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Abstract	
  
The	
  role	
  of	
  mitochondrial	
  calcium	
  uptake	
  in	
  the	
  cortical	
  collecting	
  duct	
  	
  

	
  
By	
  Laura	
  I.	
  Galarza-­‐Paez	
  

	
  
Principal	
  cells	
  in	
  the	
  renal	
  collecting	
  duct	
  (CCD)	
  regulate	
  total	
  body	
  salt	
  and	
  water.	
  The	
  principal	
  

cells	
  respond	
  differently	
  depending	
  on	
  the	
  origin	
  of	
  the	
  signal.	
  	
  The	
  release	
  of	
  ATP	
  into	
  the	
  

blood	
  causes	
  an	
  increase	
  in	
  sodium	
  reabsorption	
  via	
  the	
  epithelial	
  sodium	
  channel	
  (ENaC)	
  

whereas	
  luminal	
  ATP	
  is	
  inhibitory.	
  	
  Despite	
  opposing	
  effects,	
  both	
  basal	
  and	
  apical	
  ATP	
  

increases	
  intracellular	
  calcium	
  ([Ca2+]i).	
  	
  The	
  cell	
  compartmentalizes	
  ([Ca2+]i)	
  in	
  the	
  mitochondria	
  

and	
  helps	
  maintain	
  the	
  polarized	
  effect	
  calcium	
  signals.	
  Mitochondria	
  act	
  as	
  dynamic	
  buffers	
  of	
  

intracellular	
  calcium	
  in	
  epithelium	
  by	
  helping	
  uptake	
  calcium	
  and	
  help	
  maintain	
  intracellular	
  

homeostasis.	
  Mitochondria	
  can	
  regulate	
  local	
  concentrations	
  of	
  [Ca2+]I	
  in	
  CCD	
  by	
  localizing	
  near	
  

the	
  apical	
  and	
  basal	
  membrane	
  to	
  form	
  mitochondrial	
  bands.	
  Mitochondria	
  sequester	
  [Ca2+]I	
  

and	
  prevent	
  Ca2+	
  	
  from	
  diffusing	
  from	
  one	
  pole	
  of	
  the	
  cell	
  to	
  the	
  other;	
  therefore,	
  helping	
  

maintain	
  cellular	
  calcium	
  homeostasis.	
  Mitochondria	
  in	
  principal	
  cells	
  form	
  mitochondrial	
  ER	
  

associated	
  membranes	
  creating	
  calcium	
  microdomains	
  for	
  the	
  regulation	
  of	
  cellular	
  processes.	
  

The	
  primary	
  mechanism	
  for	
  Ca2+	
  uptake	
  across	
  the	
  mitochondrial	
  outer	
  membrane	
  is	
  via	
  the	
  

voltage	
  dependent	
  anion	
  channel	
  (VDAC).	
  I	
  hypothesize	
  that	
  when	
  we	
  inhibit	
  the	
  ability	
  of	
  the	
  

mitochondria	
  to	
  take	
  up	
  Ca2+	
  we	
  disturb	
  normal	
  renal	
  function	
  and	
  cell	
  polarity.	
  	
  We	
  obtained	
  

VDAC1	
  knock	
  out	
  (KO)	
  mice	
  and	
  predict	
  that	
  inhibiting	
  calcium	
  uptake	
  in	
  CCD	
  would	
  prevent	
  

regulation	
  of	
  ENaC	
  and	
  animals	
  would	
  be	
  unable	
  to	
  properly	
  regulate	
  total	
  body	
  salt	
  and	
  water.	
  

To	
  test	
  this	
  hypothesis,	
  VDAC1	
  knockout	
  mice	
  were	
  given	
  a	
  nominally	
  low	
  salt	
  diet,	
  high-­‐salt	
  

diet	
  (8%)	
  or	
  high	
  salt	
  diet	
  with	
  daily	
  IP	
  injection	
  of	
  benzamil	
  (ENaC	
  inhibitor)	
  would	
  be	
  

physiologically	
  challenged.	
  VDAC1-­‐/-­‐	
  blood	
  pressure,	
  urine	
  concentration	
  and	
  electrolyte	
  



	
  

excretion	
  was	
  significantly	
  different	
  than	
  the	
  WT	
  on	
  the	
  same	
  diet.	
  Kidney	
  morphology,	
  blood	
  

pressure	
  and	
  other	
  parameters	
  were	
  measured.	
  	
  Overall,	
  our	
  data	
  show	
  that	
  mitochondrial	
  

calcium	
  plays	
  an	
  essential	
  role	
  in	
  normal	
  renal	
  function.	
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A.   THE	
  ROLE	
  OF	
  MITOCHONDRIA	
  IN	
  THE	
  REGULATION	
  OF	
  THE	
  EPITHELIAL	
  SODIUM	
  

CHANNELS	
  IN	
  CORTICAL	
  COLLECTING	
  DUCT	
  

The	
  distal	
  nephron	
  is	
  the	
  location	
  of	
  the	
  majority	
  of	
  regulated	
  renal	
  salt	
  and	
  water	
  

reabsorption.	
  The	
  cortical	
  collecting	
  duct	
  (CCD)	
  principal	
  cells	
  orchestrate	
  fine-­‐tuning	
  of	
  Na+	
  

and	
  water	
  reabsorption	
  as	
  well	
  as	
  K+	
  secretion.	
  Movement	
  of	
  substances	
  from	
  the	
  tubular	
  

lumen	
  to	
  the	
  blood	
  can	
  be	
  through	
  the	
  intercellular	
  space	
  between	
  the	
  epithelia	
  (paracellular)	
  

or	
  through	
  the	
  cell	
  facilitated	
  by	
  channels	
  and	
  transporters	
  on	
  the	
  apical	
  and	
  basal	
  side	
  of	
  the	
  

cells	
  (transcellular).	
  Alteration	
  in	
  the	
  intracellular	
  pathways	
  that	
  regulate	
  the	
  channels	
  can	
  

result	
  in	
  alteration	
  in	
  plasma	
  Na+and	
  K+,	
  blood	
  volume	
  and	
  systemic	
  blood	
  pressure.	
  Principal	
  

cells	
  are	
  polarized	
  and	
  respond	
  differently	
  to	
  stimuli	
  depending	
  on	
  the	
  origin	
  of	
  the	
  signal,	
  

whether	
  from	
  the	
  tubular	
  lumen	
  (apical)	
  or	
  from	
  the	
  blood	
  (basal).	
  Additionally,	
  they	
  express	
  a	
  

different	
  set	
  of	
  proteins	
  on	
  their	
  apical	
  and	
  basal	
  membrane	
  to	
  facilitate	
  reabsorption	
  of	
  water	
  

and	
  salt	
  from	
  the	
  tubular	
  fluid.	
  For	
  example,	
  changes	
  in	
  luminal	
  flow	
  causes	
  the	
  release	
  of	
  ATP	
  

into	
  the	
  urine	
  where	
  it	
  works	
  though	
  a	
  G	
  protein	
  coupled	
  purinergic	
  receptor,	
  P2Y2,	
  located	
  on	
  

the	
  apical	
  membrane	
  to	
  decrease	
  sodium	
  reabsorption.	
  Apical	
  ATP	
  works	
  through	
  a	
  Ca2+	
  

dependent	
  mechanism	
  to	
  inhibit	
  the	
  epithelial	
  sodium	
  channel	
  (ENaC)	
  found	
  on	
  the	
  apical	
  

membrane	
  of	
  CCD	
  (1,40).	
  The	
  effects	
  of	
  intracellular	
  calcium	
  [Ca2+]I.	
  on	
  ENaC	
  have	
  been	
  

characterized	
  and	
  our	
  current	
  understanding	
  is	
  shown	
  in	
  schematic	
  1	
  (36,57,38).	
  	
