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Abstract

:

Pharmaceutically active compounds are only partially removed from wastewaters and hence may be major contaminants of freshwaters. Direct and indirect effects on aquatic organisms are reported at dilute concentrations. This study was focused on the possible effects of environmentally relevant concentrations (~1 µg L−1) of two psychoactive compounds on the behavior of freshwater crayfish. Experimental animals exposed to venlafaxine did not show any behavioral alteration. Crayfish exposed to the benzodiazepine oxazepam exhibited a significant alteration in the distance moved and activity, and the effects were different when individuals were ready for reproduction. Results suggested that even the low concentration of selected psychoactive pharmaceuticals could alter the behavioral patterns of crayfish, as reported for other pharmaceuticals. These results provide new information about the possible adverse effects of pharmaceuticals at dilute concentrations. From previous knowledge and our results, it is obvious that different compounds have different effects and the effects are even specific for different taxa. Detailed studies are therefore needed to assess the possible ecological consequences of particular substances, as well as for their mixtures.
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1. Introduction


Pharmaceutically active compounds (PhAC) are considered emerging contaminants in aquatic environments [1,2]. PhACs originate mainly from human or animal excretion or runoff from hospitals [3,4] and penetrate freshwaters via effluents of sewage treatment plants (STPs) which are ineffective in their removal [5]. The residues have several non-lethal effects on aquatic organisms and, through them, on whole ecosystems [6,7]. Psychotropic substances are present often at much lower concentrations in surface waters [8,9,10] than, for example, antibiotics or hypertension drugs, [11,12] but they have important effects in very diluted concentrations as well [13,14].



The psychotropic substances venlafaxine and oxazepam alter the state of the brain by flooding it with the neurotransmitter serotonin (5-HT) or act on benzodiazepine receptors, having direct inhibitory effects on the central nervous system [15,16]. Invertebrates (including crayfish) have similar receptors for psychotropic compounds as mammals [17], even with the potential for bioaccumulation [14,18], which increases the probability of the apparent PhACs’ effects on these animals.



Some psychoactive PhACs are also bioactive and can persist in the sediments of surface waters [19], enabling their transfer via the food-web [20]. They are developed to modify behavioral patterns, so a behavioral alteration in aquatic organisms is likely [21,22]. However, the behavioral effects of these psychotropic compounds still remain less understood than eco-toxicity tests [23]. Behavioral effects, from an ecological point of view, can affect the survival of an individual, as well as the long-term sustainability of a population [24]. Crayfish seem to be good model organisms, having well known social and spatial behavior [25,26] and being similarly susceptible to the behavioral changes induced by PhACs [13,27,28].



In this study, the behavioral patterns of a clonal species, the marbled crayfish (Procambarus virginalis, Lyko 2017), were assessed using an ethological software where control animals and those exposed to environmentally relevant concentrations of venlafaxine and oxazepam were used. We hypothesized about the possible behavioral changes associated with the pollutants used at concentrations commonly detected in surface waters, as confirmed in our previous study with other PhACs.




2. Materials and Methods


2.1. Chemicals


Venlafaxine (VEN) and oxazepam (OXA) were obtained from AK Scientific (Union City, CA, USA) and Lipomed (Cambridge, MA, USA), respectively. Stock solutions of both compounds (concentration of 10 mg L−1) were prepared using ultra-pure water (AquaMax Basic 360 Series and Ultra 370 Series instrument, Young Lin, Anyang, Republic of Korea) and were stored at 4 °C. The exposure solutions of 1 µg L−1 were prepared by dilution of the stock solution in aged tap water. Concentration testing was utilized to evaluate reported [29] environmentally relevant concentrations.



Isotopically labeled venlafaxine (D6-VEN) and oxazepam (D5-OXA; both from Lipomed (USA)) were used as internal standards for the analyses of water samples. Ultra-pure water and acetonitrile (LC/MS grade purity, Merck, Kenilworth, NJ, USA), both acidified with formic acid (Sigma-Aldrich, Darmstadt, Germany), were used as the mobile phases in liquid chromatography (LC).




2.2. Experimental Animals


Marbled crayfish (with a carapace length of 16–22 mm, measured using a vernier caliper to the nearest 0.1 mm) were randomly selected from our laboratory culture. Crayfish weight (to the nearest 0.1 g) was obtained using an electronic balance (Kern & Sohn GmbH, Balingen, Germany). The mean lengths and weights of the animals used (Table 1) did not differ between the control and exposed groups.




