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	ABSTRACT

The deterioration of streams in the city of Manaus has been intensified in recent decades due to urbanization. Physical-chemical changes, pollution, changes in fish assemblages and the occurrence of exotic species have been recorded in these environments. Knowledge of the health status of fish can assist in proposing management and conservation measures aimed at maintaining the environmental quality of streams, and one way of assessing fish health is the histopathological assessment of target organs. The objective of this study was to evaluate the health of fish in urban streams through gill and liver histopathological evaluation. The collections were carried out from January to April 2015 in four streams located in the city of Manaus and one stream located in the Adolpho Ducke Forest Reserve, which was considered a reference area for comparing the results. A total of 201 individuals were collected from the species Astyanax bimaculatus, Aequidens pallidus, Corydoras aeneus, Cichlasoma amazonarum, Apistogramma pertensis, Nanostomus marginatus, Copella nigrofasciata and Crenicichla inpa. Samples of all species collected were negatively affected. The morphological changes observed were hyperplasia, lamellar fusion, epithelial detachment, aneurysm, necrosis, blood congestion, vacuolization and hepatic steatosis. These results indicate that the water quality of urban streams is influencing the health of the fish, and the fact that most fish have reversible lesions indicates that measures for conservation and improvement of water quality will have a positive impact on the health of streams’ fish.  



1. Introduction

       Manaus is the main city in the western Brazilian Amazon and the main financial, corporate and economic center in the Northern Region of Brazil, being completely inserted in the forest and connected to its drainage basin. Therefore, disturbances caused by the removal of the forest or the pollution of watercourses have direct and negative effects on the quality of the urban environment, diversity and health of the human population.  
       The urban area of the city of Manaus has been growing rapidly and without urban planning. In 1960 and 2000, the city had 173,703 and 1,403,796 inhabitants, respectively (SILVA & SILVA, 1993; IBGE, 2001) and currently the city has about 2,182,763 inhabitants (IBGE, 2019). With the growth of the city, the forest was reduced to fragments in the middle of several neighborhoods and housing complexes with a high population density. Not even the lowland areas where the streams flow have escaped this uncontrolled expansion (ANJOS, 2007).

       Recent studies point out that urban streams have been showing changes both in the physical-chemical parameters, and in in the composition and structure of the fish assemblages (ANJOS, 2007; GUARIDO, 2014). This situation is quite clear in streams with a high degree of impact, however, it is important to assess the health of the fish that inhabit streams that have a moderate degree of impact in the city of Manaus. Streams that have a moderate degree of impact still have native species and knowledge of the health status of these fish can assist in proposing management and conservation measures aimed at maintaining the environmental quality of streams.
      One way to assess the health status of fish is through the use of biomarkers. Biomarkers are biological modifications that express the toxic effect of pollutants present in the environment. These biological changes can be at the molecular, cellular, physiological and morphological level, but their determination will only be possible if there is a correlation between the intensity of exposure and the biological effect of the agent (WALKER et al., 1996). The use of biomarkers in toxicology studies has several advantages, as it allows: early detection of contamination, identifying species or populations at risk of contamination, assessing the magnitude of contamination, and determining the degree of severity of the effects caused by the contaminants (STEGEMAN et al., 1992).
       Histopathological changes have been widely used as biomarkers in assessing the health of fish exposed to contaminants, both in the laboratory (WESTER & CANTON, 1991; THOPHON et al., 2003) and in field studies (HINTON et al., 1992, SCHWAIGER et al., 1997; TEH et al., 1997). Therefore, one of the great advantages of using histopathological biomarkers in environmental monitoring is that this category of biomarkers allows examining specific target organs, such as gills and liver in fish, which are responsible for metabolic functions such as respiration and accumulation and biotransformation of xenobiotics (GERNHOFER et al., 2001).
       In this study, the following factors were considered for the choice of bioindicators: (1) whether the species is representative in the study area; (2) whether the bio-indicator organisms are easy to identify; (3) the size of the animal, considering that we need sufficient biological material to guarantee the performance of the analyzes proposed in the study (STEWART AND MALLEY, 1997); (4) the trophic level of the species, since species that occupy higher tropic levels are generally more representative, since they can provide information related to the bioaccumulation and biomagnification phenomena (OLIVEIRA RIBEIRO et al., 1999; VIVES AND GRIMALT, 2002).
2. Material and Methods

2.1 Study and Collection Areas: 
       Sample collections were carried out from January to April 2015 in four streams in the city of Manaus and one stream present in the Adolpho Ducke Forest Reserve (Fig.-1). A total of 201 individuals were collected and these were classified into 8 species, 4 families and 3 orders (Table-1). The identification of the fish species was carried out to the lowest possible taxonomic level, using specialized bibliography and help from the fish inventory team of the National Institute of Amazonian Research (INPA), where the specimens were deposited.
      The fish collections were made with seines and sieves. Blocking nets were placed to facilitate “sweeping” in stretches of streams. Immediately after collection, the fish were placed in isothermal boxes (containing water from the capture site) provided with constant aeration, and transported to the laboratory.