  In	
  contrast,	
  

basal	
  ATP	
  stimulates	
  the	
  ligand-­‐activated	
  non-­‐selective	
  cation	
  channel	
  P2X4	
  and	
  as	
  a	
  result	
  

sodium	
  reabsorption	
  is	
  increased	
  by	
  stimulation	
  of	
  ENaC	
  activity	
  (44,45).	
  Despite	
  the	
  opposite	
  

effects	
  on	
  ENaC,	
  both	
  apical	
  and	
  basal	
  ATP	
  signal	
  via	
  an	
  increase	
  in	
  [Ca2+]I.	
  The	
  mechanisms	
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responsible	
  for	
  maintaining	
  the	
  polarity	
  of	
  Ca2+	
  signals	
  in	
  the	
  CCD	
  have	
  not	
  been	
  previously	
  

characterized.	
  

Mitochondria	
  are	
  known	
  for	
  their	
  role	
  in	
  metabolism;	
  however,	
  more	
  recently	
  they	
  have	
  

been	
  implicated	
  in	
  [Ca2+]i.	
  signaling	
  pathways.	
  Ca2+	
  is	
  a	
  common	
  second	
  messenger	
  that	
  

mediates	
  cell	
  contraction,	
  vesicular	
  fusion,	
  apoptosis,	
  as	
  well	
  as	
  an	
  activator	
  of	
  signaling	
  

molecules	
  such	
  as	
  protein	
  kinase	
  C	
  (PKC)	
  and	
  calmodulin	
  (CaM)	
  (2,3).	
  Half	
  a	
  century	
  ago	
  several	
  

studies	
  characterized	
  the	
  ability	
  of	
  mitochondria	
  to	
  uptake	
  Ca2+,	
  data	
  that	
  is	
  concurrent	
  with	
  

the	
  thermodynamic	
  laws	
  of	
  diffusion	
  (4,5,6).	
  Mitochondria	
  have	
  been	
  proposed	
  to	
  play	
  a	
  role	
  in	
  

the	
  polarized	
  response	
  of	
  [Ca2+]i	
  in	
  epithelial	
  tissue	
  like	
  pancreatic	
  acinar	
  cells,	
  airway	
  epithelia	
  

as	
  well	
  as	
  neurons	
  by	
  creating	
  Ca2+	
  	
  microdomains	
  (8,46,47).	
  In	
  neurons	
  mitochondria	
  are	
  

spatially	
  localized	
  near	
  the	
  plasma	
  membrane	
  of	
  the	
  synapse	
  to	
  aid	
  with	
  large	
  and	
  local	
  

increases	
  in	
  [Ca2+]i.;	
  which	
  allow	
  for	
  exocytosis	
  of	
  vesicles	
  containing	
  neurotransmitters	
  without	
  

disturbing	
  other	
  Ca2+	
  dependent	
  cell	
  functions	
  (64,65).	
  	
  In	
  pancreatic	
  acinar	
  cells,	
  Ca2+	
  signals	
  

are	
  confined	
  to	
  the	
  secretory	
  (apical)	
  pole	
  and	
  mitochondrial	
  localize	
  to	
  bands	
  which	
  have	
  been	
  

associated	
  with	
  creating	
  Ca2+	
  hotspots	
  and	
  preventing	
  the	
  movement	
  of	
  Ca2+	
  to	
  the	
  basal	
  pole	
  

(46,47).	
  It	
  is	
  possible	
  that	
  mitochondria	
  in	
  the	
  CCD	
  principal	
  cells	
  create	
  similar	
  buffering	
  zones	
  

that	
  allow	
  for	
  a	
  polarized	
  response	
  to	
  local	
  increases	
  in	
  [Ca2+]i.	
  and	
  are	
  involved	
  in	
  the	
  regulation	
  

of	
  ENaC	
  activity.	
  

	
  

B.	
  	
   INTRACELLULAR	
  CALCIUM	
  IN	
  THE	
  REGULATION	
  OF	
  WATER	
  AND	
  SALT	
  HOMEOSTASIS.	
  

The	
  kidneys	
  are	
  dynamic	
  organs	
  responsible	
  for	
  waste	
  excretion	
  and	
  maintaining	
  water	
  

and	
  electrolyte	
  balance.	
  Blood	
  and	
  plasma	
  are	
  continually	
  filtered	
  within	
  the	
  glomeruli	
  that	
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begin	
  at	
  each	
  nephron	
  of	
  the	
  kidney.	
  Additionally,	
  the	
  kidneys	
  interact	
  closely	
  with	
  other	
  organ	
  

systems	
  including	
  the	
  cardiovascular	
  system.	
  This	
  renal	
  and	
  cardiovascular	
  partnership	
  is	
  

particularly	
  important	
  for	
  the	
  maintenance	
  of	
  extracellular	
  fluid	
  volume	
  by	
  regulating	
  water	
  

and	
  salt	
  balance.	
  Abnormalities	
  in	
  the	
  regulation	
  of	
  water	
  and	
  salt	
  homeostasis	
  leads	
  to	
  

hypertension.	
  Hypertension	
  is	
  a	
  disorder	
  that	
  affects	
  a	
  29%	
  of	
  American	
  adults.	
  The	
  

heterogeneity	
  of	
  the	
  disease	
  is	
  becoming	
  well	
  established.	
  	
  It	
  is	
  known,	
  for	
  example,	
  that	
  

alterations	
  in	
  brain,	
  heart,	
  vascular,	
  endocrine,	
  or	
  kidney	
  physiology	
  can	
  cause	
  changes	
  in	
  blood	
  

pressure;	
  however,	
  patients	
  are	
  often	
  treated	
  with	
  standard	
  therapies	
  without	
  identifying	
  the	
  

underlying	
  cause.	
  	
  This	
  strategy	
  is	
  inherently	
  limited	
  in	
  its	
  success	
  by	
  the	
  heterogeneity	
  of	
  the	
  

origin	
  of	
  disease	
  (19,60).	
  One	
  such	
  example	
  is	
  the	
  hypertension	
  in	
  individuals	
  with	
  a	
  rare	
  

hypertensive	
  disorder	
  occurs	
  when	
  mitochondrial	
  Ca2+	
  uptake	
  is	
  impaired	
  by	
  a	
  genetic	
  

mitochondrial	
  mutation	
  though	
  the	
  underlying	
  causes	
  of	
  the	
  hypertension	
  are	
  unknown	
  (19).	
  	
  

Mitochondria	
  have	
  a	
  well	
  established	
  role	
  as	
  the	
  powerhouse	
  of	
  the	
  cell,	
  but	
  they	
  are	
  

also	
  important	
  for	
  maintaining	
  intracellular	
  levels	
  of	
  calcium	
  [Ca2+]i.	
  In	
  the	
  cortical	
  collecting	
  

duct,	
  high	
  concentrations	
  of	
  [Ca2+]i	
  can	
  have	
  a	
  stimulatory	
  or	
  inhibitory	
  effect	
  on	
  ENaC	
  

depending	
  on	
  the	
  origin	
  of	
  the	
  signal.	
  ENaC	
  is	
  involved	
  in	
  the	
  reabsorption	
  of	
  sodium	
  ion	
  from	
  

the	
  tubular	
  lumen	
  back	
  into	
  the	
  blood	
  in	
  the	
  CCD	
  of	
  the	
  kidney.	
  Despite	
  the	
  importance	
  of	
  

calcium	
  in	
  the	
  regulation	
  of	
  ENaC	
  and	
  other	
  water	
  and	
  salt	
  channels	
  not	
  much	
  is	
  known	
  about	
  

the	
  importance	
  of	
  mitochondrial	
  calcium	
  uptake	
  in	
  water	
  and	
  salt	
  balance.	
  	