2.3. Experimental Design


The exposition and experimental work was conducted in November (VEN) and December (OXA) 2017. In total, 55 crayfish were exposed to a concentration of ~1 μg L−1 of VEN for 21 days and 60 animals to an OXA compound for 7 days, respectively. The concentration was chosen based on previously reported environmental concentrations [9,14,18,30,31]. The exposure times were chosen in relation to the mode of action of the selected compounds. VEN acts when a steady-state plasma concentration is achieved (3–4 weeks) [32], while OXA acts immediately [16]. Crayfish maintained in aged tap water were used as controls, with the same handling as the exposed groups. The crayfish were held individually in transparent plastic boxes (190 × 140 × 75 mm) with 0.5 L of exposure solution or aged tap water. The numbers of animals that molted, spawned, or died during the exposure period were recorded.



During the exposure period, crayfish were fed ad libitum with fish pellets (Sera Granugreen, Sera, Heinsberg, Germany). Boxes were cleaned during exposure to the solution and the water exchange (every 48 h). The control group was always handled first to avoid its contamination. Crayfish which molted or spawned were discarded from the experiment. Water temperature was measured by an alcohol thermometer (to the nearest 0.1 °C) and did not differ (p > 0.05) between the control and the exposed group in both VEN and OXA studies. Water temperature ranged between 19.3 and 20.6 °C.



The real concentrations of VEN and OXA in the exposure solution, as well as in the control group’s water, was checked using liquid chromatography with a tandem mass spectrometer (LC-MS/MS, Research Institute of Fish Culture and Hydrobiology, Vodňany, Czech Republic) four (VEN) and three times (OXA) during the exposure period. The concentrations of the compounds were analyzed in freshly prepared solutions (at time 0) and after 48 h, when the used solution was exchanged (time 48). Collected samples were filtered (0.20 µm regenerated cellulose, Labicom, Olomouc, Czech Republic) and stored in a freezer at −20 °C until analysis. After thawing and the addition of the internal standards, the samples were measured using the 10 min method on a Hypersil Gold aQ column (50 × 2.1 mm; 5 mm particles) coupled with an Accela 1250 LC pump and a TSQ Quantum Ultra Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The concentrations of the tested compounds in the analyzed water samples from the exposed boxes at time 0 and time 48 did not differ. The concentrations of VEN and OXA in water samples from the control group were below the limit of detection (see Table 2).




2.4. Behavioral Data Acquisition


The exposed crayfish were individually placed in circular plastic tanks (280 mm in diameter), with 2 L of aged tap water and 200 mL of fine sand (<1 mm). In total, 110 and 120 crayfish were used for video-tracking in the VEN and OXA experiments, respectively. Stocked crayfish were video-tracked using a digital video camera (Sony HDR-CX240, Sony, Tokyo, Japan) in trials of 20 parallel tracked tanks (10 control and 10 exposed animals), i.e., 6 trials were done for each compound. Half of the trials were made without shelter, while the other half were conducted with shelter (consisting of halved ceramic plant pots of a 60 mm entry width and a depth of 50 mm). Shelter is an essential resource of crayfish, being nocturnal animals which are usually only active for a period throughout the day, and affecting shelter use can make crayfish more prone to predation or cannibalism. After the video recording, the presence of glair glands (a mark of readiness for reproduction) was also recorded in the used crayfish, due to the possible consequences of upcoming reproduction on their behavior.



The video-recording lasted for 4 h. Light was provided, as permanent indirect illumination, by fluorescent tubes (daylight, 2310 lm). Video-recordings were analyzed later using EthoVision® XT 13.0 software (Noldus Information Technology by Wageningen, The Netherlands) with a multiple-arena module. The distance moved (cm), activity (percentage of time when crayfish locomotion was detected), and velocity (cm s−1) were evaluated. When conditions of shelter were present, the software also revealed results about the time spent inside/outside the shelter.




2.5. Statistical Analysis


A chi-square test was used for numbers of molted and spawned crayfish in comparison with control ones. The Kolmogorov-Smirnov normality test was done for the entire data set. The homogeneity of variances was tested using the Bartlett test for the parameters of behavioral patterns. The concentrations of the tested compound at time 0 and time 48 were compared through paired t-tests. A t-test for independent samples was used to compare the size and weight of the animals used in the exposed and control groups. The distance moved, velocity, activity, and time spent outside the shelter (replicate groups as a random factor, exposure as a fixed factor), were analyzed through factorial ANOVA. The null hypothesis was rejected at α = 0.05. The data were statistically analyzed by Statistica 12.0 software (StatSoft, Tulsa, OK, USA).