2.2 Sample Preparation: 

       The fish were anesthetized with benzocaine to obtain measurements of total weight (g), standard length (cm) and samples of gills and liver. Some of the fish were packed whole, being left for seven days in EDTA solution and distilled water to be decalcified before the packaging process (dehydration and inclusion in paraplast).
       The fish that were not packaged whole had gill and liver samples collected for analysis under light microscopy. These samples were fixed in Alfac (ethanol, formaldehyde and acetic acid) for 24 hours, later dehydrated and included in paraplast.

      A survey of the liver samples that showed the presence or absence of melanomacrophages was also carried out.
Table-1: Classification of individuals collected, number of individuals by species and stream where they were collected.
	Order
	Family
	Species
	Nº
	Stream

	Perciformes
	Cichlidae
	Aequidens pallidus
	13
	ULBRA/Adolphon Ducke Reserve

	Perciformes
	Cichlidae
	Apistogramma pertensis
	34
	Torquato Tapajós/Adolpho Ducke Reserve

	Perciformes
	Cichlidae
	Cichlasoma amazonarum
	25
	V8

	Perciformes
	Cichlidae
	Crenicichla inpa
	22
	ULBRA/UFAM

	Characiformes
	Lebiasinidae
	Nannostomus marginatus
	31
	Torquato Tapajós/Adolpho Ducke Reserve

	Characiformes
	Lebiasinidae
	Copella nigrofasciata
	15
	ULBRA

	Characiformes
	Characidae
	Astyanax bimaculatus
	37
	UFAM/Torquato Tapajós

	Siluriformes
	Callichthyidae
	Corydoras aeneus
	24
	V8


2.3 Environmental Parameters:
       Before collecting the fish, measurements of physical-chemical parameters of the water were performed. The following variables were measured: water temperature, dissolved oxygen, pH, electrical conductivity and total dissolved solids (Table-2).
Table-2: Values of environmental parameters in urban streams. Temp = temperature; O2 = dissolved oxygen; Cond = electrical conductivity; TDS = total dissolved solids.
	Collection Point
	pH
	Temp (ºC)
	O2 (mg/l)
	Cond (μS/cm)
	TDS (mg/L)

	ULBRA
	7,06
	26,32
	4,9
	24,2
	-

	UFAM
	3,5
	25
	6
	15
	0,011

	Torquato Tapajós
	5,4
	25,5
	6,8
	22
	-

	V8
	6,1
	25,5
	5,2
	118
	0,076

	Reserva Adolpho Ducke
	4
	24,9
	3,6
	9
	0,006


       The temperature (ºC) and dissolved oxygen (mg/L) were determined in the sub-superficial layer with a portable digital thermometer/oximeter. The hydrogen potential (pH) and conductivity (μS/cm) were determined using a portable pH meter/conductivity meter.
3. Results and Discussion

      The injury rate used in the evaluation of the material was described by Bernetet al. (1999). This methodology is based on two factors: (1) the extent of a pathological change is classified with a score (0, 2, 4 and 6); (2) the pathological importance of this change is defined by an importance factor exemplified in Table-3. This factor is attributed to each lesion according to the degree of reversibility, being “1” for easily reversible changes, “2” for moderate and potentially reversible changes with the end of exposure and “3” for irreversible changes that lead to partial or total loss of organ function.
Table 3: Importance factors used in the calculation of the injury index according to Bernet et al., (1999); (1) easily reversible changes, (2) moderate and potentially reversible changes and (3) irreversible changes that lead to partial or total loss of organ function
	Organ
	Alteration
	Importance Factor

	Gills
	Aneurism
	1

	
	Hiperplasia
	2

	
	Lamelar fusion
	2

	
	Epithelium detachment
	1

	Liver
	Vacuolization
	1

	
	Necrosis
	3

	
	Blood congestion
	1

	
	Steatosis
	1


     The changes observed were: aneurysm, hyperplasia, lamellar fusion, epithelial detachment, vacuolization, necrosis, blood congestion and steatosis. The sum of the multiplication of scores and importance factors of all observed changes resulted in different indexes that were used for statistical analysis.
3.1 Aequidens pallidus

