HE). Heart tissues were additionally 
stained with Masson's trichrome acc. Capelli (with Aniline Blue) 
(Diapath kit 010210). Organs were observed under a light micro­
scope (Olympus BX51). 

Lesion severity was semi-quantitatively classified as 0 = no 
changes, 1 = minimal changes, 2 = mild intensity, 3 = moderate 
intensity and 4 = severe intensity (Naslund et al., 2017). The slides 
were re-evaluated by two additional observers. The following pa­
rameters were classified: Liver: cytoplasmic vacuolation, especially 
macrovacuoles, karyopyknosis and areas of infiltration with lym­
phocytes, plasma cells and macrophages. Presence of pigmented 
macrophages was measured by counting their number in four 
randomly selected areas at 400x; Heart: areas of muscular degen­
eration, infiltration with lymphocytes, plasma cells and macro­
phages in myocardium and epicardium (Steinbach et al., 2016); 
Skin: epidermal regularity, dermal infiltration with lymphocytes, 
plasma cells and macrophages; Kidney: number of pigmented 
macrophage aggregates, tubular nephrosis and neotubulogenesis; 
Gills: subepithelial infiltration with lymphocytes and macrophages, 
epithelial necrosis, epithelial cell hyperplasia and hypertrophy. 

2.5. Immunohistochemistry 

Livers from six fish per group after 35 days of exposure and after 
4-day depuration phase were analysed. SignalStain® Apoptosis 
(Cleaved Caspase-3) 1HC Detection Kit (Cell Signalling Technology, 
Inc.) using cleaved caspase-3 (Aspl75) (D3E9) Rabbit monoclonal 
antibody, was applied on the same liver sections as used for his­
tology, following the manufacturer's protocol. This method allows 
to detect nuclear activated caspase-3 large fragment (17/19 kDa). 
The antigen-antibody complex was visualized using 3-3' dia-
minobenzidine tetrahydrochloride (DAB) as a chromogen, that 
produced a brown end product. Afterwards, the samples were 
counterstained with haematoxylin. Only the singular hepatocytes 
intermingled in the parenchyma with clear DAB stained nucleus 
were counted as positive. The presence and number of positive cells 
per slide was evaluated. The slides were blindly evaluated by two 
additional observers. 

2.6. Statistics 

Statistical analysis was performed with R free software (v. 3.5.3) 
and SigmaPlot (v. 12.0). One-way analysis of variance (ANOVA) was 
used to compare the experimental groups and, if significant dif­
ferences were observed, a Tukey post hoc test was performed. 
Kruskal-Wallis (non-parametric test) was applied in case of differ­
ences in the one-way ANOVA assumptions, with Dunn-test as the 
post hoc test in required cases. For comparing between two groups, 
T-test was performed once the normality was confirmed by Shapiro 

-47 -



4 M.E. Sancho Santos et at. / Chemosphere 254 (2020) 126882 

test. Statistical differences were defined at p < 0.05, and a/2 for 
Dunn-test. 

3. Results 

3.1. Chemical analyses 

3.1.1. Water 
The average concentration of METH in water for the respective 

treatments was 1.3 ± 0.2 and 66 ± 5 ng IT 1 (Table 1), and lower than 
LOQin the control groups. The LOQin water for METH ranged from 
0.0043 to 0.045 ng IT 1 and from 0.0033 to 0.036 ng IT 1 for AMPH. 

3.1.2. Methamphetamine in tissues 
The concentration of METH in tissues (expressed as ng g _ 1 wet 

weight) was below the LOQ in the control group and at the 
beginning of the experiment. The LOQs ranged from 0.036 to 
0.67 ng g _ 1 in different tissues (Appendix C). METH was found in all 
tissues in exposed fish at all time points. The temporal changes in 
concentration in the different organs are given in Fig. l a and Fig. lb , 
and the statistical analyses are detailed in Fig. D l of Appendix D. 
The levels followed the order 
kidney > liver > brain > muscle > plasma. Overall, the kidney 
presented the highest concentration, approximately 160 times 
higher than the other tissues. 

The calculated BCFs were constant between both METH con­
centrations tested in the respective tissues (T-test, p > 0.05) 
(Appendix E). The highest values were found in kidney, i.e., 80 in 
the environmental group and 54 in the high-concentration group. 
The values were lower in the other tissues, from 0.15 to 0.91 and 
from 0.13 to 0.6 in the respective treatments. 

After the depuration phase, there was a decrease in the METH 
concentration in all the tissues analysed. In the environmental 
concentration group, 0.2 ng g - 1 and 13 ng g _ 1 remained in liver and 
kidney tissues, respectively. However, plasma, muscle and brain 
were successfully depurated, as the concentrations were below the 
LOQ, 460 ng g was detected in the kidney of the high 
concentration-exposed fish and much lower in the other tissue 
residues, from 0.24 to 1.7 ng g - 1 . 

3.1.3. Amphetamine in tissues 
In the control group and at the start of the experiment, the 

concentration of A M P H was below the LOQ_(from 0.03 to 1.8 ng g~\ 
Appendix C). A M P H was also found in all examined organs in 
exposed individuals at all time points. The temporal progression of 
concentrations in analysed tissues in both treatments is shown in 
Fig. l c and d, and the related statistical study shown in Fig. D2 of 
Appendix D. The levels of tissue metabolites followed the same 
order as METH, but the values were elevated compared with the 
parent compound-over 2.6 times higher in kidney and 7 times 
higher in the other tissues. The highest concentration of A M P H was 
found in the kidney, approximately 60 times higher than in the 

Table 1 
The mean concentrat ion of me thamphe tamine and the metabol i te amphetamine in 
water. Values are expressed as the mean ± standard dev iat ion, n = 12. L O Q = l im i t of 
quant i f icat ion. 

Compound Group Concentrat ion in water (^g L *) 

Me thamphe tamine Control < LOCI 
1 ng L-1 1.3 ±0.2 
50 L _ 1 66 ± 5 

Amphe tam ine Control < LOO_ 

1 m L 1 < LOO_ 
50 ng L- 1 0.52 ±0.15 

other organs. The metabolization rate (concentration of the 
metabolite divided by the parent compound) followed the order 
liver > brain > plasma > muscle > kidney. 

The metabolite depuration was completed in the muscle of in­
dividuals in the environmental group but generally had a tendency 
to decrease in the other tissues, plasma, brain and liver, ranging 
from 0.17 to 2.9 ng g _ 1 . The mean concentration of A M P H in the 
kidney was 88 ng g _ 1 . In the high-concentration group, residues at 
levels ranging from 7.1 to 4200 ng g _ 1 (16—37% of the values from 
the last exposure day, Time 35) were present in all tissues tested. 

3.2. Histology 

3.2.1. Liver 
In the liver, after 35 days of exposure, the hepatocytes of most of 

the control fish showed no cytoplasmic vacuolation (Fig. 2a) and, in 
few cases, few clear, round, small vacuoles, most likely fat, were 
observed. The observed differences in fish exposed to the envi­
ronmentally relevant level of METH (1 ng IT 1 ) compared with the 
controls were not significant, however high variability in hepato-
cyte vacuolation was observed (Appendix F). Some individuals 
presented many fat vacuoles (macrovacuoles), often associated 
with cell membrane disruption (Fig. 2c), whereas other fish showed 
no hepatocyte vacuolation, similar to control animals (Fig. 2b). In 
the high-concentration group (50 ng L ), individuals presented 
severe cytoplasmic macrovacuolation, moderate to severe cell 
membrane rupture (Fig. 2d) and single cell necrosis, characterized 
by increased karyopyknosis. Al l changes in this group were signif­
icantly different from the control and environmental groups 
(Kruskal-Wallis, p < 0.05) (Appendix F). 

After the depuration phase (Time 39), the hepatocytes of control 
fish resembled the previous sampling (Fig. 3a). Fish exposed to the 
high concentration were similar to the controls, however, the 
cytoplasmic vacuoles were foamier and cell membranes were often 
diminished (Fig. 3c). Areas of infiltration and pigmented macro­
phages were observed among all groups and sampling points, with 
no significant differences. However, fish exposed to the environ­
mental concentration showed significantly more vacuolation 
(Kruskal-Wallis, p < 0.05), especially macrovacuoles associated 
with cell membrane rupture, compared to controls and fish 
exposed to high concentration (Fig. 3b) (Appendix F). 

3.2.2. Heart 
After 35 days of exposure, the hearts of trout in the environ­

mental concentration group showed a statistically significant in­
crease in infiltration of the pericardium with lymphocytes, plasma 
cells and macrophages compared to control (Fig. 4a and b) and 
high-concentration group (Fig. 4e and f) (Kruskal-Wallis, p < 0.05) 
(Appendix F). No additional statistically significant finding was 
diagnosed. However, in the group exposed to the environmental 
concentration, one heart presented numerous areas of coronary 
vessel dilation, congestion, oedema and inflammatory cell infil­
tration in the pericardium (Fig. 4c and d). 

After the depuration phase (Time 39), two individuals in the 
control group and four fish in the high-concentration group 
(50 ng L _ 1 ) showed focal areas of ischaemic degeneration. In the 
environmental concentration group, the same kind of lesion was 
found in two individuals, with higher extension and severity 
(Fig. 5c and d). Control group did not show more alterations (Fig. 5a 
and b). Degeneration of coronary vessels characterized by mild 
oedematous disintegration of vessel walls and lymphocytic infil­
tration in the surrounding fat tissue was diagnosed. Small areas of 
fibrosis were observed intermingled in the myocardium in exposed 
(environmental and high-concentration groups) individuals (Fig. 5e 
and f). The presence of spotted areas with gartered lymphocytes in 
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High co ncent ration group individuals 

Time 0 Time 4 Time 12 Time 20 Time 23 Time 35 Depuration 

Environmental concentration group indrnduali 

Time 0 Time 4 Time 12 Trie 20 Time 25 Time 35 Depuration 

High concentration group indiyrjjals 

Time 0 Timet Time 12 Time 20 Time 20 Time 35 Depuration Timet) Time 4 Time 12 Time 20 Time 23 Time 35 Deputation 

Fig. 1. Concentration in plasma, muscle, brain, l iver and kidney of brown trout [Salmo truttafario) (n = 10) after 0 (Time 0), 4 (Time 4), 12 (Time 12), 20 (Time 20), 28 (Time 28), 35 
(Time 35) days of exposure and 4- day depuration phase (Depuration, T ime 39), expressed in Log i 0 (ng g~'), of (a) methamphetamine in environmental relevant concentration 
group (1 ug L - 1 ) , (b) methamphetamine in high concentration group (50 ug L - 1 ) , (c) amphetamine, methamphetamine's metabolite, in environmental concentration group 
(1 ug L - 1 ) , (d) amphetamine in high concentration group (50 ug IT 1 ) . 

myocardium was significantly increased (Kruskal-Wallis, p < 0.05) 
in the high concentration-exposed fish compared to control and 
environmental concentration-exposed fish (Appendix F). 

In gills, skin and kidney, no significant differences were found 
between individual fish or between experimental groups. 

3.3. Immunohistochemistry 

After 35 days of treatment, only livers of brown trout exposed to 
high concentration of METH presented cleaved caspase-3 positive 
cells (Kruskal-Wallis, p < 0.05) (Fig. 6a, c, e) yet, after depuration 
phase (Time 39), both groups exposed to the drug showed positive 
hepatocytes (Fig. 6b, d, f) (Appendix F). 

4. Discussion 

4.1. Chemical analyses 

METH and its metabolite A M P H were present in all tissues of 
exposed individuals. Apart from the liver which plateaued at time 
4, all other organs reached a steady chemical concentration level by 
time 12. The tested compounds have a low n-octanol-water parti­
tion coefficient (log K o w ) , 2.07 for METH and 1.76 for AMPH, indi­
cating their hydrophilic nature. Considering the OECD guideline 

(OECD, 2001), low BCF were observed (BCF< 500) although possible 
toxic effects after chronic exposure at low levels are mentioned in 
the same guideline. Yin et al. (2019) found the accumulation of 
METH and A M P H in zebrafish within the same range of BCF we 
observed. Results from studies concerning carbamazepine, which 
has a similar log 1<0W, also showed a low BCF (<10), with different 
values depending on the tissue and the fish species (Garcia et al., 
2012; Valdes et al., 2016). 

The therapeutic plasma concentration (TPC) is related to the 
plasma level at which pharmacological effects are obvious. The TPC 
of METH in humans ranges from 0.01 to 0.05 |ig m i r 1 and that for 
AMPH is 0.02-0.15 ug m i r 1 (Regenthal et al., 1999). The read-
across hypothesis (Huggett et al., 2003) suggests that therapeutic 
effects in humans can be extrapolated to fish if the concentration in 
fish plasma is similar to the TPC in humans, due to their molecular 
target conservation. If the effect ratio (ER; human TPC/concentra-
tion in fish plasma) is < 1, it could be supposed that the therapeutic 
concentration in fish is the same or even higher than the TPC in 
humans (Huggett et al., 2003). In this study, the ER in the envi­
ronmental concentration groups was 59 for METH and 35 for its 
metabolite. In the high-concentration group, the ER was 1.34 and 
0.61 for METH and its metabolite and the plasma levels (an average 
of 0.01 and 0.03 |ig m i r 1 , respectively) reached the TPC for humans 
for both compounds. Previous studies with other substances 
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Fig. 2. Liver tissue of brown trout after 35 days of exposure (Time 35; n = 6). (a) 
Control fish w i th no hepatocyte cytoplasmatic vacuolation, scattered karyopyknotic 
cells (arrow wi th open arrowhead) and mitot ic figures (arrow wi th closed arrowhead), 
600x magnification, b, c Environmental concentration group (1 ug L" 1) at 600x 
magnification, (b) Individual wi th no hepatocyte vacuolation. (c) Fish displaying 
cytoplasmatic vacuolation causing disruption of cell membranes (closed arrowheads), 
displacing of the nucleus to the side of the cell (open arrowheads) and an intranuclear 
inclusion (arrow), (d) Fish exposed to high METH concentration (50 ug L" 1) at 600x 
magnification, showing increased cytoplasmic vacuolation, macrovacuoles often d is ­
placing the nucleus to the cell margin (open arrowheads), and rupture of cell m e m ­
branes (closed arrowheads). H&E staining; scale bar = 50 p.m. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

reported similar effects even without reaching the TPC (Patel et al., 
2016; Steinbach et al., 2014). In addition, according to Huggett et al. 
(2003), substances should be additionally evaluated if the ER 
is < 1000 for the 10-fold factor applied to fish. 

Fig. 3. Liver of brown trout after depuration phase (Time 39; n = 6). (a) Control fish 
w i th scattered vacuolation (most probably of l ipid content) at 600x magnification and 
mitotic figures (arrow with closed arrowhead), (b) Environmental concentration group 
(1 ug L" 1) at 600x magnification, showing increased cytoplasmic vacuolation of he-
patocytes, macrovacuoles displacing nucleus to the cell margin, disruption of cell 
membranes (e.g. closed arrowheads) and increased amount of karyopyknosis (e.g. 
arrows w i th open arrowheads), (c) High concentration group (50 ug L" 1) at 600x 
magnification, w i th scattered cytoplasmic microvacuoles in hepatocytes. H&E staining; 
scale bar = 50 urn. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Receptors of dopamine, noradrenaline and serotonin, for which 
amphetamine-type substances (ATS) are indirect agonists, are 
mainly located in the nervous system and the brain (Sulzer et al., 
2005). Based on our results, it could be suggested that these com­
pounds reached the CNS in both exposure groups. Future studies 
should focus on behavioural changes in fish after exposure to METH 
due to presence of the substance and its metabolite in the brain 
even at environmental relevant concentrations. 

METH is transformed to A M P H via N-demethylation dependant 
on cytochrome P450 (Cruickshank and Dyer, 2009). In our experi­
ment, the highest metabolization rate was observed in the liver. The 
metabolite A M P H is a pharmacologically active compound with 
similar characteristics to METH. In previous studies using 
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Fig. 4. Heart of brown trout after 35 days of exposure (Time 35; n = 6). a, b. Control fish, no pathological findings were recorded (a) Myocardia l structure: 1 = compact layer, 2 = 
spongy layer, 200x magnification, (b) Higher magnification of myocardium, c, d. Environmental concentration (1 ug L - 1 ) , coronary vessels were dilated (closed arrowheads), in 
vic inity moderate oedema (asterisk) and infi ltration of pericardium wi th lymphocytes and less plasma cells and macrophages (open arrowhead), (c) 200x magnification, (d) Higher 
magnification (600x). e, f. High concentration group (50 ug IT 1 ) s imi lar to control, (e) 200x magnification, (d) 600x magnification. H&E staining; scale bars = (a, c, e) 100 um, (b, d, f) 
50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

mammals, the metabolite was not considered to contribute to 
clinical effects due to the low concentrations detected (Carvalho 
et al., 2012; Cruickshank and Dyer, 2009). Conversely, in this 
experiment, the concentrations of the metabolite were substan­
tially higher than the parent compound in all analysed tissues and 
thus the observed effects could be partially related to the action of 
the metabolite. Apart from amphetamine, additional metabolites 
were found in tissues of mammals, as para-
hydroxymethamphetamine (Cruickshank and Dyer, 2009; Wagner 
et al., 2018). Considering the notable amount of amphetamine in 
fish tissues observed in this study and in Yin et al. (2019), future 
research must focus on the identification of potentially formed 
metabolites of METH and their possible effects on fish. 

METH and A M P H accumulate in the urine of mammals 
(Cruickshank and Dyer, 2009), and METH is excreted in a high 
proportion without biotransformation (Carvalho et al., 2012). In 
this study, the kidney showed the lowest rate of the metabolite 
AMPH to the parent compound METH compared to other analysed 

tissues (e.g. at the environmental group, the rate of concentrations 
ranged only 2.1 to 3.4 compared to 3.9 to 9.2 in brain or 7.4 to 9.9 in 
liver, respectively). Both compounds were transported to the kid­
ney for excretion, but no histopathological changes were observed 
in this organ. Although some remnants of the substances were still 
detectable after four days of depuration, all levels had diminished 
considerably. The gradual excretion of the compounds indicates a 
longer depuration time. 

4.2. Histology 

Histopathology is widely used as a key tool in toxicology studies 
to determine the effects of environmental pollutants on fish and 
also serves as an important end point in risk assessment (Crissman 
et al., 2004). Based on the results obtained in this study, METH 
induced histopathology in the liver and heart even at the low 
concentration (1 ug IT 1 ) , which is considered environmentally 
relevant in this study. 
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Fig. 5. Heart of brown trout after four-day depuration phase (Time 39; n = 6). a, b. Myocard ium of control group w i th no lesions, 600x magnification, (a) H&E staining (b) Masson's 
tr ichrome staining, c, d. Environmental concentration group (1 ug IT 1 ) , degenerated areas in myocardium (star) characterized by hypereosinophil ia, amorphous structure of 
myofibers and occasional fragmentation, note hypertrophic nuclei at the periphery of myocardial fibers and pronounced cytoplasmic eosinophil ia. Pericardium adjacent to the 
affected myocardium reacted as pericarditis fibrinosa focalis. Changes may be caused by myocardial ischemia, posit ion of affected fibers pointed at regions w i th worsen oxygen 
supply, 600x magnification, (c) H&E staining (d) Masson's tr ichrome staining ( indicating degenerated myofibers in red), e, f. Fish exposed to high concentration (50 ug L - 1 ) , showing 
numerous small fibrotic areas (open arrowhead) in spongy layer of myocardium, corresponding to fibrotic scars, better i l lustrated in Masson's tr ichrome staining, pericardium 
reacted as pericarditis fibrinosa focalis. 400x magnification, (e) H&E staining, (f) Masson's tr ichrome staining; scale bar = 50 um. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

4.2.1. Liver 
METH is thoroughly metabolized in the liver, where it also ac­

cumulates in mammals (Carvalho et al., 2012). The common his-
topathology observed in humans and experimental animals in 
response to METH exposure is cytoplasmic vacuolation of hepato-
cytes, in a wide range of intensity (Halpin and Yamamoto, 2012; 
Kamijo et al., 2002; Koriem and Soliman, 2014; Milroy et al., 1996; 
Wang et al., 2017), which is in agreement with the findings of our 
experiment. In line with Wang et al. (2017), no fibrotic changes 
were found in this study. 

Hepatotoxicity of ATS has been largely reported (Halpin et al., 
2013; Milroy et al., 1996; Wang et al., 2017), often associated with 
hyperthermia and direct toxicity, but the specific mechanisms are 
unclear. 

An increase in body temperature has been associated with the 

effects of ATS in the liver, as it was connected to increased oxidative 
stress and decreased activity of antioxidant enzymes, especially 
superoxide dismutase and glutathione peroxidase (Koriem and 
Soliman, 2014). Rats treated with METH at normothermia and hy­
perthermia conditions showed positive temperature and dose-
dependent effects in cytoplasmatic vacuolation of hepatocytes in 
a study by Halpin et al. (2013). Vacuolation with hydrophobic 
substances in the liver, such as fat, is often related to the exposure 
to pharmaceuticals and diverse toxic agents, which cause energetic 
cell disbalance and consequent replenishing of cytoplasmatic vac­
uoles in the hepatocytes (Halpin et al., 2013; Idilman et al., 2016). 

In our study, a high variation in vacuolization intensity was 
found in livers in the environmental concentration group. Due to 
interindividual differences, some of the fish were more sensitive. In 
fish exposed to the high concentration, all livers showed moderate 
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Fig. 6. Immunostaining of cleaved caspase-3 in l iver of brown trout (n = 6). a, c, e. After 35 days of exposure, (a) Control group w i th pigmented macrophages (closed arrowhead), (c) 
Environmental concentration (1 ug IT 1 ) containing pigmented macrophages (closed arrowhead), (e) High concentration individuals (50 ug IT 1 ) showing a pigmented macrophage 
(closed arrowhead) and a positive cell (open arrowhead), b, d, f. After 4-day depuration phase, (b) Control fish, pigmented macrophages (closed arrowhead), (d) Environmental 
concentration group exhibi t ing a positive cell (open arrowhead) and an artefact (arrow), (f) High concentration exposed individuals showing a positive hepatocyte (arrow). 600x 
magnif ication; scale bar = 50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

to severe cytoplasmatic vacuolation degeneration, confirming the 
dose-dependent effect reported by Halpin et al. (2013). 

After the depuration phase, fish previously exposed to the 
environmental concentration showed severe liver lesions, possibly 
related to the exposure time and level of compound remnants in 
the tissue. In fish previously exposed to high concentrations of 
METH, the liver showed a reduction of cytoplasmatic vacuoles. 
However, membrane rupture was still observable, indicating prior 
damage and depletion of hydrophobic substances during depu­
ration, possibly due to compensation processes or increased 
metabolism of the drug at high concentrations compared with the 
environmental concentration. In agreement, Yin et al. (2019) also 
suggested a faster metabolism of METH in zebrafish under high 

concentrations exposure, due to the increased amount of the 
metabolite A M P H at higher levels in comparison to lower 
concentrations. 

4.22. Heart 
Similar to the findings in the liver, METH has been attributed to 

severe changes in the cardiovascular system in experimental ani­
mals and humans, e.g., acute coronary syndrome, infarction, car­
diomyopathy or aortic dissection (Akhgari et al., 2017; Kaye et al., 
2007; Won et al., 2013). 

The microvascular injuries, foci of necrosis, fibrosis, eosinophilic 
changes and cell infiltration with lymphocytes observed in this 
study are also widely reported in response to METH exposure 
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(Akhgari et al., 2017; Islam et al., 1995; Liou et al., 2014; Milroy and 
Parai, 2011; Won et al., 2013). In general, the effects of METH on the 
cardiovascular system were considered a consequence of cardio-
and neurotoxicity, mediated by increased catecholamine activity, 
oxidative stress, increased apoptosis and mitochondrial impair­
ments (Henry et al., 2012; Kaye et al., 2007; Li et al., 2012a, 2012b; 
Liou et al., 2014; Lord et al., 2010). 

Increased catecholamine action induced by METH has a direct 
effect on the cardiovascular system by binding on p i adrenor-
eceptors, and an indirect effect by boosting the locomotor activity 
and increasing the demand for blood flow (Hassan et al., 2016). This 
loop provokes a decreased oxygen supply of the myocardium due to 
increased vasoconstriction in the periphery and increased oxygen 
demand due to tachycardia and hypertension (Henry et al., 2012; 
Kaye et al., 2007). The associated hypoxia provokes myocardium 
necrosis and replacement by fibrosis (Henry et al., 2012). Similar to 
the liver changes, Liou et al. (2014) observed increased Fas-
dependent and mitochondria-dependent apoptosis in the heart of 
METH-exposed rats. Excess catecholamines also provokes oxidative 
stress in the myocardium and a resulting energy misbalance in 
myofibers, leading to ventricular dysfunction (Lord et al., 2010). In 
addition, Faith et al. (Li et al., 2012a, 2012b) reported brain stem 
nuclei degeneration following METH exposure associated with 
central cardiovascular dysfunction in rats. In our study, higher 
concentrations of METH were found in the brain of brown trout 
than in the other tissues. Additional studies must be undertaken to 
elucidate the underlying mechanisms. 

In fish, the adrenergic system is highly conserved compared to 
mammals (Fabbri et al., 1998). We hypothesize that increased res­
piratory rate could not compensate for oxygen depletion in the 
myocardium and led to the observed histopathology of the heart. 

In our study, histological findings in the heart were mainly 
observed in the environmental concentration-exposed fish 
whereas no significantly different changes were found in high-
concentration group compared with the control animals. This 
could be due to regeneration processes (Ma et al., 2018). Another 
explanation could be that high METH concentrations activate 
compensatory mechanisms faster and induce adaptation, as the 
liver results suggested a decreased amount of hepatocyte vacuo-
lation in the high-concentration group compared to the environ­
mental group after the depuration phase. 