  

The	
  aforementioned	
  Chinese	
  family	
  with	
  maternally	
  inherited	
  hypertension	
  showed	
  a	
  

defect	
  in	
  mitochondrial	
  Ca2+	
  uptake	
  that	
  was	
  found	
  to	
  be	
  due	
  to	
  misregulation	
  of	
  the	
  voltage	
  

dependent	
  anion	
  channel	
  (VDAC),	
  the	
  relatively	
  non-­‐selective	
  outer	
  mitochondrial	
  membrane	
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channel	
  that	
  is	
  thought	
  to	
  be	
  the	
  primary	
  mechanism	
  for	
  Ca2+uptake	
  across	
  this	
  membrane	
  

(16,19).	
  VDAC	
  is	
  the	
  most	
  abundant	
  protein	
  on	
  the	
  outer	
  membrane	
  of	
  the	
  mitochondria	
  and	
  

controls	
  the	
  flux	
  of	
  small	
  molecules	
  including	
  NAD,	
  ATP	
  superoxide	
  and	
  Ca2+	
  (15).	
  VDAC	
  plays	
  a	
  

central	
  role	
  in	
  multiple	
  cell	
  processes,	
  including	
  metabolite	
  flux,	
  metabolic	
  

compartmentalization	
  and	
  apoptosis	
  (23).	
  There	
  are	
  three	
  isoforms	
  of	
  VDAC	
  (VDAC	
  1,	
  VDAC2	
  

and	
  VDAC3)	
  which	
  are	
  genomically	
  encoded	
  proteins;	
  therefore,	
  knock	
  out	
  (KO)	
  animals	
  exist	
  

for	
  VDAC1	
  and	
  VDAC3.	
  The	
  three	
  isoforms	
  have	
  similar	
  properties	
  but	
  play	
  significantly	
  

different	
  roles	
  in	
  cell	
  function.	
  Silencing	
  VDAC1	
  causes	
  apoptosis	
  (16,24,	
  61);	
  while	
  VDAC2	
  has	
  

the	
  opposite	
  effect	
  (16,61).	
  Most	
  of	
  the	
  work	
  done	
  on	
  VDAC	
  isoforms	
  has	
  examined	
  

mitochondrial	
  chemistry	
  and	
  the	
  mitochondria’s	
  role	
  in	
  physiology	
  aside	
  from	
  apoptosis	
  and	
  

cell	
  respiration	
  have	
  not	
  been	
  investigated.	
  	
  

	
  

C.	
   THE	
  EXISTENCE	
  OF	
  MITOCHONDRIAL	
  ER	
  ASSOCIATED	
  MEMBRANES	
  AND	
  THEIR	
  ROLE	
  IN	
  

THE	
  REGULATION	
  OF	
  ENAC	
  

Calcium	
  is	
  a	
  second	
  messenger	
  that	
  regulates	
  eukaryotic	
  cellular	
  function.	
  Cellular	
  Ca2+	
  

signals	
  are	
  regulated	
  by	
  multiple	
  ion	
  channels,	
  pumps	
  and	
  exchangers;	
  the	
  ER	
  and	
  mitochondria	
  

play	
  a	
  key	
  role	
  in	
  maintaining	
  cellular	
  Ca2+	
  homeostasis.	
  Intracellular	
  levels	
  of	
  Ca2+	
  are	
  

maintained	
  in	
  part	
  by	
  storage	
  in	
  the	
  endoplasmic	
  reticulum	
  (ER).	
  Mitochondria	
  have	
  been	
  

observed	
  to	
  localize	
  near	
  ER	
  Ca2+	
  channels	
  like	
  Inositol	
  1,4,5-­‐triphosphate	
  receptor	
  (IP3R)	
  (8).	
  

The	
  close	
  proximity	
  of	
  mitochondria	
  to	
  the	
  ER	
  allow	
  them	
  to	
  sense	
  cellular	
  Ca2+	
  signals;	
  

therefore,	
  acting	
  as	
  highly	
  localized	
  buffers	
  (7,8).	
  This	
  association	
  between	
  the	
  mitochondria	
  

and	
  the	
  ER	
  are	
  called	
  ‘mitochondria	
  associated	
  ER	
  membranes’	
  (MAM)	
  (7).	
  The	
  close	
  proximity	
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between	
  the	
  two	
  organelles	
  has	
  been	
  previously	
  observed	
  in	
  multiple	
  tissues	
  (7,8).	
  	
  The	
  

physical	
  link	
  between	
  the	
  ER	
  and	
  the	
  mitochondria	
  is	
  facilitated	
  by	
  the	
  molecular	
  chaperone	
  

glucose-­‐regulated	
  protein	
  75	
  (Grp75)	
  that	
  binds	
  the	
  IP3R	
  on	
  the	
  ER	
  membrane	
  and	
  VDAC1	
  on	
  

the	
  outer	
  membrane	
  of	
  the	
  mitochondria	
  as	
  shown	
  in	
  schematic	
  2	
  (10,11).	
  The	
  protein	
  

mitofusin	
  2(Mfn2)	
  participates	
  in	
  tethering	
  the	
  membranes	
  of	
  both	
  organelles	
  (12).	
  Disruption	
  

of	
  Mfn2	
  in	
  hepatic	
  cells	
  leads	
  to	
  alteration	
  of	
  insulin	
  signaling	
  pathways	
  and	
  glucose	
  

homeostasis;	
  however,	
  no	
  research	
  exists	
  on	
  its	
  role	
  in	
  other	
  tissues	
  (12)..	
  MAMs	
  have	
  been	
  

proposed	
  to	
  play	
  an	
  integral	
  role	
  in	
  numerous	
  cellular	
  processes	
  including	
  protein	
  sorting,	
  ER	
  

stress,	
  lipid	
  synthesis	
  and	
  trafficking,	
  apoptosis,	
  Ca2+	
  handling	
  and	
  signaling	
  among	
  others	
  (9).	
  	
  

Ca2+	
  signals	
  require	
  a	
  rapid	
  release	
  of	
  the	
  Ca2+	
  stored	
  in	
  the	
  ER,	
  to	
  return	
  to	
  baseline	
  the	
  

Sarcoplasmic	
  Reticulum	
  Calcium	
  Transport	
  ATPase	
  (SERCA)	
  transports	
  Ca2+	
  from	
  the	
  cytoplasm	
  

into	
  the	
  ER	
  (63).	
  Mitochondria	
  aid	
  SERCA	
  with	
  the	
  removal	
  of	
  Ca2+	
  from	
  the	
  cytosol	
  by	
  buffering	
  

the	
  release	
  of	
  Ca2+	
  slowly	
  enough	
  as	
  not	
  to	
  exceed	
  the	
  pumping	
  capacity	
  of	
  SERCA.	
  The	
  

juxtaposition	
  between	
  ER	
  and	
  mitochondria	
  created	
  by	
  the	
  MAMs	
  create	
  a	
  subcellular	
  

microdomain	
  that	
  allows	
  for	
  rapid	
  changes	
  of	
  Ca2+	
  while	
  maintaining	
  cellular	
  homeostasis	
  (12).	
  