      There was no significant difference in the comparison of the injury index in the two places where this species was collected, with significance levels of p = 0.711 and p = 0.941 for gills and liver, respectively. The branchial changes that appeared in all samples from both streams were hyperplasia, lamellar fusion and epithelial detachment. Regarding the liver, the liver changes that occurred at both sites were necrosis, vacuolization and blood congestion. Liver steatosis occurred in only one sample of the Adolpho Ducke Forest Reserve stream.
3.2 Apistogramma pertensis
       There was no significant difference in the comparison of the injury index at the two collection sites, with significance levels of p = 0.174 and p = 0.930 for gills and liver, respectively. Aneurysm was observed in two gill samples from fish from the Aldopho Ducke Forest Reserve, and other changes, such as hyperplasia, lamellar fusion and epithelial detachment were observed in fish from both streams. Of the liver alterations mentioned as frequent in the collected species, only hepatic steatosis was not observed. 
      The presence of melanomacrophages was observed in five samples of this species.
3.3 Astyanax bimaculatus

      This species showed a significant difference between the two collection sites, with significance levels of p = 0.048 and p = 0.001 for gills and liver, respectively. Only one sample from the UFAM stream had an aneurysm, while in the other samples, hyperplasia, epithelial detachment and lamellar fusion were frequent. In the liver samples of this species all changes were found. The presence of melanomacrophages was observed in two samples of this species.
3.4 Nannostomus marginatus

      This species showed a significant difference between the two collection sites only between gill samples, with a significance level of p = 0.020. For liver samples, the level of significance was p = 0.567. In this species, the most frequent changes were epithelial detachment, hyperplasia, lamellar fusion, necrosis, vacuolization and blood congestion. Only two samples from the Adolpho Ducke Forest Reserve had hepatic steatosis.
3.5 Crenicichla inpa
       There was no significant difference in the comparison of the injury index at the two collection sites, with significance levels of p = 0.604 and p = 0.557 for gills and liver, respectively. As in most samples, the most common branchial and hepatic lesions were hyperplasia, lamellar fusion, epithelial detachment, vacuolization, necrosis and blood congestion.
3.6 Corydoras aeneus, Cichlassoma amazonarum and Copella nigrofasciata
        These species were collected from only one stream each. The species Corydoras aeneus and Cichlassoma amazonarum were collected in the V8 stream, and the Copella nigrofasciata species was collected in the ULBRA stream. In the three species, the most frequent branchial changes were hyperplasia, lamellar fusion and epithelial detachment. The most frequent liver changes were vacuolization, necrosis and blood congestion. The samples of Corydoras aeneus had a low incidence of aneurysm and hepatic steatosis, unlike the samples of Copella nigrofasciata where these changes did not occur. The species Cichlassoma amazonarum presented only one sample showing aneurysm, and there was no occurrence of hepatic steatosis in this species.
       The presence of melanomacrophages was observed in sixteen samples of Cichlassoma amazonarum and five samples of Corydoras aeneus species.

       The expansion of deforestation is a problem that grows every year in the city of Manaus. Such deforestation is the first step towards the emergence of new urban centers, mainly on the outskirts of the city, and one of the effects that these occupations cause are changes in the structures of the streams through pollution and eutrophication processes, promoting changes in the physical and chemical characteristics of water that bring with it great changes in biological communities (SILVA, 1992; KIROVSKY, 2001; CLETO-FILHO & WALKER, 2001; COUCEIRO, 2005).

       The presence of pollutants in the water can cause pathological changes in fish. An indicator of exposure to contaminants is tissue and cellular morphology, which today is an important tool in assessing the degree of impact on aquatic organisms (BERNET et al., 1999). Histopathological lesions have often been described as important tools in biomonitoring studies due to the ease of interpretation in both acute and chronic exposure situations (WESTER et al., 1991; COUILLARD et al., 1999; WESTER et al., 2002; GÜL et al., 2004; OLIVEIRA RIBEIRO et al., 2005, VALDEZ DOMINGOS, 2007).
       The occurrence of gill and liver histopathological lesions was similar in the species collected. Although most species did not show statistical differences when the comparison was made, it is extremely important to note that all species presented lesions that fit the importance factor 1 (considered reversible), 2 (considered reversible if the stressor is eliminated) and 3 (considered irreversible, leading to partial or total loss of organ function), all causing damage to fish with potential to interfere with the physiological functions of the gills and liver. In addition, the most frequent lesions such as hyperplasia, lamellar fusion, epithelial detachment and vacuolization indicate that more than half of the samples showed changes.

      In this study, the occurrence of lamellar fusion was detected in all the collection points analyzed (ULBRA, UFAM, Torquato Tapajós, Torres and Adolpho Ducke Forest Reserve), having been listed by some authors as resulting from specific contamination sources, such as effluent from the chlorinated paper industry (PACHECO & SANTOS, 2002), copper (ARELLANO et al., 1999) and sewage effluent with secondary treatment (COUTINHO & GOKHALE, 2000).