Fibrosis has been seen as a non-recovery sign in METH users 
enduring cardiomyopathy (Darke et al., 2018; Lopez et al., 2009), 
even in METH absent individuals (Voskoboinik et al., 2016). In 
contrast, myocardium regeneration, even after fibrosis, has been 
documented in zebrafish (Ma et al., 2018; Sanz-Morejbn et al., 
2018). Therefore, the effects of these contaminants on the cardio­
vascular system in fish are likely less pronounced. 

4.3. Immunohistochemistry 

Apoptosis has been commonly associated to the toxicity of 
METH exposure in several organs, including the liver. The enzyme 
caspase-3 is a key performer in the mechanism of execution (Dias 
Da Silva et al., 2013; Jimenez et al., 2004; Leung et al., 2014; Liou 
et al., 2014). Furthermore, direct cytotoxicity in hepatocytes due 
to the activation of apoptosis and inhibition of cell division in 
METH-exposed rats was reported by Wang et al. (2017). In accor­
dance with these findings, we observed an increased caspase-3 
activity in exposed individuals. Dias Da Silva et al. (2013) used 
HepG2 cell lines exposed to METH and reported both mechanisms 
of cell death, apoptosis and necrosis. Accordingly, exposed fish 
presented an increased activity of caspase-3 and single cell necro­
sis, as observed in the histological analyses. 

The presence of caspase-3 positive cells in environmental 

concentration group after depuration phase, and not after 35 days 
of exposure, suggested that the triggered vacuolation occurred 
prior to the activation of the caspase cascade. Therefore, damaged 
cells would be detected at nuclear level once the disturbance was 
produced at the cell level. In the same way, as part of the recovering 
mechanism of the tissue, apoptosis was still present while the rest 
of the pathological alterations were already ceased in high con­
centration group after depuration phase. 

5. Conclusions 

Brown trout exposed to relevant environmental (1 \ig L _ 1 ) and 
high concentrations (50 |ig L _ 1 ) of methamphetamine revealed 
histological changes in the liver and heart, which were similar to 
those previously described in mammals, as well as increased 
apoptosis of hepatocytes. The bioconcentration factor for METH 
was low (<500), indicating a low possibility to be bioconcentrated 
(OECD, 2001), although METH was found in all tissues analysed. 
Due to its pharmacological activity and the remarkable amounts 
detected, the metabolite A M P H could be suspected to have partially 
caused the observed effects. The chemical and histological findings 
suggested a tendency of adaptation of brown trout to METH 
exposure. The plasma concentrations of both substances were close 
to the therapeutic level in humans, emphasising the necessity for 
additional studies of similar effects. This study showed that METH 
impacts fish even at environmentally relevant levels, indicating 
potential effects in wild aquatic organisms. 
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Appendix A: 

Table A. 1. Number of tested fish (Salmo trutta fario) used in each sampling day. At the starting of the 
experiment, 12 control fish were sampled. Afterwards, at every sampling day, 5 fish per aquarium were 
sampled, which means 10 fish per treatment. Due to insufficient amount of the samples, histology and 
immunohistochemistry were demonstrated at lower number. 

Treatment Time 0 Time 4 Time 12 Time 20 Time 28 Time 35 Time 39 
(depuration) I 

Control 12 10 10 10 10 10 10 72 
Environmental 10 10 10 10 10 10 6 0 

High 10 10 10 10 10 10 6 0 
12 30 30 30 30 30 30 192 

Appendix B: 

Table B. 1. Chemical analysis of methamphetamine (METH) and amphetamine (AMPH) in fish brain 
(LC-HRMS). 

Liquid chromatography 
Time Water Acetonitrile Flow 
[min] (0 .1% formic acid) [%] (0 .1% formic acid) [%] [mL min _1] 

o 1 0 0 0 0.35 
1 0 0 0 0.35 

3 50 50 0.35 

4 20 8 0 0.45 
0 1 0 0 0.45 

6 0 1 0 0 0.45 
6.05 1 0 0 0 0.35 

7 1 0 0 0 0.35 
Mass spectrometer 

Drug Parent ion Product ion (quan) Product ion (qual) Retention time 
[min] 

METH 150 .13 9 1 . 0 5 4 7 1 1 9 . 0 8 5 7 3.45 
D5-METH 155 .16 92 .0611 - 3.45 

A M P H 136.11 9 1 . 0 5 4 7 11 .0857 3.30 
D5-AMPH 141 .14 9 3 . 0 6 7 3 3.30 

Appendix C: 

Table C. 1. Minimum and maximum limit of quantification (LOQ), in nanograms per gram, of 
methamphetamine and the metabolite amphetamine in tissues of brown trout. 

Tissue 

Muscle 
Plasma 
Brain 

Kidney 
Liver 

Methamphetamine Amphetamine 
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Figure D. 1. Bioconcentration of methamphetamine, in nanograms per gram, in tissues of brown trout 
exposed after 0, 4, 12, 20, 28, 35 days and after 4-day depuration phase, (a) Plasma of environmental 
concentration (1 ug L 1) exposed group, (b) Plasma of high concentration (50 ug L 1) exposed group, (c) 
Muscle of 7 ug L 1group, (d) Muscle of 50 ug L 1 group, (e) Brain of 7 ug L 1 group, (f) Brain of 50 ug L 1 group, 
(g) Liver of 7 ug L 1 group, (h) Liver of 50 ug L 1 group, (i) Kidney of 7 ug L 1 group, (j) Kidney of 50 ug L 1  

group. Statistical analyses performed by Kruskal-Wallis test, with Dunn-test as post-hoc treatment. 
Letters corresponds to the significant differences between groups (Kruskal-Wallis p <0.05; Dunn-test a/2). 
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Figure D.2. Concentration of methamphetamine's main metabolite, amphetamine, in nanograms per 
gram, in tissues of brown trout exposed after 0, 4, 12, 20, 28, 35 days and after 4-day depuration phase, 
(a) Plasma of environmental concentration (1 ug L 1) exposed group, (b) Plasma of high concentration 
(50 ug L 1) exposed group, (c) Muscle of 7 ug L 1 group, (d) Muscle of 50 ug L 1 group, (e) Brain of 
7 ug L 1 group, (f) Brain of 50 ug L 1 group, (g) Liver of 7 ug L 1 group, (h) Liver of 50 ug L 1 group, (i) Kidney 
of 7 ug L 1 group, (j) Kidney of 50 ug L 1 group. Statistical analyses performed by Kruskal-Wallis test, with 
Dunn-test as post-hoc. Letters corresponds to the significant differences between groups (Kruskal-Wallis 
p <0.05; Dunn-test a/2). 
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Appendix E: 

Table E. 1. Bioconcentration factor (BCF) of methamphetamine in tissues of brown trout after 4 (Time 
4), 72 (Time 12), 20 (Time 20), 28 (Time 28) and 35 (Time 35) days of exposure. The calculation of 
BCF was performed by dividing the average concentration of METH in tissues by the respective mean 
concentration in water. No statistical differences were found the BCF depending on the concentration of 
the tested compound and tissue (T-test, p >0.05). 

Plasma Muscle Brain Liver Kidney 
1 Ug L 1 50 ug L 1 1 Ug L 1 50 ug L 1 1 Ug L 1 50 ug L 1 1 Ug L 1 50 ug L 1 1 Ug L 1 50 ug L 1 

Time 4 0.08 0.07 0 .19 0 .16 0 .38 0.22 0 .49 0 .44 23 .86 20.51 
Time 12 0.17 0.17 0 .39 0 .38 0.45 0.51 0 .78 0.57 74.81 52.91 
Time 20 0.22 0.21 0 .53 0 .53 0.51 0.85 1.13 0 .89 1 1 0 . 0 0 74 .19 
Time 28 0.13 0.12 0 .36 0.31 0.37 0 .36 0.77 0.51 93 .85 57 .47 
Time 35 0.14 0 .09 0.33 0.26 0.29 0.25 1.40 0.57 98 .18 65 .29 
Mean ± 0.15 ± 0.13 ± 0.36 ± 0.33 ± 0 .40 ± 0 .44 ± 0.91 ± 0.60 ± 8 0 . 1 4 ± 54 .08 ± 

SD 0.05 0 .06 0.12 0 .14 0 .08 0.26 0.36 0.17 33.91 20 .43 

Appendix F: 

Table F. 1. Histopathological findings in liver and heart of brown trout (Salmo trutta fario) after 
the exposure to methamphetamine for 35 days. Intensity of lesions in semi-quantitative scale: 0 = no 
changes, 7 = minimal changes, 2 = mild intensity, 3 = moderate intensity and 4 = severe intensity. Number 
of pigmented macrophages were counted in four randomly selected areas at 400x. 
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2 1 1.50 3.50 0 1 1 0 .50 1.50 
3 0 1 2.25 2 1 0.50 1 2 

Control 
0 2.25 0 .50 

Control 
4 0 0 3.25 0 0 3 1 2 
5 0 0 4 1 0 1 2 1 
6 0 1 4 0 1 1 2 1 
1 2 3 1.50 1 2 1.50 2 2 
2 0 0 5.75 1 2 3 2 3 

1 u g L 1 
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1 u g L 1 

4 0 0 6 1.50 2 3.50 3 2 
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1 2 3 2.75 1 2 2.50 2 2 
2 4 4 2.50 1 2 1.50 1 0 .50 

50 u g L 1 
3 2 3 2.50 0 1.50 2 1 2 

50 u g L 1 
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Table F.2. Histopathological findings in liver and heart of brown trout after 4 days of methamphetamine 
depuration. Intensity of lesions in semi-quantitative scale: 0 -no changes, 7 = minimal changes, 2 = mild 
intensity, 3 = moderate intensity and 4 = severe intensity. Number of pigmented macrophages were 
counted in four randomly selected areas at 400x. 
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Mac Vac PM !nf Kar Deg Epic Myoc 
Figure F. 1. Graphical representation of the histopathological findings in liver and heart of brown 
trout after 35 days of methamphetamine exposure. In liver, macrovacuolation (Mac), vacuolation 
(Vac), pigmented macrophages (PM), infiltration (Inf), karyopyknosis (Kar). In heart, degeneration 
(Deg), infiltration in epicardium (Epic), infiltration in myocardium (Myoc). Kruskal-Wallis test, asterisks 
correspond to the level of significance (*0.05 > p, **0.01 > p, ***0.005 > p). 
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Figure F.2. Graphical representation of the histopathological findings in liver and heart of brown trout 
after 4-day depuration. In liver, macrovacuolation (Mac), vacuolation (Vac), pigmented macrophages 
(PM), infiltration (Inf), karyopyknosis (Kar). In heart, degeneration (Deg), infiltration in epicardium (Epic), 
infiltration in myocardium (Myoc). Kruskal-Wallis test, asterisks correspond to the level of significance 
(*0.05>p, **0.01 >p). 
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Table F.3. Presence in brown trout livers of caspase-3 positive hepatocytes of after 35 days of 
methamphetamine exposure (Time 35), and after 4 day-depuration (Time 39) (n = 6). Livers marked as 

absence and "x", presence. 

Group 

50 ug L 1 

Time 35 Time 39 
Fish n u m b e r Posi t ive cel ls Fish n u m b e r Posi t ive cel ls 

1 0 1 -
2 0 2 -
3 0 3 -

Control 4 0 4 -
5 0 5 -
6 0 

0 (0%) 
6 

0 % 
1 - 1 X 

2 - 2 -
3 - 3 X 

1 ug L 1 4 
5 : 4 

5 
6 

0 % 
6 X 

5 0 % 

2 
3 
4 
5 
6 x 

67% 

x 
x 
X 

67% 

Control 1 ug L 1 50 ug L 1 Control 1 ug L 1 50 ug L 1 

Figure F.3. Graphical representation of the number of positive caspase-3 in hepatocytes of brown 
trout after 35 days of methamphetamine exposure (Time 35), and after 4 day-depuration (Time 39) (n 
= 6). Kruskal-Wallis test, asterisk corresponds to significance differences compared to the control group 
(p <0.05). 
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Methamphetamine pollution elicits addiction in wild fish 
Pavel Horký1'*, Roman Grabic2, Kateřina Grabicová2, Bryan W. Brooks 2 ' 3, Karel Douda1, Ondřej Slavík1, 
Pavla Hubená 1, Eugenia M. Sancho Santos2 and Tomáš Randák2 

ABSTRACT 
Illicit drug abuse presents pervasive adverse consequences for human 
societies around the world. Illicit drug consumption also plays an 
unexpected role in contamination of aquatic ecosystems that receive 
wastewater discharges. Here, we show that methamphetamine, 
considered as one of the most important global health threats, 
causes addiction and behavior alteration of brown trout Salmo trutta 

at environmentally relevant concentrations (1 ug I - 1). Altered 
movement behavior and preference for methamphetamine during 
withdrawal were linked to drug residues in fish brain tissues and 
accompanied by brain metabolome changes. Our results suggest that 
emission of illicit drugs into freshwater ecosystems causes addiction in 
fish and modifies habitat preferences with unexpected adverse 
consequences of relevance at the individual and population levels. 
As such, our study identifies transmission of human societal problems 
to aquatic ecosystems. 

K E Y W O R D S : B e h a v i o r , Bra in m e t a b o l o m e , D r u g r e s i d u e s in bra in , 
Withdrawal 

INTRODUCTION 
Illicit drug abuse is widely acknowledged as a global public health 
challenge that elicits profound societal costs, including financial 
burdens of hundreds of billions of dollars each year in the U S A 
alone (NIDA, 2010). Users of illicit drugs indirectly introduce these 
drugs into surface waters following excretion to sewage collection 
systems and discharge from wastewater treatment plants, because 
these systems were not designed to treat such contamination 
(Ort et a l , 2014). Other contaminants of emerging concern, 
including prescription medicines and other consumer chemicals, 
are similarly introduced into surface waters with the potential to 
alter the physiology and behavior of aquatic organisms at relatively 
low levels (Brodin et a l , 2013). Unfortunately, whether illicit drugs 
alter fish behavior at levels increasingly observed in surface water 
bodies is not known. 

Though amphetamines and methamphetamines could be used 
to treat various diseases including bipolar disorder, abuse and 
addiction potential limit their usage during psychiatric drug therapies 
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(Perugi et a l , 2017). In fact, amphetamine-type drug consumption is 
dramatically increasing, so much so that methamphetamine addiction 
is now considered one of the most important global health threats 
( U N O D C , 2017). Such global abuse of methamphetamine translates 
to surface water contamination worldwide (Xu et a l , 2017). In some 
parts of Europe, methamphetamine use is elevated; for example, 
sewage- (or wastewater-) based epidemiology studies of illicit drugs 
in raw sewage identified relatively high consumption in regions of 
the Czech and Slovak Republics (Ort et a l , 2014). Consequently, 
methamphetamine was previously observed in surface waters of the 
Czech Republic at levels of hundreds of nanograms per liter (Koba 
etal.,2018). 

Fish are sensitive to adverse effects of many neurologically 
active drugs from alcohol to cocaine and are employed as 
model organisms to study nervous system disorders (Collier 
et a l , 2014). Though behavioral perturbations by neurologically 
active contaminants may have fundamentally important 
consequences to individual-, population- and community-level 
dynamics (Saaristo et a l , 2018), behavioral response variables are 
rarely employed during environmental assessments (Agerstrand 
et a l , 2020). However, Ford et al. (2021) recently provided 
consensus perspectives and recommendations to advance 
behavioral ecotoxicology interfaces between the basic and 
translational sciences. These recommendations are particularly 
relevant for illicit drugs because information on their potential 
behavioral impacts in aquatic ecosystems are poorly understood. 

Because fish can develop drug addiction such as behavioral 
dependencies related to the dopamine reward pathway in a similar 
manner to humans (Bosse and Peterson, 2017), we tested whether 
fish exposed to environmentally relevant methamphetamine 
concentrations show signs of addiction during withdrawal. We 
then examined potential mechanisms of addiction by identifying the 
extent of methamphetamine and its metabolite amphetamine 
presence in brain tissues of brown trout, Salmo trutta. Brown 
trout is a globally important species that is native primarily in 
Europe with a range extending to western Asia and North Africa 
(MacCrimmon et a l , 1970) but with naturalized populations on all 
continents except for Antarctica (Elliott, 1994). Furthermore, brown 
trout has been employed as a model species in toxicology (e.g. 
Luckenbach et a l , 2001). Thus, the results obtained in the present 
study are broadly relevant to numerous ecosystems. 

MATERIALS AND METHODS 
Experimental animals 
A l l laboratory experimental procedures complied with appropriate 
animal welfare regulations (Law no. 246/1992, § 19, article 1, 
letter c), which were derived from Directive 2010/63/EU; the permit 
was awarded to O. Slavik, qualified according to Law no. 246/1992, 
§ 17,article Lpermi tno . CZ02233. A l l laboratory procedures were 
performed with relevant permission from the Departmental Expert 
Committee for authorization of experimental projects of the 
Ministry of Education, Youth and Sports of the Czech Republic 

1 
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(permit no. M S M T - 1972/2016-5). Fish used for experimentation 
were hatchery-reared juvenile brown trout, Salmo trutta Linnaeus 
1758, obtained from a local fish supplier that was verified as 
uncontaminated (Czech Fishery Ltd). A total of 120 similar-sized fish 
of the same age (1 year; mean standard length 117 mm) were 
transported from the hatchery to the laboratory and were kept in two 
separate holding tanks (350 1, each with 60 randomly distributed 
organisms) with aeration for 2 weeks prior to the start of the 
experiment. Fish were fed ad libitum food pellets (Biomar Ltd) once a 
day (except on days when behavioral assays were performed) and 
were kept under the natural photoperiod (i.e. daylight varied from 13 
to 14 h), thus maintaining the same regime to which they were 
accustomed in the hatchery. Three-quarters of the water volume was 
renewed with aged tap water filtered through activated charcoal every 
other day. Mean water quality parameters were as follows: p H 7.2, 
N H 4

+ <0.05 mg r 1 , N 0 3 - 7.08 mg l " 1 , N 0 2 " <0.04 mg H , P 0 4

3 _ 

<0.05 mg 1~', chemical oxygen demand by manganese ( C H S K M J 
1.1 m g l " ' , C T 8.9 m g l " 1 , E C a 2 + + M g 2 + l . O O m m o i r ' , C a 2 + 

34.1 m g l - ' . Water temperature was controlled automatically and 
held at a mean (±s.d.) of 17 .6±0 .2 °C throughout the entire experiment. 

Methamphetamine study 
Following a 2 week acclimation period, 60 fish in one holding tank 
were nominally exposed to methamphetamine (Sigma-Aldrich, 
Steinheim, Germany) at the environmentally relevant concentration 
of 1 ug 1~' for 8 weeks. Because methamphetamine affects fish 
condition after at least 3 weeks of exposure (Hubena et a l , 2020), 
we employed a period of 8 weeks to examine longer-term chronic 
conditions that may be expected in lotic systems continuously 
receiving municipal effluent discharge. A nominal concentration of 
1 Ug l - 1 was selected as an intermediate methamphetamine 
treatment level between lower (tens or hundreds of nanograms per 
liter; e.g. L i n et a l , 2010) and higher (25 ug 1~'; Paciuszkiewicz 
et a l , 2019) levels reported in surface waters around the world. A l l 
environmental variables (i.e. temperature, photoperiod, food) were 
consistent with the acclimatization period. Two-thirds of the water 
volume was renewed with aged tap water filtered through activated 
charcoal every other day. No significant p H differences were 
detected between the treatment and control (mean p H 7.2 versus 
7.17; P>0.11, n=56). Methamphetamine was added during every 
water renewal in order to maintain its concentration in the tank at the 
required level. Sixty negative control fish were kept under the same 
regime in a separate 3501 tank without methamphetamine. 
Methamphetamine concentrations in these two holding tanks were 
analytically determined 10 times during the 8 week study to verify 
exposure conditions. The mean (±s.d.) level of methamphetamine 
in aquaria with exposed fish was 1.2±0.4ug 1~' (n=10) and 
the concentration in the control tank was below our limit of 
quantification (<0.023 ug 1~'). 

Behavioral experimental design 
Behavioral observations were conducted in a two-current choice 
flume for examining preference of aquatic animals (Fig. 1) that was 
designed according to Jutfelt et al. (2017). Two separate tanks of 
100 1 volume were used to feed the system by gravity. Baffle plates, 
fine mesh and honeycomb collimators were designed to create two 
separate currents of laminar flow in the following choice arena 
(40 x 40 cm; volume of water ca. 30 1). The choice arena was free of 
any obstacles, allowing fish to choose freely between control and 
methamphetamine-contaminated areas. Methamphetamine levels in 
this choice arena were maintained at the same environmental 
concentration (1 .2±0.4ug 1~') as during the 8 week exposure 

period. The methamphetamine-dosed part of the observation arena 
(left or right) and fish treatment (of either control or previously 
exposed individuals) were regularly rotated in order to randomize 
experimental observations. 

After completing the 8 week experiment, fish were transferred to 
clean water to initiate depuration for 10 days. We then investigated 
the behavior of 8 randomly selected fish from the control and 
methamphetamine-treated tanks beginning 48 h after completion of 
the 8 week study (Cachat et a l , 2010) and then every 48 h thereafter 
during the 10 day depuration period. Behavioral observations over 
this time period were intended to simulate 'withdrawal' following 
methamphetamine exposure. Thus, 5 separate trials (on the 2nd, 
4th, 6th, 8th and 10th day of withdrawal) with 80 total specimens 
(40 control, 40 treated) were conducted. Every specimen was placed 
in the choice arena separately and its behavior was subsequently 
recorded for 10 min using a GoPro H E R O digital camera (GoPro 
Inc.) placed above the arena. The flume was emptied and rinsed 
thoroughly between observations with each fish, and the order of 
control and treated specimens was changed regularly (i.e. first 
control, first treated, second control, second treated, etc.). 
Immediately after each behavioral observation, individual fish 
were measured (standard length mean 117 mm, range 88-146 mm), 
weighed (mean 23 g, range 9^11 g) and killed by cervical 
dislocation, followed by exsanguination (method approved by the 
valid legislative regulations; law no. 246/1992, § 17). No significant 
size differences were detected between the two groups (control, 
treated) offish (standard length P>0.3, n=80; mass P>0.59, «=80). 
Brain tissues were dissected from freshly killed fish, weighed 
and stored frozen at - 2 0 ° C for subsequent methamphetamine and 
amphetamine analyses. Before the analysis, brain samples were 
defrosted and extracted according to procedures described in 
Grabicova et al. (2018). Tissue aliquots were analyzed using 
liquid chromatography with high resolution mass spectrometry 
(QExactive, Thermo Fisher Scientific). High resolution product scan 
(HRPS) was used for quantitative analysis of methamphetamine 
and amphetamine (i.e. targeted analyses), while full scan data 
(100-800 mlz range) in both positive and negative electrospray 
ionization modes were acquired for consequent metabolomics in 
another L C - H R M S run for non-targeted analyses. 

Data analyses 
To address an obvious M-dependence structure hidden within the 
data, mainly caused by multiple records per fish within a short 
time period, we employed a regular 15 s grid approach to reduce 
the number of observations to 40 records per fish (i.e. 4 records 
per minute). These reduced data formed a regular and balanced 
longitudinal profile while distinguishing for trial repetitions. 
The 'fish position' values within the choice arena were binomial 
and varied from 0 (i.e. preference for the control part) to 1 (i.e. 
preference for the methamphetamine-dosed part). The fish position 
values that were used to define a binomial variable 'probability of 
methamphetamine source preference' included just the data from 
the last minute of the observation (i.e. 4 records per fish). Thus, we 
used data based on the final individual decision, without accounting 
for the prior potential exploration and habituation effects. Fish 
movement values within the choice arena varied from 0 (i.e. fish 
was stationary) to 1 (i.e. fish was moving) and were used to define 
a binomial 'probability of movement' variable. Fish movement 
values from the whole 10 min observation period were entered in the 
analyses, accounting for the exploration and habituation effects in 
this variable. 'Amphetamine in brain tissue' and 'methamphetamine 
in brain tissue' variables were defined as binomial variables with 1 
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Fig. 1. Experimental testing. (A) Out l ine of the 
exper iment . (B) Il lustration of the two-current 
c h o i c e flume. Wa te r f rom two different t a n k s fed 
the c h o i c e flume by gravity. Wa te r f low through 
the baffle p la tes , f ine m e s h a n d h o n e y c o m b 
co l l imators c r ea tes two laminar , non-mix ing 
cur rents in the c h o i c e a r e n a a s c a n be s e e n in the 
il lustrative photo dur ing the purp le d y e test. 
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indicating presence of particular substance. 'Treatment' was defined 
as the class variable distinguishing whether fish were previously 
exposed to methamphetamine or not. Class variable 'trial' defined 
the order of the experiment based on the day of the simulated 
withdrawal period (2nd, 4th, 6th, 8th and 10th day). 

Statistical analyses 
Statistical analyses were performed using the SAS software package 
(SAS Institute Inc., version 9.4, www.sas.com). The binomial 
dependent variables 'probability of methamphetamine source 
preference', 'probability of movement' and 'methamphetamine in 
brain tissue' were analyzed using mixed models with random factors 
(PROC G L I M M I X with binomial distribution and logit link). Two 
models for dependent variables 'probability of methamphetamine 
source preference' and 'probability of movement' were fitted because 
of the 'treatment' and 'amphetamine in brain tissue' variables overlap 
(intercorrelation). Thus, the first model contained 'treatment' and the 
interaction between 'treatment' and 'trial' fixed factor variables, 

while the second model included 'amphetamine in brain tissue' and 
'methamphetamine in brain tissue' fixed factor variables. A n 
additional model for dependent variable 'methamphetamine in 
brain tissue' was fitted in order to determine whether the presence 
of methamphetamine in brain tissue was dependent on 'fish position' 
or not. Random factors were used to account for the repeated 
measures collected for the same experimental units (individual fish) 
across the duration of the experiment. Whether exploratory variables 
were significant was assessed using an F-test. Least-squares means 
(henceforth referred to as 'adjusted means') were subsequently 
computed for particular classes. Differences between the classes were 
tested with a /-test, and a Tukey-Kramer adjustment was used for 
multiple comparisons. Degrees of freedom were calculated using the 
Kenward-Roger method. 