The	
  Ca2+	
  released	
  from	
  the	
  IP3R	
  can	
  be	
  transported	
  into	
  the	
  mitochondria	
  through	
  the	
  

voltage	
  dependent	
  anion	
  channel	
  (VDAC)	
  found	
  on	
  the	
  outer	
  membrane	
  of	
  the	
  mitochondria,	
  

which	
  localizes	
  to	
  the	
  MAM	
  (10,12).	
  The	
  movement	
  of	
  Ca2+	
  through	
  VDAC	
  into	
  the	
  

mitochondrial	
  matrix	
  is	
  primarily	
  driven	
  by	
  the	
  large	
  voltage	
  across	
  the	
  inner	
  mitochondrial	
  

membrane	
  created	
  by	
  the	
  mitochondrial	
  proton	
  pump	
  (16).	
  Ca2+	
  movement	
  across	
  the	
  inner	
  

mitochondrial	
  membrane	
  (IMM)	
  is	
  facilitated	
  by	
  the	
  selective	
  channel	
  mitochondrial	
  

Ca2+uniporter	
  (MCU)(16).	
  The	
  association	
  between	
  the	
  ER	
  and	
  mitochondria	
  facilitate	
  the	
  rapid	
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uptake	
  of	
  Ca2+	
  by	
  the	
  mitochondria	
  to	
  slow	
  its	
  diffusion	
  to	
  other	
  areas	
  of	
  the	
  cell	
  (13,14,15).	
  

MAMs	
  have	
  not	
  been	
  previously	
  identified	
  in	
  renal	
  cortical	
  collecting	
  duct,	
  nor	
  has	
  their	
  

importance	
  (or	
  lack	
  thereof)	
  in	
  any	
  signaling	
  pathway	
  in	
  this	
  tissue	
  been	
  established.	
  

	
  

D.	
  	
   STATEMENT	
  OF	
  PURPOSE	
  

I	
  have	
  tested	
  the	
  hypothesis	
  that	
  mitochondrial	
  calcium	
  uptake	
  is	
  involved	
  in	
  the	
  regulation	
  of	
  

intracellular	
  calcium	
  signals	
  responsible	
  for	
  the	
  regulation	
  of	
  water	
  and	
  salt	
  balance	
  in	
  the	
  

cortical	
  collecting	
  duct.	
  To	
  this	
  end,	
  I	
  have	
  used	
  a	
  combination	
  of	
  confocal	
  microscopy,	
  

molecular	
  biology	
  and	
  animal	
  experiments.	
  These	
  studies	
  provided	
  the	
  first	
  link	
  between	
  

mitochondrial	
  calcium	
  uptake	
  and	
  the	
  regulation	
  of	
  sodium	
  and	
  water	
  homeostasis	
  in	
  the	
  

cortical	
  collecting	
  duct.	
  	
  	
  

	
  

E.	
  	
   SIGNIFICANCE	
  

	
  While	
  mitochondrial	
  Ca2+	
  signaling	
  has	
  been	
  shown	
  to	
  mediate	
  apoptosis,	
  very	
  little	
  

data	
  exist	
  showing	
  that	
  mitochondrial	
  Ca2+	
  mediates	
  cell	
  signaling	
  processes,	
  especially	
  in	
  the	
  

kidney.	
  This	
  thesis	
  proposes	
  the	
  novel	
  idea	
  that	
  mitochondria	
  might	
  play	
  a	
  role	
  in	
  creating	
  Ca2+	
  

microdomains	
  or	
  buffer	
  zones	
  that	
  help	
  with	
  the	
  regulation	
  of	
  channels	
  and	
  transporters	
  in	
  

renal	
  epithelia.	
  If	
  a	
  link	
  is	
  found	
  between	
  mitochondrial	
  calcium	
  and	
  ENaC	
  signaling	
  processes,	
  it	
  

will	
  pave	
  the	
  way	
  for	
  the	
  establishment	
  of	
  mitochondrial	
  calcium	
  as	
  an	
  important	
  mediator	
  of	
  

cell	
  signaling	
  processes.	
  	
  

The	
  possibility	
  of	
  a	
  crosstalk	
  between	
  the	
  ER	
  and	
  the	
  mitochondria	
  could	
  have	
  

implications	
  for	
  the	
  understanding	
  of	
  compartmentalization	
  of	
  signaling	
  pathways	
  within	
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polarized	
  cells.	
  If	
  the	
  ER	
  as	
  the	
  source	
  of	
  Ca2+	
  and	
  the	
  mitochondria	
  as	
  a	
  buffer	
  are	
  interacting	
  

to	
  create	
  highly	
  localized	
  microdomains,	
  it	
  will	
  have	
  implications	
  for	
  understanding	
  normal	
  cell	
  

and	
  renal	
  function.	
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Chapter	
  II	
  

Polarized	
  Effect	
  of	
  Intracellular	
  Calcium	
  on	
  the	
  Renal	
  Epithelial	
  Sodium	
  Channel	
  Occurs	
  as	
  a	
  
Result	
  of	
  subcellular	
  Calcium	
  Signaling	
  Domains	
  Maintained	
  by	
  Mitochondria	
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Abstract	
  
The	
  renal	
  epithelial	
  sodium	
  channel	
  (ENaC)	
  provides	
  regulated	
  sodium	
  transport	
  in	
  the	
  

distal	
  nephron.	
  	
  The	
  effects	
  of	
  intracellular	
  calcium	
  ([Ca2+]i)	
  on	
  this	
  channel	
  are	
  only	
  beginning	
  

to	
  be	
  elucidated.	
  	
  It	
  appears	
  from	
  previous	
  studies	
  that	
  the	
  [Ca2+]i	
  increases	
  downstream	
  of	
  ATP	
  

administration	
  may	
  have	
  a	
  polarized	
  effect	
  on	
  ENaC	
  where	
  apical	
  application	
  of	
  ATP	
  and	
  

subsequent	
  [Ca2+]i	
  increase	
  has	
  an	
  inhibitory	
  effect	
  on	
  the	
  channel	
  whereas	
  basolateral	
  ATP	
  and	
  

[Ca2+]i	
  have	
  a	
  stimulatory	
  effect.	
  	
  We	
  asked	
  if	
  this	
  polarized	
  effect	
  of	
  ATP	
  is	
  in	
  fact	
  reflective	
  of	
  a	
  

polarized	
  effect	
  of	
  increased	
  [Ca2+]i	
  on	
  ENaC	
  and	
  what	
  underlying	
  mechanism	
  is	
  responsible.	
  	
  

We	
  began	
  by	
  performing	
  patch	
  clamp	
  experiments	
  in	
  which	
  ENaC	
  activity	
  was	
  measured	
  during	
  

apical	
  or	
  basolateral	
  application	
  of	
  ionomycin	
  to	
  increase	
  [Ca2+]i	
  near	
  the	
  apical	
  or	
  basolateral	
  

membrane,	
  respectively.	
  	
  We	
  found	
  that	
  ENaC	
  does	
  indeed	
  respond	
  to	
  increased	
  [Ca2+]i	
  in	
  a	
  

polarized	
  fashion,	
  with	
  apical	
  increases	
  being	
  inhibitory	
  and	
  basolateral	
  stimulating	
  channel	
  

activity.	
  	
  In	
  other	
  epithelial	
  cell	
  types,	
  mitochondria	
  sequester	
  [Ca2+]i,	
  creating	
  [Ca2+]i	
  signaling	
  

microdomains	
  within	
  the	
  cell	
  that	
  are	
  dependent	
  on	
  mitochondrial	
  localization.	
  	
  We	
  found	
  that	
  

mitochondria	
  localize	
  in	
  bands	
  just	
  beneath	
  the	
  apical	
  and	
  basolateral	
  membranes	
  in	
  two	
  

different	
  cortical	
  collecting	
  duct	
  principal	
  cell	
  lines	
  and	
  in	
  cortical	
  collecting	
  duct	
  principal	
  cells	
  

in	
  mouse	
  kidney	
  tissue.	
  	
  We	
  found	
  that	
  inhibiting	
  mitochondrial	
  [Ca2+]i	
  uptake	
  destroyed	
  the	
  

polarized	
  response	
  of	
  ENaC	
  to	
  [Ca2+]i.	
  	
