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Introduction

Environmental hypoxia occurs routinely in densely vegetated waters such as those in the Amazon or highly productive estuarine environments.  For water-breathing vertebrates to survive periods of hypoxia they must possess physiological, biochemical, molecular, or morphological adaptations to either maintain oxygen supply to metabolically active tissues or to alter the balance between energy producing and energy consuming processes.  Recently, my research has focused on the biochemical and molecular mechanisms fish use to balance energy supply and demand when oxygen supplies are limited.  

At the cellular level, hypoxia is known shift pathways of energy supply from an aerobic system involving oxidative phosphorylation that produces large amounts of ATP, to an “anaerobic” system where ATP production is limited.  Recent evidence in trout white muscle during high-intensity exercise suggests that switching between aerobic and “anaerobic” metabolism is regulated by the post-translational modification of pyruvate dehydrogenase (PDH; Richards et al. 2002).  Pyruvate dehydrogenase is the rate-limiting enzyme that sets the rate at which glycolytically derived pyruvate is decarboxylated for entry into the tricarboxylic acid cycle and oxidative phosphorylation.  PDH itself is regulated by the activity of a PDH specific phosphatase, which dephosphorylates and activates PDH and a PDH specific kinase which phosphorylates and inactivates PDH.  Four PDH kinase isoforms have been identified in mammals (Bowker-Kinley et al. 1998) and the activity of several of these isoforms has recently been shown to be regulated by covalent and allosteric modulation as well as transcriptionally.  However, no study has examined the regulation of PDH kinase during exposure to environmental hypoxia.  Therefore, the present study examined the role of PDH transformation and PDH kinase gene expression in regulating mitochondrial oxidative metabolism in the hypoxia tolerant killifish, Fundulus heteroclitus.

Materials and Methods

Fundulus heteroclitus were obtained from the east coast of North America and acclimated to laboratory conditions (normoxia; 15 ppt) for at least 3 months before experimentation.  In order to evaluate PDH kinase expression in killifish during hypoxia, PDH kinase gene sequences were determine using degenerate primer technology and cDNA prepared from several killifish tissues (heart, liver, muscle, gills, and brain).

To examine the metabolic and molecular responses of killifish to hypoxia, four fish were placed into screened containers with a bottom reservoir of 1L and held in a larger tank containing well aerated, well mixed brackish sea water (15 ppt; 8.3 mg O2/L).  Fish were allowed to acclimate to these conditions for 4 days.  At the beginning of the experiment, eight fish were sampled (Normoxia control) by gently removing two screened containers from the tank.  Fish grouped in the 1L reservoir at the bottom of the container and a concentrated stock of anesthetic was added to each reservoir.  Once fish were anaesthetized (<1 min), blood, muscle, liver, heart, gills, and brain were removed and freeze clamped for later analysis.  To induce hypoxia, the air supply to the larger tank was replaced with nitrogen and the oxygen level was reduced to 0.2 - 0.4 mgO2/L over a 3 hr period.  Oxygen levels were maintained by regulating the amount of nitrogen bubbled into the water and fish were maintained under these hypoxic conditions for up to 15 hr.  Fish were sampled, as described above at 3, 6, 9, 12, and 15 hr.  An additional group of fish were exposed to hypoxia for the full 15 hr and then allowed to recover in normoxic water for 12 hr to obtain a post-hypoxia recovery sample.  

Results and Discussion

Two isoforms of PDH kinase (PDH kinase 2 and 4) were identified in killifish.  Both isoforms were detected in all tissues examine (muscle, spleen, heart, brain, gill, intestine & liver); however, PDH kinase 2 was expressed at high levels in muscle, spleen, and heart, while PDH kinase 4 was expressed at high levels in heart and brain.  After 12 hr exposure to hypoxia (0.2 mg O2/L), muscle PDH kinase 2 mRNA increased > 20 fold and muscle PDH kinase 4 mRNA increased by four fold.  No significant elevation in muscle LDH-A mRNA, a hallmark measurement of hypoxia exposure, was observed at 12 hr exposure to hypoxia.  Accompanying these increases in PDH kinase 2 and 4 mRNA expression was an activation of substrate level phosphorylation and a down regulation of oxidative phosphorylation as evidenced by a >40 fold increase in muscle lactate and a 2 fold decrease in muscle phosphocreatine at 12 h exposure to hypoxia.  Lactate production did not maintain cytoplasmic redox during hypoxia.  

Future studies will examine on the role of increases in cellular energy charge (AMPfree/ATP; approximately 3 fold increase at 6 and 12 hr hypoxia) in mediating metabolic acclimation via the AMP kinase signal transduction pathway.  AMP kinase is known to be activated during tissue hypoxia in mammals and plays a central role in enhancing carbohydrate metabolism under energy starving conditions.  
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