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In vivo multiphoton imaging of mitochondrial function during ischaemic acute kidney injury
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Objectives: Ischaemia-reperfusion (IR) is a major cause of acute kidney injury (AKI). Mitochondrial dysfunction has been implicated in the pathogenesis, but the exact mechanisms remain to be elucidated; research in this area has been hampered by a lack of techniques to study mitochondrial function in vivo in animal models. Multiphoton microscopy is a form of fluorescence imaging suited to working with intact organs; we investigated whether it could be applied to study mitochondrial function in the kidneys of anaesthetised rats during IR.
Methods: All experiments were conducted in accordance with NIH Guidelines. Adult male rats were anaesthetised by intra-peritoneal injection with thiobutabarbital sodium. The left kidney was externalized and imaged using established methods. Dyes were injected via the internal jugular vein. IR was induced by clamping and subsequently releasing the renal artery. 
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Results: NADH is the substrate for complex I in the mitochondrial respiratory chain; it is only fluorescent in the reduced form, and therefore provides an endogenous readout of mitochondrial redox state. NADH was excited at 720nm (A) and the emitted signal was clearly visible in tubular cells in a basolateral striated pattern, consistent with a mitochondrial origin. The signal intensity increased markedly in response to ischaemia (B = 2 mins), and decreased again following reperfusion. Mitochondrial membrane potential (ΔΨm) lies at the heart of mitochondrial function and was measured using the dye tetramethyl rhodamine methyl ester (TMRM), excited at 800-850nm. Following bolus intravenous injection rapid dye uptake was observed in the mitochondria of renal tubular cells (C), and also in superficial glomeruli. TMRM signal subsequently decayed over time in proximal tubules (PTs), but not distal tubules (DTs), most likely due to dye extrusion from the former. Neither verapamil (inhibitor of p-glycoprotein) or cimetidine (inhibitor of organic cation transporters) prevented the signal decay in PTs, but a steady state could be achieved by using a constant infusion of dye. TMRM signal decreased markedly in PTs in response to ischaemia (D = 4 mins), with very little further change in signal over time, implying rapid and complete dissipation of ΔΨm. Injection of TMRM post reperfusion lead to heterogeneous uptake in tubules. Rhodamine 123 (another ΔΨm-dependent dye) loaded well into PTs but the uptake in glomeruli and DTs was relatively low compared to TMRM, suggesting that the latter dye is more useful for making measurements in the kidney. 
Conclusions: We have demonstrated for the first time that mitochondrial function can be imaged in the rat kidney in vivo using multiphoton microscopy. Changes in signal were observed in real time in a model of IR-induced AKI. We believe this highly novel technique has much potential for investigating the patho-physiology of kidney diseases at a cellular level. 