  Overall,	
  our	
  data	
  suggest	
  that	
  ENaC	
  is	
  regulated	
  by	
  [Ca2+]i	
  

in	
  a	
  polarized	
  fashion	
  and	
  that	
  this	
  polarization	
  is	
  maintained	
  by	
  mitochondrial	
  [Ca2+]i	
  

sequestration.	
  

Introduction	
  

The	
  renal	
  epithelial	
  sodium	
  channel	
  (ENaC)	
  is	
  a	
  known	
  contributor	
  to	
  the	
  development	
  

of	
  salt-­‐sensitive	
  hypertension,	
  particularly	
  in	
  African	
  Americans	
  (25-­‐27).	
  	
  Its	
  regulation,	
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therefore,	
  has	
  been	
  the	
  subject	
  of	
  much	
  research	
  over	
  recent	
  years.	
  	
  The	
  distal	
  portion	
  of	
  the	
  

renal	
  tubule	
  functions	
  to	
  fine-­‐tune	
  sodium	
  reabsorption	
  to	
  regulate	
  plasma	
  sodium	
  

concentration.	
  	
  This	
  is	
  done	
  transcellularly	
  by	
  movement	
  of	
  sodium	
  through	
  ENaC	
  channels	
  on	
  

the	
  apical	
  surface	
  of	
  the	
  cell,	
  followed	
  by	
  basolateral	
  movement	
  through	
  the	
  Na+/K+	
  ATPase.	
  	
  

The	
  epithelial	
  cells	
  in	
  this	
  segment	
  must	
  express	
  different	
  proteins	
  on	
  the	
  apical	
  vs	
  basolateral	
  

surface	
  of	
  the	
  cell	
  to	
  allow	
  for	
  regulated	
  transcellular	
  ion	
  movement.	
  	
  Polarization	
  of	
  the	
  single	
  

layer	
  of	
  epithelial	
  cells	
  lining	
  the	
  tubule	
  is	
  essential	
  for	
  the	
  nephron	
  to	
  sense	
  changes	
  in	
  plasma	
  

and	
  tubular	
  fluid	
  composition	
  and	
  regulate	
  ENaC	
  and	
  other	
  membrane	
  proteins	
  appropriately	
  

(28-­‐30).	
  ENaC	
  must,	
  therefore,	
  be	
  regulated	
  differently	
  by	
  hormones	
  present	
  in	
  the	
  blood	
  vs	
  

the	
  tubular	
  fluid.	
  

The	
  role	
  of	
  intracellular	
  calcium	
  ([Ca2+]i)	
  in	
  ENaC	
  regulation	
  is	
  beginning	
  to	
  emerge.	
  	
  

P2Y2	
  receptors	
  are	
  G	
  protein	
  coupled	
  receptors	
  located	
  on	
  the	
  apical	
  membrane	
  in	
  principal	
  

cells,	
  where	
  they	
  function	
  to	
  inhibit	
  ENaC	
  by	
  a	
  Ca2+-­‐dependent	
  mechanism	
  (55,56).	
  	
  [Ca2+]i	
  

inhibition	
  of	
  ENaC	
  is,	
  in	
  fact,	
  a	
  well-­‐known	
  phenomenon	
  and	
  several	
  publications	
  by	
  different	
  

investigators,	
  have	
  proposed	
  the	
  following	
  model:	
  	
  Gq	
  coupled	
  receptors	
  activate	
  

phospholipase	
  C	
  that	
  causes	
  release	
  of	
  Ca2+	
  through	
  IP3	
  receptors	
  on	
  the	
  endoplasmic	
  

reticulum	
  near	
  the	
  apical	
  plasma	
  membrane	
  	
  where	
  ENaC	
  is	
  expressed	
  (33).	
  	
  Following	
  an	
  

increase	
  in	
  [Ca2+]i,	
  protein	
  kinase	
  C	
  (PKC)	
  is	
  activated	
  (33)	
  and,	
  via	
  a	
  separate	
  pathway,	
  Ca2+	
  

binds	
  to	
  calmodulin.	
  	
  ENaC	
  is	
  usually	
  held	
  in	
  the	
  membrane	
  by	
  phosphatidyl	
  inositol	
  

phosphates,	
  particularly	
  PIP2	
  and	
  PIP3	
  (34,35).	
  	
  A	
  protein,	
  myristoylated	
  alanine-­‐rich	
  C	
  kinase	
  

substrate	
  (MARCKS),	
  normally	
  stabilizes	
  PIP2	
  to	
  create	
  an	
  anchoring	
  domain	
  for	
  ENaC	
  (36).	
  

When	
  MARCKS	
  is	
  bound	
  by	
  calmodulin	
  or	
  phosphorylated	
  by	
  PKC,	
  this	
  causes	
  loss	
  of	
  MARCKS	
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from	
  the	
  membrane,	
  destabilization	
  of	
  PIP2,	
  and	
  endocytosis	
  of	
  ENaC.	
  	
  [Ca2+]i	
  can	
  also	
  activate	
  

the	
  ubiquitin	
  ligase	
  Nedd4-­‐2,	
  causing	
  ubiquitination	
  and	
  proteosomic	
  degradation	
  of	
  ENaC	
  (37).	
  	
  	
  

Whereas	
  increases	
  in	
  [Ca2+]i	
  in	
  the	
  cytosol	
  just	
  beneath	
  the	
  apical	
  plasma	
  membrane	
  

most	
  likely	
  inhibit	
  ENaC,	
  research	
  from	
  our	
  group	
  and	
  others	
  suggests	
  that	
  increasing	
  [Ca2+]i	
  in	
  

the	
  cytosol	
  very	
  near	
  	
  the	
  basolateral	
  membrane	
  of	
  the	
  cell	
  may	
  stimulate	
  ENaC	
  (38,39)	
  	
  Basal	
  

P2X4	
  receptors	
  stimulate	
  ENaC	
  in	
  a	
  Xenopus	
  distal	
  tubule	
  cell	
  line	
  (38).	
  	
  P2X4	
  channels	
  are	
  

known	
  Ca2+	
  channels	
  and	
  chelating	
  [Ca2+]i	
  with	
  BAPTA	
  decreased	
  P2X4-­‐induced	
  ENaC	
  

stimulation	
  suggesting	
  that	
  increases	
  in	
  [Ca2+]i	
  are	
  stimulating	
  ENaC	
  when	
  they	
  originate	
  from	
  

the	
  basal	
  pole.	
  

[Ca2+]i	
  spreading	
  must	
  be	
  somehow	
  prevented	
  in	
  epithelia	
  of	
  the	
  distal	
  nephron	
  in	
  order	
  

to	
  observe	
  a	
  polarized	
  effect	
  of	
  [Ca2+]i	
  on	
  ENaC.	
  	
  In	
  pancreatic	
  acinar	
  and	
  airway	
  epithelia,	
  

mitochondria	
  can	
  restrict	
  [Ca2+]i	
  diffusion	
  by	
  sequestering	
  [Ca2+]i	
  (40,41).	
  	
  We	
  tested	
  the	
  

hypothesis	
  that	
  mitochondria	
  in	
  CCD	
  function	
  in	
  a	
  similar	
  manner	
  to	
  create	
  regions	
  of	
  high	
  and	
  

low	
  [Ca2+]i	
  within	
  the	
  cell	
  (Ca2+	
  pools)	
  and	
  that	
  these	
  pools	
  allow	
  the	
  same	
  second	
  messenger	
  

to	
  affect	
  the	
  same	
  protein	
  (ie	
  ENaC)	
  in	
  opposing	
  ways,	
  depending	
  on	
  the	
  origin	
  (apical	
  vs	
  basal)	
  

of	
  the	
  signal.	
  	
