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Toxic metals and ammonia accumulation
Exposure to toxic metals has repeatedly been shown to affect ammonia excretion in fish. Acutely lethal levels of metals such as copper caused obvious structural damage to the gill epithelia and a breakdown of ionoregulation, oxygen transport and acid-base balance in freshwater rainbow trout (Wilson & Taylor 1993a). Plasma total ammonia accumulated to ~40 times baseline levels, peaking at 2 mM shortly before death. Exposure of rainbow trout to equivalent levels of copper in saline waters was not lethal, caused no obvious gill damage and had little effect on ionoregulation or respiratory gas exchange (Wilson & Taylor 1993b). However, plasma total ammonia levels were elevated in these fish, peaking at 200 (mol l-1 in seawater.
Exposure of brown trout to sublethal levels of copper caused significant disruption of the functional integrity of the gill epithelia, as revealed by electron microscopy (Mujallid, 1996). In water at pH 5, with a calcium concentration of 50μmol l-1 the levels of copper that were just below the mean lethal concentration (see Beaumont et al, 1995a) were 30 μg l-1 (0.47 μmol l-1) at 5oC and 5μg l-1 (0.08 μmol l-1) at 15oC. At these levels there were marked changes in the ultrastructure of the gill lamellae, compared to gills from control fish held in water at pH 7 without copper. At 5oC there was some hyperplasia of epithelial cells plus fusion between neighbouring lamellae.  The harmonic mean diffusion distance increased fourfold. There was ultrastructural evidence of the necrosis of chloride cells and their numbers decreased significantly. The numbers of mucocytes increased sixfold.  At 15oC there were only minor changes in the ultrastructure of gill lamellae, with some vacuolation and curling of the tips of lamellae. Nevertheless, the harmonic mean diffusion distance doubled, there was a significant decrease in chloride cell numbers and mucocyte numbers increased fourfold.
 Chronic exposure of brown trout to sublethal levels of copper (e.g. 0.08 (mol-1 of copper at 10°C) in soft water at pH 5.0 caused a pronounced increase in plasma ammonia concentration, up to 1 mmol l-1 at 96h (Beaumont et al. 1995a,b; 2000).  Chronic exposure to low pH alone exerted a similar effect (Day and Butler, 1996). This accumulation of ammonia was accompanied by slight reductions in plasma Na+ and Cl- concentrations, while blood oxygen and carbon dioxide levels were relatively unaffected. So the significant ultrastructural damage caused by exposure to sublethal levels of copper was without effect on respiratory gas exchange, had only minimal effects on ionoregulation, but was associated with a marked reduction in the ability of the fish to excrete ammonia.
How do heavy metals such as copper cause ammonia to accumulate?
One potential mechanism leading to the accumulation of ammonia could be a large increase in the rate of endogenous production. For most aquatic, ectothermic animals ammonia is the primary waste product of protein catabolism, with its rates of production varying with protein intake and breakdown. Beaumont et al. (1995a; 2003) did find that ammonia production increased following exposure to copper, partly in response to elevated levels of cortisol.  This increased rate of ammonia production was not, however, considered sufficient to account for the high plasma and tissue levels in trout exposed to copper and, when cortisol release was blocked using metyrapone, ammonia continued to accumulate in the plasma (Beaumont et al, 2003).  When infused with large loads of ammonia, trout exposed to copper and low pH exhibited a reduced ability to excrete it (Beaumont et al., 2003). This indicates that the ammonia accumulation is derived in large part from an impaired excretory process.  The presence of a low external pH in these experiments should have favoured “ammonia trapping” at the gill boundary layer, with the consequent maintenance of a NH3 gradient favouring diffusive excretion (Wright et al., 1989). Accordingly, some form of active branchial transport of NH4+ is likely to have been disrupted.  