      The detachment of the epithelium observed in this study was also reported by Arellano et al. (1999) and Fanta et al. (2003) in fish exposed to copper and organophosphate, respectively. Both the detachment and the lamellar fusion increase the distance between the epithelial cells and the blood capillaries, causing damage in the gas exchanges and also leading to disturbances in the osmoregulation, which are essential mechanisms for the survival of the fish (VALDEZ DOMINGOS, 2007).
      The occurrence of cell proliferation is related to a protection mechanism in situations of injury caused by aquatic contaminants or stress responses due to acute and/or chronic exposures. In the proliferation of mucus cells, for example, there is a greater secretion of mucus in order to minimize the contact of the affected tissue with water. Laurent & Perry (1991) consider the morphological changes in the gills that occur during environmental changes as adaptive attempts to preserve some physiological functions. Regarding the effects of pollutants, the authors describe that some heavy metals such as zinc stimulate the proliferation of chloride cells, as they accelerate the loss of ions through the epithelium and hinder their absorption. Nitrite competes with chlorine for the Cl(-)/HCO(3)(-) exchange sites, and the proliferation of chloride cells would be a compensatory adjustment to keep the internal Cl- concentration at a constant value.

      The teleost liver is a primary organ for biotransformation of organic xenobiotics and is probably involved in the excretion of metals. In addition, the organ is involved with digestion, energy storage and metabolism of sex hormones. The liver of fish has been shown to be sensitive to environmental contaminants, and this is due to the fact that many of the pollutants tend to accumulate in this organ, causing it to increase its exposure to higher levels compared to other organs of the same organism (HEALTH, 1995; SILVA, GS, 2007).
       In the observations made through light microscopy in the liver, cellular changes were found such as vacuolization and necrotic foci. Necrosis is considered the liver injury present in the samples with the greatest importance factor since it is not a natural process of healthy cells, in which removal of tissues occurs through apoptosis (TAKASHIMA AND HIBIYA, 1995; SILVA, GS, 2007). In necrosis, the cells die due to an acute injury, swell and have their cell membrane damaged, releasing the intracellular content and eliciting a potentially harmful inflammatory response. The occurrence of areas of necrosis causes functional and structural damage in the liver of fish (STENTIFORD et al., 2003), decreases its functionality, and can cause organ failure and consequently affect higher levels of biological organization (RABITTO et al., 2005). Although the occurrence of necrotic areas has no specific correlation with a particular contaminant, its occurrence has been frequently observed in areas associated with the presence of contaminants such as HPA's (STENTIFORD et al., 2003), chlorinated pesticides (OLIVEIRA RIBEIRO et al., 2005), heavy metals (SCHMALZ et al., 2002), organophosphates (FANTA ET al., 2003), effluent from the chlorinated paper industry and dehydroabietic acid (PACHECO & SANTOS, 2002). 
      Other changes in the liver were also observed, such as blood congestion, steatosis and vacuolization. The most frequent alteration in the samples was vacuolization, which comes from deficient spinal cord production in cells, resulting in loss of granulation and integrity of the cell membrane. According to Thomas (1990), Köhler et al. (1992) and Teh et al. (1997), changes such as hepatocyte vacuolization can be interpreted as a response to environmental stress, thus being considered histopathological indicators of the quality of the environment.

        The incidence of melano-macrophages and melano-macrophage centers in the liver is related to an increase in phagocytic activity as an immune response to injuries in individuals exposed to contaminants (COUILLARD et al., 1999; MANDON et al., 2001; OLIVEIRA RIBEIRO et al., 2005; RABITTO et al., 2005; VALDEZ DOMINGOS, 2007). There are few ultrastructural data available for this structure and aspects related to its origin, importance and biological significance are still under debate (ESTEBAN et al., 1994; RABITTO et al., 2005). In a study with spleen and liver melanomacrophages of Xiphophorus maculatus it was found that these structures accumulate iron and can recycle ferrous compounds (LEKNES, 2001). The sample that presented a great presence of melanomacrophages was collected in the Torres stream, which indicates that individuals that inhabit this stream may be exposed to iron.

4. CONCLUSION

      Although histopathological lesions do not have specific relationships with contaminants, this type of approach has been widely used in biomonitoring in the assessment of water quality in impacted areas, and although the focus of the study was not specifically the agents that are influencing the pollution of streams, the association of histopathological changes with the presence of contaminants confirms that the streams are suffering from contaminants and influencing fish health.
     Histological biomarkers indicate that fish collected in all streams are negatively affected, with most of the observed impacts still being reversible, indicating that there is still the possibility of restoring these streams and reversing the pollution picture, with the need to create an environmental remediation plan aimed at recovering streams and contaminated areas. 
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Figure-1: Map of collection points. (1) UFAM: Federal University of Amazonas, (2) Torres: Point located between Das Torres Avenue and Efigênio Salles Avenue, (3) Adolpho Ducke Forest Reserve, (4) Torquato Tapajós Avenue: Point located near Torquato Tapajós Avenue, (5) ULBRA: Point located within the area of the Lutheran University of Brazil
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