3. Results


3.1. Venlafaxine


No significant differences were detected in VEN-exposed crayfish in comparison with control animals in set-ups both with and without available shelter (Table 3). The only effect detected was that of developed glair glands in the set-up with shelter on activity (F1,44 = 6.95, p = 0.012) and time spent outside the shelter (F1,44 = 4.94, p = 0.031). No values are recorded for crayfish without shelter due to the absence of glair glands (Table 4). Data are shown in Table 3 and Table 4.




3.2. Oxazepam


In the set-up without available shelter, crayfish moved longer distances (F1,56 = 4.17, p = 0.046) and showed higher activity (F1,56 = 4.75, p = 0.034) when exposed to OXA, compared to the control group. The effect of glair glands was observed only in the control animals in both the distance moved (F1,56 = 5.73, p = 0.024) and activity (F1,56 = 6.92, p = 0.013). In OXA-exposed animals, this effect was not so obvious and no differences in either the distance moved (F1,56 = 0.20, p = 0.656) or activity (F1,56 = 1.36, p = 0.248) were revealed. Similarly, no significant difference was revealed in the velocity, either between the control and exposed animals or between the animals with and without glair glands (Figure 1 and Figure 2).



In the set-up with available shelter, no differences were detected between the control and OXA-exposed animals. Only the effect of glair glands was detected in all of the parameters observed; the distance moved (F1,56 = 8.74, p = 0.005), velocity (F1,56 = 4.24, p = 0.044), activity (F1,56 = 9.47, p = 0.003), and the time spent outside the shelter (F1,56 = 6.51, p = 0.014).



Data are summarized in Table 5 and Table 6.




3.3. Life History Traits


During the exposure period, the number of molted crayfish did not vary significantly in both VEN (χ2 = 0.08, p = 0.783) and OXA (χ2 = 0.72, p = 0.398) exposed crayfish compared to control ones. However, the number of crayfish which spawned eggs during the exposure period was slightly lower but not statistically significant (χ2 = 2.81, p = 0.094) in the VEN-exposed group compared to the control group. The number of spawned animals in the OXA-exposed group did not differ from the controls (χ2 = 0.15, p = 0.703). There was no reported mortality (Table 7).





4. Discussion


Pharmaceuticals accessing natural ecosystems via sewage water treatment plant effluents [5,33] are reported as drivers of ecological changes [18,34], and psychotropic drugs are often confirmed as inducing behavioral changes in fish and other aquatic invertebrates [13,35]. Knowledge about the behavioral endpoint of these drugs is still too scarce to summarize their ecological consequences [13].



The present study assessed the behavioral effects of two psychoactive compounds, VEN and OXA, on clonal marbled crayfish exposed to dilute concentrations which can be found in natural conditions. The study also follows up on previous studies [13,36] exploring the compound-specific effects on the behavior of a model invertebrate in comparable, defined conditions. The results observed again confirmed that the low concentrations observed in natural conditions can have important consequences. Exploratory behavior, expressed as the activity and distance moved, should affect the wasting of energy, leading to a shorter life span in more active individuals [37]. In addition, the visibility of an animal to predators, especially in conditions of invaded ecosystems, can have effects on food resources, which are under greater pressure due to the higher activity [38,39]. Such alterations can then change the ecosystem’s functioning [40,41]. The elevated activity, followed by altered foraging behavior can, therefore, lead to the breakdown of food chains, loss of biodiversity, and ecosystem instability [41,42].



Our experimental data helped to identify the environmental risks of OXA, but surprisingly no behavioral changes have been observed for the antidepressant VEN. Venlafaxine effects are reported at higher concentrations [43] compared to other antidepressants, citalopram [13] and sertraline [36], which were tested at the same (or even lower concentrations in the case of fluoxetine and sertraline) [44].



Earlier research demonstrated different, or even opposite results among similar compounds or compounds with similar modes of action, as well as among different taxa observed [21,35,45]. This can be due, in part, to different experimental conditions, ways of application (injection, oral application, passively from a water solution), doses (lower than in environmentally detected, environmentally relevant, elevated), and approaches used to determine the behavioral effects. We, therefore, tried to minimize the variables and use similar, relatively easy approaches for the observation, an application imitating the environmental intoxication from the dilute solutions, and the use of genetically uniform marbled crayfish, to erase the effect of different genotypes. However, the results presented, compared with previous ones produced with the same methodology, reveal again the differences among individual compounds. In fact, there is a need to investigate the mechanisms of action of these substances in detail and to elaborate on studies dealing with different mixtures of pharmaceuticals as they act simultaneously on aquatic biota [46].