Perfused, isolated gill preparations were used to investigate rates of branchial ammonia excretion in brown trout, exposed for 96 h to copper and acid or to copper-free water at neutral pH (Shingles, 2002).   The activities of Na+/K+ ATPase and H+ ATPase were also investigated to identify any impact of copper and acid on these enzymes.When perfused with saline containing 600 (mol l-1 total ammonia, gills from fish exposed to copper and acid extracted 25% less ammonia from the saline than gills from control fish The mean activity of H+ ATPase in control gills was almost double that of its activity in the gills exposed to copper and acid (P = 0.025; Figure 2). However, the Na+/K+ ATPase activity was almost identical in gills of both control and copper-exposed fish (Figure 2). The results indicate that copper and acid have two measurable effects on the gills. Firstly, at the highest concentration of ammonia in the perfusate, ammonia extraction by gill cells was 25 (mol kg-1 h-1 lower than that of control gills.  This figure is similar to the rate of ammonia accumulation in the plasma of copper and acid exposed whole animals (8-16 (mol kg-1 h-1, Shingles, 2002).  Thus the present study suggests that a reduction in the extraction capability of copper and acid exposed gills is sufficient to account for the accumulation of ammonia in whole animals.  Secondly, this reduced extraction of ammonia by gill cells was associated with a reduction in H+ ATPase. Thus, the ability of an individual fish to tolerate sublethal copper and acid pollution is likely to result from a combination of the magnitude of increased ammonia production, the degree of the loss of H+ ATPase activity and the ability of the gills to maintain the stability of ion channels.

Ammonia impairs exercise performance in trout. 
The first evidence that ammonia impaired the exercise performance of fish was provided by Beaumont et al. (1995a,b).  These authors exposed brown trout to sublethal concentrations of copper (0.08 or 0.47 (mol l-1) in soft acidic water (pH 5.1) at water temperatures of either 5°, 10° or 15°C, and found that their sustained aerobic exercise performance was significantly impaired by comparison with that of trout in neutral (pH 7) water with no added copper. A negative linear relationship between Ucrit and plasma ammonia concentrations was revealed whereby plasma ammonia accounted for almost 70% of the variation in Ucrit (Beaumont et al., 1995). This led to the suggestion that it was the accumulation of ammonia in the tissues that caused the decline in exercise performance (Beaumont et al., 1995b; 2000a). 
Shingles et al. (2001) exposed rainbow trout for 24 h to a hard water (280 mmol l-1 as CaCO3, pH 8.4) containing a sub-lethal concentration (290 (mol l-1) of ammonium chloride yielding a water NH3 concentration of 20 (mol l-1. This ammonia concentration was equivalent to 50% of the 96h LC50 for juvenile rainbow trout in that water at the prevailing temperature (14°C) and elicited arterial plasma ammonia concentrations that were similar to those which impaired swimming performance in brown trout exposed to copper (Beaumont et al., 1995a,b; 2000a). When the data for plasma ammonia concentration was plotted against Ucrit for these rainbow trout a negative linear relationship very similar to that described for brown trout by Beaumont et al. (1995b; 2000a) was revealed . 
How does ammonia impair exercise performance?
Beaumont et al. (1995b; 2000a; 2003) were unable to find evidence that the impaired performance of brown trout exposed to copper in soft acidic water was linked to metabolic or physiological disruptions such as problems with oxygen utilisation or cardiovascular function.  Similarly, the impairment of swimming performance in brown trout exposed to high concentrations of ammonia appears to be independent of tissue oxygen supply (Shingles et al. 2004).  That is, in control trout, exposure to mild hypoxia (a water O2 partial pressure of 11 kPa, equivalent to 54% of atmospheric O2 saturation) caused a 45% decline in Ucrit, presumably as a consequence of a limit to aerobic scope. However, exposure to hypoxia did not cause the same proportional decline in performance in trout exposed to either 100 (mol l-1 or 200 (mol l-1 NH4Cl. Indeed, at 200 (mol l-1 NH4Cl, hypoxia made no further contribution to the impaired performance of the trout. These results indicate that the impaired exercise performance of hyperammonemic trout is due to a direct effect of ammonia (Beaumont et al. 1995b; 2000a; 2003; Shingles et al. 2004). 