LC-HRMS data evaluation 
LC-ESIpos H R M S full scan data were processed using Compound 
Discoverer 2.0 software (Thermo Fisher Scientific). Blank samples 
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were used to filter out all possible interference from the solvents we 
used and the chromatographic system. A l l chromatograms were 
aligned with a retention time tolerance of 0.2 min. We used 5 ppm 
mass tolerance through the entire workflow. We attributed data files 
with categorical variables that were used later for filtering groups 
from the dataset. Controls were set as control while exposed fish 
were set as sample. The categorical variable depuration time was 
used to separate corresponding sample and control groups. We set 
diagnostic ratios for differential analysis as follows: sample to 
corresponding control for each day of experiment, all controls to 
control 2nd day and all samples to sample 2nd day of depuration. 
Differential analysis resulted in plots showing statistically 
significant relationships as P-values and differences as log fold-
change. We set criterions of significant difference as P<0.05 and log 
fold-change >1. Consequently, only significantly different signals 
from exposed fish on day 2 were selected and assumed as markers 
of methamphetamine effect. A l l other signals were filtered out from 
all studied groups and then principle components analysis was 
performed to reveal whether selected markers can be used as a 
tracers of persisting methamphetamine effects during withdrawal. 

RESULTS AND DISCUSSION 
We observed control fish to cross from one side of the choice arena 
to the other during 21.6% (347 of 1600) of all observations. These 
controls spent 41.5% (665 of 1600) of all observations in the 
methamphetamine-dosed part of the arena. Similarly, we observed 
previously exposed fish to cross from one side of the choice arena 
to the other during 21.1% (339 of 1600) of observations, but 
these animals were in the methamphetamine-dosed part of the 
choice arena in a higher number of observations (50.5%, or 809 
of 1600). Following 56 days of exposure (1 |j,g l - 1 ) , preference 
for methamphetamine during a simulated withdrawal period 
was considered an indicator of addiction. These brown trout 
showed higher probability of methamphetamine source preference 
compared with controls (F, 3 0 6=28.02, P O . 0 0 0 1 ; Fig. 2A), and 
this difference was apparent for the first 4 days of depuration 
following treatment ( F 8 i 3 06=2.18, i>=0.029; Fig. 2B). Such 
methamphetamine preference was positively correlated with levels 
of amphetamine residues in fish brains (F, 3 1 4=18.56, P O . 0 0 0 1 ; 
Fig. 2C), suggesting that addiction is linked to the presence of this 
drug metabolite in nervous system tissue. Amphetamine was only 
identified in brain tissue of exposed trout and its presence decreased 
from 100% to 12.5% of individuals throughout the 10 day 
depuration period (Fig. S i A ) . 

Exposed brown trout displayed a lower probability of movement 
than controls during the withdrawal period (F{ 3 1 9 0 =4.94, 
P=0.0263; Fig. 3A). This behavioral modification was also 
observed until the 4th day of depuration (F& 3 i 9 0 =7.18, P O . 0 0 0 1 ; 
Fig. 3B) and significantly correlated with amphetamine in brain 
tissue (F 1 3 ,57=6.47, P=0.011; Fig. 3C). However, the opposite 
effect of movement increase was observed when methamphetamine 
was found in fish brain (F, i 3 075=42.96, P O . 0 0 0 1 ; Fig. 3D). 
Methamphetamine was observed in brains of individuals that 
occurred more frequently in the dosed part of the observation 
arena (F, 3 1 5 8 =51.00, P O . 0 0 0 1 ; Fig. SIB) , suggesting that 
methamphetamine presence in the brain resulted from acute drug 
intake. 

Biochemical changes in fish brains were revealed using 
differential non-target analysis of L C - H R M S data. Significant 
differences (both up- and down-regulated signal intensities) 
between control fish and those experiencing the withdrawal 
period during depuration gradually decreased from 210 signals 
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Fig. 2. Brown trout methamphetamine source preference. P robabi l i ty of 
m e t h a m p h e t a m i n e s o u r c e p re fe rence (A) in relat ion to prev ious treatment, 
(B) a c r o s s tr ials, i.e. day s of w i thdrawa l a n d (C) for a m p h e t a m i n e in brain 
t i ssue of foca l ind iv idua ls . V a l u e s are ad jus ted means±s.e. b a s e d o n a 
m ixed mode l wi th r a n d o m factor a n a l y s e s ( P R O C G L I M M I X ; s i gn i f i c ance 
w a s a s s e s s e d us ing a n F-test; P<0.05 ) . F i ve sepa ra t e tr ials (on the 2 n d , 
4th, 6 th , 8th and 10th d a y of w i thdrawal ) with 8 0 total s p e c i m e n s (40 contro l , 
4 0 treated) we re c o n d u c t e d . E s t ima tes cou ld be negat ive b e c a u s e of u s e of 
the logit link, w h e r e probabi l i t ies be tween 0 a n d 1 are spec i f i ed a s logits, 
ln[p/(1 -p)] , w h i c h c a n be l e s s t h a n 0 w h e n the es t imated probabi l i ty is l e ss 
than 0 .50. D i f f e rences a m o n g c l a s s e s in part icular f gure parts a re s i gn i f can t 
(•adjusted P<0 .0001 ) . 

(substances) during the 2nd day of depuration (Fig. S2A) to 36 
substances during the 10th day (Fig. S2B). These novel markers 
of methamphetamine exposure were consequently applied for 
description (principle component analysis where variables were 
revealed markers only) of changes in brain metabolomes across all 
experimental groups. Similar to our observations of brain tissue 
residues, differences in overall brain metabolites were significant 

-62-



The problematic of methamphetamine as a pollutant 

SHORT COMMUNICATION Journal of Experimental Biology (2021) 224, j eb242145. doi:10.1242/jeb.242145 

- 0 . 1 0 

- 0 . 2 0 

- 0 . 3 0 

- 0 . 4 0 -

- 0 . 5 0 
C o n t r o l M e t h a m p h e t a m i n e 

B 

* 
* 

C3^33 Con t ro l 

M e t h a m p h e t a m i n e 

NS 
~p NS NS 

! 1 i 

2 4 6 8 1 0 

T r e a t m e n t T r i a l ( d a y o f w i th d r a w a l ) 

S 0 . 0 0 

- 0 . 1 0 

- 0 . 2 0 

- 0 . 3 0 

- 0 . 4 0 

- 0 . 5 0 
N o Y e s 

A m p h e t a m i n e in b r a i n t i s s u e 

N o Y e s 

M e t h a m p h e t a m i n e in b r a i n t i s s u e 

Fig . 3. Brown trout movement. P robabi l i t y of m o v e m e n t (A) in relat ion to p rev ious treatment, (B) a c r o s s tr ia ls, i.e. d a y s of wi thdrawal (B), a n d for 
(C) a m p h e t a m i n e a n d (D) m e t h a m p h e t a m i n e in brain t i s sue of foca l ind iv idua ls . V a l u e s are ad jus ted means±s.e. b a s e d o n a m ixed mode l with r a n d o m factor 
a n a l y s e s ( P R O C G L I M M I X ; s i gn i f i c ance w a s a s s e s s e d u s i ng a n F-test; P<0.05 ) . F i ve sepa ra te tr ials (on the 2 n d , 4 th , 6th, 8th a n d 10th day of wi thdrawal ) 
with 8 0 total s p e c i m e n s (40 cont ro l , 4 0 treated) we re c o n d u c t e d . E s t ima te s cou ld be negat ive b e c a u s e of use of the logit link, whe re probabi l i t ies be tween 0 
a n d 1 are spec i f i ed a s logits, ln[p/(1 -p) j , w h i c h c a n be l e s s t h a n 0 w h e n the es t imated probabi l i ty is l e ss t h a n 0 .50 . D i f f e rences a m o n g c l a s s e s wi th in a 
pane l are s ign i f i cant ( "adjusted P<0 .01 ) . 

until the 4th day of depuration and then leveled out thereafter 
(Fig. S3). 

Intense physical and psychological manifestations triggered by 
withdrawal from a drug are considered major signs of addiction 
and are further suggested to stimulate drug-seeking behavior in 
humans (Piper, 2015). We found that brown trout withdrawn 
from waterborne (or inhalational) exposure to an environmentally 
relevant level of methamphetamine displayed similar drug-seeking 
behavior. Fish preference for a drug is often dependent on the 
dopamine pathway (Bretaud et a l , 2007), confirming that fish can 
display signs of addiction and withdrawal symptoms (Tran et a l , 
2015). 

Withdrawal symptoms include increases in anxiety and stress 
(Piper, 2015). Exposed trout in the present study similarly displayed 
lower probability of movement, suggesting that their ability to 
explore a novel environment was reduced as a response to stress 
caused by methamphetamine withdrawal (Cachat et a l , 2010). For 
example, Bosse and Peterson (2017) found that reduction of fish 
exploration rate indicated suffering from withdrawal symptoms 
without drug access. 

Our observations of withdrawal symptoms in brown trout were 
significantly related to the presence of the methamphetamine 
metabolite amphetamine in fish brain. These withdrawal behaviors 

were prevalent for 96 h and then disappeared as the rate of 
amphetamine-positive individuals decreased. Similar observations 
have been made in time course studies of methamphetamine 
withdrawal in humans, with an initial peak within the first 24 h and 
subsequent decline to near-control levels by the end of the first week 
of abstinence (McGregor et a l , 2005). Despite this fact, 
amphetamine was found in the brain of one trout specimen after 
the 10 days, suggesting differential metabolism among individuals 
(Metcalfe et a l , 2016) can influence the internal dose with related 
behavioral consequences. Voluntary methamphetamine intake 
during the preference test led to a detection of methamphetamine 
in the brains of individual fish. The voluntary drug intake is highly 
individual in animals, depending on factors such as dominance or 
previous social disturbance, as shown by Wolffgramm and Heyne 
(1995). We found that methamphetamine in fish brain significantly 
increased its activity. Such performance-enhancing stimulant 
effects are not unexpected; for example, methamphetamine was 
strategically used to elicit such effects under the brand name 
Pervitin by the German army during World War II (Defalque and 
Wright, 2011). 

Our results also indicate that environmental concentrations of 
methamphetamine alter fish brain metabolomes. Effects of drugs of 
abuse on brain metabolic activity have previously been observed in 
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humans, with methamphetamine-specific decreases in dopamine 
transporters within the striatum (Volkow et al., 2001). Using non-
target analyses, we found that 36 endogenous molecules in the brain 
metabolome of exposed fish differed after the 10th day of 
withdrawal, while Volkow et al. (2001) found that the dopamine 
transporter was reduced in the striatum even after 11 months, 
suggesting that adverse effects of methamphetamine exposure could 
be long lasting in fish. 

In conclusion, observations in the present study suggest that fish 
exposed to environmental concentrations of methamphetamine in 
surface waters wi l l develop addiction and be attracted to reside near 
wastewater treatment effluent discharges. The wastewater effluents 
are often nutrient rich, offering additional bioenergetic incentives 
for fish attraction to outfall mixing zones. Such unnatural attraction 
to one area together with documented changes in behavior could 
result in unexpected ecological consequences influencing whole 
ecosystems (Boulétreau et al., 2011). Furthermore, drug reward 
cravings by fish could overshadow natural rewards such as foraging 
or mating that provision homeostatic and reproductive success 
(Hyman et a l , 2006) and further reinforce adverse ecological 
consequences of pollutants in aquatic environments (Prokkola and 
Nikinmaa, 2018). The elicitation of drug addiction in wild fish 
could represent another example of unexpected evolutionary 
selection pressure for species living in urban environments 
(Johnson and Munshi-South, 2017) along with ecological side 
effects of human societal problems within aquatic ecosystems. 
Further field research is needed to examine the withdrawal effects of 
methamphetamine observed in this experimental study under 
mesocosm conditions and natural ecosystems. 
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Methamphetamine scented control 
Fish position 

Fig. SI. Amphetamine and methamphetamine in brain tissue. 

Rate of amphetamine positive brown trout specimen across the days of withdrawal (A) and 
probability of methamphetamine in brain tissue occurrence in relation to fish position during the 
preference test (B). The raw data in the every single trial in part A originates from the 8 previously 
exposed fish (i.e. rate 100% means 8 amphetamine positive fish). Values in part B are adjusted 
means ± SE based on mixed model with random factor analyses (PROC GLIMMIX; significance 
was assessed using an F-test; P < 0.05). Five separate trials (on the 2nd, 4th, 6th, 8th and 10th day 
of withdrawal) with 80 total specimens (40 control, 40 treated) were conducted. Estimates could 
be negative because of use of the logit link, where probabilities between 0 and 1 are specified as 
logits, ln(p/(l-p)), which can be less than zero when the estimated probability is less than 0.50. 
Differences among classes in part B are significant (Adj. P < 0.0001). 
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Fig. S2. Differential analysis of brain extracts. 

Results of differential analysis of brain extracts between control and withdrawn fish groups in 
the 2nd day (A) and 10th day (B) of depuration. Colored squares (green down regulated and red 
up regulated) represent differences between sample and control groups at statistical significance 
of P<0.05 and at least one fold of magnitude difference in signal intensity. Light blue dots 
represent up and down regulated signal in exposed compare to control on 2 n d observation day in 
both figures. 
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Fig. S3. Brain metabolites. 
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Principal component analyses offish individuals from both control and exposed groups from 2 n d , 
4 t h and 10 th day of depuration. Only significantly different signals (both up and down regulated 
with intensity difference at least one fold of magnitude and statistical significance at p < 0.05) 
from 2 n d day were used as effect markers. 

- 68-



C H A P T E R 3 

A N INSIGHT INTO T R A M A D O L 

Sancho Santos , M.E., Horký, P., Grabicová, K., Hubená, P., Slavík, O., Grabic, R., Douda , D., 
Randák, T., 2 0 2 1 . Traces of t r amado l in wate r impac t behav iou r in a nat ive European f ish. 
Ecotox. Environ. Safe. 212 , 1 1 1 9 9 9 . DOI 10 .1016/ j . e coenv .2021 .111999 

My share in th is w o r k was a b o u t 4 0 % 

A c c o r d i n g to t h e pub l i sh ing ag r eemen t b e t w e e n t h e au thors and publ isher, it is a l l owed to 
inc lude the paper in th is Ph.D. thes i s 

h t tps : / /www.e l sev i e r . com/abou t/company- in fo rmat ion/po l i c i e s/copy r igh t 

-69-

https://www.elsevier.com/about/company-information/policies/copyright




An insight into tramadol 

Ecotoxico logy and Env i ronmenta l Safety 212 (2021) 111999 

ELSEVIER 

C o n t e n t s l i s t s a v a i l a b l e a t S c i e n c e D i r e c t 

Ecotoxicology and Environmental Safety 

journal homepage: www.elsevier.com/locate/ecoenv 

Traces of tramadol in water impact behaviour in a native European fish 

Maria Eugenia Sancho Santos a ' , Pavel Horký b , Kateřina Grabicová a , Pavla Hubená b , 
Ondřej Slavík , Roman Grabic a , Karel Douda , Tomáš Randák a 

a University of South Bohemia in České Budějovice, Faculty of Fisheries and Protection of Waters, South Bohemian Research Center of Aquacultwe and Biodiversity of 
Hydrocenoses, Zátiší 728/11, 389 25 Vodňany, Czech Republic 
b Department of Zoology and Fisheries, Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences Prague, Kamýcká 129, 165 00 Prague 6, 
Czech Republic 

A R T I C L E I N F O 

Edited by Dr. Caterina Faggio 

Keywords: 
Analgesic 
Antidepressant 
Bioconcentration 
Chub 
Pharmaceutical 
Pollution 

A B S T R A C T 

T ramado l is a w i d e l y used analgesic w i t h add i t iona l antidepressant and anx io l y t i c effects. This c o m p o u n d has 
been repor ted i n cont inenta l waters reach ing concentrat ions o f ug/L as a consequence o f its inef f ic ient r emova l i n 
sewage treatment plants and increas ing use over t ime. In this study, European chubs (Squalius cephalus) were 
exposed to 1 ug/L o f t ramado l i n water for 42 days w i t h a subsequent 14 days o f depura t ion . O u r results revea led 
that chubs exposed to this analgesic underwent changes i n their behav iour as compared to the cont ro l g roup . The 
behav ioura l outcome was also in f luenced by the i n d i v i d u a l concent ra t ion o f t ramado l i n bra in tissue. In 
part icu lar , exper imenta l f ish presented anxio lyt ic- l ike effects, character ized by less bo ld and less soc ia l i n ­
d iv idua ls . Exposed an imals were less frequent ly out o f the shelter and m o v e d a shorter distance, i nd i ca t i ng that 
they exp lored the n e w env i ronment less d u r i n g the boldness test. In the nove l object recogn i t ion exper iment , 
a l though they d is t ingu ished the n e w i t em , they examined i t less and d isp layed a reduced act iv i ty . Shoal cohes ion 
was d is rupted as observed i n an increased distance between ind i v idua l s . A f te r the depura t ion phase, this 
a l terat ion r ema ined whereas the boldness effect d isappeared. Moreover , the degree o f behav ioura l changes was 
corre lated w i t h the concentra t ion o f the substance i n bra in . A c c o r d i n g to ou r f ind ings , chron ic presence of 
t ramado l i n the env i ronment can impac t the fitness o f exposed aquat ic fauna by al ter ing evo lu t ionary c ruc ia l 
behaviours. 

1. Introduction 

P h a r m a c e u t i c a l s a r e e m e r g i n g c o n t a m i n a n t s w i t h i n f r e s h w a t e r s 
g i v e n t h e i r p o t e n t i a l i m p a c t s o v e r w i l d l i f e . P s y c h o p h a r m a c e u t i c a l s a n d 
t h e i r a c t i v e m e t a b o l i t e s a r e i n c r e a s i n g l y d e t e c t e d i n w a t e r s r a n g i n g i n 
c o n c e n t r a t i o n s f r o m n a n o g r a m s (ng ) t o m i c r o g r a m s (ug) p e r l i t r e o n 
a c c o u n t o f t h e i r i n s u f f i c i e n t r e m o v a l f r o m t h e s e w a g e t r e a t m e n t p l a n t s 
( STPs ) ( A s i m a k o p o u l o s a n d K a n n a n , 2 0 1 6 ; E b e l e et a l . , 2 0 1 7 ; G o l o v k o 
et a l . , 2 0 1 4 ) . 

T r a m a d o l i s a s y n t h e t i c o p i o i d t h a t exe r t s i t s a n a l g e s i c a c t i o n o v e r 
t he c e n t r a l n e r v o u s s y s t e m . It possesses a d o u b l e m o d e o f a c t i o n , b e i n g a 
u - o p i o i d r e c e p t o r a g o n i s t a n d as a n i n h i b i t o r o f n o r e p i n e p h r i n e a n d 
s e r o t o n i n r e u p t a k e i n t h e s y n a p t i c t e r m i n a l s ( M i o t t o e t a l . , 2 0 1 7 ) . F o r 
th i s r e a s o n , i t i s u s e d as a p a i n k i l l e r f o r a c u t e a n d c h r o n i c p a i n , as w e l l as 
a n a n a e s t h e t i c , a n x i o l y t i c a n d a n t i d e p r e s s a n t ( V a z z a n a e t a l . , 2 0 1 5 ) . 
C h r o n i c p a i n i s a f r e q u e n t i s s u e i n d a i l y m e d i c i n e Its m a n a g e m e n t is 
c o n s t r a i n e d t o l i m i t e d t r e a t m e n t o p t i o n s t h a t r e s u l t s i n a n o v e r 

p r e s c r i p t i o n o f t r a m a d o l . F o r i n s t a n c e , p r e s c r i p t i o n s o f t r a m a d o l i n t he 
U n i t e d S ta tes r o s e 2 2 . 8 % f r o m 2 0 1 2 to 2 0 1 5 ( B i g a l e t a l . , 2 0 1 9 ) . T h e use 
o f t r a m a d o l i n c o m b i n a t i o n w i t h n o n - o p i o i d a n a l g e s i c s i n c r e a s e d f r o m 
1.8 t o 5.3 D D D ( d e f i n e d d a i l y d o s e p e r 1 0 0 0 i n h a b i t a n t s p e r d a y ) i n t he 
p e r i o d f r o m 2 0 0 8 t o 2 0 1 5 i n S p a i n ( A E M P S a n d M i n i s t e r i o d e S a n i d a d , 
2 0 1 7 ) . In t h e C z e c h R e p u b l i c , t h e r a t e i n c r e a s e d f r o m 5.3 t o 9 .5 D D D 
d u r i n g t h e y e a r s 2 0 0 8 - 2 0 1 9 (S ta te I n s t i t u t e f o r D r u g C o n t r o l , n .d ) . In 
a d d i t i o n , a n i l l e g a l t r a d e o f t h i s p h a r m a c e u t i c a l h a s b e e n r e p o r t e d d u e t o 
i ts p o t e n t i a l f o r a b u s e ( M i o t t o e t a l . , 2 0 1 7 ) . In 2 0 1 0 , 2 0 1 3 a n d 2 0 1 7 , 
g l o b a l s e i z u r e s o f t r a m a d o l w e r e 1 0 k g , 9 t o n s a n d 1 2 5 t o n s , r e s p e c t i v e l y 
( U n i t e d N a t i o n s O f f i c e o n D r u g s a n d C r i m e , 2 0 1 9 ) . 

T r a m a d o l ' s b o t h e x t e n s i v e u s e a n d l o w r a t e o f r e m o v a l i n S T P s 
c o n t r i b u t e t o t h e o b s e r v e d h i g h c o n c e n t r a t i o n s , u p t o 1 u g / L , i n e f f l u e n t s 
a n d s u r f a c e w a t e r s ( C a m p o s - M a n a s e t a l . , 2 0 1 9 ; C o e l h o e t a l . , 2 0 1 9 ; 
F e d o r o v a e t a l . , 2 0 1 4 ; G o l o v k o e t a l . , 2 0 1 4 ; G r a b i c o v a e t a l . , 2 0 1 7 ; L o o s 
et a l . , 2 0 1 3 ) . T h i s s u b s t a n c e w a s e v e n d e t e c t e d a t l o w l e v e l s i n s e a w a t e r 
( A l y g i z a k i s e t a l . , 2 0 1 6 ) . F u r t h e r m o r e , t r a m a d o l w a s p r e s e n t i n s e v e r a l 
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t i s sues o f fish l i v i n g i n p o n d s o r i n S T P s e f f l u e n t i m p a c t e d s t r e a m s 
( G r a b i c o v a e t a l . , 2 0 1 7 ; G r ab i cová e t a l . , 2 0 2 0 ) . 

T h e n e u r o e n d o c r i n e p a t h w a y s , s u c h as m o n o a m i n e r g i c a n d o p i o i d 
s y s t e m s , a r e e v o l u t i o n a r y w e l l - c o n s e r v e d i n t e l eos t s ( D r e b o r g e t a l . , 
2 0 0 8 ; S o a r e s e t a l . , 2 0 1 8 ) . C o n s e q u e n t l y , e v e n l o w l e v e l s o f c h r o n i c 
e x p o s u r e t o p s y c h o a c t i v e c o m p o u n d s c a n i m p a c t n e u r o t r a n s m i t t e r s y s ­
t e m s a n d p r o d u c e s i m i l a r e f f ec t s as h u m a n a n d e x p e r i m e n t a l a n i m a l s i n 
n o n - t a r g e t e d o r g a n i s m s ( F e n t e t a l . , 2 0 0 6 ) . B e h a v i o u r a l r e s p o n s e s 
c o r r e l a t e to these c o m p l e x p h y s i o l o g i c a l p r o c e s s e s ( S a a r i s t o e t a l . , 
2 0 1 9 ) . T h u s , t h e y c a n b e a n a l y s e d t o b e t t e r u n d e r s t a n d t h e c o m p l e x 
e f f ec t s p s y c h o a c t i v e c o m p o u n d s c a n e x e r t a t i n d i v i d u a l a n d e c o s y s t e m 
l e v e l s ( B r o d i n e t a l , 2 0 1 4 ) . 

S e v e r a l s t u d i e s h a v e e l u c i d a t e d b e h a v i o u r a l e f f ec t s o f t r a m a d o l i n 
a q u a t i c i n v e r t e b r a t e s . I m p a i r m e n t s i n f e e d i n g b e h a v i o u r o f d r a g o n f l y 
l a r v a e (A. cyanea) w e r e o b s e r v e d f r o m 1 u g / L o f t r a m a d o l f o r 7 d a y s 
( B l á h a e t a l . , 2 0 1 9 ) . M a r b l e d c r a y f i s h (P. virginalis) s p e n t m o r e t i m e i n 
s h e l t e r s a n d d i m i n i s h e d l o c o m o t i o n f r o m 1 u g / L o f t h e a n a l g e s i c f o r 7 
d a y s ( B u r i č e t a l . , 2 0 1 8 ) . R e d s w a m p c r a y f i s h (P. clarkií) e x p o s e d t o the 
a f o r e m e n t i o n e d c o n d i t i o n s s h o w e d a s e x - d e p e n d e n t c h a n g e i n b u r r o w ­
i n g b e h a v i o u r ( G u o e t a l . , 2 0 2 0 ) . Ložek et a l . ( 2 0 1 9 ) d e t e c t e d c h a n g e s i n 
l o c o m o t i o n a n d h e a r t r a t e i n s i g n a l c r a y f i s h (P . leniusculus) e x p o s e d to 1 
U g / L o f t h e a n a l g e s i c f o r 2 1 d a y s . D o u d a e t a l . ( 2 0 1 9 ) r e c o r d e d a s l i g h t l y 
d i f f e r e n t p a r a s i t i c i n t e r a c t i o n b e t w e e n c h u b a n d g l o c h i d i a ( l a r v a e o f 
A. anatina), b o t h p r e v i o u s l y e x p o s e d t o t r a m a d o l a t 1 u g / L f o r 4 2 d a y s 
a n d 2 4 h , r e s p e c t i v e l y . 