  This	
  allows	
  the	
  cell	
  to	
  respond	
  differently	
  to	
  hormone	
  signals	
  that	
  signal	
  via	
  

[Ca2+]i	
  depending	
  on	
  whether	
  the	
  hormone	
  is	
  sensed	
  in	
  the	
  serosal	
  or	
  luminal	
  compartment.	
  

Methods	
  

Cells.	
  	
  Experiments	
  used	
  either	
  the	
  2F3	
  clone	
  of	
  A6	
  Xenopus	
  distal	
  tubule	
  cells	
  or	
  mouse	
  

mpkCCD	
  cells	
  from	
  the	
  cortical	
  collecting	
  duct.	
  	
  The	
  type	
  of	
  cell	
  used	
  in	
  each	
  experiment	
  was	
  

decided	
  by	
  ease	
  of	
  use.	
  	
  2F3	
  cells	
  are	
  suited	
  for	
  electrophysiology	
  due	
  to	
  their	
  ability	
  to	
  remain	
  

at	
  room	
  temperature	
  for	
  extended	
  periods	
  of	
  time,	
  high	
  expression	
  of	
  ENaC,	
  and	
  low	
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expression	
  of	
  other	
  channels.	
  	
  mpkCCD	
  cells	
  were	
  used	
  for	
  microscopy	
  experiments	
  since	
  they	
  

are	
  easy	
  to	
  transfect	
  and	
  easily	
  take	
  up	
  mitochondrial	
  dyes.	
  	
  Cells	
  were	
  grown	
  on	
  permeable	
  

supports	
  to	
  confluency	
  at	
  which	
  time	
  cells	
  were	
  polarized	
  and	
  tight	
  junctions	
  were	
  fully	
  

developed.	
  For	
  2F3	
  cells,	
  media	
  was	
  supplemented	
  with	
  aldosterone	
  (1.5	
  µM)	
  to	
  increase	
  ENaC	
  

activity.	
  	
  Ionomycin	
  when	
  used,	
  was	
  dissolved	
  in	
  <0.05%	
  ethanol.	
  	
  While	
  ethanol	
  can	
  stimulate	
  

ENaC,	
  it	
  has	
  no	
  effect	
  at	
  this	
  concentration	
  (42).	
  

Imaging.	
  	
  To	
  visualize	
  mitochondria,	
  cells	
  were	
  loaded	
  with	
  mitotracker	
  red	
  (Life	
  

Technologies)	
  for	
  30	
  min	
  before	
  visualization.	
  	
  To	
  visualize	
  ER,	
  cells	
  were	
  loaded	
  with	
  ERtracker	
  

blue	
  (Life	
  Technologies)	
  for	
  10	
  min	
  prior	
  to	
  imaging.	
  	
  To	
  label	
  the	
  membrane,	
  cells	
  were	
  

transfected	
  with	
  PLCδ-­‐1	
  PH-­‐GFP	
  (1.5	
  µg/well,	
  Addgene)	
  using	
  the	
  Xfect	
  system	
  (Clontech).	
  	
  Lck-­‐

CaMP-­‐EGFP	
  was	
  used	
  to	
  visualize	
  changes	
  in	
  [Ca2+]i	
  near	
  the	
  plasma	
  membrane	
  of	
  the	
  cell	
  (42).	
  	
  

To	
  detect	
  changes	
  in	
  mitochondrial	
  Ca2+,	
  cells	
  were	
  cold	
  loaded	
  with	
  Rhodamine	
  2-­‐AM	
  (Life	
  

Technologies)	
  since	
  cold	
  loading	
  has	
  been	
  previously	
  shown	
  to	
  increase	
  specificity	
  of	
  the	
  dye	
  

for	
  mitochondrial	
  vs	
  cytosolic	
  Ca2+	
  (43).	
  	
  MpkCCD	
  cells	
  were	
  incubated	
  with	
  Rhod2	
  for	
  1.5	
  hours	
  

at	
  4°C	
  followed	
  by	
  incubation	
  in	
  media	
  without	
  serum	
  for	
  4	
  hours	
  at	
  37°C.	
  	
  Cells	
  were	
  rinsed	
  

briefly	
  prior	
  to	
  use.	
  	
  Cells	
  were	
  imaged	
  using	
  an	
  Olympus	
  FV-­‐1000	
  confocal	
  microscope.	
  To	
  

resolve	
  subcellular	
  distribution	
  of	
  fluorescent	
  markers,	
  z-­‐stacks	
  were	
  obtained	
  using	
  sequential	
  

optical	
  slices	
  starting	
  at	
  the	
  basal	
  membrane.	
  All	
  images	
  were	
  taken	
  using	
  the	
  same	
  parameter	
  

settings.	
  

Single	
  Channel	
  Patch	
  Clamp.	
  	
  Single	
  channel	
  patch	
  clamp	
  was	
  performed	
  as	
  previously	
  

described	
  (42).	
  	
  Briefly,	
  a	
  microelectrode	
  was	
  filled	
  with	
  physiological	
  buffer	
  (96	
  mM	
  NaCl,	
  0.8	
  

mM	
  CaCl,	
  0.8	
  mM	
  MgCl,	
  20	
  mM	
  HEPES,	
  pH	
  7.4)	
  and	
  lowered	
  to	
  touch	
  the	
  apical	
  or	
  basolateral	
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membrane	
  of	
  a	
  single	
  cell.	
  	
  Suction	
  was	
  gently	
  applied	
  so	
  that	
  the	
  membrane	
  remained	
  intact	
  

and	
  a	
  >1	
  GΩ	
  seal	
  was	
  formed.	
  	
  All	
  current	
  was	
  recorded	
  at	
  a	
  holding	
  potential	
  of	
  0	
  mV.	
  	
  ENaC	
  

was	
  identified	
  by	
  its	
  characteristic	
  channel	
  kinetics	
  and	
  current-­‐voltage	
  relationship.	
  	
  ENaC	
  

probability	
  of	
  opening	
  (Po)	
  was	
  analyzed	
  using	
  ClampFit	
  software.	
  	
  Empty	
  patches	
  (those	
  with	
  

no	
  apparent	
  activity)	
  comprised	
  30-­‐50%	
  of	
  all	
  patches	
  and	
  were	
  excluded	
  from	
  study.	
  

Data	
  Analysis	
  and	
  Statistics.	
  	
  To	
  quantify	
  the	
  confocal	
  microscopy	
  experiments	
  Image	
  J	
  

was	
  used.	
  The	
  number	
  of	
  pixels	
  in	
  a	
  given	
  area	
  was	
  calculated	
  before	
  and	
  after	
  drug	
  addition.	
  

Averages	
  were	
  compared	
  using	
  t-­‐test	
  with	
  a	
  P<0.05	
  considered	
  significant.	
  

RESULTS	
  

[Ca2+]i	
  influences	
  renal	
  ENaC	
  in	
  a	
  polarized	
  fashion.	
  	
  

We	
  sought	
  to	
  test	
  the	
  hypothesis	
  that	
  ENaC	
  is	
  affected	
  differently	
  by	
  changes	
  in	
  [Ca2+]i	
  

depending	
  from	
  which	
  pole	
  of	
  the	
  cell	
  the	
  signal	
  originates.	
  	
  To	
  do	
  this,	
  we	
  performed	
  single	
  

channel	
  patch-­‐clamp	
  as	
  previously	
  described	
  (43)	
  and	
  cells	
  were	
  treated	
  with	
  either	
  5	
  μM	
  of	
  

apical	
  ionomicin	
  (Figure	
  1A)	
  or	
  15	
  μM	
  of	
  basolateral	
  ionomycin	
  (Figure	
  1B)	
  to	
  increase	
  [Ca2+]i.	
  