Accumulation of NH4+ can have disruptive effects upon both anaerobic and aerobic metabolism, because of its regulatory role in a number of metabolic pathways. Beaumont et al. (2000) reported that ammonia accumulation in brown trout was associated with high lactate levels in red muscle at rest, and depletion of white muscle glycogen and phosphocreatine. Shingles et al. (2004) also found that ammonia accumulation caused elevated levels of lactate in white muscle, heart and brain of brown trout at rest.  Thus, ammonia may impair performance by influencing the metabolic status of brain, heart and locomotory muscle.  Nonetheless, no simple link between such effects and performance has yet been described (Beaumont et al., 2000; Shingles et al., 2004), although they may contribute to the reduced swimming efficiency (i.e. the energetic cost of swimming at a given speed) observed in hyperammonemic rainbow trout and brown trout (Shingles et al., 2001; 2004).  
One of the major toxic effects of ammonia is that it can substitute for potassium at vertebrate muscle and nerve membranes, thereby compromising their function.  Beaumont et al. (1995; 2000) hypothesised that impairment of swimming performance in hyperammonemic trout might arise, at least in part, as a consequence of depolarisation of muscle membrane potential (EM), due to the replacement of K+ with NH4+.  Indeed, in fish with elevated plasma ammonia concentrations, application of the Nernst equation to the prevailing distributions of ammonia between extracellular and intracellular compartments consistently predicts a significant depolarisation of white muscle (Beaumont et al., 1995a; 2000; Shingles et al., 2001;2004).  These predictions are based on the assumption that membranes have a relatively low  membrane permeability for ionic NH4+ relative to gaseous NH3.  Beaumont et al. (2000) exposed brown trout to sub-lethal copper in soft acid water and measured membrane potential in white muscle myocytes directly, to reveal that ammonia accumulation did indeed cause a measurable decrease in the EM of white muscle that was very similar to that predicted from the distribution of ammonia between intra- and extra-cellular compartments.  
Both the measured and predicted decrease in white muscle EM (Beaumont et al., 1995b; 2000; Shingles et al., 2001; 2004) would be sufficient to cause a complete loss of electrical excitability in that tissue.   White muscle is recruited to achieve the highest swimming speeds in fish, in rainbow trout this occurs at swimming speeds above 70% of Ucrit (Taylor et al. 1996;).  Day and Butler (1996) used electromyographic recordings to demonstrate that brown trout exposed to acidic water (pH 4) showed little or no continuous white muscle recruitment during swimming, and attributed this to an accumulation of plasma ammonia. Shingles et al. (2004) found that control trout showed a significant increase in white muscle ammonia content at fatigue while the ammonia content of white muscle was elevated in hyperammonemic trout at rest, but did not show any further significant increase at fatigue (Shingles et al. 2004).  Thus, there is good evidence that electrophysiological impairment to white muscle, resulting in it not being recruited into the swimming effort, may be the primary mechanism underlying the effects of ammonia accumulation on the swimming performance of trout. 
In conclusion, it seems clear that the processes of ammonia excretion over fish gills remain incompletely understood, that these processes are vulnerable to inhibition by low levels of toxic metal ions and that the resulting accumulation of ammonia in the fish reduces rates of sustainable swimming. This effect apparently arises from depolarisation of white muscle due to accumulation of NH4+ across the cell membranes of myocytes and possibly a similar effect on the nervous system, leading to a lack of recruitment of white muscle and reduced co-ordination of the swimming effort. As swimming is central to the life of fish, enabling them to maintain station or migrate within their watery environment, to find mates, catch prey or avoid predators, then any impairment of this function will be deleterious to their continued survival. This must be an important factor limiting fish populations in polluted urban rivers and an improved understanding of the combined effects of ammonia and metal ion pollution on fish performance must surely educate our future development of standards for improvement of conditions in our rivers. 
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