I n t h e c a s e o f fish, e a r l y s t age tests w e r e p e r f o r m e d i n c o m m o n c a r p 
(C. carpid) u s i n g c o n c e n t r a t i o n s o f 1 0 - 2 0 0 u g / L t r a m a d o l i n a m i x t u r e 
w i t h n a p r o x e n f o r 3 2 d a y s , r e p o r t i n g s e v e r a l d i s r u p t i o n s i n t h e i r 
d e v e l o p m e n t ( S e h o n o v a e t a l . , 2 0 1 7 ) . S i m i l a r l y , a d e l a y o f h a t c h i n g i n 
z e b r a f i s h (D. rerio) a n d i m p a i r m e n t s i n d e v e l o p m e n t o f c o m m o n c a r p 
w e r e o b s e r v e d i n S e h o n o v a e t a l . ( 2 0 1 6 ) . B a c h o u r e t a l . ( 2 0 2 0 ) r e c o r d e d 
a n a n x i o l y t i c e f f e c t i n t h e ea r l y-s tages o f z e b r a f i s h a t 3 2 0 u g / L . Z e b r a f i s h 
l a r v a e e x p o s e d t o 1 - 1 0 0 u g / L e x h i b i t e d s l i g h t l y d e c r e a s e d a c t i v i t y , 
a l t h o u g h n o t s i g n i f i c a n t ( H u a n g et a l . , 2 0 1 9 ) . T a n o u e e t a l . ( 2 0 1 7 ) r e ­
p o r t e d v e r y s i m i l a r m e t a b o l i s m o f t h i s p h a r m a c e u t i c a l i n fish c o m p a r e d 
to h u m a n s . T h e n , T a n o u e e t a l . ( 2 0 1 9 ) a i m e d to e x p l a i n b e h a v i o u r a l 
c h a n g e s i n f a t h e a d m i n n o w s (P. promelas), u s i n g c o n c e n t r a t i o n s f r o m 1 u 
to 1 0 0 u g / L d u r i n g 2 3 - 2 4 d a y s h o w e v e r , t h e r e s u l t s w e r e a m b i g u o u s a n d 
d i f f i c u l t t o i n t e r p r e t . 

D e s p i t e t h e h i g h l e v e l s a n d f r e q u e n c y r e p o r t e d i n e n v i r o n m e n t a l 
t r a m a d o l , t h e r e is s t i l l a l a c k o f r e s e a r c h a b o u t i t s p o t e n t i a l c o n s e q u e n c e s 
to a q u a t i c w i l d l i f e . E u r o p e a n c h u b (Squalius cephalus) i s a s m a l l c y p r i n i d 
c h o s e n as a n e x p e r i m e n t a l fish f o r b e i n g w i d e l y d i s t r i b u t e d i n E u r o p e a n 
f r e s h w a t e r s . It h a s b e e n s u c c e s s f u l l y u s e d as a b i o i n d i c a t o r ( D o u d a e t a l . , 
2 0 1 9 ; H á j k o v á e t a l . , 2 0 0 7 ) a n d as a m o d e l f o r b e h a v i o u r a l r e s e a r c h 
( H u b e n á a n d H o r k ý , 2 0 2 0 a , 2 0 2 0 b ) . E u r o p e a n c h u b i s e a s i l y r e a r e d a n d 
m a i n t a i n e d u n d e r l a b o r a t o r y c o n d i t i o n s . T h i s s t u d y a i m e d to r e v e a l 
c u r r e n t l y u n i d e n t i f i e d e f f ec t s o n E u r o p e a n c h u b s t h a t a r e e x p o s e d to a n 
e n v i r o n m e n t a l l y r e l e v a n t c o n c e n t r a t i o n o f l u g / L o f t r a m a d o l . F o r t h i s 
p u r p o s e , w e (1 ) m o n i t o r e d t h e p r o g r e s s i o n o f t h e b e h a v i o u r a l c h a n g e s 
o v e r t i m e a n d (2 ) r e l a t e d t h e c o n c e n t r a t i o n o f t r a m a d o l i n b r a i n t i s sue 
w i t h t h e o b s e r v e d v a r i a t i o n s i n t h e b a s i c b e h a v i o u r a l t r a i t s ( b o l d n e s s , 
a c t i v i t y , e x p l o r a t i o n , a n d s o c i a b i l i t y ) . A set o f t h r e e b e h a v i o u r a l e x ­
p e r i m e n t s w e r e c o n d u c t e d a f t e r 1, 7, 2 1 , 4 2 d a y s o f e x p o s u r e , a n d a f t e r 
14 d a y s o f d e p u r a t i o n , i.e. b o l d n e s s , n o v e l o b j e c t e x p l o r a t i o n a n d s h o a l 
c o h e s i o n tests . W e s p e c i f i c a l l y a d d r e s s e d p o t e n t i a l a n t i - a n x i e t y e f f ec t s i n 
fish a s s o c i a t e d w i t h t h e t i m e - l i n k e d c o n c e n t r a t i o n o f t h e s u b s t a n c e i n 
b r a i n . 

2. Material and methods 

2.1. Chemicals 

T h e t r a m a d o l h y d r o c h l o r i d e ( p u r i t y > 9 8 % ) u s e d f o r e x p o s u r e w a s 
o b t a i n e d f r o m S i g m a - A l d r i c h C o r p o r a t i o n ( U S A ) a n d t h e i s o t o p i c a l l y 
l a b e l l e d t r a m a d o l ( D 3 ) , as a n a l y t i c a l s t a n d a r d , f r o m L i p o m e d ( U S A ) . T h e 
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s t o c k s o l u t i o n o f p u r e t r a m a d o l ( 1 0 m g / L ) w a s p r e p a r e d w i t h u l t r a - p u r e 
w a t e r ( A q u a M a x B a s i c 3 6 0 Se r i e s a n d U l t r a 3 7 0 Se r i e s i n s t r u m e n t , 
Y o u n g l i n , p u r c h a s e d f r o m L a b i c o m , C R ) a n d s t o r e d a t 4 C C . F r o m th i s 
s o l u t i o n , t h e e x p o s u r e t r e a t m e n t o f 1 u g / L w a s a d d e d t o a g e d d e c h -
l o r i n a t e d m u n i c i p a l t a p w a t e r a n d p r o v i d e d t o t h e r e s p e c t i v e a q u a r i a . 
U l t r a - p u r e w a t e r a n d a c e t o n i t r i l e ( M e r c k ) a n d i s o p r o p a n o l ( M e r c k ) , a l l 
a c i d i f i e d w i t h f o r m i c a c i d ( L a b i c o m , C R ) , w e r e u t i l i z e d as m o b i l e p h a s e s 
f o r l i q u i d c h r o m a t o g r a p h y a n d as e x t r a c t i o n s o l v e n t s f o r t h e b i o t a 
s a m p l e s . 

2.2. Experimental animals 

T h i s s t u d y uses t h e s a m e e x p e r i m e n t a l p o p u l a t i o n as H u b e n a a n d 
H o r k y ( 2 0 2 0 a ) ( 2 0 2 0 b ) w h o s t u d i e d t r a m a d o l e f f e c t o n c h u b c o n d i t i o n . 
T h i s a p p r o a c h w a s a d o p t e d a c c o r d i n g t o t h e g e n e r a l n e e d f o r t h e 
r e d u c t i o n o f a n i m a l s u t i l i z e d i n r e s e a r c h (e .g . d e B o o a n d H e n d r i k s e n , 
2 0 0 5 ) . T h e e x p e r i m e n t a l fish w e r e h a t c h e r y - r e a r e d c h u b s (Squalius 
cephalus, m e a n w e i g h t 5 .58 ± 1 .24 g , m e a n s t a n d a r d l e n g t h 9 2 ± 7 m m ) , 
o b t a i n e d f r o m a l o c a l fish s u p p l i e r ( C z e c h F i s h e r y L t d . ; C z e c h R e p u b l i c ) . 
3 2 0 0 -I- j u v e n i l e fish ( t e n m o n t h s o l d ) w e r e a c c l i m a t i z e d u n d e r l a b o ­
r a t o r y c o n d i t i o n s f o r t w o w e e k s p r i o r to t h e s t a r t o f t h e e x p e r i m e n t . T h e 
p o p u l a t i o n w a s a l l o c a t e d a t r a n d o m i n f o u r s e p a r a t e h o l d i n g t a n k s , t w o 
f o r c o n t r o l ( 0 u/L) a n d t h e o t h e r h a l f f o r e x p o s e d (1 u/L) , w i t h 8 0 
r a n d o m l y s e l e c t e d i n d i v i d u a l s i n e a c h o n e . F i s h w e r e m a i n t a i n e d i n 2 0 0 
L o f a g e d t a p w a t e r w i t h c o n s t a n t a e r a t i o n , f e d d a i l y a d l i b i t u m o n f o o d 
p e l l e t s , a n d k e p t o n a p h o t o p e r i o d o f 1 2 h o f l i g h t / 1 2 h o f d a r k n e s s 
( O E C D , 2 0 1 2 ) . T h e w a t e r t e m p e r a t u r e w a s c o n t r o l l e d a u t o m a t i c a l l y 
u s i n g a i r c o n d i t i o n i n g t h r o u g h o u t t h e w h o l e e x p e r i m e n t a n d h e l d a t a n 
a v e r a g e o f 2 0 . 8 ± 0 .4 ° C ( m e a n ± S.D. ) . B e c a u s e t r a m a d o l is s t a b l e i n 
w a t e r , e v e r y s e c o n d d a y , t w o - t h i r d s o f t h e w a t e r v o l u m e w e r e r e n e w e d 
w i t h a g e d d e c h l o r i n a t e d m u n i c i p a l t a p w a t e r , a n d f r e s h s t o c k s o l u t i o n o f 
t r a m a d o l w a s a d d e d t o r e a c h t h e final c o n c e n t r a t i o n . F i s h h e a l t h , 
d e f i n e d as n o r m a l a p p e a r a n c e a n d b e h a v i o u r , i n c l u d i n g n o r m a l b o d y 
p o s i t i o n , m o v e m e n t s , a n d f o o d i n t a k e ( F A O , 1 9 8 3 ) w a s m o n i t o r e d d a i l y . 

2.3. Tramadol exposure 

A f t e r a c c l i m a t i z a t i o n , fish i n t h e e x p e r i m e n t a l g r o u p s w e r e s e p a ­
r a t e l y e x p o s e d t o t h e t r a m a d o l a t a n e n v i r o n m e n t a l l y r e l e v a n t c o n c e n ­
t r a t i o n o f 1 jag/L. T h e t r e a t m e n t l a s t e d 4 2 d a y s , w i t h a s u b s e q u e n t 14 
d a y s o f d e p u r a t i o n i n t r a m a d o l - f r e e w a t e r ( 5 6 d a y s o f e x p e r i m e n t i n 
t o t a l ) . T h e t r a m a d o l c o n c e n t r a t i o n i n t h e h o l d i n g t a n k s w a s c h e c k e d 
a n a l y t i c a l l y d u r i n g t h e w h o l e e x p e r i m e n t t o v e r i f y t h e r e a l c o n c e n t r a ­
t i o n s i n t h e e x p o s e d fish a n d e x c l u d e t h e p o s s i b i l i t y o f cross-
c o n t a m i n a t i o n i n t h e c o n t r o l g r o u p . T e s t i n g d a y s f o r b e h a v i o u r a l a n a ­
l y ses a n d c o l l e c t i o n o f b r a i n s a m p l e s w e r e set a f t e r 1, 7, 2 1 , 4 2 d a y s o f 
e x p o s u r e a n d 1 4 d a y - d e p u r a t i o n . F o u r fish p e r a q u a r i a ( a t o t a l o f e i g h t 
fish p e r g r o u p ) w e r e r a n d o m l y t a k e n i n e a c h s a m p l i n g d a y f o r b e h a v ­
i o u r a l a n d c h e m i c a l a n a l y s e s . T h i s s t u d y w a s p e r f o r m e d i n a g r e e m e n t 
w i t h t h e E U - h a r m o n i z e d A n i m a l W e l f a r e A c t o f t h e C z e c h R e p u b l i c . A l l 
l a b o r a t o r y e x p e r i m e n t a l p r o c e d u r e s c o m p l i e d w i t h v a l i d l e g i s l a t i v e 
r e g u l a t i o n s ( l a w n o . 2 4 6 / 1 9 9 2 , §19, a r t . 1, l e t t e r c) a n d w e r e c a r r i e d o u t 
w i t h t h e r e l e v a n t p e r m i s s i o n f r o m t h e M i n i s t r y o f E d u c a t i o n , Y o u t h a n d 
S p o r t s o f t h e C z e c h R e p u b l i c , E t h i c a l a p p r o v a l c o m m i t t e e M S M T - 1 9 7 2 / 
2 0 1 6 - 5 . 

2.4. Behavioural testing 

2.4.1. General information 
F i v e t r i a l s w i t h 8 0 f o c a l s p e c i m e n s w e r e c o n d u c t e d a l t o g e t h e r . E v e r y 

s p e c i m e n w a s s u b s e q u e n t l y s u b j e c t e d t o a se r i e s o f b e h a v i o u r a l tests 
w i t h a m i n i m u m o n e h o u r l o n g r e s t i n g p e r i o d b e t w e e n t h e p a r t i c u l a r 
tests. F i s h w e r e p l a c e d s e p a r a t e l y i n t o i n d i v i d u a l a e r a t e d t a n k s b e t w e e n 
tests ( e v e r y s p e c i m e n h a d i t s o w n t a n k ) . D i g i t a l c a m e r a s ( G o P r o H e r o , 
U S A ) w e r e u s e d t o r e c o r d fish b e h a v i o u r f r o m a b o v e . T h e n , o b t a i n e d 
d a t a w e r e a n a l y s e d u s i n g t h e a u t o m a t e d v i d e o t r a c k i n g s y s t e m 
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( L o l i T r a c k v . 4 , L o l i g o S y s t e m s ; p l e a s e see d a t a a n a l y s e s s e c t i o n f o r 
d e t a i l s ) . 

2.4.2. Boldness test 
I n d i v i d u a l fish w e r e t e s t ed f o r b o l d n e s s b y r e c o r d i n g l a t e n c y t o e n t e r 

i n t o a n o v e l e n v i r o n m e n t (e .g. B r o d i n e t a l . , 2 0 1 3 ) . F i s h w e r e i n s e r t e d 
i n t o a n o p a q u e , w h i t e p l a s t i c a r e n a ( f o o t p r i n t 3 0 x 1 5 c m , w a t e r d e p t h 
1 0 c m ) i n a n i n i t i a l she l t e r . A f t e r five m i n , w e r e m o t e l y o p e n e d t h e d o o r 
o f t h e r e fuge . T h e l a t e n c y t o e m e r g e f r o m t h e s h e l t e r i n t o t h e n o v e l 
h a b i t a t a n d t h e d i s t a n c e m o v e d o u t s i d e t h e r e f u g e w e r e r e c o r d e d f o r 1 5 
m i n 

2.4.3. Novel object recognition test 
N o v e l o b j e c t r e c o g n i t i o n i s a h i g h l y v a l i d a t e d test f o r i d e n t i f i c a t i o n 

m e m o r y , u s e d p r e d o m i n a n t l y i n r o d e n t s ( E n n a c e u r a n d D e l a c o u r , 
1 9 8 8 ) , b u t a l s o i n fish ( B u r n s , 2 0 0 8 ) . It w a s p e r f o r m e d i n a s q u a r e a r e n a 
( f o o t p r i n t 3 0 x 3 0 c m , w a t e r d e p t h 1 0 c m ) w i t h o p a q u e , w h i t e p l a s t i c 
w a l l s . D u r i n g t r i a l 1, t w o i d e n t i c a l ob j e c t s ( y e l l o w b a l l s , 4 c m d i a m e t e r ) 
w e r e l o c a t e d i n o p p o s i t e c o r n e r s . E a c h fish w a s p l a c e d i n d i v i d u a l l y i n 
the t h i r d c o r n e r , f a c i n g t h e w a l l , a n d a l l o w e d t o e x p l o r e f o r five m i n . 
A f t e r a n i n t e r - t r i a l i n t e r v a l o f 1 5 m i n , t h e fish w e r e r e i n t r o d u c e d f o r t r i a l 
2 w i t h o n e f a m i l i a r o b j e c t ( i d e n t i c a l s h a p e a n d c o l o u r b u t d i f f e r e n t p i e c e 
to a v o i d i n f l u e n c e o f o l f a c t o r y cues ) a n d o n e n o v e l o b j e c t ( b l a c k c u b e o f 
i d e n t i c a l s i z e , i.e. s i d e 4 c m ) as c o m p a r e d t o t r i a l 1. O n c e a g a i n , t h e fish 
w e r e a l l o w e d to e x p l o r e , a n d t h e i r b e h a v i o u r w a s r e c o r d e d f o r five m i n . 

2.4.4. Shoal cohesion 
A g r o u p o f f o u r i n d i v i d u a l s (1 + 3 ) w a s u s e d to s c o r e t h e s h o a l 

c o h e s i o n . T w o i d e n t i c a l e x p e r i m e n t a l a q u a r i a ( f o o t p r i n t 3 0 x 1 5 c m , 
w a t e r d e p t h 2 0 c m ) w e r e p l a c e d s i d e b y s i d e w i t h t h e w a l l s c o v e r e d w i t h 
a g r e y p a p e r . T h e f o c a l i n d i v i d u a l u s e d i n t h e p r e v i o u s tests w a s p l a c e d 
i n o n e a q u a r i u m , a n d t h r e e f a m i l i a r c o n s p e c i f i c s t o t h e o t h e r a q u a r i u m , 
s e p a r a t e d b y a t r a n s p a r e n t w a l l . C o n s p e c i f i c s w e r e m a t c h e d f o r t h e s i ze 
o f t h e f o c a l i n d i v i d u a l ( t h e s i z e o f t h e fish w a s d e t e r m i n e d v i s u a l l y to 
p r e v e n t a c t u a l h a n d l i n g s t ress , a c c o r d i n g t o L a h t i e t a l . , 2 0 0 2 ) , a n d a l l 
fish w e r e l e f t t o a c c l i m a t e f o r t h r e e m i n u t e s . S h o a l c o h e s i o n w a s 
q u a n t i f i e d as t h e d i s t a n c e b e t w e e n t h e f o c a l i n d i v i d u a l a n d t h e o t h e r 
m e m b e r s o f t h e s h o a l ( M i l l e r a n d G e r l a i , 2 0 0 7 ) d u r i n g a s i x m i n i n t e r v a l . 

2.5. Chemical analyses 

T h e c o n c e n t r a t i o n o f t r a m a d o l i n w a t e r w a s d e t e r m i n e d b y l i q u i d 
c h r o m a t o g r a p h y w i t h t a n d e m m a s s s p e c t r o m e t r y ( L C - M S / M S ; T S Q 
Q u a n t i v a , h e a t e d e l e c t r o s p r a y i n p o s i t i v e m o d e ( H E S I + ) , A c c e l a 1 2 5 0 
L C p u m p , H y p e r s i l G o l d a Q c o l u m n ( 5 0 x 2.1 m m ; 5 u m p a r t i c l e s ) , P A L 
a u t o s a m p l e r , T h e r m o F i s h e r S c i e n t i f i c , U S A ) i n a l l a q u a r i a f o u r t i m e s 
d u r i n g t h e e x p e r i m e n t . W a t e r s a m p l e s w e r e t a k e n b e f o r e a n d a f t e r t he 
w a t e r w a s c h a n g e d , a n d s t o r e d a t — 2 0 ° C . A f t e r d e f r o s t i n g , t h e w a t e r 
o b t a i n e d f r o m t h e a q u a r i a w a s filtered ( 0 . 2 0 u m r e g e n e r a t e d c e l l u l o s e 
filter) a n d i n t e r n a l s t a n d a r d (D3-tramadol, L i p o m e d ) w a s a d d e d . T h e n , 
t he s a m p l e w a s a n a l y s e d i n g r a d i e n t e l u t i o n o f a c i d i f i e d w a t e r a n d 
a c e t o n i t r i l e ( w i t h f o r m i c a c i d ) . T h e c o m p l e t e p r o c e d u r e is s p e c i f i e d i n 
D o u d a et a l . ( 2 0 1 9 ) . T h e m e a n c o n c e n t r a t i o n o f t r a m a d o l i n w a t e r i n t he 
t r e a t e d t a n k s w a s 0 . 9 9 ± 0 . 1 8 u g / L ( m e a n ± S.D.) d u r i n g e x p o s u r e . T h e 
d e p u r a t i o n p h a s e a n d d u r i n g t h e w h o l e e x p e r i m e n t i n c o n t r o l r e m a i n e d 
b e l o w t h e l i m i t o f q u a n t i f i c a t i o n ( L O Q ; H u b e n a a n d H o r k y , 2 0 2 0 a , 
2 0 2 0 b ) . L O Q s r a n g e d f r o m 0 . 0 3 0 t o 0 . 0 6 0 u g / L f o r t r a m a d o l ( H u b e n a 
a n d H o r k y , 2 0 2 0 a , 2 0 2 0 b ) . 

F o l l o w i n g b e h a v i o u r a l t e s t i n g , e i g h t fish p e r g r o u p a n d t i m e w e r e 
b e h e a d e d a c c o r d i n g t o v a l i d l a w 2 4 6 / 1 9 9 2 , §17. T h e i r b r a i n s w e r e 
d i s s e c t e d , w e i g h t e d , a n d s t o r e d a t - 8 0 ° C u n t i l f u r t h e r a n a l y s e s . T h e 
c o m p l e t e m e t h o d o f s a m p l e p r e p a r a t i o n a n d a n a l y s i s is d e s c r i b e d i n 
G r a b i c o v a e t a l . ( 2 0 1 8 ) . A f t e r d e f r o s t i n g , i n t e r n a l s t a n d a r d , e x t r a c t i o n 
s o l v e n t ( a c i d i f i e d a c e t o n i t r i l e a n d i s o p r o p a n o l ) , a n d a s ta in less-s tee l b a l l 
w e r e a d d e d t o 0 . 2 5 g o f t i s sue . T h e s a m p l e s w e r e e x t r a c t e d ( T i s s u e L y s e r 
II, Q u i a g e n , G e r m a n y ; 3 0 H z ) , c e n t r i f u g e d ( M i n i s p i n , E p p e n d o r f , 
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G e r m a n y ; 6 7 0 8 g ) , filtered ( L a b i c o m ; r e g e n e r a t e d c e l l u l o s e , 0 . 4 5 u m 
p o r e s ) a n d f r o z e n a t — 2 0 ° C f o r 2 4 h. A f t e r d e f r o s t i n g w e r e c e n t r i f u g e d 
a g a i n . T h e n , t h e r e s u l t i n g a l i q u o t s w e r e a n a l y s e d b y l i q u i d c h r o m a t o g ­
r a p h y w i t h h i g h r e s o l u t i o n m a s s s p e c t r o m e t r y ( L C - H R M S , Q E x a c t i v e , 
A c c e l a 1 2 5 0 L C p u m p , H y p e r s i l G o l d a Q c o l u m n ( 5 0 x 2.1 m m ; 5 u m 
p a r t i c l e s ) P A L a u t o s a m p l e r , T h e r m o F i s h e r S c i e n t i f i c ) . T r a c e F i n d e r 3.3 
s o f t w a r e ( T h e r m o F i s h e r S c i e n t i f i c ) w a s u s e d f o r t h e p r o c e s s i n g o f t he 
d a t a . T h e c o n c e n t r a t i o n o f t r a m a d o l i n b r a i n t i s sue o f c o n t r o l i n d i v i d u a l s 
w a s b e l o w L O Q ( r a n g e 0 . 1 9 - 0 . 6 9 n g / g ; H u b e n a a n d H o r k y , 2 0 2 0 a , 
2 0 2 0 b ) . I n t h e t r e a t e d g r o u p , t h e c o m p o u n d w a s d e t e c t e d i n a l l t h e fish 
b r a i n s a t a n a v e r a g e o f 1.6 n g / g w e t w e i g h t d u r i n g e x p o s u r e , w h i l e n o 
r e s i d u e s w e r e f o u n d i n t h e b r a i n a f t e r d e p u r a t i o n ( H u b e n a a n d H o r k y , 
2 0 2 0 a , 2 0 2 0 b ) . T h e B i o c o n c e n t r a t i o n f a c t o r w a s d e t e r m i n e d b y d i v i d i n g 
the m e a n c o n c e n t r a t i o n o f t r a m a d o l i n b r a i n t i s sue b y t h e a v e r a g e 
c o n c e n t r a t i o n i n w a t e r ( O E C D , 2 0 1 2 ) . T h e c a l c u l a t e d b i o c o n c e n t r a t i o n 
f a c t o r ( B C F ) w a s 1.8 i n t h e p r e s e n t s t u d y . 

2.6. Statistics 

T h e s t a t i s t i c a l a n a l y s e s f o r b e h a v i o u r w a s p e r f o r m e d w i t h t h e S A S 
s o f t w a r e p a c k a g e ( S A S I n s t i t u t e Inc . , v e r s i o n 9 .4 , w w w . s a s . c o m ) . 

