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Introduction

Adaptations of organisms to long- /short-term environmental changes involve genetic changes, resulting in metabolic and physiological adjustments or in population and species adaptations. Amazonian ecosystems are specially suited for studies of fish metabolic adaptations. Along with tremendous species richness there are vast areas of pristine habitats in an “equatorial hot climate”, with open lakes and flooded forests, both subject to drastic diurnal and seasonal changes in oxygen levels. Some of the main metabolic responses of fishes to different thermal regimes and oxygen depletion will be addressed in this paper, with particular emphasis on fish of the Amazon. 

Past and present patterns of oxygen availability in Amazonian water bodies may be seen as putative escalators of evolutionary selective pressure. Hypoxic and anoxic conditions were prevalent in the aquatic environment during the Cambrian period, owing to the low atmospheric oxygen levels at that time. At present, the poorly oxygenated waters of the Amazon basin result from different phenomena. Thus, since the Cambrian geological period, oxygen depletion has been a limiting factor for aquatic life in general. South America and Africa appeared after Gondwanaland broke up in the Southern Hemisphere during the Cretaceous. During the Tertiary period the Andean Mountains were folded up on the western part of South America, inducing remarkable changes in Amazon basin. The pacific drainage of the upper tributaries of the Amazon River was cut, and the whole Amazon basin became oriented towards the Atlantic. Consequently, a completely new set of habitats became available, and seasonal oscillations in river water levels became the main driving force of the Amazon basin (reviewed by Val & Almeida-Val, 1995). Flood pulses, i.e., annual oscillations of water levels, produce an average crest of 9 m between November and June in central Amazonian. These flood pulses inundate a large area and make several new habitats available to fish in the flooded forest (igapó) and in the floodplain areas (várzea). Such flood pulses also cause the appearance and disappearance of many other aquatic formations such as paranás (channels), igarapés (small streams), and beaches. During low water levels, the receding water leaves behind small discrete water bodies, i.e., temporary lakes, while during high water levels, these water bodies are all interconnected.  Changes in chemical, physical, and biological parameters occur, and such predictable inundations affect virtually all living organisms of the Amazon. 

In most fishes, cardiac ATP production under aerobic conditions is usually supported by a mixed catabolism of exogenous glucose and fatty acids. Studies on fuel availability, performance of isolated hearts, rates of oxygen consumption and 14CO2 production by intact hearts and isolated mitochondria, along with in vitro enzyme activity levels support this idea. In many species of North temperate teleosts, seasonal decreases in temperature from about ~15-25°C in summer to ~0-5°C in winter result in an enhancement of aerobic-based fatty acid metabolism in heart (Bailey & Driedzic, 1993). An extension of this characteristic can be seen in Antarctic fishes, which spend their life cycle at 0°C.  There are descriptions in literature of a strong reliance of cardiac energy metabolism on fatty acids associated with substantially higher in vitro activities of mitochondrial enzymes. A comparative analysis of activity levels of enzymes required for the use of glucose and glycogen in anaerobic metabolism suggests that within the Amazonian fishes, the enzymes PK and LDH do not differ between facultative air- and water-breathing species. However, the activity level of HK is higher, which may be correlated with the use of glucose as fuel for aerobic-based metabolism in the heart. High activity levels of HK are consistent with the indirect arguments that extra cellular glucose is used by fish heart as a metabolic fuel under oxygen limitation. Driedzic & Bailey (1999) suggested that fish hearts have the ability to maintain high levels of performance in the absence of oxidative metabolism. According to these authors, under oxygen-limiting conditions, lactate is produced and, similar to other tissues, intracellular glycogen is mobilized. However, extracellular glucose is also critical in extending heart viability. Although intracellular glucose is generally maintained at very low levels in fish hearts, during periods of oxygen limitation, an increase in glucose in the heart was described in lungfish, in goldfish and in the small Amazon cichlid, achieving levels similar to blood. HK may be an important rate-controlling site to achieve the right energy production under anaerobiosis. Our results with regards to enzyme activity levels in the hearts of Amazonian fish species, combined with the those on the cardiac performance of isolated hearts submitted to anoxia, using the same species as study models, have revealed that the ability of heart strips of the armored catfish Hoplosternun littorale (tamoatá) to recover from cyanide poisoning may be related to translocation of glucose transporters from intracellular sites to the plasma membrane. This in turn allows a greater uptake of glucose and support of the energy demands under anoxic conditions, e.g., cyanide poisoning (Driedzic & Bailey, 1999). In subsequent studies, no other armored catfish showed similar levels for HK (Lopes, 2003) suggesting that tamoatá deserves further attention regarding fuel preference studies and anoxia tolerance in their tissues and organs. 