After	
  1-­‐3	
  minutes	
  of	
  apical	
  application	
  of	
  ionomycin	
  we	
  observed	
  a	
  significant	
  decrease	
  in	
  

channel	
  activity	
  measured	
  as	
  probability	
  of	
  opening	
  or	
  P0.	
  We	
  saw	
  that	
  the	
  decrease	
  in	
  ENaC	
  

activity	
  was	
  maintained	
  through	
  4-­‐6	
  minutes	
  of	
  ionomycin	
  addition.	
  In	
  contrast,	
  basolateral	
  

application	
  of	
  ionomycin	
  increased	
  ENaC	
  activity	
  but	
  only	
  after	
  13-­‐15.	
  	
  In	
  other	
  words,	
  the	
  

effect	
  of	
  [Ca2+]i	
  on	
  ENaC	
  is	
  dependent	
  from	
  the	
  side	
  of	
  the	
  cell	
  in	
  which	
  the	
  increase	
  in	
  [Ca2+]i	
  

occurs.	
  	
  Note	
  that	
  the	
  difference	
  in	
  time	
  course	
  and	
  concentration	
  here	
  is	
  likely	
  due	
  to	
  limited	
  

diffusion	
  of	
  agents	
  administered	
  from	
  the	
  basal	
  side	
  of	
  the	
  cell	
  (see	
  discussion).	
  	
  We	
  

hypothesize	
  that	
  this	
  polarized	
  effect	
  is	
  the	
  result	
  of	
  two	
  different	
  Ca2+-­‐mediated	
  signaling	
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pathways	
  present	
  in	
  the	
  same	
  cell	
  type:	
  	
  beneath	
  the	
  apical	
  surface	
  of	
  the	
  cell,	
  Ca2+	
  activates	
  

pathways	
  that	
  inhibit	
  ENaC,	
  but	
  beneath	
  the	
  basal	
  surface,	
  Ca2+	
  activates	
  pathways	
  that	
  

stimulate	
  ENaC.	
  	
  Dispite	
  the	
  relatively	
  diffusibility	
  of	
  Ca2+,	
  these	
  two	
  pools	
  of	
  Ca2+	
  must	
  not	
  

interact	
  in	
  order	
  for	
  polarization	
  to	
  occur.	
  	
  We	
  hypothesize	
  that	
  mitochondrial	
  Ca2+	
  uptake	
  

prevents	
  diffusion	
  of	
  [Ca2+]i	
  within	
  principal	
  cells	
  to	
  allow	
  for	
  these	
  two	
  pathways	
  to	
  remain	
  

separated.	
  

Preventing	
  mitochondrial	
  Ca2+	
  transport	
  destroys	
  the	
  polarized	
  effect	
  of	
  [Ca2+]i	
  on	
  ENaC.	
  	
  

	
   We	
  next	
  tested	
  whether	
  the	
  polarized	
  effects	
  of	
  [Ca2+]i	
  on	
  ENaC	
  function	
  were	
  

dependent	
  on	
  mitochondrial	
  Ca2+	
  uptake.	
  	
  Mitochondrial	
  Ca2+	
  uptake	
  is	
  dependent	
  on	
  

movement	
  through	
  the	
  inner	
  mitochondrial	
  membrane,	
  a	
  process	
  facilitated	
  by	
  the	
  

mitochondrial	
  calcium	
  uniporter	
  (MCU)	
  (43)	
  	
  Ru360	
  is	
  a	
  drug	
  that	
  inhibits	
  the	
  MCU	
  and	
  the	
  

voltage	
  dependent	
  anion	
  channel,	
  a	
  channel	
  which	
  may	
  facilitate	
  movement	
  across	
  the	
  outer	
  

membrane	
  (44,45).	
  	
  We	
  first	
  tested	
  the	
  effect	
  of	
  apical	
  application	
  of	
  Ru360	
  alone	
  on	
  ENaC	
  

function	
  and	
  found	
  it	
  to	
  have	
  an	
  inhibitory	
  effect	
  which	
  persisted	
  over	
  time	
  (Figure	
  2A).	
  	
  This	
  is	
  

not	
  surprising	
  since	
  inhibiting	
  Ca2+	
  uptake	
  by	
  the	
  mitochondria	
  that	
  lie	
  just	
  beneath	
  the	
  apical	
  

plasma	
  membrane	
  likely	
  increases	
  apical	
  [Ca2+]i	
  slightly,	
  inhibiting	
  the	
  channel.	
  	
  We	
  then	
  

performed	
  experiments	
  in	
  which	
  Ru360	
  was	
  first	
  added	
  to	
  the	
  apical	
  surface	
  of	
  the	
  cell	
  to	
  

inhibit	
  mitochondrial	
  Ca2+	
  uptake	
  followed	
  by	
  apical	
  (Figure	
  2B)	
  or	
  basolateral	
  (Figure	
  2C)	
  

addition	
  of	
  ionomycin	
  while	
  ENaC	
  activity	
  was	
  monitored	
  by	
  patch	
  clamp.	
  	
  Whereas	
  figure	
  1	
  

shows	
  that	
  apical	
  and	
  basolateral	
  ionomycin	
  normally	
  have	
  very	
  different	
  effects	
  on	
  ENaC	
  Po,	
  

the	
  shape	
  of	
  the	
  graphs	
  in	
  figure	
  2B	
  and	
  2C	
  (the	
  same	
  experiment	
  repeated	
  in	
  the	
  absence	
  of	
  

mitochondrial	
  calcium	
  uptake)	
  are	
  the	
  same,	
  suggesting	
  the	
  polarized	
  effect	
  of	
  [Ca2+]i	
  on	
  ENaC	
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is	
  dependent	
  on	
  mitochondrial	
  calcium	
  uptake.	
  	
  ATP	
  has	
  been	
  repeatedly	
  shown	
  to	
  inhibit	
  ENaC	
  

when	
  applied	
  apically	
  (a	
  process	
  that	
  is	
  dependent	
  on	
  an	
  increase	
  in	
  [Ca2+]i	
  (48).	
  	
  Figure	
  2D	
  

shows	
  that	
  in	
  the	
  absence	
  of	
  mitochondrial	
  calcium	
  uptake,	
  apical	
  ATP	
  has	
  a	
  stimulatory	
  effect	
  

on	
  ENaC.	
  	
  Notice	
  that	
  in	
  each	
  of	
  the	
  panels	
  of	
  Figure	
  2B-­‐D,	
  the	
  shape	
  of	
  the	
  response	
  is	
  the	
  

same.	
  	
  While	
  Ru360	
  alone	
  has	
  an	
  inhibitory	
  effect	
  on	
  ENaC	
  that	
  persists	
  over	
  time,	
  adding	
  any	
  

agent	
  that	
  increases	
  [Ca2+]i	
  on	
  the	
  apical	
  or	
  basolateral	
  side	
  of	
  the	
  cell	
  has	
  a	
  stimulatory	
  (or	
  null	
  

effect	
  that	
  is	
  likely	
  Ru360	
  inhibition	
  opposed	
  by	
  stimulation)	
  effect	
  on	
  ENaC	
  in	
  the	
  presence	
  of	
  

Ru360.	
  	
  In	
  these	
  experiments,	
  we	
  apply	
  Ru360	
  to	
  the	
  apical	
  surface	
  of	
  the	
  cell.	
  	
  The	
  inability	
  of	
  

mitochondria	
  to	
  take	
  up	
  Ca2+	
  would	
  lead	
  to	
  an	
  increase	
  in	
  regional	
  [Ca2+]i.	
  	
  We	
  know	
  from	
  figure	
  

1	
  that	
  this	
  would	
  inhibit	
  ENaC.	
  	
  	
  

Mitochondria	
  form	
  bands	
  in	
  the	
  distal	
  nephron.	
  	