2.6.1. Data analyses 
' T r e a t m e n t ' w a s d e f i n e d as t h e c l ass v a r i a b l e d i s t i n g u i s h i n g w h e t h e r 

fish w e r e e x p o s e d t o t r a m a d o l . ' E x p e r i m e n t a l p h a s e ' w a s a l s o a s s i g n e d 
as a c l a s s v a r i a b l e d i s t i n g u i s h i n g s a m p l e g r o u p s f o r t h e c o u r s e o f t he 
e x p e r i m e n t . It a c q u i r e d five v a l u e s , 1, 7, 2 1 , 4 2 a n d 5 6 d a y s , f r o m the 
b e g i n n i n g o f t h e e x p e r i m e n t ' T r a m a d o l i n b r a i n t i s s u e ' e x p r e s s e d t he 
r e l a t i v e c o n c e n t r a t i o n o f t h i s p a r t i c u l a r p s y c h o a c t i v e c o m p o u n d i n the 
i n d i v i d u a l fish's b r a i n t i s sue . 

W e u s e d a r e g u l a r t i m e g r i d a p p r o a c h to a d d r e s s a k i n d o f M -
d e p e n d e n c e s t r u c t u r e h i d d e n w i t h i n t h e d a t a (e .g. M o o n a n d V e l a s c o , 
2 0 1 3 ) . T h e M - d e p e n d e n c e r e f e r s t o d e p e n d e n t s t r u c t u r e d v a r i a b l e s 
w h i c h c a n b e t r a n s f o r m e d i n t o i n d e p e n d e n t o n e s b y r e m o v i n g s o m e 
c o n s e c u t i v e o b s e r v a t i o n s . In o u r case , M - d e p e n d e n c e w a s c a u s e d b y 
s e v e r a l r e c o r d s p e r s e c o n d o n a v i d e o file. P r e l i m i n a r y d a t a a n a l y s e s 
c o m p r i s e d a g r i d f o r p a r t i c u l a r v a r i a b l e s a s s i g n e d as f o l l o w s : ' B o l d n e s s ' 
w a s a s s i g n e d as a b i n a r y c l a s s v a r i a b l e (0 - fish i n s h e l t e r , 1 - fish i n a n 
o p e n field) a t a s a m p l i n g r a t e o f o n c e e v e r y 5 s ' D i s t a n c e ' w a s d e s i g n a t e d 
as a c o n t i n u o u s v a r i a b l e , e x p r e s s e d as a d i s t a n c e m o v e d ( i n c m ) i n the 
o p e n field d u r i n g t h e w h o l e b o l d n e s s test ( 1 5 m i n ) . ' S o c i a l d i s t a n c e ' w a s 
a s s i g n e d as a c l a s s v a r i a b l e a t a s a m p l i n g r a t e o f o n c e e v e r y 1 0 s a n d u s e d 
as a n i n d i c a t o r o f s h o a l c o h e s i o n . S o c i a l d i s t a n c e c o u l d a c q u i r e v a l u e s 
f r o m 0 t o 3 ( 0 - b o t h i n d i v i d u a l s c l o s e t o e a c h o t h e r , m o s t l y s i d e b y s i d e ; 
1 - i n d i v i d u a l s w i t h i n o n e b o d y l e n g t h o f e a c h o t h e r ; 2 - i n d i v i d u a l s 
s e p a r a t e d b y a t l eas t o n e b o d y l e n g t h ; 3 - i n d i v i d u a l s s e p a r a t e d o n the 
m a x i m u m p o s s i b l e d i s t a n c e - i.e. i n o p p o s i t e c o r n e r s o f t h e a q u a r i u m ) . 
' E x p l o r a t i o n ' d u r i n g t h e n o v e l o b j e c t test w a s d e s i g n a t e d as a c o u n t 
v a r i a b l e e x p r e s s i n g n u m b e r o f f r a m e r a t e s s p e n t c l o s e r t h a n 5 c m n e a r a 
p a r t i c u l a r o b j e c t ( n o v e l o r f a m i l i a r ) w i t h i n t h e 3 0 s g r i d . ' O b j e c t ' w a s 
a s s i g n e d as a c l ass v a r i a b l e a c q u i r i n g t w o v a l u e s , ' n o v e l ' o r ' f a m i l i a r ' . 
E v e r y i n d i v i d u a l w a s c o n t i n u o u s l y d e t e r m i n e d as b e i n g a c t i v e ( i .e . fish 
m o v e d b e t w e e n t w o f r a m e r a t e s ) o r n o t ( i .e . fish d i d n o t m o v e b e t w e e n 
t w o f r a m e r a t e s ) . ' A c t i v i t y ' d u r i n g t h e n o v e l o b j e c t ' e x p l o r a t i o n ' w a s 
a s s i g n e d as a c o u n t v a r i a b l e , e x p r e s s i n g t h e n u m b e r o f a c t i v e s ta tuses 
w i t h i n t h e 3 0 s g r i d . 

2.6.2. Statistical analyses 
S e p a r a t e g e n e r a l i z e d l i n e a r m i x e d m o d e l s w i t h r a n d o m f a c t o r s w e r e 

fitted t o a n a l y s e t h e v a r i a b l e s ' b o l d n e s s ' ; ' d i s t a n c e ' ; ' s o c i a l d i s t a n c e ' ; 
' e x p l o r a t i o n ' o f b o t h ob j e c t s ( n o v e l a n d f a m i l i a r ) ; ' e x p l o r a t i o n ' o f n o v e l 
o b j e c t o n l y i n o r d e r t o a n a l y s e i n f l u e n c e o f t r a m a d o l i n b r a i n t i s sue o n 
n o v e l o b j e c t e x p l o r a t i o n ; a n d ' a c t i v i t y ' d u r i n g t h e n o v e l o b j e c t e x p l o ­
r a t i o n . M i x e d m o d e l s a r e a g e n e r a l i z a t i o n o f s t a n d a r d m o d e l s , e .g . , G L M , 
w i t h t h e g e n e r a l i z a t i o n i n d i c a t i n g t h a t t h e d a t a a r e p e r m i t t e d to e x h i b i t 
c o r r e l a t i o n a n d n o n c o n s t a n t v a r i a b i l i t y . T h i s m e t h o d is u s e d to c o p e 

- 73 -

http://www.sas.com


M.E.S. Santos et ah 

w i t h r e p e a t e d m e a s u r e s e x p e r i m e n t s i n w h i c h p e o p l e o r a n i m a l s a r e t he 
sub j e c t s , a n d t h e sub j e c t s a r e d e c l a r e d r a n d o m b e c a u s e t h e y a r e s e l e c t e d 
f r o m a l a r g e r p o p u l a t i o n i n w h i c h g e n e r a l i z a t i o n s a r e r e q u i r e d ( S A S 
I n s t i t u t e I nc , 2 0 0 4 ) . T h e r e f o r e , i n t h e p r e s e n t s t u d y , f a c t o r s w e r e a p p l i e d 
to a c c o u n t f o r t h e r e p e a t e d m e a s u r e s i n t r o d u c e d b y u s i n g t h e s a m e 
e x p e r i m e n t a l u n i t s ( i .e . , i n d i v i d u a l fish). M o r e d e t a i l e d i n f o r m a t i o n 
a b o u t m i x e d m o d e l s c a n b e f o u n d e l s e w h e r e ( e .g . B r e s l o w a n d C l a y t o n , 
1 9 9 3 ; S A S I n s t i t u t e Inc , 2 0 0 4 ; S e a r l e e t a l . , 1 9 9 2 ) . G e n e r a l i z e d l i n e a r 
m i x e d m o d e l s ( G L M M ; S A S f u n c t i o n P R O C G L I M M I X ) w i t h a P o i s s o n 
d i s t r i b u t i o n w e r e a p p l i e d t o a n a l y s e t h e v a r i a b l e s ' a c t i v i t y ' a n d ' e x p l o ­
r a t i o n ' ; G L M M w i t h a m u l t i n o m i a l d i s t r i b u t i o n w a s u s e d t o a n a l y s e 
' s o c i a l d i s t a n c e ' , a n d G L M M w i t h a b i n a r y d i s t r i b u t i o n t o a n a l y s e 
' b o l d n e s s ' . G L M M w i t h a n o r m a l d i s t r i b u t i o n ( S A S f u n c t i o n P R O C 
M I X E D ) w a s a p p l i e d t o a n a l y s e ' d i s t a n c e ' , s q u a r e d r o o t t r a n s f o r m e d t o 
m e e t n o r m a l i t y r e q u i r e m e n t s p r i o r t o t h e a n a l y s e s . T h e s i g n i f i c a n c e o f 
t h e e x p l a n a t o r y v a r i a b l e s ( t r e a t m e n t , e x p e r i m e n t a l p h a s e , t r a m a d o l i n 
b r a i n t i s s u e , f o c a l i n d i v i d u a l w e i g h t ) , a n d t h e i r i n t e r a c t i o n s , w e r e 
assessed u s i n g F-tests. S e p a r a t e m o d e l s c o n t a i n i n g ' t r e a t m e n t ' o r ' t r a ­
m a d o l i n b r a i n t i s s u e ' a l o n g w i t h o t h e r e x p l a n a t o r y v a r i a b l e s w e r e fitted 
d u e t o t h e ' t r e a t m e n t ' - ' t r a m a d o l i n b r a i n t i s s u e ' o v e r l a p ( i n t e r c o r r e -
l a t i o n ) , i n o r d e r to a v o i d m i s i n t e r p r e t a t i o n o f t h e r e s u l t s . L eas t-squa res 
m e a n s ( h e n c e f o r t h r e f e r r e d t o a n d i n b a r c h a r t s p r e s e n t e d as ' a d j u s t e d 
m e a n ' o f m o d e l p r e d i c t i o n s ) w e r e s u b s e q u e n t l y c o m p u t e d f o r t he 
p a r t i c u l a r c l a s ses o f c l a s s v a r i a b l e s . D i f f e r e n c e s b e t w e e n t h e c l a s ses w e r e 
d e t e r m i n e d w i t h t-test, a n d T u k e y - K r a m e r a d j u s t m e n t w a s u t i l i z e d f o r 
m u l t i p l e c o m p a r i s o n s . T h e a s s o c i a t i o n b e t w e e n t h e d e p e n d e n t v a r i a b l e s 
a n d o t h e r c o n t i n u o u s v a r i a b l e s , ' t r a m a d o l i n b r a i n t i s s u e ' a n d ' w e i g h t ' , 
w a s e s t i m a t e d b y fitting a r a n d o m f a c t o r m o d e l as d e s c r i b e d b y T a o et a l . 
( 2 0 0 2 ) . W i t h t h i s r a n d o m c o e f f i c i e n t m o d e l , w e c a l c u l a t e d t h e p r e d i c t e d 
v a l u e s f o r t h e d e p e n d e n t v a r i a b l e a n d p l o t t e d t h e m a g a i n s t t h e c o n t i n ­
u o u s v a r i a b l e s . T h e d e g r e e o f f r e e d o m w a s c a l c u l a t e d u s i n g t h e K e n -
w a r d - R o g e r m e t h o d ( K e n w a r d a n d R o g e r , 1 9 9 7 ) . 

F o r t e s t i n g c ross- t r a i t c o r r e l a t i o n s w e u s e d S p e a r m a n c o r r e l a t i o n s 
a c c o r d i n g t o B r o d i n e t a l . ( 2 0 1 3 ) , a n d a d j u s t e d f o r m u l t i p l e t e s t i n g u s i n g 
t h e B e n j a m í n i a n d H o c h b e r g m e t h o d ( B e n j a m í n i a n d H o c h b e r g , 1 9 9 5 ) . 
E v e r y i n d i v i d u a l t e s t e d d u r i n g t h e e x p o s i t i o n p e r i o d ( i . e . 1-42 d a y s f r o m 
t h e s t a r t o f t h e e x p e r i m e n t ) w a s a s s i g n e d o n e m e a n v a l u e p e r p a r t i c u l a r 
t r a i t ( i . e . ' b o l d n e s s ' , ' d i s t a n c e ' , ' e x p l o r a t i o n ' , ' a c t i v i t y ' a n d ' s o c i a l d i s ­
t a n c e ' ) . C r o s s - t r a i t c o r r e l a t i o n s f o r v a r i o u s t r e a t m e n t s ( c o n t r o l a n d 
t r a m a d o l e x p o s u r e ) w e r e t e s t e d s e p a r a t e l y . S i g n i f i c a n t r e l a t i o n s h i p 
i n d i c a t e e x i s t e n c e o f a b e h a v i o u r a l s y n d r o m e b e t w e e n t h e t w o i n d i ­
v i d u a l t r a i t s t e s t e d . 

3. Results 

3.1. Behavioural effects of tramadol exposure 

C h u b e x p o s e d t o e n v i r o n m e n t a l c o n c e n t r a t i o n s o f t r a m a d o l s h o w e d 
s i g n i f i c a n t b e h a v i o u r a l d i f f e r e n c e s c o m p a r e d t o c o n t r o l . E x p o s e d c h u b s 
w e r e g e n e r a l l y less b o l d ( F 1 ( 1 0 o9 = 5 . 5 1 , p < 0 . 0 1 9 1 ; F i g . 1 A ) . B o t h 
t r e a t m e n t s s h o w e d a s i m i l a r t e m p o r a l p a t t e r n i n l e a v i n g t h e s h e l t e r ( F^ 
1004 = 2 2 . 0 2 , p < 0 . 0 0 0 1 ; F i g . I B ) , w i t h n o n s i g n i f i c a n t d i f f e r e n c e s 
d u r i n g p a r t i c u l a r t i m e i n t e r v a l s . E x p o s e d fish a l s o m o v e d o n a s h o r t e r 
d i s t a n c e w h e n t h e y w e r e o u t o f t h e s h e l t e r ( F i ( 77 — 3 . 9 8 , p < 0 . 0 4 9 5 ; 
F i g . 1 C ) , i n d i c a t i n g t h a t t h e y d i d n o t e x p l o r e t h e n e w e n v i r o n m e n t as 
t h o r o u g h l y as i n t h e c o n t r o l t r e a t m e n t 

T h e n o v e l o b j e c t r e c o g n i t i o n test w a s p e r f o r m e d i n o r d e r t o e v a l u a t e 
t h e p o s s i b l e a l t e r a t i o n s i n t h e n o v e l i t e m i d e n t i f i c a t i o n m e m o r y . B o t h 
t r e a t m e n t s ( t r a m a d o l a n d c o n t r o l ) e x p l o r e d t h e n o v e l o b j e c t m o r e t h a n 
t h e f a m i l i a r o n e ( F 3 > 1 5 8 2 = 8 4 3 3 . 7 9 , p < 0 . 0 0 0 1 ; F i g . 2 A ) . N e v e r t h e l e s s , 
t r a m a d o l e x p o s e d c h u b s s h o w e d s i g n i f i c a n t l y less e x p l o r a t i o n t o w a r d s 
t h e n e w i t e m t h a n c o n t r o l fish ( F i g . 2 A ) . E x p o s e d i n d i v i d u a l s w e r e a l s o 
less a c t i v e d u r i n g t h e n o v e l o b j e c t e x p l o r a t i o n ( F i ( 5 0 1 . 5 — 4 . 4 8 , 
p < 0 . 0 3 4 6 ; F i g . 2 B ) . B o t h t h e l o w e r n o v e l o b j e c t e x p l o r a t i o n a n d l o w e r 
a c t i v i t y d u r i n g e x p l o r a t i o n i n d i c a t e a n i m p a i r m e n t o f n o v e l o b j e c t 
r e c o g n i t i o n i n t r a m a d o l e x p o s e d c h u b s . 
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Fig. 1. Boldness across the treatment (A) , t ime in terva l (B), and distance 
m o v e d d u r i n g boldness test across the treatment (C). Va lues (+/- S.E.) are 
pred ic ted f r o m the par t i cu la r m i x e d mode l . Aster isks ind i ca te s ign i f i cant d i f ­
ferences (Adj . p < 0.05). 

T h e s h o a l c o h e s i o n test w a s p e r f o r m e d i n o r d e r t o e v a l u a t e t he 
p o s s i b l e e f f ec t s o n s o c i a l b e h a v i o u r i n e x p o s e d fish. C h u b e x p o s e d t o 
t r a m a d o l m a i n t a i n e d l a r g e r i n t e r - i n d i v i d u a l s o c i a l d i s t a n c e s w i t h i n t he 
e x p e r i m e n t a l s h o a l t h a n c o n t r o l s ( F i ( 230 .1 — 4 1 . 7 7 , p < 0 . 0 0 0 1 ; F i g . 3 ) , 
i n d i c a t i n g t h a t t h e i r s h o a l c o h e s i o n w a s d i s r u p t e d . 

3.2. Tramadol exposure and behavioural syndromes 

T h e c o m p l e x r e s u l t s o f c ross- t r a i t c o r r e l a t i o n s c a n b e f o u n d i n 
T a b l e 1. B o l d n e s s w a s p o s i t i v e l y r e l a t e d to d i s t a n c e m o v e d i n t h e o p e n 
field f o r b o t h t r e a t m e n t s . E x p l o r a t i o n o f t h e n o v e l o b j e c t a n d a c t i v i t y 
d u r i n g i t s e x p l o r a t i o n w e r e p o s i t i v e l y c o r r e l a t e d u n d e r t h e t r a m a d o l 
t r e a t m e n t o n l y , w h i l e e x p l o r a t i o n a n d b o l d n e s s w e r e p o s i t i v e l y c o r r e ­
l a t e d e x c l u s i v e l y i n c o n t r o l . 
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Treatment 
Fig. 2. Exp lo ra t ion of f ami l i a r and nove l object (A) and act iv i ty du r i ng 
exp lora t ion of nove l object (B) across the treatment. Va lues (+/- S.E.) are 
pred ic ted f rom the par t i cu la r m i x e d mode l . Aster isks ind ica te s igni f icant d i f ­
ferences (Adj . p < 0.05). 
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Fig. 3. Soc ia l d istance across the treatment. Va lues (+/— S.E.) are pred ic ted 
f r o m the part icu lar m i x e d mode l . Aster isks ind ica te s ign i f i cant differences 
(Adj . p < 0.05). 

3.3. Progression of behavioural effects 

T h e e f f e c t o f t r a m a d o l o n p a r t i c u l a r b e h a v i o u r a l t r a i t s v a r i e d 
t h r o u g h o u t t h e c o u r s e o f t h e e x p e r i m e n t . B o l d n e s s w a s o n l y s i g n i f i ­
c a n t l y a f f e c t e d a f t e r 4 2 d a y s o f e x p o s u r e ( F 8 , 1 0 0 7 = 7.46, p < 0 . 0 0 0 1 ; 
F i g . 4 A ) . I n c o n t r a s t , t h e e f f e c t o n s o c i a l d i s t a n c e (Fg, 2 2 8 . 6 — 8 . 4 1 , 
p < 0 . 0 0 0 1 ; F i g . 4 B ) w a s c o n s i s t e n t f r o m t h e f i r s t to l as t d a y o f e x p o s u r e 
a n d r e m a i n e d s i g n i f i c a n t e v e n a f t e r t w o w e e k s o f d e p u r a t i o n ( F i g . 4 B ) . 
T h e c o n s e q u e n c e o f t h e t e m p o r a l e f f e c t o n n o v e l o b j e c t r e c o g n i t i o n w a s 
n o t o b s e r v e d . 
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3.4. Tramadol brain concentration vs. behavioural variability 

I n c r e a s e d t r a m a d o l c o n c e n t r a t i o n s i n b r a i n w e r e l i n k e d to a d e c r e a s e 
o f b o l d n e s s ( F i ( 1 0 6 8 — 5 3 . 0 0 , p < 0 . 0 0 0 1 ; F i g . 5 A ) , l o w e r e x p l o r a t i o n o f 
a n o v e l o b j e c t ( F i ( sss.3 — 3 9 . 9 5 , p < 0 . 0 0 0 1 ; F i g . 5 B ) a n d a l a r g e r in te r-
i n d i v i d u a l d i s t a n c e s , i n d i c a t i n g a d i s r u p t i o n o f t h e s h o a l c o h e s i o n ( F j 
8510 — 2 7 . 1 9 , p < 0 . 0 0 0 1 ; F i g . 5 C ) . T h e b e h a v i o u r a l o u t c o m e w a s a l s o 
i n f l u e n c e d b y t h e i n d i v i d u a l s w e i g h t , as l a r g e r fish w e r e b o l d e r ( F i ( 1068 
— 5 3 . 0 0 , p < 0 . 0 0 0 1 ; F i g . 5 A ) , s p e n t m o r e t i m e d u r i n g e x p l o r a t i o n o f t he 
n o v e l o b j e c t ( F 1 ( 5 5 8 . 3 = 3 9 . 9 5 , p < 0 . 0 0 0 1 ; F i g . 5 B ) a n d m a i n t a i n e d 
l a r g e r i n t e r - i n d i v i d u a l d i s t a n c e s ( F 1 ( 8 5io = 2 7 . 1 9 , p < 0 . 0 0 0 1 ; F i g . 5G ) . 

4. Discussion 

O u r r e s u l t s i n d i c a t e d t h a t e x p o s u r e t o e n v i r o n m e n t a l l y r e l e v a n t 
c o n c e n t r a t i o n s o f t r a m a d o l i m p a i r e d t h e b e h a v i o u r o f a n a t i v e E u r o p e a n 
fish. T h e d i r e c t l i n k b e t w e e n t h e c o n c e n t r a t i o n o f t r a m a d o l i n b r a i n 
t i s sue a n d t h e i n d i v i d u a l b e h a v i o u r h i g h l i g h t e d t h e s t r o n g i n f l u e n c e o f 
th i s d r u g r e c e i v e d f r o m t h e w a t e r . 

4.1. Behavioural effects 

B e h a v i o u r i s t h e e x t e r n a l r e s p o n s e t h a t r e s u l t s f r o m t h e c o m p l e x 
c o m b i n a t i o n o f s e v e r a l b i o l o g i c a l p r o c e s s e s , e .g . b i o c h e m i c a l o r p h y s i ­
o l o g i c a l ( H e l l o u , 2 0 1 1 ; L e g r a d i e t a l . , 2 0 1 8 ) . It h a s b e e n e x t e n s i v e l y 
r e p o r t e d as a m a j o r c h a n g e r e l a t e d w i t h p s y c h o a c t i v e c o m p o u n d s 
e x p o s u r e ( Bu r i č e t a l . , 2 0 1 8 ; C u n h a e t a l . , 2 0 1 9 ) . O u r p r e v i o u s s t u d y has 
a l s o s h o w n t h a t t r a m a d o l i n w a t e r a t 1 u g / L d i s p l a y e d i m p a i r m e n t s i n 
the n o r m a l b e h a v i o u r o f i n v e r t e b r a t e s , c o m p a r e d t o u n e x p o s e d i n ­
d i v i d u a l s ( B l á h a et a l . , 2 0 1 9 ; B u r i č e t a l . , 2 0 1 8 ; Ložek et a l . , 2 0 1 9 ) , 
u n d e r s c o r i n g t h e p o t e n t i a l e c o l o g i c a l e f f ec t s o f t r a m a d o l e v e n a t l o w 
c o n c e n t r a t i o n s . S p e c i f i c a l l y , t h e c h a n g e s r e p o r t e d b y Bu r i č a n d Ložek 
et a l . , ( 2 0 1 8 , 2 0 1 9 ) a l s o d e n o t e d a d e c r e a s e i n a c t i v i t y a n d l o c o m o t i o n . 
F u r t h e r m o r e , t h e i r r e s u l t s i n d i c a t e d t h a t e x p o s e d c r a y f i s h s h o w e d a 
t e n d e n c y t o s p e n d m o r e t i m e i n s i d e s h e l t e r s t h a n i n t h e c o n t r o l t r ea t ­
m e n t , w h i c h i s s i m i l a r t o t h e d e c r e a s e d b o l d n e s s o b s e r v e d i n o u r 
e x p e r i m e n t 

T h e f e w s t u d i e s a v a i l a b l e i n t h e l i t e r a t u r e d o n o t p r o v i d e s o l i d r e s u l t s 
a b o u t b e h a v i o u r a l d i s r u p t i o n i n fish i n d u c e d b y t r a m a d o l a t e n v i r o n ­
m e n t a l l e v e l s . In T a n o u e e t a l . ( 2 0 1 9 ) , e v e n t h o u g h t r a m a d o l w a s 
d e t e c t e d i n t h e b r a i n , t h e b e h a v i o u r a l t e s t i n g d i d n o t p r o v i d e s a t i s f a c ­
t o r y r e su l t s , a n d t h e c o m m i t t e e o f e x p e r t s q u e s t i o n e d i n t h i s r e s p e c t 
c o u l d n o t find t h e r e a s o n w h y . S e v e r a l s i m i l a r s t u d i e s i n c l u d i n g c a r p 
l a r v a e , t i l a p i a , a n d z e b r a f i s h s h o w e d i m p a i r m e n t s i n b e h a v i o u r a n d 
o t h e r p a r a m e t e r s -e.g. h i s t o p a t h o l o g y , d e v e l o p m e n t o r o x i d a t i v e s t ress -
c a u s e d b y t r a m a d o l e x p o s u r e ( B a c h o u r e t a l . , 2 0 2 0 ; H u a n g et a l . , 2 0 1 9 ; 
S e h o n o v a e t a l . , 2 0 1 7 , 2 0 1 6 ; S o l i m a n a n d S a y e d , 2 0 2 0 ) . H o w e v e r , t he 
l e v e l s o f t h e s u b s t a n c e u s e d i n t h e s e t o x i c o l o g y tests w e r e g e n e r a l l y 
m u c h h i g h e r t h a n i n r e a l i s t i c c o n d i t i o n s , s o i t i s d i f f i c u l t t o c o m p a r e t o 
the c u r r e n t sub j e c t . 

