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Anthropogenic acidification has been implicated as a major factor in the disappearance of Atlantic salmon from rivers of eastern North America and Northern Europe.  Episodic acid pulses during spring snowmelts and fall storms decrease surface water pH and increase the mobilization of aluminum (Al) from the soil (Driscoll and Schecher, 1988).  Resulting elevated concentrations of dissolved Al, specifically, inorganic monomeric Al or labile Al, have toxic effects on fish, the severity of which may be altered by ambient calcium and dissolved organic carbon (Gensemer and Playle, 1999).  

In fish, the classic toxic effect of increased dissolved Al and decreased pH is ionoregulatory disturbance (McDonald et al., 1991).  The Atlantic salmon smolt or downstream migratory stage is the most sensitive of the salmon life history stages to ionoregulatory disturbances resulting from acid/Al exposure (Rosseland et al., 2001).   Smolts may be particularly vulnerable to such disturbances as a result of their need to develop a high degree of seawater tolerance that will allow them to rapidly enter seawater with minimal ionic and osmotic disturbance.

In this study, we examined the physiological impacts of short-term, sub-lethal acid/Al exposure of Atlantic salmon smolts.   Our objectives were two-fold; one to examine acid/Al impacts on smolt seawater tolerance and endocrinology under controlled laboratory conditions, and two, to examine possible mechanisms underlying these impacts.

Methods

Atlantic salmon smolts were randomly assigned to replicate tanks receiving either control (pH 6.5-7.0) or acid/Al conditions (pH 5.5-6.0, 200 (g/l total Al).  Artificial softwater for all tanks was prepared by mixing deionized water with ambient river water.  Acid/Al conditions were created by the addition of HCl and AlCl3 ( 6H20 to artificial softwater in header tanks, and water was mixed for >1h before entering experimental tanks to avoid highly toxic, unstable water conditions.  Daily pH measurements were made directly in the tank, and water samples were taken for the measurement of total aluminum, labile aluminum, and calcium.

Experiment #1

Smolts were exposed to control and acid/Al conditions for 48 and 120 h.  At each time point, 5 fish/tank were sampled and 5 fish/tank were placed in 30 ppt seawater.  Fish in seawater were sampled 24 h later.  

Experiment #2

Smolts were exposed to control and acid/Al conditions for 48 h and 120 h.  At each time-point, 5 fish/tank were sampled and 5 fish/tank received an intraperitoneal injection of 0.3mg/g bromodeoxyuridine (BrdU) (a cell proliferation marker).  Injected fish were returned to their respective tanks and then sampled 12 h later.  Three injected fish/tank were sampled 3 days later. 

All sampled smolts were anesthesized, length measured and weighed.  Gill biopsies were taken for the measurement of aluminum content and Na+, K+ ATPase activity.  Gill tissue was also taken for immunocytochemistry and western immunoblotting.  Blood was collected for the measurement of hematocrit, plasma ions, and plasma hormones.

Results and Discussion

Experiment #1

Short-term, sub-lethal acid/Al exposure had no impact on freshwater ionoregulatory ability, however it significantly compromised seawater tolerance as indicated by decreased gill Na+, K+ ATPase activity (Fig. 1) and increased plasma chloride in seawater.
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Fig. 1.  The effect of 48 and 120 h of acid/Al exposure on gill Na+, K+ ATPase activity.  White bars indicate control groups and black bars indicate treatment groups.  An asterisk indicates a significant difference (p< .05) between control and treatment groups within a time-point. 

Acid/Al exposure had no effect on plasma cortisol, thyroid hormones, growth hormone and IGF-1, however it did elicit a significant stress response as indicated by increased hematocrit and plasma glucose.  We suggest that acid/Al exposure is compromising seawater tolerance by negatively impacting gill ion transport mechanisms, and that these effects on smolt ion regulation may only be detectable after seawater entry. 

Experiment #2

Acid/Al exposure caused a 30% reduction in gill Na+, K+ ATPase activity at 120 h, however differences in gill Na+, K+ ATPase protein were undetectable as measured by western immunoblotting.  Exposure to acid/Al for 120 h resulted in an increase in hematocrit and a slight decrease in plasma chloride.  There was a slight, but significant increase in gill cell proliferation (# of BrdU-positive cells) after 120 h of acid/Al exposure, with the majority of the staining located on primary filaments and little to no staining on secondary lamellae.  In both treatment and control groups, BrdU-labeled cells were not identified as chloride cells (Na+, K+ ATPase-positive) within 3 days following BrdU injection.  Our results suggest that short-term, sub-lethal acid/Al exposure may be compromising seawater tolerance by decreasing gill Na+, K+ ATPase, however, this effect may be due to the direct inhibition of the enzyme by Al rather than to a change in the amount of gill Na+, K+ ATPase protein.  Our results also indicate that acid/Al exposure causes an increase in gill cell proliferation, but over the time-course of 3 days these newly differentiated cells do not become mature chloride cells.  The continuation of this study involves the examination of gill chloride cell necrosis and apoptosis, and the measurement of direct effects of Al on the activity of Na+, K+ ATPase. 
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