The present study can be helpful for the set-up of new studies aimed not only at behavioral patterns but at life history traits, including reproduction. Behavioral alterations provide the potential to assess the risk of ecological effects of pharmaceutical products, thus it might be useful for the generalization of the impacts on the aquatic environment. In our present study, we also observed changed behavior in crayfish with developed glair glands, indicative of the preparation for reproduction [37,47]. To safeguard their future offspring, crayfish limit their activity, which was expressed as a lower distance moved and less activity. In the exposed animals, this pattern was missing, which can affect the reproductive success in a population due to a higher risk of predation. Life history traits and affected reproduction have also been confirmed from other studies with several psychoactive drugs on different aquatic taxa [36,43,48].



To summarize, our results together with those previously published show high variability in the type, strength, and direction of the effects of pharmaceuticals on aquatic biota. The use of passive application due to exposure through diluted, environmentally relevant concentrations of tested compounds seems to be appropriate for the assessment of their environmental effects. The main pollutants should also be tested individually, as well as their mixtures as found in field sampling [46]. The large number of compounds in surface waters and their different/specific modes of action is motivation for the better understanding of their real ecological impact on ecosystems.
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Figure 1. The distance moved (in cm) of marbled crayfish (Procambarus virginalis, Lyko 2017) exposed to oxazepam (~1 µg L−1) and of the control animals in the conditions without available shelter (A). The differences detected between the groups of crayfish and in accordance with the presence of developed glair glands (B). The different superscripts show significant differences (α = 0.05) among groups. Data are presented as mean ± standard error of mean. 
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Figure 2. The activity (in %) of marbled crayfish (Procambarus virginalis, Lyko 2017) exposed to oxazepam (~1 µg L−1) and control crayfish in the conditions without available shelter (A). The differences detected between the groups of crayfish in accordance with the presence of developed glair glands (B). The different superscripts show significant differences (α = 0.05) among groups. Data are presented as mean ± standard error of mean. 
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Table 1. The mean carapace length (CL) and weight (W) of marbled crayfish (Procambarus virginalis, Lyko 2017) animals used in the experimental groups in either the presence or absence of shelter. Data are presented as mean ± standard deviation. The t-test values and p-values are shown to demonstrate no differences between experimental groups.
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Tested Compound

	
Group

	
Shelter

	
CL (mm)

	
t-test

	
p

	
W (g)

	
t-test

	
p






	
Venlafaxine

	
exposed

	
no

	
19.0 ± 1.8

	
−0.13

	
0.897

	
2.0 ± 0.6

	
−0.14

	
0.889




	
control

	
no

	
18.8 ± 2.1

	
1.9 ± 0.7




	
exposed

	
yes

	
18.3 ± 2.1

	
0.39

	
0.695

	
1.8 ± 0.7

	
0.39

	
0.699




	
control

	
yes

	
18.4 ± 2.0

	
1.8 ± 0.7




	
Oxazepam

	
exposed

	
no

	
20.1 ± 3.0

	
1.12

	
0.269

	
2.3 ± 0.9

	
1.39

	
0.171




	
control

	
no

	
19.3 ± 2.3

	
2.0 ± 0.8




	
exposed

	
yes

	
19.1 ± 2.8

	
0.36

	
0.717

	
2.1 ± 0.9

	
0.43

	
0.672




	
control

	
yes

	
18.8 ± 2.7

	
2.0 ± 0.9
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Table 2. The concentration of VEN and OXA in the water at time 0 (control, exposed) and after 48 h of exposure (control, exposed) (α = 0.05). Data are presented as mean ± standard deviation.
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Tested Compound

	
Group

	
n

	
Time 0 (µg L−1)

	
Time 48 (µg L−1)

	
Paired t-test

	
p






	
Venlafaxine

	
exposed

	
4

	
0.7 ± 0.0

	
0.7 ± 0.0

	
0.927

	
0.42




	
control

	
4

	
<0.02

	
<0.02

	
---

	
---




	
Oxazepam

	
exposed

	
3

	
1.3 ± 0.3

	
1.2 ± 0.2

	
0.983

	
0.43




	
control

	
3

	
<0.01

	
<0.01

	
---

	
---
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Table 3. The values of the distance moved, velocity, activity, and time spent outside the shelter in crayfish exposed to venlafaxine and in control crayfish, in set-ups with and without available shelter. Data are shown as mean ± standard deviation.
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	Compound
	Shelter Available
	Distance Moved (cm)
	Velocity (cm s−1)
	Activity (%)
	Time Spent Outside the Shelter (%)