I n c o n t r a s t , o u r findings c l e a r l y d e m o n s t r a t e d c h a n g e s i n s o m e o f t he 
m a j o r b e h a v i o u r a l a x e s - i .e. b o l d n e s s , a c t i v i t y , e x p l o r a t i o n , a n d s o c i a ­
b i l i t y ( R é a l e e t a l . , 2 0 0 7 ) - u n d e r l y i n g a n a p p a r e n t a n x i o l y t i c - l i k e e f f e c t 
T h i s a s s u m p t i o n c a n be j u s t i f i e d b y t h e c o n c u r r e n t i m p a i r m e n t s i n a l l o f 
the p r e v i o u s l y c i t e d p a t t e r n s , s i n c e t h e a l t e r a t i o n s o v e r b e h a v i o u r a l 
t r a i t s s h o u l d b e t a k e n i n t o c o n s i d e r a t i o n as a w h o l e ( C o n r a d e t a l . , 
2 0 1 1 ) . O u r r e s u l t s i n d i c a t e d t h a t , i n g e n e r a l , e x p o s e d fish w e r e less b o l d , 
l ess a c t i v e , l ess s o c i a l , a n d d i d n o t e x p l o r e t h e n e w e n v i r o n m e n t n o r t he 
n e w o b j e c t as m u c h as t h e c o n t r o l s . 

P e r s o n a l i t y t r a i t s c a n b e c o r r e l a t e d i n o r d e r t o d i s c l o s e a b e h a v i o u r a l 
s y n d r o m e ( C o n r a d e t a l . , 2 0 1 1 ) . A s a n e x a m p l e , p r e v i o u s r e s e a r c h 
r e g a r d i n g i n v a s i v e s p e c i e s - i.e. m o s q u i t o f i s h (Gambussia affinis) - i n d i ­
c a t e d a s y n d r o m e i n w h i c h a c t i v i t y , e x p l o r a t i o n , a n d b o l d n e s s w e r e 
p o s i t i v e l y a s s o c i a t e d , w h i l e s o c i a b i l i t y w a s j u s t s c a r c e l y c o r r e l a t e d w i t h 
t he o t h e r s ( C o t e e t a l . , 2 0 1 0 ) . A d d i t i o n a l l y , b o l d e r i n d i v i d u a l s a r e 
g e n e r a l l y m o r e e x p l o r a t o r y a n d m o r e ac t i ve- p r o v i d i n g a n a d v a n t a g e 
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T a b l e 1 
The cross-trait cor re la t ion table show ing the Spearman cor re la t ion coeff ic ients for a l l observed behav ioura l traits. S ign i f i cant re lat ionships (p < 0.05) are h igh l igh ted 
in bo ld and ind ica te the existence o f a behav ioura l syndrome between two i n d i v i d u a l traits under a par t i cu la r t reatment ( t ramado l or control ) . 

Boldness Distance Explora t ion Ac t iv i t y Social distance 

Boldness Control 
p = 1.00 
n = 32 
N.A. 

Tramadol 
p = 1.00 
n = 32 
N. A. 

Distance Control 
p = 0.51 
n = 32 
p < 0.01 

Tramadol 
p = 0.64 
n = 32 
p < 0.01 

Control 
p = 1.00 
n = 32 
NA. 

Tramadol 
p = 1.00 
n = 32 
N.A. 

Explora t ion Control Tramadol Control Tramadol Control Tramadol 
p = 0.35 p = 0.08 p = -0.07 p= -0.18 p= 1.00 p = 1.00 
n = 32 n = 32 n = 32 n = 32 n = 32 n = 32 
p < 0.05 p > 0.67 p > 0.69 p > 0.31 N.A. N.A. 

Act iv i ty Control Tramadol Control Tramadol Control Tramadol Control Tramadol 
p = -0.23 p = 0.22 p = -0.20 p = -0.04 p = 0.18 p = 0.67 p=1.00 p = 1.00 
n = 32 n = 32 n = 32 n = 32 n = 32 n = 32 n = 32 n = 32 
p > 0.20 p > 0.21 p > 0.28 p > 0.82 p > 0.32 p < 0.01 N.A. N. A. 

Social distance Control Tramadol Control Tramadol Control Tramadol Control Tramadol Control Tramadol 
p = 0.16 p = -0.02 p = 0.17 p = 0.05 p = 0.11 p= -0.17 p = -0.31 p = -0.20 p = 1.00 p = 1.00 
n = 32 n = 32 n = 32 n = 32 n = 32 n = 32 n = 32 n = =32 n= 32 n = 32 
p > 0.37 p > 0.93 p > 0.36 p > 0.79 p > 0.55 p > 0.34 p > 0.09 p > 0.28 N.A N. A 

Experimental phase (days) 

F i g . 4 . Boldness (A) and soc ia l d is tance (B) across the exper imenta l phase. 
Shaded bars ind ica te t r amado l treatment. Va lues (+/- S.E.) are pred ic ted f rom 
the par t icu lar m i x e d mode l . Aster isks ind ica te s igni f icant di f ferences 
(Adj . p < 0.05). 

o v e r o t h e r c o n g e n e r s i n d i s p e r s i n g a n d / o r f o r a g i n g ( C o n r a d et a l . , 
2 0 1 1 ) . I n l i n e w i t h t h i s c o n c e p t , w e o b s e r v e d a r e l a t i o n b e t w e e n b o l d ­
ness a n d d i s t a n c e f o r b o t h t r e a t m e n t s , s u g g e s t i n g t h a t b o l d e r i n d i v i d u a l s 
f r o m b o t h g r o u p s e x p l o r e d t h e n e w e n v i r o n m e n t m o r e b y c o v e r i n g a n 
i n c r e a s e d d i s t a n c e . B o l d n e s s a n d e x p l o r a t i o n o f t h e n e w o b j e c t w e r e 
o n l y c o r r e l a t e d i n c o n t r o l , a n d a c t i v i t y a n d e x p l o r a t i o n o f t h e n o v e l i t e m 
o n l y i n e x p o s e d f i s h . T h e s e d i f f e r e n c e s i n t r a i t r e l a t i o n s s u g g e s t t h a t t h e 

t r a m a d o l t r e a t m e n t i n f l u e n c e d t h e e x p r e s s i o n o f t h e b e h a v i o u r a l s y n ­
d r o m e s a m o n g t h e p e r s o n a l i t y t r a i t s . T h e d a t a a l s o i n d i c a t e d tha t , 
a l t h o u g h t h e r e w e r e d i f f e r e n c e s b e t w e e n t h e t r e a t m e n t s , b o l d n e s s 
s e e m e d t o be m o r e r e l a t e d w i t h a c t i v i t y , e x p l o r a t i o n , a n d d i s t a n c e ; 
w h i l e s o c i a b i l i t y r e m a i n e d a s i d e . A c c o r d i n g l y , p r e v i o u s s t u d i e s c o u l d 
n o t r e l a t e b o l d n e s s a n d s o c i a b i l i t y ( B e v a n et a l . , 2 0 1 8 ; C o t e e t a l . , 2 0 1 1 ; 
J o l l e s e t a l . , 2 0 1 6 ) . 

A m o n g e x p o s e d f i s h , t h e i n d i v i d u a l w e i g h t o f e x p o s e d c h u b s w a s 
r e l a t e d w i t h t h e d e g r e e o f b e h a v i o u r a l c h a n g e s . B i g g e r f i s h w e r e b o l d e r , 
l ess s o c i a l , a n d e x p l o r e d t h e n e w o b j e c t m o r e . O v e r a l l , b o l d e r i n ­
d i v i d u a l s a r e e x p e c t e d t o be b i g g e r n a t u r a l l y b e c a u s e t h e y c a n d e a l w i t h 
o p p o n e n t s b e t t e r a n d s u b s e q u e n t l y o b t a i n m o r e s u s t e n a n c e ( C o n r a d 
et a l . , 2 0 1 1 ; J o l l e s e t a l . , 2 0 1 6 ) . A s t h e y w e r e b o l d e r , t h e y w o u l d l i k e l y 
e x p l o r e t h e n e w o b j e c t m o r e i n c o m p a r i s o n t o s h y e r i n d i v i d u a l s . 
M o r e o v e r , b o l d e r i n d i v i d u a l s w e r e r e p o r t e d to b e l ess s o c i a l ( C o n r a d 
e t a l , 2 0 1 1 ; J o l l e s e t a l . , 2 0 1 5 ; T a n g a n d F u , 2 0 2 0 ) . 

S e v e r a l s t u d i e s c o m p r i s i n g o t h e r p s y c h o p h a r m a c e u t i c a l s a t l o w 
l e v e l s i n d i c a t e d s i m i l a r i m p a i r m e n t s c o n c e r n i n g t h o s e sub j e c t s . F o r 
e x a m p l e , Perca fluviatihs e x p o s e d t o 1.8 u g / L o f o x a z e p a m f o r 7 d a y s 
b e c a m e less a c t i v e a n d l ess s o c i a l , a l t h o u g h b o l d n e s s r e m a i n e d u n ­
c h a n g e d ( B r o d i n e t a l . , 2 0 1 3 ) . Rutilus rutilus e x p o s e d t o 0 . 8 4 u g / L o f 
o x a z e p a m f o r 7 d a y s w e r e b o l d e r a n d m o r e a c t i v e t h a n u n e x p o s e d i n ­
d i v i d u a l s ( B r o d i n e t a l . , 2 0 1 7 ) . E s c i t a l o p r a m i n c r e a s e d b o l d n e s s a n d 
i n d u c e d a l t e r a t i o n s i n s w i m m i n g b e h a v i o u r i n z e b r a f i s h e x p o s e d t o 
1.5 u g / L o f t h e s u b s t a n c e f o r 2 1 d a y s ( N i e l s e n et a l . , 2 0 1 8 ) . Gasterosteus 
aculeatus e x p o s e d t o c i t a l o p r a m a t 1.5 u g / L f o r 2 1 d a y s s h o w e d h i g h e r 
s w i m m i n g a c t i v i t y a n d s t a y e d c l o s e r t o t h e n o v e l o b j e c t ( K e l l n e r e t a l . , 
2 0 1 6 ) . Carassius auratus e x p o s e d d o w n s t r e a m to a S T P f o r 2 1 d a y s , 
c o n t a i n e d s i x s e r o t o n i n r e u p t a k e i n h i b i t o r s i n p l a s m a a n d a p p e a r e d 
b o l d e r a n d m o r e e x p l o r a t o r y , c o m p a r e d t o i n d i v i d u a l s f r o m a less 
p o l l u t e d u p s t r e a m a r e a ( S i m m o n s et a l . , 2 0 1 7 ) . In a c c o r d a n c e w i t h o u r 
f i n d i n g s , B r o d i n e t a l . ( 2 0 1 4 ) s u g g e s t e d t h a t t h e p r e c i s e a l t e r a t i o n s i n 
b e h a v i o u r f r o m e x p o s u r e t o t h i s g r o u p o f s u b s t a n c e s c o u l d be e q u i v a ­
l e n t , a l t h o u g h i n d i f f e r e n t d i r e c t i o n s . 

O u r r e s u l t s s u g g e s t t h a t t h e t r e a t e d f i s h d o w n p l a y t h e s t i m u l u s o f t h e 
s u r r o u n d i n g e n v i r o n m e n t r e s u l t i n g f r o m a c a l m i n g e f f ec t . T h e e n d r e s u l t 
o f t h e s e c h a n g e s h a s b e e n m o s t l y r e l a t e d t o a n i n c r e a s e i n t h e i r 
v u l n e r a b i l i t y to p r e d a t o r s ( D e A b r e u et a l . , 2 0 1 4 ; D u g a t k i n , 1 9 9 2 ; 
S a a r i s t o e t a l . , 2 0 1 9 ; S o a r e s e t a l . , 2 0 1 8 ) . A l t e r a t i o n s i n t h e f i s h s o c i a l 
n e t w o r k h a v e b e e n s u g g e s t e d t o p r o d u c e d i r e c t e f f ec t s o v e r f e e d i n g 
b e h a v i o u r , d i s p e r s i o n a n d / o r r e p r o d u c t i o n ( B r o d i n e t a l . , 2 0 1 4 ) . 

B e h a v i o u r a l a n a l y s e s a r e m o r e s e n s i t i v e t h a n o t h e r e c o t o x i c i t y a s ­
says b e c a u s e t h e y p r o v i d e i n f o r m a t i o n a b o u t p o s s i b l e e f f ec t s w i t h o u t 
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Tramadol in brain tissue (ngJg] 

Tramadol in brain tissue (nglg) 

Fig. 5. Boldness (A) , exp lo ra t ion (B) and socia l d istance (C) i n re la t ion to 
t ramado l i n b ra in t issue and we ight . Va lues are pred ic ted f rom the par t i cu la r 
m i x e d mode l . 

r e a c h i n g l e t h a l c o n c e n t r a t i o n s ( H e l l o u , 2 0 1 1 ; P e t e r s o n e t a l . , 2 0 1 7 ) . 
C h a n g e s o f i n d i v i d u a l b e h a v i o u r o u t c o m e s c a n i n d u c e a l t e r a t i o n s i n the 
w h o l e p o p u l a t i o n , a n d t h u s , t h e f i t ness o f a q u a t i c e c o s y s t e m s as a r e s u l t 
o f t h e e x i s t i n g i n t e r r e l a t i o n s h i p s b e t w e e n s p e c i e s ( B i s e s i e t a l . , 2 0 1 4 ; 
B r o d i n e t a l . , 2 0 1 3 ) . T h e r e f o r e , t h e i m p a c t s o v e r e v o l u t i o n a r y b e h a v ­
i o u r a l p a t t e r n s s h o u l d b e c o n s i d e r e d as a t h r e a t e n i n g s i g n a l a n d as a 
m o d e l to p r e d i c t w h a t c o u l d b e h a p p e n i n g i n t h e a q u a t i c e c o s y s t e m s d u e 
to p h a r m a c e u t i c a l c o n t a m i n a t i o n ( C u n h a e t a l . , 2 0 1 9 ; K l a m i n d e r e t a l . , 
2 0 1 6 ) . 

4.2. Chemistry vs. behaviour 

T r a m a d o l , a w e a k b a s e w i t h n-oc t ano l -wa te r p a r t i t i o n c o e f f i c i e n t 
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( l o g K Q W ) o f 1 .35 a t p H 7 ( W o r l d H e a l t h O r g a n i s a t i o n , 2 0 1 4 ) , i s n o t 
s u s p e c t e d t o b i o c o n c e n t r a t e i n t i s sues d u e t o i ts c h e m i c a l p r o p e r t i e s . 
A c c o r d i n g l y , w e o b s e r v e d a l o w B C F (< 5 0 0 ; O E C D , 2 0 0 1 ) i n b r a i n . 
D e s p i t e t h e l o w c a p a c i t y o f b i o c o n c e n t r a t i o n , t h e p s e u d o - p e r s i s t e n c e i n 
t h e e n v i r o n m e n t f o r t h e u n c e a s i n g d i s c h a r g e i n t o t h e w a t e r c o u l d p r o ­
v i d e a c o n t i n u o u s p r e s e n c e i n fish t i s sues ( R o s i - M a r s h a l l e t a l . , 2 0 1 5 ; 
S c h u l t z e t a l , 2 0 1 1 ) . 

T h e c o n s t a n t c o n c e n t r a t i o n o f t r a m a d o l i n b r a i n i n t h i s e x p e r i m e n t 
s u g g e s t e d a s t e a d y s ta te r e a c h e d a f t e r o n e d a y o f e x p o s u r e . In a g r e e m e n t 
w i t h t h i s , t h e c h a n g e s i n b o l d n e s s a n d s h o a l c o h e s i o n w e r e a l s o 
c o n t i n u o u s f r o m t h e first d a y o f e x p o s u r e . T h e B C F w a s v e r y c l o s e t o the 
v a l u e s i n p l a s m a r e p o r t e d i n T a n o u e e t a l . ( 2 0 1 7 ) , w h i c h r a n g e d f r o m 
1.4 to 1.8, d e p e n d i n g o n t h e p H o f t h e w a t e r . In t h e s a m e s t u d y , a 
r e l a t i o n b e t w e e n t h e c o n c e n t r a t i o n o f t r a m a d o l i n p l a s m a a n d b r a i n w a s 
o b s e r v e d , a l t h o u g h h i g h e r a m o u n t s o f t h e d r u g w a s d e t e c t e d i n t h e b r a i n 
c o m p a r e d t o p l a s m a ( T a n o u e et a l . , 2 0 1 7 ) . T h i s p h e n o m e n o n h a s b e e n 
d e s c r i b e d i n p r e v i o u s s t u d i e s , w h e r e t h e c o n c e n t r a t i o n o f t h e p s y c h o ­
a c t i v e s u b s t a n c e i n t h e b r a i n w a s t h e h i g h e s t ( H u e r t a e t a l . , 2 0 1 6 ) , o r 
h i g h e r ( G r a b i c o v a e t a l . , 2 0 1 8 ; S a n c h o S a n t o s e t a l , 2 0 2 0 ; X i e et a l , 

2 0 1 5 ) , c o m p a r e d t o o t h e r o r g a n s . A m o n g t h e 7 4 p h a r m a c e u t i c a l s f o u n d , 
G r a b i c o v a e t a l . ( 2 0 1 8 ) o n l y d e t e c t e d p s y c h o a c t i v e c o m p o u n d s i n t he 
b r a i n s o f c o m m o n c a r p i n p o n d s w h e r e a S T P e f f l u e n t a n d p r e c i p i t a t i o n 
w e r e t h e o n l y s o u r c e o f w a t e r . F u r t h e r m o r e , G r a b i c o v a e t a l . ( 2 0 2 0 ) 
d e t e c t e d p s y c h o a c t i v e c o m p o u n d s s u c h as s e r t r a l i n e a n d c i t a l o p r a m i n 
the b r a i n s o f c o m m o n c a r p . In p i k e p e r c h l i v i n g i n t h e s a m e c o n d i t i o n s , 
t he p s y c h o a c t i v e s c a r b a m a z e p i n e , s e r t r a l i n e , a n d v e n l a f a x i n e as w e l l as 
the a n t i b i o t i c a z i t h r o m y c i n w e r e o b s e r v e d ( G r a b i c o v a e t a l . , 2 0 2 0 ) . 

T h e r ead-ac ross h y p o t h e s i s i s a m o d e l a p p r o a c h w h e r e t h e e f f ec t s o f 
s o m e s p e c i f i c c o m p o u n d a r e e s t i m a t e d d u e t o t h e c o m p a r i s o n o f t he 
fish's d r u g c o n c e n t r a t i o n i n p l a s m a c o m p a r e d t o t h e h u m a n t h e r a p e u t i c 
p l a s m a c o n c e n t r a t i o n ( H u g g e t t e t a l . , 2 0 0 3 ) . E v e n t h o u g h t h i s is 
c o m m o n l y a c c e p t e d f o r t o x i c o l o g i c a l s t u d i e s ( M a l e v e t a l . , 2 0 2 0 ) , t he 
i m p o r t a n c e o f m e a s u r i n g t h e c h r o n i c p r e s e n c e o f t h e p s y c h o p h a r m a -
c e u t i c a l i n t h e t a r g e t o r g a n o v e r t h e p l a s m a s h o u l d b e r e i n f o r c e d , 
e s p e c i a l l y i n t h e case o f p s y c h o a c t i v e s u b s t a n c e s . S e v e r a l a u t h o r s 
e m p h a s i z e d t h e s a m e i d e a c o n s i d e r i n g t h e c h e m i c a l c h a r a c t e r i s t i c s a n d 
p h a r m a c o k i n e t i c s o f e a c h c o m p o u n d s p e c i f i c a l l y ( G r a b i c o v a e t a l . , 
2 0 1 4 ; S c h u l t z e t a l . , 2 0 1 1 ) . T h u s , d i r e c t i m p a i r m e n t s o f t h e n e u r o ­
t r a n s m i t t e r p a t h w a y s c a n b e e x p e c t e d e v e n a t m i n i m a l c o n c e n t r a t i o n s o f 
these s u b s t a n c e s i n b r a i n ( G r a b i c o v a e t a l . , 2 0 1 4 ) . I n a d d i t i o n , H u b e n a 
a n d H o r k y ( 2 0 2 0 a ) ( 2 0 2 0 b ) o b s e r v e d a c o r r e l a t i o n b e t w e e n b r a i n c o n ­
c e n t r a t i o n o f s e r t r a l i n e a n d m e t h a m p h e t a m i n e i n fish a n d t h e i r c o n d i ­
t i o n , s u b s t a n t i a t i n g t h e b r a i n c o n c e n t r a t i o n e v i d e n c e a p p r o a c h , b u t t he 
a u t h o r s d i d n o t o b s e r v e t h i s l i n k i n t h e c a s e o f t r a m a d o l . H o w e v e r , 
b e h a v i o u r a l e n d p o i n t s a r e g e n e r a l l y c o n s i d e r e d m o r e s e n s i t i v e t h a n 
o t h e r p a r a m e t e r s ( C u n h a e t a l . , 2 0 1 9 ) . T h e r e f o r e , a l t e r a t i o n s d u e t o 
c h r o n i c e x p o s u r e o f t r a m a d o l s h o u l d n o t b e d i s c a r d e d , as w e h a v e 
c o n f i r m e d i n t h i s s t u d y . 

T h e p a r t i c u l a r a c t i n g o f t r a m a d o l p r o v i d e s a c o m b i n a t i o n o f e f fec ts 
o v e r s e v e r a l n e u r o t r a n s m i s s i o n p a t h w a y s . A s p r e v i o u s l y d e s c r i b e d , 
t r a m a d o l h a s a d u a l m o d e o f a c t i o n . F o r o n e s i d e , t h e p a r e n t c o m p o u n d , 
a n d i t s m a i n m e t a b o l i t e , O - d e s m e t h y l t r a m a d o l ( M l ) , a c t o n u-receptors 
p r o v i d i n g a n t i - n o c i c e p t i o n p r o p e r t i e s . O n t h e o t h e r h a n d , i t b e h a v e s as a 
n o n - o p i o i d , i n h i b i t i n g t h e r e u p t a k e o f n o r a d r e n a l i n e a n d s e r o t o n i n o v e r 
s y n a p t i c t e r m i n a l s , p r o d u c i n g t h e a n x i o l y t i c a n d a n t i d e p r e s s a n t - l i k e 
e f f e c t s . T h e m e t a b o l i t e M l h a s 2 0 0 t i m e s h i g h e r a f f i n i t y f o r t h e o p i o i d 
r e c e p t o r t h a n t h e p a r e n t c o m p o u n d , c o n s e q u e n t l y t h e a n a l g e s i c e f f i ­
c i e n c y d e p e n d s o n t h e m e t a b o l i s m o f t h e p h a r m a c e u t i c a l ( Z h u o e t a l . , 

2 0 1 6 ) . H o w e v e r , T a n o u e e t a l . ( 2 0 1 7 ) r e p o r t e d a l o w e r m e t a b o l i s m o f 
M l i n fish c o m p a r e d to h u m a n s a n d o t h e r m a m m a l s . R e g a r d l e s s , i n t he 
s a m e s t u d y , l o w a m o u n t s o f M l w e r e d e t e c t e d i n b r a i n , s u p p o r t i n g a n 
a n a l o g o u s m e t a b o l i s m i n fish c o m p a r e d t o m a m m a l s ( T a n o u e et a l . , 
2 0 1 7 ) . 

S o c i a l d i s t a n c e w a s t h e o n l y b e h a v i o u r a l t r a i t d i s r u p t e d e v e n a f t e r 14 
d a y s o f d e p u r a t i o n , w h e n n o t r a ce s o f t h e p a r e n t c o m p o u n d w e r e 
d e t e c t e d i n t h e b r a i n . S h o a l c o h e s i o n h a s b e e n r e l a t e d t o r e w a r d i n g 
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s u p p o r t n e u r o c i r c u i t r i e s i n z e b r a f i s h , as w e l l as i t i s l i k e l y t o b e 
e n h a n c e d b y s t ress ( S o a r e s e t a l . , 2 0 1 8 ) . M o r e o v e r , i t h a s b e e n r e p o r t e d 
t h a t a c t i v e m e t a b o l i t e s o f d r u g s c a n r e m a i n i n t h e t i s s u e s o v e r m o r e t i m e 
t h a n t h e p a r e n t c o m p o u n d ( S a n c h o S a n t o s e t a l . , 2 0 2 0 ) . H e n c e , a l t h o u g h 
m e t a b o l i t e s o f t r a m a d o l w e r e n o t q u a n t i f i e d i n o u r s t u d y , t h e y c a n b e 
s u s p e c t e d t o p r o d u c e t h i s f i n d i n g . F u r t h e r s t u d i e s s h o u l d a d d r e s s t h i s 
u n c e r t a i n t y a l o n g w i t h t h e s p e c i f i c e f f e c t s o f t r a m a d o l m e t a b o l i t e s o n 
f i s h . 