Another point that emerges from these studies is that, regardless temperature acclimation and the differential means of enzyme activities the magnitude of ranges of enzyme levels is very similar between tropical and temperate teleosts (Table I). This reveals once again that inspecting these data very closely may reveal more important characteristics than an attempt to establish general patterns will, particularly when dealing with the mosaic of changes in aquatic ecosystems that the animals face in tropical areas. In fact, most studies on whole animals that have been done in our laboratory with Amazonian fish species subjected to some level of oxygen depletion (acute hypoxia, graded hypoxia or anoxia) revealed that they show alterations in  plasma glucose and lactate levels resulting from the usage of glucose reserve mobilization and anaerobic based lactate production. Furthermore, after these experimental procedures with different Amazonian fish species, most of which were considered hypoxia tolerant, it became clear that anaerobic glycolysis took place in most species and that this response is combined with metabolic depression in some species, mainly in those that were already known to be hypoxia tolerant. 

Table I. Enzyme activity levels in heart muscle of temperate and tropical fish species

Range
HK
PK
LDH
HOAD
CS

Temperate fish 
2.45 – 25.6
8.4 – 158.7
114 - 726
1.78 - 17.8
6.92 – 47.8

Tropical fish 
1.3 – 20.2 
12.1 - 113.5
8.6 - 635
1.36 – 18.8
10.4 - 79.6

Enzyme activity is expressed as µmol min-1 g-1 wet weight. (mean ± SEM).

Glucose mobilization may occur even in facultative air breathers such as the armored catfish Glyptoperychthys gibbceps, which is not necessarily related to anaerobic metabolism activation, since lactate levels are significantly decreased (Lopes, 2003). Following these studies, a detailed study using G. gibbceps as a model was performed in our laboratory. This species was compared to a closely related armored catfish, Lipossarcus pardalis by MacCormack et al. (2003). We observed that no changes in heart rate occurred under conditions of controlled hypoxia in aquaria, under natural hypoxia in a simulated pond, and in field cage sites. When denied aerial respiration under hypoxia in laboratory aquaria, G. gibbceps increased gill ventilation rates, but neither G. gibbceps nor L. pardalis exhibited alterations in heart rate, suggesting that bradycardia is not one of their strategies against hypoxia. On the other hand, G. gibbceps was hyperglycemic under normoxia (mean plasma glucose ranging from 16.88 to 31.24 mol.mL-1) and extremely large increases were observed under hypoxia (29.84 to 51.11 mol.mL-1). Unlike graded hypoxia responses, where lactate decreases (Lopes, 2003) or natural hypoxia in a simulated pond, where lactate does not change (MacCormack et al., 2003), the plasma lactate levels of this species increased from 1.55±0.81 to 65.91±7.48 mol.mL-1 when submitted to acute hypoxia in indoor aquaria and denied access to air (MacCormack et al., 2003). Therefore, the reliance on extra cellular glucose as a metabolic fuel under oxygen limitations may constitute one of the strategies to better deal with oxygen limitation and may occur in addition to other responses. It may be dependent upon respiratory pattern and species phylogeny. 