	Venlafaxine
	no
	5184 ± 367
	0.39 ± 0.03
	69.9 ± 1.8
	---



	Control
	no
	5195 ± 382
	0.38 ± 0.03
	67.8 ± 2.2
	---



	Venlafaxine
	yes
	1569 ± 339
	0.65 ± 0.07
	59.3 ± 5.9
	27.0 ± 5.5



	Control
	yes
	1618 ± 363
	0.67 ± 0.05
	66.0 ± 5.5
	24.9 ± 6.5
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Table 4. The values of the distance moved, velocity, activity, and time spent outside the shelter in crayfish exposed to venlafaxine and in control crayfish in accordance with the presence of glair glands, in set-ups with and without available shelter. Data are shown as mean ± standard deviation.
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Compound

	
Shelter Available

	
Glair Glands

	
Distance Moved (cm)

	
Velocity (cm s−1)

	
Activity (%)

	
Time Spent Outside the Shelter (%)






	
Venlafaxine

	
no

	
yes

	
---

	
---

	
---

	
---




	
no

	
5184 ± 367

	
0.39 ± 0.03

	
69.9 ± 1.8

	
---




	
Control

	
yes

	
---

	
---

	
---

	
---




	
no

	
5195 ± 382

	
0.38 ± 0.03

	
67.8 ± 2.2

	
---




	
Venlafaxine

	
yes

	
yes

	
1397 ± 571

	
0.78 ± 0.10

	
76.0 ± 5.3

	
14.8 ± 6.1




	
no

	
1676 ± 542

	
0.62 ± 0.17

	
48.9 ± 8.0

	
34.7 ± 7.6




	
Control

	
yes

	
1279 ± 693

	
0.92 ± 0.17

	
76.4 ± 7.8

	
12.3 ± 8.3




	
no

	
1777 ± 660

	
0.51 ± 0.07

	
61.1 ± 7.5

	
30.7 ± 8.5
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Table 5. The values of the distance moved, velocity, activity, and time spent outside the shelter in crayfish exposed to oxazepam and in control crayfish, in set-ups with and without available shelter. Data are shown as mean ± standard deviation.
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	Compound
	Shelter Available
	Distance Moved (cm)
	Velocity (cm s−1)
	Activity (%)
	Time Spent Outside the Shelter (%)





	Oxazepam
	yes
	1848.1 ± 312.7
	0.39 ± 0.03
	18.7 ± 2.2
	29.3 ± 3.2



	Control
	yes
	1852.6 ± 256.8
	0.43 ± 0.03
	18.6 ± 2.6
	28.9 ± 3.9










[image: Table]





Table 6. The values of the distance moved, velocity, activity, and time spent outside the shelter in crayfish exposed to oxazepam and in control crayfish in accordance with the presence of glair glands, in set-ups with and without available shelter. Data are shown as mean ± standard deviation.
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Compound

	
Shelter Available

	
Glair Glands

	
Distance Moved (cm)

	
Velocity (cm s−1)

	
Activity (%)

	
Time Spent Outside the Shelter (%)






	
Oxazepam

	
no

	
yes

	
5515.2 ± 360.2

	
0.39 ± 0.02

	
59.5 ± 2.9

	
---




	
no

	
5967.7 ± 642.7

	
0.43 ± 0.05

	
60.2 ± 2.4

	
---




	
Control

	
yes

	
5471.6 ± 378.1

	
0.40 ± 0.03

	
52.3 ± 1.8

	
---




	
no

	
4570.5 ± 160.8

	
0.35 ± 0.02

	
57.9 ± 2.1

	
---




	
Oxazepam

	
yes

	
yes

	
2382.9 ± 606.3

	
0.42 ± 0.04

	
22.8 ± 3.9

	
34.1 ± 5.4




	
no

	
1380.2 ± 210.7

	
0.35 ± 0.03

	
15.1 ± 2.2

	
25.1 ± 3.6




	
Control

	
yes

	
2483.9 ± 405.1

	
0.47 ± 0.04

	
24.7 ± 4.4

	
36.8 ± 6.7




	
no

	
1221.2 ± 228.4

	
0.38 ± 0.03

	
12.5 ± 2.0

	
21.0 ± 3.0
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Table 7. The total number of molted, spawned, and dead crayfish in the control and exposed groups during the exposure period to venlafaxine and oxazepam.
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Pharmaceutical

	
Group

	
Molted (n)

	
Spawned (n)

	
Dead (n)






	
Venlafaxine

	
control

	
61

	
4

	
0




	
exposed

	
58

	
1

	
0




	
Oxazepam

	
control

	
12

	
3

	
0




	
exposed

	
9

	
4

	
0
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