In t h i s e x p e r i m e n t , c o n c e n t r a t i o n s o f t r a m a d o l m e a s u r e d i n f i s h 
b r a i n w e r e d i r e c t l y r e l a t e d w i t h b e h a v i o r a l e f f e c t s i n t e r m s o f b o l d n e s s , 
e x p l o r a t i o n o f a n e w o b j e c t , a n d s o c i a l i n t e r i n d i v i d u a l d i s t a n c e . T h e s e 
r e s u l t s i n d i c a t e d t h a t t h e p r e s e n c e o f t h e p a r e n t c o m p o u n d i n t h e b r a i n 
g e n e r a t e s d i r e c t i m p a i r m e n t s i n t h e n e u r o c i r c u i t r y p a t h w a y s , r e s u l t i n g 
i n a c o n c u r r e n t g r a d a t i o n o f c h a n g e s i n b e h a v i o u r . T h e r e f o r e , w e s u g ­
ges t t h e a p p l i c a t i o n o f t h i s a p p r o a c h i n f u t u r e s t u d i e s t o c o n f i r m 
w h e t h e r t h i s c o r r e l a t i o n a l s o o c c u r s a f t e r t h e e x p o s u r e t o o t h e r p s y ­
c h o a c t i v e s u b s t a n c e s , a l o n g w i t h a l o w e s t - o b s e r v e d - a d v e r s e - e f f e c t l e v e l 
( L O A E L ) a t t h i s c o n t e x t . 

5. Conclusions 

O u r f i n d i n g s c l e a r l y d e m o n s t r a t e d t h a t t r a m a d o l a t 1 u g / L i n w a t e r -
h e r e c o n s i d e r e d as e n v i r o n m e n t a l r e l e v a n t c o n c e n t r a t i o n - c a n i m p a i r 
t he i n d i v i d u a l b e h a v i o u r o f E u r o p e a n n a t i v e f i s h . I n p a r t i c u l a r , t h e 
e x p o s u r e t o t h e p h a r m a c e u t i c a l f o r 4 2 d a y s t r i g g e r e d a r e d u c t i o n i n 
a c t i v i t y , b o l d n e s s , e x p l o r a t o r y a n d s o c i a l b e h a v i o u r o f c h u b s . E v e n a f t e r 
14 d a y s o f d e p u r a t i o n , t h e s h o a l c o h e s i o n w a s s t i l l d i s r u p t e d , i n d i c a t i n g 
the p o s s i b l e a c t i o n o f m e t a b o l i t e s a p a r t f r o m t h e p a r e n t c o m p o u n d . T h e 
a p p a r e n t a n x i o l y t i c - l i k e e f f e c t w a s c o r r e l a t e d w i t h t h e c o n c e n t r a t i o n o f 
t h e p h a r m a c e u t i c a l i n t h e b r a i n , u n d e r l i n i n g t h e i m p o r t a n c e o f t h e 
p r e s e n c e o f t h e c o m p o u n d i n t h e m a i n t a r g e t o r g a n . T h e s e r e s u l t s i n d i ­
c a t e t h e p o t e n t i a l e n v i r o n m e n t a l e f f e c t s o f t r a m a d o l a n d e m p h a s i z e t h e 
n e e d f o r f u r t h e r e c o t o x i c o l o g i c a l s t u d i e s f o c u s e d o n t h i s p h a r m a c e u t i c a l . 
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The article presented by Wang et al. (2020) intends to elucidate the possible ecological effects of low 
(0.05-25 iig L"1) and higher (100 [i% L _ 1 ) concentrations of methamphetamine on adult Oryzias latipes 
through a battery of assays, including histopathology. However, we found several mistakes and inaccura­
cies in the findings by means of this method. Given the increasing research effort in the field, the authors' 
paper may become highly influential in future toxicological research. Despite the authors' undoubted ef­
fort invested in their experiment, they did not employ standardized methods for histopathological assess­
ment in the key laboratory experiment presented in their paper. 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

In light of the increasing interest about the possible ecologi­
cal impacts of illicit drug pollution on the aquatic environment, 
only a few articles in the field are currently available. Toxicologic 
histopathology is an essential tool for understanding these impacts. 
However, a major pitfall of this technique presented in this paper 
is the insufficient presentation of data and the description of the 
method, leading to the wrong interpretation of the outcomes. 

2. Specific concerns about the histopathological evaluation 

We would like to address several uncertainties in the article 
published by Wang et al. (2020). In specific, we would like to com­
ment on serious mistakes concerning the histopathological analy­
ses. Our findings were detected in a blind manner, in such a way 
that each involved participant did not know the judgment of the 
rest of observers. The specific aspects we disagree on were the fol­
lowing: 

* Corresponding author. 
E-mail address: esanchosantos@frov.jcu.cz (M.E. Sancho Santos). 

There are only two histological photographs available in the re­
ferred publication, in very small size and low resolution, mak­
ing the visualization and presentation of the described lesions 
complicated. We highly recommend providing an increased 
number of histological photographs with a detailed description 
of the findings observed. 
The focal point of the camera is evident in the central lower 
part of Figure 2A, and upper in Figure 2B. Therefore, we as­
sumed that the areas in the photographs were cut and not fully 
presented; or that the microscope has not been correctly ad­
justed according to the characteristics of Köhler illumination. 
In Figure 2, the description says verbatim: "There were obvious 
minimal gliosis, neuronal loss, and necrotic (arrow) in brain tis­
sue slice in exposure groups, the picture at 0.2 jig L - 1 selected 
as the representative". However, it was not possible for us to 
find any of the described features in the mentioned photograph. 
The first arrow indicates a neuron with a banded nuclei struc­
ture nearby a vessel, and the second arrow points out another 
vessel. In summary, none of them indicate the lesions cited af­
terwards, even though the authors underline that this picture is 
representative of the described lesions and concentrations used. 
Erythrocytes appear as a useful indicator of the quality of stain­
ing when using hematoxylin and eosin, which, in this case, ap­
pears to be low and even different in each picture. As an ex-

https://doi.org/10.1016/j.watres.2021.117007 
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ample, in the control group the erythrocytes are lesser stained 
than in the exposed group. 

• The site and area of interest in both photographs are extremely 
different from each other. In Figure 2B, the background is more 
uniform than in Figure 2A, which appears more whitish and 
slightly frothy. In comparison, Fig. 2B is more eosinophilic, this 
could be due to the commented low quality of staining, also to 
the differences in thickness of the sections. Moreover, the struc­
ture, morphology, size, and pigmentation of the present cells 
are very different as well, which indicates the distinct nature of 
the neurons depicted. Taking these two characteristics together, 
it gives the impression that the photographs belong to different 
portions of the brain. The "neuronal loss" described in several 
parts of the article is likely due to this fact. It would be nec­
essary to provide an overlook at low magnification on the area 
of interest in the brain, and then a higher magnification in case 
the authors would like to remark some specific features. 

• The statistical treatment and data of the histopathological por­
tion is completely missing, both in the paper and in the supple­
mentary materials. The authors do not give any table or graph 
justifying the asserted observations. Furthermore, there is no 
description of the method they used to quantify, describe, or 
evaluate the stated lesions. The brain is a highly structured or­
gan; therefore, it would be crucial to explain the specific por­
tion of interest and the direction of cutting, but this informa­
tion is also lost. 

• The authors claimed that "Histopathology of brain isolated from 
adult medaka was determined in this work. The brain slices of 
medaka in the control group showed an intact tissue structure 
with complete cellular structure (Fig. 2A), while the brain sec­
tion of the fish treated with METH at 0.2 jig L r 1 showed obvi­
ous minimal gliosis, neuronal loss, and necrotic (arrows) (Fig. 
2B)" and later on "The dose-dependent effect of histopathol­
ogy induced by METH on fish was found by previous study". 
Although the authors observed a dose dependent effect regard­
ing histopathology, it is not clear with the given information. 
We suggest they provide the pictures corresponding to each 
concentration used, both in exposed and controls, and correlate 
these findings with some statistical analyses in order to corrob­
orate the aforementioned statement. 

3. General comments about histopathological assessment in 
ecotoxicological studies 

Baumann et al. (2016) and Wolf and Maack (2017) addressed 
several reasons why this issue is becoming more frequent. For 
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example, the absent review of this type of research by qualified 
pathologists and the lack of a standard criteria in the method. As 
in Baumann et al. (2016), another problem evolves in the moment 
that the results of the investigation relies on erroneous analyses, 
contributing to a mistaken end product to further research on the 
topic. Furthermore, the discrepancies described in the methodolo­
gies used in studies recently published in high-quality journals in­
dicate a strong need for more thorough debate regarding the use 
of these methods and their unification. This would help to mini­
mize the risk of bias in the results of such experimental studies. 
We would like to comment on this issue with the aim of empha­
sizing the growing imprecision of this method in the recent pub­
lished studies, and the concern of the related personnel. 

4. Conclusions 

Overall, we believe that our reasoning illustrates a serious defi­
ciency on the reliability of this method. The question we referred 
here is just another example of the recurrent problem concern­
ing histopathological analyses used in ecotoxicological studies. We 
strongly suggest the authors to supplement the article with the re­
quired data to give a comprehensive presentation of their findings. 
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General discussion 

The s ta t i s t i cs regard ing the c o n s u m p t i o n of p sychopha rmaceu t i c a l s and drugs ind icate 
the i r increased c o n s u m p t i o n over t ime . Fur thermore , t h e COVID-19 crisis can t r igger an 
unp receden t scenar io regard ing the usage of t h e s e subs t ances . The menta l hea l th d isorders 
- e.g. dep ress ion , anxiety, su ic ida l t endenc i e s - in numbe r s are yet t o be k n o w n , as we l l as 
the v o l u m e of use of drugs of abuse by vu lnerab le peop l e due to the e c o n o m i c impac ts . 
Fur thermore , t h e Gove rnmen t ' s , current ly f o c u s e d on the pandemic , can give a free way to 
the traff ickers to smugg l e subs t ances t h rough t h e borders (UNODC, 2 0 2 0 ) . In summary , all o f 
t he se fac tors cou ld lead to h igher concen t r a t i ons of psychoac t i ve subs tances in wa te r t han 
h i ther to . 

Laboratory tes t s app ly ing METH and t r amado l at real ist ic concen t r a t i ons were p e r f o r m e d 
in o rder to examine w h e t h e r the i r p resence in wa te r cou ld induce effects over f i sh . The 
subs tances s tud i ed in th is d i s se r t a t i on were p resent in all t h e ana l yzed t i s sues and s amp l i ng 
t imes . The concen t r a t i on of t r amado l , METH, and its me tabo l i t e A M P H in b io t a samp les were 
s imi lar t o t h e va lues f o u n d in prev ious s tud ies (Tanoue et al., 2 0 1 7 ; Y in et al., 2 0 1 9 ; Hubena 
et al., 2 0 2 0 ) . The 4-day depura t i on t i m e in the f irst s tudy us ing METH was insuff ic ient , as 
remnants of t h e parent c o m p o u n d and t h e me tabo l i t e were sti l l d e t e c t ed in t h e t i s sues . In the 
f o l l ow ing expe r imen t , 10-day depura t i on was no t enough for t h e metabo l i t e , bu t it was for 
the parent c o m p o u n d . The b i o concen t r a t i on fac tors were low (<500; OECD, 2 0 0 1 ) in all the 
cases for all o f t h e th ree c o m p o u n d s , as expec t ed due to the i r l ow n-octanol-water par t i t ion 
coef f i c ient ( log K o w ) , and hydrophi l i c p roper t i es . St i l l , t h e pseudo-pers i s tence in wa te r and the 
c o n s e q u e n t chron ic exposu re can lead to several consequences , as seen in t h e c o n d u c t e d 
t es t s . 

In t h e case of t h e f i rst e x p e r i m e n t us ing METH, w e cou ld converge at t he read-across 
hypothes i s , in o the r words , f ish p l a sma m o d e l (Hugget t et al., 2 0 0 3 ) . A c c o r d i n g to th is 
pos tu la te , t h e the rapeu t i c concen t r a t i on shou ld be reached, hence, t h e ef fects shou ld be 
ev ident , if t h e ef fect rat io (ER; h u m a n TPC/f ish p l a sma concen t ra t ion ) is <1. In add i t i on , the 
10-fold fac tor u sed in f ish means tha t the re cou ld be obv ious ef fects w i t h an ER < 1,000. 
Cons ide r ing t h e va lues s ta ted in Regentha l et a l . (1999) , t he TPC was reached in the high 
concen t r a t i on g roup (50 ug/L) , and the ER was <100 in t h e env i ronmenta l g roup (1 ug/L). 
A d is t inc t i ve fea ture obse r ved in t h e s tudy is t h e e levated concen t r a t i on in the t i s sues of 
the me tabo l i t e A M P H c o m p a r i n g to t h e parent c o m p o u n d . A l t h o u g h the me tabo l i t e is an 
act ive subs t ance and has a s imi lar m e c h a n i s m of ac t ion as METH, it is no t cons ide red to 
prov ide any pha rmaco log i ca l ef fect in m a m m a l s because of the resu l t ing low a m o u n t s af ter 
the m e t a b o l i z a t i o n p rocess (Cru ickshank and Dyer, 2 0 0 9 ) . However, based on t h e de t e c t ed 
concen t r a t i ons of A M P H , t h e m e t a b o l i s m of METH cou ld be s l ight ly d i f ferent in f ish. 

Psychoact i ve subs tances , as a f o r e m e n t i o n e d , are d e s i g n e d to reach and exer t the i r ac t ions 
over the centra l ne rvous s y s t em . In ag reement , t h e d e t e r m i n e d concen t r a t i ons of METH and 
A M P H in brain we re h igher t han in p l a sma . In the case of t r amado l , Tanoue et a l . (2017) a lso 
f o u n d a greater concen t r a t i on in brain c o m p a r i n g to b l o o d p l a sma . This obse r va t i on resu l ted 
in t h e next q u e s t i o n , t he bra in-concentra t ion ev idence approach (Hubena et al., 2 0 2 0 ) . 
A c co rd ing to th is a s s u m p t i o n , a re la t ion b e t w e e n t h e a m o u n t of t he neuroac t i ve chemica l 
and t h e observab le ef fects cou ld ex is t as a resul t of t h e phy logene t i c s imi lar i ty in t h e target 
s igna l i za t ion . O u r resul ts f rom t h e t r amado l e x p e r i m e n t con f i rmed th is hypo thes i s , as the 
a m o u n t of t r amado l in brain and the behav ioura l f ind ings conce rn ing exp lo ra t ion , bo ldness 
and shoa l c o h e s i o n were cor re la ted . In add i t i on , th is f i nd ing under l ines the direct ac t ions 
over the neuro t ransmi t t e r s p r o d u c e d by l ow concen t r a t i ons of the subs t ance t e s t ed , and the 
quant i f iab i l i t y of t he o u t c o m e s . 
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In t h e s e c o n d expe r imen t us ing METH, the de t e c t ed r emnan ts of A M P H in brain af ter 
depura t i on t ime were s t rongly l inked to the obse r ved behav ioura l ef fects , ind i ca t ing tha t 
the act ive me tabo l i t e s ev ident ly p roduce add i t i ona l ac t ions . The po ten t i a l impac t s of t he 
me tabo l i t e we re a lso s u s p e c t e d in t h e f i rst expe r iment , due to t h e high a m o u n t s of A M P H 
f o u n d in t i s sues c o m p a r i n g to t h e parent c o m p o u n d . Fur thermore , th is ef fect was sugges t ed 
in t h e t r amado l t e s t for the reason tha t the shoa l c o h e s i o n was d i s rup ted after the 14-day 
depura t i on t ime , a l t hough t races of t r amado l were no t p resen t in brain at t ha t po in t . In 
agreement , Parol ini et a l . (2018) de t e c t ed changes in behav iour and r ep roduc t i on in Daphnia 
magna e x p o s e d to env i ronmenta l re levant concen t r a t i ons of benzoy l e cgon ine , coca ine ' s 
main me tabo l i t e . A n o t h e r examp le is o x a z e p a m - i.e. a parent c o m p o u n d , a lso t h e by-product 
of d i a z e p a m and n o r d a z e p a m ' s deg rada t i on - wh i ch ef fects over aqua t i c f auna at real ist ic 
concen t r a t i on are we l l-known (Brodin et al., 2 0 1 3 , 2 0 1 7 ; Heynen et al., 2016 ) . 

Amphetamine- l i ke subs tances are k n o w n to be hepa to and card iotox ic , a l t hough the 
spec i f ic m o d e of a c t i on in each organ is no t comp le te l y u n d e r s t o o d . The changes in liver at 
t he t i s sue level p roduced by METH (and AMPH? ) in our expe r imen t we re in acco rdance w i th 
the r epo r t ed in m a m m a l s - i.e. increased cy top l asmat i c vacuo la t i on and a p o p t o t i c changes 
in hepa tocy t e s (Kamijo et al., 2 0 0 2 ; Halpin and Y a m a m o t o , 2 0 1 2 ; Dias Da Silva et al., 2 0 1 3 ; 
Kor iem and So l iman , 2 0 1 4 ; W a n g et al . , 2 0 1 7 ) . The p r o p o s e d m e c h a n i s m s of a c t i on can be 
re lated w i th direct cy to tox ic i t y and d i s rup t i on of cell m e t a b o l i s m (Halpin et al., 2 0 1 3 ; Idi lman 
et al., 2 0 1 6 ; W a n g et al., 2 0 1 7 ) . In our study, a dose-dependen t ef fect was f o u n d in liver 
dur ing t h e exposu re t i m e . However, t h e de t e c t ed changes af ter t h e 4-day depura t i on sugges t 
a rapid m e t a b o l i s m of t h e chemica l at h igh levels, even a c o m p e n s a t i o n process , wh i ch is in 
line w i th prev ious obse rva t i ons (Yin et al., 2 0 1 9 ) . 

The d i s rup t ions in the vascular s ys tem in our research p roduced by t h e t e s t e d chemica l 
were s imi lar to t h e prev ious ly desc r i bed in m a m m a l s as we l l . M ic rovascu la r impa i rmen t s w i th 
the re lated necros is , f ibros is , and inf i l t rat ion w i th l eucocy tes ( l ymphocytes , eos inoph i l s ) in 
heart were d e t e c t e d in our samples , and a lso f requent l y r epor ted in METH casua l t ies and 
e x p e r i m e n t a t i o n (Kaye et al., 2 0 0 7 ; Mi l roy and Parai, 2 0 1 1 ; W o n et al., 2 0 1 3 ; Akhgar i et al., 
2017 ) . The m o d e of a c t i on sugges t ed in th is case is re lated to t h e s t rong ac t i va t ion of the 
ca techo laminerg i c s y s t em. O n one hand , a h igher oxygen supp ly is n e e d e d due to the increased 
cardiac and l o c o m o t o r activity, but , on t h e o the r hand , v a socons t r i c t i on is p r o d u c e d (Henry 
et al., 2 0 1 2 ) . These fac tors all t o g e t h e r deve lop hypox ia in the t i ssue , l ead ing to the resu l tant 
h i s topa tho log i ca l obse rva t i ons . Desp i t e of t h e s e resul ts , t he changes were obse r ved main ly 
in t h e env i ronmenta l group, therefore , t h e c o m p e n s a t i o n m e c h a n i s m s s u s p e c t e d in liver cou ld 
take p lace a lso in heart . This a s s u m p t i o n , t o g e t h e r w i th t h e po ten t i a l cardiac regenera t ion in 
f ish, sugges t s less marked d i s rup t ions over card iovascu lar s ys tem as a resul t of t h e exposu re 
to d i lu ted concen t ra t i ons of METH in f ish. 

The s imi lar i ty in t h e h i s topa tho log i ca l events in t r ou t c o m p a r i n g to an ima l m o d e l s and 
h u m a n verif ies the read-across hypo thes i s for t h e t e s t e d i l l icit d rug . The h i s to log ica l changes 
no t i ced in th is s tudy under l ine the in terest in t h e eva lua t ion of t h e target organs in order to 
compa re t h e o u t c o m e s in d i f ferent spec ies , in add i t i on to the organs typica l ly r e c o m m e n d e d 
in tox i co log i ca l t es t s (gills, kidney, gonads ) . 

The behav ioura l m e t h o d app l i ed in our expe r imen t s con f i rmed t h e changes caused by l ow 
concen t r a t i ons of neuroac t i ve subs t ances . Because behav iour is t he man i f e s t a t i on of c o m p l e x 
phys io log ica l r e sponses , our f ind ings reveal t he sharp in f luence tha t the p resence of t he se 
po l lu tan ts can exer t over t h e neuro t ransmi t t e r s ' m o d e of a c t i on even at l ow levels. 

In our t r amado l tes t , f ou r of t he major behav ioura l t ra i ts were d i s rup ted - i.e. activity, 
exp lo ra t ion , bo ldness , and soc iab i l i t y (Reale et al., 2 0 0 7 ) . In speci f ic , t h e f ish t e n d e d to be 
lesser b o l d , soc ia l , act ive, and exp lora t i ve t han t h e cont ro l ind iv iduals , i nd i ca t ing an ev ident 
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anxiolyt ic-l ike effect. The obse r ved o u t c o m e s are log ica l , cons ide r i ng t h a t t r amado l prov ides 
added ac t ions as anx io ly t i c and an t i dep ressan t in h u m a n (Vazzana et al., 2 0 1 5 ) . The de t e c t ed 
effects were in l ine w i th prev ious inves t iga t ions us ing inver tebrates as expe r imenta l mode l s , 
where lower act iv i ty and bo ldness were obse r ved (Buřič et al., 2 0 1 8 ; Bláha et al., 2 0 1 9 ; Ložek 
et al., 2 0 1 9 ) . 

Fur thermore , cor re la t ions a m o n g the persona l i t y t ra i ts we re f o u n d in t h e t r amado l 
expe r imen t . Bo ldness and act iv i ty were re lated in cont ro l and t rea ted f i sh . However, s o m e 
of t h e l inkages d e p e n d e d on the t r e a t m e n t - i.e. exp lo ra t ion and b o l d n e s s cor re la ted only 
in u n e x p o s e d , and exp lo ra t ion and act iv i ty in e x p o s e d ind iv idua ls . The tra i t re la t ions can 
reveal a behav ioura l s ynd rome (Conrad et al . , 2011 ) , there fore , t h e d i scovered changes cou ld 
p roduce deepe r c o n s e q u e n c e s w i th in an ind iv idua l . Spec i f ic persona l i t i es cou ld prov ide a 
high var iabi l i ty in behav ioura l t e s t s ' o u t c o m e s ; however , th is p rob l em cou ld be so lved by 
prov id ing e n o u g h n u m b e r of repl icates (Buřič et al., 2 0 1 8 ) . Fo l l ow ing the approach sugges t ed 
in Brod in et a l . (2014) , t h e persona l i t y t ra i ts impa i red by t h e exposu re to t r amado l at m in ima l 
doses cou ld have c o n s e q u e n c e s over vu lnerabi l i ty t o predators , m igra t ion , f eed ing and/or 
r ep roduc t i on in the t e s t e d spec ies . 

Behavioura l changes were a lso f o u n d in f ish e x p o s e d to an env i ronmenta l re levant 
concen t r a t i on of METH. B rown t rou t preferred the wate r source c o n t a m i n a t e d w i th METH, 
and t h e p resence of th is c o m p o u n d in brain resu l ted in an increased l o c o m o t o r activity. This 
obse rva t i on concurs w i th t h e ac t ions of METH over m a m m a l s ' o rgan i sm, in wh i ch p roduces 
an increased muscu la r t o n e and hyperact iv i ty (Tanaka et al., 2 0 1 7 ) . W i thd rawa l f ish a lso 
preferred t h e scen t l o ca t i on , bu t a dec rease in m o v e m e n t s we re de t ec t ed , in th is case re lated 
to t h e a m o u n t of t h e me tabo l i t e in bra in. In h u m a n , t h e w i thd rawa l due to METH can cause 
cravings, dec reased act iv i ty or dep ress i on (Panenka et al., 2 0 1 3 ) . The changes in m e t a b o l o m e 
fo l l owed a t ime-l ine s imi lar as t h e rest of t h e resul ts - i.e. t he de t e c t ed b iomarkers , t he 
chemica l brain r emnants and t h e l o ca t i on preference las ted unt i l t h e 4 t h day of depura t i on 
t ime . Abreu et a l . (2016) obse r ved zebra f i sh ' pre ference fo r a current po l l u t ed w i th several 
psychopharmaceu t i ca l s , ins tead of a c lean wate r lane. If f ish are a t t rac ted to po l l u t ed s i tes -
e.g. t he d ischarge f l ow f rom a STP - they w o u l d cons i s ten t l y increase t h e up take of subs tances 
present in the wate r (Abreu et al., 2 0 1 6 ) . The changes in behav iour p r o d u c e d by neuroact i ve 
c o m p o u n d s , t o g e t h e r w i t h t h e a t t r ac t ion towards t h e s i tes enr i ched w i th t he se po l lu tan ts , 
w o u l d aggravate the eco log ica l c onsequences . 

The p rocedures u sed in t h e a c c o m p l i s h e d expe r imen t s d e m o n s t r a t e d to prov ide va luable 
tox i co log i ca l i n fo rma t i on . Though , at t imes eco tox i co log i ca l app roaches have impl ic i t t he 
p rob lemat i c of p rov id ing a m is t aken a s s u m p t i o n , espec ia l ly w h e n us ing non-regulated 
m e t h o d s , or because of t h e w r o n g t r e a t m e n t of t he da ta . The " le t te r t o the ed i to r " is an 
examp le of such s i tua t i ons . The au thors of t he c o m m e n t e d art ic le d id no t use a cons i s t en t 
me thodo logy , therefore , the i r o u t c o m e s resu l ted ut ter ly inaccurate . As obse r ved by Wo l f and 
Maack (2017) , t he se k ind of i ssues are f r equen t in the f ie ld of h i s t o p a t h o l o g y re lated to 
eco tox i co log i ca l s tud ies ; even t h o u g h , there is an increas ing interest in th is m e t h o d . Bo th 
s i tua t ions cou ld create eventua l ly a c l imate of d i s t rus t a m o n g t h e exper t s in th is d isc ip l ine 
w h e n examin ing s o m e of t h e pub l i shed eco tox i co log i ca l research. A b ig par t of t h e issue 
is due to t h e lack of rev iewers w i th exper t i se in h i s t opa tho logy ; bu t a lso, t h e sho r t age of 
spec ia l i s ts w i th in th is f ie ld of know ledge , and the genera l def ic iency of t he c ross-check ing of 
the o u t c o m e s w i th expe r i enced pa tho log i s t s . Because th is t e chn ique impl ies an inexorab le 
subject ive fac tor w h e n examin ing the samp les , more ef fort shou ld be exer ted in p rov id ing 
oppo r tun i t i e s for qual i ty t ra in ing to the researchers, and pract ica l s t andar i zed gu ide l ines . 