After investigations of metabolic responses of the common carp to prolonged hypoxia, many authors suggest that metabolic depression allows fish species to reduce accumulation of lactate and save on the use of energy reserves in the face of hypoxic stress. It is important to consider that for fish inhabiting water bodies that are frequently hypoxic, as in the Amazon, natural selection will favor the evolution of adaptive strategies such as varying enzyme activity levels, modifications in enzyme kinetics, and metabolic depression. These biochemical adaptations, together with a decrease in locomotor activity, occurs along with a reduction of oxygen consumption rates, as observed in several experiments realized in our laboratory as well as in others (Zhou et al., 2000). Chronic exposure to hypoxia could, therefore, induce a suppressed metabolic rate in tropical animals, as already mentioned above.

Fuel utilization under metabolic suppression and under oxygen deprivation in systems that use metabolic arrest involves the mobilization of anaerobic pathways. The use of carbohydrate reserves such as glycogen or amino acids, which are the main fuels available for fermentation in animals, is almost always necessary (Hochachka & Somero, 2002). Lipid reserves are used when oxygen is not necessarily limiting, such as in the burrowing lungfish, which uses lipid as the major fuel during the early phases of aestivation. When this reserve becomes depleted, proteins are mobilized and amino acids serve as precursors for gluconeogenesis and for catabolic substrates. In lungfish, glycogen reserves are conserved to save muscle energy during arousal and escape. According to Hochachka & Somero (2002), most biologists realized early that fishes differ greatly in their patterns and capacities of locomotion, ranging from fast-start, burst-swim specialists, to species that can swim steadily but slowly for intermediate or long periods, and finally to species that can swim for long periods of time and long distances. Extensive studies have shown that the biochemical machinery of red and white muscles is adapted and coordinated in its physiological adjustments, affecting fuel and oxygen supply capacities, and can be so extensive that it can mix-up the distinction between white and red muscle. For some groups, such as scombroid fishes, mitochondrial enzyme concentrations per gram of white muscle can be higher than its homologous (orthologous) enzyme levels in red muscle of some sluggish Amazon fishes. In red muscle of some Amazon fishes, the concentrations of enzymes in anaerobic metabolism may be higher than in the white muscle of more hypoxia-sensitive fishes from more oxygen-rich, usually colder, waters. Red and white muscle fibers are often spatially differentiated in fish. The slow oxidative fibers in red muscle contrast with white muscle, which is anaerobic and displays exceptional compositional homogeneity. The relative amount of these fibers changes according to several characteristics of the species, such that in some species, like the fast pike, the entire swimming musculature is a uniformly white (fast-twitch muscle) glycolytic system, with red muscle fibers (slow-twitch muscle) extremely reduced. 

Among fishes of the Amazon, some of the highest relative anaerobic rates in metabolism occur in Osteoglossum bicirrhosum (aruanã, or water monkey), i.e., LDH/CS (Citrate Synthase) ratios can reach 800. The aruanã has one of the lowest ratios of red to white muscle among studied Amazon species. A cursory inspection of red:white muscle ratios among fishes of the Amazon reveals an interesting picture regarding environmental adaptations (Table II). It is clear that fishes with long time/long distance swimming habits have more slow-twitch red muscle and, therefore lower ratios of white to red muscle (WM/RM). On the other hand, fish species with fast-twitch, burst-swimming activity show such a low amount of red muscle that ratios between fast and slow muscle fibers can reach the extreme of nearly absent red muscle fibers in the total skeletal muscle. This is the case in an ornamental fish, the cichlid discus Symphysodon aequifasciatus (Table II). In fact, high WM/RM ratios occur in the whole cichlid family, with the exception of Satanoperca acuticepts. Cichlids constitute a family that sustains highly specialized reproductive habits. Most species retain territorial and show aggressive parental care, and consequently require a high capacity for fast-twitch muscle fibers to allow for bouts of burst swimming. The cichlids are also considered a hypoxia-tolerant family as a whole; this characteristic may occur in different degrees in each group of species. Fishes with a higher proportion of red muscles fit into the category of either active species, such as the Serrasalmidae (piranhas and pacus), or species with long and continuous swimming habits, such as fish occurring in large schools in the Amazon region, e.g., characids and prochilodontids. In an intermediary position, other fish families with moderately active lives or facultative air-breathing habits will have intermediate WM/RM ratios (Table II). Red muscle fibers have a well-developed blood supply, high myoglobin and mitochondria contents, high concentrations of lipids and cytochromes, and high activities of respiratory and citric acid cycle enzymes. Therefore, red muscle fibers show active aerobic metabolism, using both carbohydrates and lipids as substrates. However, the bulk of muscle tissue in most fish species consists of white muscle, which depends mainly on anaerobic glycolysis for its energy supply.