As seen , behav ioura l a s s e s s m e n t can be a va luab le t o o l for env i ronmenta l mon i to r i ng . 
M o d e l s rely ing on behav ioura l resul ts cou ld reveal t he real concerns of psychoac t i ve po l lu tan t s 
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over aqua t i c e cosy s t ems . However, t h e sho r t age of s t anda rd ized p rocedures p roduce t h e lack 
of in terest in inc lud ing t he se e n d p o i n t s in t h e official env i ronmenta l risk a s s e s s m e n t s (Ford 
et al., 2 0 2 0 ) . The behav ioura l t e s t s used for e co tox i co l ogy a im to de tec t d i f ferences in natural 
behav ioura l t ra i ts , such as act iv i ty or b o l d n e s s . Though , t he approach in wh i ch s t rong-se lec ted 
laboratory f ish m o d e l s play a role as a re f lec t ion of w i ld p o p u l a t i o n s may no t be usefu l due to 
the part ia l loss of sens i t i v i ty as a resul t o f t he d o m e s t i c a t i o n p rocess (Vossen et al . , 2 0 2 0 ) . 
Desp i te of all o f t h e advan tages t h a t l abora tory f ish m o d e l s cou ld prov ide - e.g. s t andar i za t ion 
of t he t e s t ed an imals , l ead ing to the high repeatab i l i t y of t h e resul ts , t he uneven r esponses in 
t hese f ish c o m p a r i n g to the natural popu l a t i ons cou ld mask conce rn ing behav ioura l changes 
at eco log ica l level . Therefore, us ing nat ive or natural f ish popu l a t i ons , regard less of t he high 
var iabi l i ty in t h e resul ts c o m p a r i n g to m o d e l an imals , cou ld improve t h e de t e c t i on of the more 
real ist ic ef fects . 

A l t h o u g h the genera l ag r eemen t w i th t he d e v e l o p m e n t of s t anda rd i zed behav ioura l t es ts , 
psychoac t i ve c o m p o u n d s cou ld p roduce spec i f ic r e sponses re lated to the i r par t icu lar m o d e 
of a c t i on . Ex is t ing p ro toco l s are usual ly e l abora ted to serve as a gu ide l ine t o a large range of 
c o m p o u n d s , s o m e t i m e s fo rge t t i ng poss ib l e add i t i ona l o u t c o m e s der ived f rom t h e part icu lar 
mechan i sms . As an example , t h e s e c o n d e x p e r i m e n t us ing METH h igh l igh ted the add i c t i on 
tha t t h e s e c o m p o u n d s cou ld genera te in f i sh . Hence, innovat ive ideas in the se t t ings of 
tox i co log i ca l t e s t s shou ld be cons ide red va luable means to ge t i n fo rma t i on regard ing the 
spec i f ic o u t p u t s of neuroac t i ve subs tances , and less harshly rev iewed for b e c o m i n g separa ted 
f rom the s tandards . 

Future research 

Our resul ts ev idenced tha t METH and t r amado l at l ow concen t r a t i ons in wate r can d i s rup t 
phys io log ica l r e sponses o f f i s h , even caus ing changes in behaviour . However, th is thes i s jus t 
o p e n s a b o o k of ques t i ons t o be so l ved . 

Because of the large in f luence of t h e me tabo l i t e s in the obse r ved o u t c o m e s , fu ture research 
shou ld d e e p e n in t h e po ten t i a l impac t s of t he act ive me tabo l i t e s , in add i t i on to the t e s t e d 
parent c o m p o u n d s . The effects of t he subs t ances are clearly re lated to the concen t r a t i on 
used , as seen in our f irst e x p e r i m e n t w i t h METH us ing t w o di f ferent concen t ra t i ons of t he 
drug . Therefore, it w o u l d be of interest t o t es t t h e c o m p o u n d s of conce rn in dec reas ing 
levels, in order t o f ind the app rox ima te l owes t concen t r a t i on at wh i ch behav ioura l ef fects are 
obse rvab le (in o the r words , LOAEL or Lowes t obse r ved adverse ef fect level). 

In real ist ic c i r cumstances , po l lu tan t s appear in wate r in comp l i c a t ed mix tures whe re several 
c o m p o u n d s cou ld p resent in te rac t ions (Ebele et al., 2 0 1 7 ) . These synerg is t ic or an tagon i s t i c 
ef fects cou ld resul t in d i f ferent o u t c o m e s than expec t ed cons ide r i ng the avai lable l i terature. 
The necess i t y of k n o w i n g every par t icu lar e co tox i co log i ca l ef fects of each c o m p o u n d shou ld 
a im a fu r the r a t t e m p t t o inves t iga t ing the behav iour of t h e subs tances in real s i tua t ions . 

In l ight of t h e c l imate change poss ib l e scenar ios , t h e in te rac t ions b e t w e e n psychoac t i ve 
c o m p o u n d s and o ther s t ressors , such as increase in t empera tu re and C 0 2 concen t r a t i ons in 
water, are at p resen t u n k n o w n . Yet, ab io t i c fac tors can inf luence the behav iour of neuroac t i ve 
subs tances in the o rgan i sm. For instance , METH is k n o w n to p roduce a d i f ferent in tens i ty of 
tox ic i t y under no rma l and hype r the rmic cond i t i ons in expe r imen ta l m a m m a l s (Kiyatkin and 
Sharma, 2 0 1 1 ; Halpin et al., 2 0 1 3 ) . In add i t i on , t h e pH is ano the r i m p o r t a n t f ac to r in wate r 
t ha t cou ld poss ib l y in f luence t h e up take of polar c o m p o u n d s t h rough the gil ls, and a lso the 
toxic i ty , in a s imi lar way as a m m o n i a . Desp i te of t h e increas ing in terest in th is d i l e m m a in the 
sc ient i f ic c o m m u n i t y (Maulvau l t et al., 2 0 1 8 ; Mehd i et al., 2 0 1 9 ; Saar is to et al., 2 0 1 9 ; W i l es et 
al., 2 0 2 0 ) , more research is sti l l n e e d e d . 
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General discussion 

To conc lude , a c o m b i n e d ef fort a m o n g di f ferent d isc ip l ines - b iochemis t ry , chemistry , 
ecology, genet i cs , pa tho logy , pharmaco logy , t ox i co l ogy - shou ld be exer ted to prov ide a 
b igger p ic ture regard ing eco tox i co log i ca l eva lua t ion of psychoac t i ve c o m p o u n d s . 

Conclusions 

The c o m p o u n d s se l ec ted in th is thes i s , m e t h a m p h e t a m i n e and t r amado l , were concen t r a t ed 
in t i s sues , therefore , they can be s u s p e c t e d to t r igger a cascade of events on f ish w h e n 
p resen ted in aqua t i c env i ronment in increased concen t r a t i ons . M e t h a m p h e t a m i n e i nduced 
h i s topa tho log i ca l changes in liver and heart . Fur thermore , l o ca t i ons c o n t a m i n a t e d w i t h 
m e t h a m p h e t a m i n e p r o d u c e d add i c t i on in f ish, revealed by changes in behav iour and 
m e t a b o l o m e re lated to m e t h a m p h e t a m i n e ' s ma in me tabo l i t e . Tramadol caused behav ioura l 
changes in a nat ive spec ies , wh i ch we re corre la ted w i th t h e a m o u n t of t h e subs t ance in brain. 
Our f ind ings under l ine the paral lel ef fects in non-targeted fauna c o m p a r i n g to h u m a n and 
expe r imenta l m o d e l s . In summary , t he se f ind ings d e m o n s t r a t e d tha t the p resence in wa te r 
of m e t h a m p h e t a m i n e and t r amado l at l ow levels can p roduce sub le tha l ef fects in f i sh . This 
d i s se r t a t i on h igh l ights t h e t r ans l a t ion of our soc ia l p rob l ems into the e cosy s t ems . The results 
p rov ided in th is thes i s shou ld encourage fu ture s tud ies a b o u t the po ten t i a l e f fects of t hese 
subs tances in the aquat i c env i ronment , and , eventual ly, so lu t i ons to decrease t h e presence 
of t h e s e po l l u t an t s in water. 
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English summary 

English summary 

Psychoactive compounds in aquatic environment and their effects on fish 

Maria Eugenia Sancho Santos 

Psychoact i ve subs t ances are emerg ing c o m p o u n d s tha t have rece ived an increas ing 
interest in e co tox i co l ogy as a resul t o f the i r ub iqu i tous p resence in t h e env i ronment , and 
the poss ib l e ef fects over non-targeted f auna . They have b e e n d e t e c t e d in con t inen ta l waters 
at concen t r a t i ons ranging f r om nanograms to mic rograms per litre, main ly as a c o n s e q u e n c e 
of t he inef fect ive remova l in the sewage t r e a t m e n t p lants . W i t h i n th is g roup of subs tances , 
m e t h a m p h e t a m i n e and t r amado l were se l ec ted in th is d i s se r t a t i on due to t h e lack of research 
a b o u t the i r po ten t i a l e f fects desp i t e of t h e high a m o u n t s r epor ted in water. 

M e t h a m p h e t a m i n e , main ly c o n s u m e d as an il l icit d rug, is an add ic t i ve p s y c h o s t i m u l a n t 
w i th spec ia l re levance in Centra l Europe . Env i ronmenta l re levant and h igher concen t ra t i ons 
of m e t h a m p h e t a m i n e in wate r l eaded to h i s topa tho log i ca l a l tera t ions in hear t and liver in 
b rown t rou t (Saimo trutta m. fario). The major changes in hear t were mic rovascu la r injuries, 
inf i l t rat ion and f ibros is ; and cy top l a sma t i c vacuo l a t i on of hepa tocy t e s in liver. In add i t i on , 
a p o p t o t i c changes were obse r ved in liver. The f ind ings were very s imi lar t o t h o s e repor ted 
in h u m a n and expe r imen ta l an ima ls . The parent c o m p o u n d and t h e ma in metabo l i t e , 
amphe tam ine , were de t e c t ed in t r ou t t i s sues f o l l ow ing t h e order k idney > liver > brain > 
musc le > p l a sma . The concen t r a t i ons of t he me tabo l i t e were ev ident ly h igher c o m p a r i n g to 
the parent c o m p o u n d ; therefore , t h e h is to log ica l f ind ings cou ld be s u s p e c t e d to part ia l ly 
deriváte f rom a m p h e t a m i n e . Behav iour - i.e. act iv i ty and place preference - and m e t a b o l o m e 
changes for t h e pe r iod of w i thdrawa l were o b s e r v e d in t rou ts , l inked to r emnan ts of t he 
parent c o m p o u n d and the me tabo l i t e in brain. 

Tramadol is an extens ive ly u sed ana lges ic wh i ch s ingular m o d e of ac t i on prov ides a d d e d 
an t idep ressan t and anx io ly t i c ef fects . Real ist ic concen t r a t i on of t r amado l in wate r was f o u n d 
to impai r essent ia l behav ioura l t ra i ts in the chub (Squalius cephalus) - a nat ive f ish spec ies 
in Centra l Europe . The degree of t h e o u t c o m e s was corre la ted w i th the indiv idual a m o u n t s 
of t r amado l in bra in. E x p o s e d f ish exh ib i t ed anxiolyt ic-l ike ef fects , i l lust rated by lesser bo ld 
and soc ia l indiv iduals c o m p a r i n g to cont ro l s . In the b o l d n e s s tes t , e x p o s e d f ish we re less 
f requent ly ou t of t he she l ter and m o v e d a shor te r d is tance , there fore , they exp lo red the new 
env i ronment less t han cont ro l f i sh . The nove l ob jec t r ecogn i t i on expe r imen t ind ica ted that , 
a l though they d i s t i ngu i shed t h e new i tem, the i r act iv i ty was reduced , and they exp lo red the 
new ob jec t less. The increased inter ind iv idua l d i s tance ind i ca ted tha t t he shoa l c o h e s i o n was 
d i s t u rbed . The behav ioura l t ra i ts were a ssoc i a t ed to t h e t r ea tmen t , s u g g e s t i n g t h e inf luence 
of t h e po l l u t an t over f ish pe r sona l i t y 

B i o concen t r a t i on fac tors for t r amado l and m e t h a m p h e t a m i n e were l ow in all cases, thus , t he 
probabi l i t y of b i o concen t r a t i on for t he se subs tances is very low. However, t he se c o m p o u n d s 
are con t i nuous l y re leased into water, l ead ing to the i r pseudo-pers i s tence and the c o n s e q u e n t 
presence in t i s sues . The occur rence in f ish, and t h e para l le l ism in the ta rget s igna l iza t ion 
result in s imi lar ac t ions in t he se o rgan i sms c o m p a r i n g to h u m a n and exper imenta l m o d e l s . 
Here w e ev idenced tha t t h e wate r po l l u t i on w i th the t e s t e d neuroac t i ve subs t ances in the 
aquat i c c o m p a r t m e n t cou ld lead to u n e x p e c t e d ef fects over fauna , and s u b s e q u e n t changes 
in t he w h o l e aqua t i c e cosy s t em . 
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Czech summary 

Psychoaktivní sloučeniny ve vodním prostředí a jejich účinky na ryby 

Maria Eugénia Sancho Santos 

Psychoaktivní látky patří do skup iny nových kontaminantů životního prostředí a díky jejich 
všudypřítomnosti a možným účinkům j sou stále častějším předmětem zájmu ekotox iko log ic-
kých studií. Tyto látky byly detekovány ve vnitrozemských vodách v koncentracích od nano-
gramů po mik rogramy na litr. Řada z nich není efektivně odstraňována v p rocesech čištění 
odpadních v o d . Pro expe r imen t y realizované v rámci této disertační práce byly z široké skup iny 
psychoaktivních látek vybrány m e t a m f e t a m i n a t r amado l , a to zejména z důvodu minimálního 
množství d o s u d realizovaných ekotoxikologických studií týkajících se působení těchto látek 
na o rgan i smy v životním prostředí a také z důvodu poměrně významných koncentrací těchto 
látek nalézaných v povrchových vodách. 

M e t a m f e t a m i n , užívaný hlavně jako nelegální d roga , je návykovým p s y c h o s t i m u l a n t e m , který 
je zejména ve střední Evropě nejčastěji užívanou tzv. „tvrdou" d r o g o u . V rámci práce testované 
environmentálne relevantní a vyšší koncen t race m e t a m f e t a m i n u ve vodě vedly u ps t ruha 
obecného (Salmo trutta m. fario) k histopatologickým změnám v srdci a v játrech. Hlavní 
změnami pozorovanými v srdci byly mikrovaskulární poranění, inf i l trace a fibróza, v játrech pak 
cytoplazmatická vakuo l i zace hepatocytů. Kromě t o h o byly v játrech pozorovány apoptotické 
změny. Nálezy byly ve lmi podobné nálezům popisovaným u lidí a laboratorních zvířat. Původní 
sloučenina a její hlavní m e t a b o l i t a m f e t a m i n byly detekovány ve tkáních pstruhů v pořadí 
ledviny> játra> mozek> sval> p l azma . Koncen t race a m f e t a m i n u byly evidentně vyšší ve srovnání 
s m e t a m f e t a m i n e m . Proto lze předpokládat, že histologické nálezy částečně vznikají také 
působením a m f e t a m i n u . U pstruhů vystavených působení m e t a m f e t a m i n u byly v poexpoziční 
době pozorovány rozdíly v chování mez i e x p o n o v a n o u a kontrolní s k u p i n o u . Jednalo se o 
preference akt iv i ty a místa výskytu a o změny m e t a b o l o m u m o z k u , které byly dávány do 
souv i s los t i se zbytkovým o b s a h e m m e t a b o l i t u testované látky v m o z k u exponovaných jedinců. 

Tramadol je hojně užívané ana lge t i kum, jehož singulární způsob účinku posky tu j e přidané 
antidepresivní a anxiolytické účinky. Bylo zjištěno, že reálně se vyskytující koncen t race 
t r amado lu ve vodě mění základní způsoby chování je lce tlouště (Squalius cephalus), který 
je ve střední Evropě původním rybím d r u h e m . Úroveň změn chování kore lova la u testovaných 
jedinců s koncentrací t r amado lu v jejich m o z k u . U exponovaných ryb byly pozorovány 
anxiolytické účinky, např. menší odvaha a odlišné sociální chování ve srovnání s kontrolními 
jed inc i . V t e s t u smělosti exponované ryby setrvávaly déle v úkrytech a pohybova l y se na 
kratší vzdálenost, p ro to prozkoumávaly nové prostředí méně než kontrolní ryby. Expe r imen t 
zaměřený na s c h o p n o s t rozpoznávání nových objektů naznačil, že ačkoliv exponovaní jedinc i 
odlišili n o v o u položku, jejich akt iv i ta byla snížena a nový ob jek t prozkoumávali méně. Zvýšená 
vzdálenost mez i jed inc i naznačovala, že je narušena soudržnost hejna. S expozicí byly spojeny 
i změny chování, což naznačuje vliv znečišťující látky na o s o b n o s t ryb. 

Biokoncentrační fak tory pro t r amado l a m e t a m f e t a m i n byly ve všech případech nízké, takže 
pravděpodobnost b i okoncen t r a ce je v případě těchto látek ve lmi nízká. Tyto sloučeniny se však 
kontinuálně dostávají do vody, což vede k jejich pseudo-perz i s tenc i a následné přítomnosti 
ve tkáních. Výskyt u ryb a para le l i smus v cílové s ignal izac i v e d o u k podobným reakcím 
v těchto o rgan i smech , jako j sou pozorovány u lidských a dalších živočišných modelů. V našich 
expe r imen tech j sme prokázali, že znečištění vody testovanými neuroaktivními látkami může 
vést k neočekávaným účinkům na f aunu a následným změnám v celém vodním ekosystému. 
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2 0 1 9 . M e t h a m p h e t a m i n e and b row n t rou t (Salmo trutta fario): b i o a c c u m u l a t i o n and 
m e t a b o l o m e ef fects at env i ronmenta l l y re levant and h igher exposu re levels. 4 0 t h SETAC 
Nor th Amer i c a Annua l M e e t i n g , Toronto (Canada) , 3-7 November . 

Sancho Santos, M.E., Grab icova , K., S te inbach , C , Schmidt-Pos thaus , H., Kolářová, J., Vojs 
Stanová, A., Velíšek, J., Grabic, R., Randák, T , 2 0 1 9 . Env i ronmenta l concen t r a t i on of 
m e t h a m p h e t a m i n e af fects b r o w n t rou t (Salmo trutta fario). 1 9 t h EAFP Internat ional 
Conference , O p o r t o (Portugal ) , 9-12 September . 

Sancho Santos, M.E., S t e inbach , C , Grab icova , K., Schmidt-Pos thaus , H., Kolářová, J., Randák, 
T , 2 0 1 9 . Se lec ted effects o f env i ronmenta l psychoac t i ve c o m p o u n d s in f i sh . XIX 
Internat ional Toxico logica l Conference , Vodňany (Czech Republ ic ) , 2 1 - 2 3 Augus t . 

-98-



Training and supervision plan during study 

Training and supervision plan during study 

Name 

Research 
department 

Supervisor 

Period 

Maria Eugenia Sancho Santos 

2 0 1 7 - 2 0 2 1 

Laboratory o f Env i ronmenta l Chemis t r y and B iochemis t r y 

Prof. Tomas Randäk 
2 5 t h O c t o b e r 2 0 1 7 unt i l 1 5 t h S e p t e m b e r 2021 

Ph.D. courses Year 

Basics of sc ient i f i c c o m m u n i c a t i o n 

Pond aquacu l tu re 

2 0 1 8 

2 0 1 8 

App l i ed hydrob io logy 2 0 1 8 

Ichthyology and f ish t a x o n o m y 2 0 1 8 

Aqua t i c t ox i co logy 2 0 1 8 

B iostat i sties 2 0 1 9 

Czech l anguage 2 0 1 9 

Engl ish l anguage 2 0 1 9 

Scientific seminars Year 

Seminar days of RIFCH and FFPW 2 0 1 8 - 2 0 2 1 

International conferences Year 

Sancho Santos, M.E., Grab icova , K., Grabic R, S t e inbach , C , Vojs S tanova , A., Randak, T., 
2 0 1 9 . M e t h a m p h e t a m i n e and b rown t r o u t (Salmo trutta fario): b i o a c c u m u l a t i o n and 
m e t a b o l o m e effects at env i ronmenta l l y re levant and h igher exposu re levels. 4 0 t h SETAC 
Nor th Amer i ca Annua l Mee t i ng , Toronto (Canada) , 3-7 November . 

2 0 1 9 

Sancho Santos, M.E., Grab icova , K., S t e inbach , C , Schmidt-Pos thaus , H., Kolářová, J., 
Vojs Stanová, A., Velíšek, J., Grabic, R., Randák, T , 2 0 1 9 . Env i ronmenta l concen t r a t i on 
of m e t h a m p h e t a m i n e affects b rown t rou t (Salmo trutta fario). 1 9 t h EAFP Internat ional 
Conference , O p o r t o (Portugal ) , 9-12 September . 

Sancho Santos, M.E., S te inbach C , Grab icova , K., Schmidt-Pos thaus , H., Kolářová, J., 
Randák, T , 2 0 1 9 . Se lec ted ef fects o f env i ronmenta l psychoac t i ve c o m p o u n d s in f i sh . XIX 
Internat ional Toxico logica l Confe rence , Vodňany (Czech Republ ic ) , 21-23 Augus t . 

Foreign stays during Ph.D. study at RIFCH and FFPW 

2 0 1 9 

2 0 1 9 

Year 

Dr. Heike Schmidt-Pos thaus , Dipl . ECVP FVH. Centre for Fish and Wi ld l i fe Hea l th , Vetsuisse- 2 0 1 8 
Fakultät, Bern (Swi tzer land) . (1 m o n t h o f t ra in ing in h i s t opa tho logy and d i agnos t i c s o f 
aquat i c o rgan i sms ) 

Pedagogical activities Year 

S u m m e r s c h o o l : "H i s to log ica l changes in f ish af ter psychoac t i ve po l lu tan ts e x p o s u r e " 
Lea K la tz l , F rancesca Kastner 
Austrian pr ize " W i s s e n Schaf [ f ] t Zukunft preis 2 0 2 0 " was awarded for th is wo rk 

Project leader: "F ish r e sponses to env i ronmenta l cock ta i l o f psychoac t i ve subs t ances " 
( 2019 GAJU 1 0 2 / 2 0 1 9 / Z ) 

Teaching at UBS FFPW 

Consu l t an t o f bache lo r s tuden t : "D i s t r ibuce vybraných léčiv mez i články potravního řetězce 
ve vodním prostředí" Veron ika Lexová 

Consu l t an t of mas te r s tuden t s : "An t i dep res i vum sertra l in a chování ryb" 
Veron ika Lexová, "Behaviorální změny ryb po expoz i c i m e t a m f e t a m i n u " Mi ros lav Slivoně 

2 0 1 9 

2 0 1 9 

2 0 2 0 

2 0 2 0 

2021 
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Curriculum vitae 

PERSONAL INFORMATION 
Name: 
Surname: 
Titles: 
Born: 
Nationality: 
Languages: 
Contact: 

Mar ia Eugenia 
Sancho Santos 
DVM, MS.c. 
2 8 t h July 1990 , La Baneza , Spain 
Span ish 
Span ish , Gal ic ian, Engl ish 
m s a n c s 0 0 @ g m a i l . c o m 

EDUCATION 
2017-2021 Doc to r of Ph i l o sophy s tuden t , Faculty of F isher ies and P ro tec t ion of Waters , 

Univers i ty of Sou th Bohem ia České Budějovice, Czech Republ ic 

2015-2016 Mas te r o f Sc ience in Aquacu l tu re , Univers i ty o f Barce lona, A u t o n o m o u s 
Univers i ty of Barce lona, Po ly technic Univers i ty of Ca ta lon ia Barce lona, Spain 

2008-2014 Doc to r of Veter inary Med ic ine , Univers i ty of Leon Leon, Spain 

COMPLETED COURSES 
15-19. 2. 2021 Course o f pro fess iona l t ra in ing t o ob ta in qua l i f i ca t ion and pro fess iona l 

c o m p e t e n c e in the f ie ld of expe r imenta l an imals , Char les University, Prague 
(Czech Republ ic ) 

8. 9. 2019 1 4 t h Fish H i s t o p a t h o l o g y W o r k s h o p : "Sk in-assoc ia ted pa tho logy " , O p o r t o 
(Portugal ) 

22.-23. 7. 2019 Shor t Course on Toxico log ic Pa tho logy in Fish, Univers i ty o f He ide lbe rg 
(Germany) 

RESEARCH STAY AND COLLABORATIONS 
1.-30. 5. 2018 Dr. Heike Schmidt-Pos thaus , D ip l . ECVR FVH 

Centre for Fish and Wi ld l i fe Hea l th , Vetsuisse-Fakul tat , Bern (Swi tzer land) 
Training in h i s t o p a t h o l o g y and d i agnos t i c s of aquat i c o rgan isms 

2018-2021 A s s o c . Prof. Pavel Horky 
D e p a r t m e n t of Z o o l o g y and Fisher ies, Czech Univ. of Life Sc iences , Prague 
(Czech Republ ic ) 
Toxico log ica l expe r imen t s in Salmo trutta fario and Squalius cephalus u s ing 
behav ioura l t e chn iques . 
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