Table II describes the relative amounts of Red Muscle and White Muscle, represented as the % of total weight, and the ratio between them (WM/RM).

Species
Red Muscle 
White Muscle 
WM/RM ratio

Osteoglossidae

Osteoglossum bicirrhosum (n=1)
0.82
30.94
37.7

Characidae

Triportheus flavus (n=1)
2.20
26.8
12.2

Triportheus albus (n=1)
2.92
28.99
9.9

Curimatidae

Curimata inornata (n=4)
3.24
33.89
10.5

Psectrogaster amazonica (n=3)
1.77
31.14
17.6

Psectrogaster rutiloides (n=2)
2.14
23.57
11.0

Serrasalmidae

Pigocentrus nattereri (n=3)
1.95
18.74
9.6

Mylossoma duriventre (n=4)
4.04
22.41
5.6

Metynnis hypsauchen (n=4)
3.91
19.17
4.9

Anostomidae

Leporinus friderici (n=2)
2.58
33.94
13.2

Rhytiodus microlepis (n=1)
2.11
25.80
12.2

Callichthyidae

Hoplosternum litoralle (n=12)
0.71
10.49
14.77

Loricariidae

Liposarcus pardalis (n=8)
1.57
11.36
7.24

Doradidae

Corydoras sp (n=7)
2.19
9.15
4.18

Cichlidae

Satanoperca acuticepts (n=2)
1.26
14.36
11.4

Cichlassoma severum (n=1)
0.84
22.71
27.0

Cichla monoculus (n=4)
0.69
33.87
40.1

Geophagus altifrons (n=15)
0.50
25.28
50.6

Uaru amphiacanthoides (n=3)
0.64
27.67
43.1

Astronotus crassipinnis (n=23)
0.39
22.73
58.3

Satanoperca jurupari (n=15)
0.77
40.46
52.5

Symphysodon aequifasciatus (n=19)
0.06
28.18
469.1

Biochemical comparisons between both kinds of muscle fibers are well described with regard to amino acids, phosphorylated compounds, and enzyme activity levels and most authors refer to them as clearly different when responding to a stressor, particularly hypoxia (Hochachka & Somero, 2002; Van Ginneken et al., 1999). Comparative analyses of pair of species, even those showing similar metabolic trends, suggest they vary on a species-specific basis, reflecting many characteristics, including the type of swimming performance and particular mode of life. As shown in Table II, it is clear that a correlation exists between fish mode of life and the degree of red muscle development in the myotome, and such correlation may occur in nature due to the fact that the basic metabolic differentiation of red and white muscles in fish may be under environmental evolutionary pressure. 

In conclusion, the diversity of strategies adopted by fish during their evolution to cope with environmental changes has added to species diversity, making this subject one of the most interesting in the field of comparative physiology. In addition, our knowledge about the mechanisms involved in metabolic adaptations to tolerate changes in temperature and oxygen in fish is far from being complete; as more sophisticated tools become available, the more we realize the size of our knowledge gap regarding adaptations by fish to environmental changes, particular temperature and oxygen changes. 
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