  	
  

Mitochondrial	
  bands	
  in	
  pancreatic	
  acinar	
  and	
  airway	
  epithelia	
  have	
  been	
  observed	
  by	
  

other	
  groups	
  to	
  form	
  barriers	
  to	
  prevent	
  [Ca2+]I	
  	
  diffusion	
  by	
  sequestering	
  [Ca2+]I	
  	
  and	
  slowly	
  

releasing	
  it	
  (41,	
  42).	
  	
  We	
  hypothesized	
  that	
  mitochondria	
  may	
  be	
  localized	
  in	
  bands	
  in	
  the	
  

cortical	
  collecting	
  duct	
  to	
  allow	
  for	
  [Ca2+]i	
  polarization	
  and	
  opposing	
  effects	
  on	
  ENaC.	
  	
  We	
  began	
  

testing	
  this	
  hypothesisis	
  by	
  using	
  MitoTracker	
  Red	
  to	
  observe	
  mitochondrial	
  localization	
  in	
  

cortical	
  collecting	
  duct	
  cells.	
  	
  We	
  used	
  two	
  live	
  cortical	
  collecting	
  duct	
  cell	
  lines:	
  	
  A6	
  cells	
  from	
  

xenopus	
  CCD	
  and	
  mpkCCD	
  cells	
  from	
  mice.	
  	
  The	
  Z	
  axis	
  view	
  of	
  both	
  mpkCCD	
  cells	
  (Figure	
  3A)	
  

and	
  A6	
  cells	
  (Figure	
  3B)	
  demonstrates	
  that	
  in	
  fact	
  mitochondria	
  localize	
  in	
  the	
  cytosol	
  very	
  close	
  

to	
  each	
  membrane	
  in	
  the	
  cortical	
  collecting	
  duct.	
  To	
  pinpoint	
  the	
  location	
  of	
  mitochondrial	
  

bands	
  with	
  respect	
  to	
  plasma	
  membrane	
  (Figure	
  3C),	
  we	
  used	
  the	
  fluorescent	
  PIP2	
  indicator	
  

PLCδ-­‐1	
  PH-­‐GFP	
  to	
  label	
  the	
  apical	
  and	
  lateral	
  membranes.	
  	
  We	
  found	
  the	
  apical	
  mitochondrial	
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bands	
  are	
  located	
  just	
  beneath	
  the	
  plasma	
  membrane.	
  	
  Release	
  of	
  ER	
  Ca2+	
  through	
  IP3	
  receptor	
  

channels	
  is	
  known	
  to	
  inhibit	
  ENaC.	
  	
  We	
  hypothesized	
  that	
  in	
  order	
  for	
  the	
  Ca2+	
  exiting	
  the	
  ER	
  

through	
  the	
  IP3	
  receptors	
  to	
  access	
  ENaC	
  and	
  not	
  be	
  taken	
  up	
  by	
  the	
  mitochondria,	
  sections	
  of	
  

the	
  ER	
  would	
  have	
  to	
  lie	
  between	
  the	
  apical	
  mitochondrial	
  barrier	
  and	
  the	
  apical	
  plasma	
  

membrane.	
  	
  To	
  observe	
  ER	
  localization	
  in	
  relation	
  to	
  mitochondria,	
  we	
  loaded	
  mpkCCD	
  cells	
  

with	
  mitotracker	
  red	
  and	
  ERtracker	
  blue	
  to	
  label	
  the	
  mitochondria	
  and	
  ER,	
  respectively	
  (Figure	
  

3D).	
  	
  We	
  found	
  that	
  the	
  ER	
  does	
  pass	
  the	
  mitochondrial	
  barrier	
  in	
  spots	
  in	
  live	
  cells.	
  	
  It	
  is	
  

possible	
  that	
  this	
  localization	
  is	
  necessary	
  for	
  Gq	
  receptor	
  inhibition	
  of	
  ENaC	
  since	
  IP3	
  receptor-­‐

mediated	
  Ca2+	
  release	
  would	
  have	
  to	
  occur	
  between	
  the	
  apical	
  membrane	
  where	
  ENaC	
  is	
  

localized	
  and	
  the	
  mitochondrial	
  band	
  where	
  Ca2+	
  would	
  be	
  sequestered	
  in	
  order	
  for	
  the	
  

majority	
  of	
  the	
  Ca2+	
  to	
  access	
  the	
  channel.	
  	
  Figure	
  3E	
  shows	
  TEM	
  of	
  a	
  mouse	
  cortical	
  collecting	
  

duct	
  principal	
  cell.	
  	
  Note	
  the	
  localization	
  of	
  mitochondria	
  as	
  indicated	
  by	
  black	
  lines	
  highlighting	
  

the	
  bands.	
  	
  Location	
  of	
  ~900	
  mitochondria	
  in	
  >10	
  different	
  cells	
  is	
  quantified	
  in	
  Figure	
  3F.	
  

[Ca2+]i	
  does	
  not	
  spread	
  in	
  cortical	
  collecting	
  duct	
  

	
   In	
  Figure	
  3,	
  we	
  show	
  that	
  mitochondria	
  in	
  the	
  CCD	
  form	
  bands	
  underneath	
  the	
  apical	
  

and	
  basal	
  membranes.	
  	
  This	
  morphology	
  is	
  similar	
  to	
  other	
  epithelia	
  such	
  as	
  airway	
  in	
  which	
  

mitochondrial	
  bands	
  slow	
  Ca2+	
  movement	
  across	
  the	
  cell.	
  	
  Since	
  morphology	
  does	
  not	
  

necessarily	
  imply	
  function,	
  we	
  tested	
  whether	
  Ca2+	
  can	
  move	
  across	
  live	
  CCD	
  cells	
  from	
  one	
  

membrane	
  to	
  the	
  other	
  in	
  Figure	
  4.	
  	
  To	
  be	
  able	
  to	
  clearly	
  observe	
  Ca2+	
  beneath	
  the	
  cell	
  

membrane	
  at	
  the	
  apical	
  and	
  basal	
  poles,	
  we	
  transfected	
  cells	
  with	
  a	
  membrane	
  tethered	
  Ca2+	
  

sensor	
  pN1-­‐Lck-­‐CaMP2	
  (43).	
  	
  This	
  protein	
  contains	
  a	
  membrane	
  tethering	
  domain	
  from	
  Src	
  and	
  

a	
  GFP	
  molecule	
  that	
  is	
  fused	
  to	
  calmodulin	
  so	
  that	
  an	
  increase	
  in	
  [Ca2+]i	
  beneath	
  the	
  membrane	
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enhances	
  the	
  fluorescence	
  of	
  the	
  GFP	
  molecule.	
  	
  In	
  figure	
  4A,	
  we	
  applied	
  ionomycin	
  to	
  the	
  

apical	
  surface	
  of	
  the	
  cell	
  and	
  found	
  that	
  [Ca2+]i	
  increased	
  in	
  the	
  apical	
  but	
  not	
  basal	
  region	
  of	
  

the	
  cytosol.	
  	
  Conversely,	
  figure	
  4	
  B	
  shows	
  that	
  basal	
  ionomycin	
  increases	
  [Ca2+]i	
  in	
  the	
  basal	
  but	
  

not	
  apical	
  portion	
  of	
  the	
  cytosol,	
  suggesting	
  that	
  [Ca2+]i	
  is	
  compartmentalized	
  in	
  mpkCCD	
  cells.	
  	
  

Figure	
  4C	
  shows	
  that	
  in	
  the	
  absence	
  of	
  mitochondrial	
  Ca2+	
  uptake,	
  [Ca2+]i	
  compartmentalization	
  

is	
  lost	
  and	
  apical	
  application	
  of	
  ionomycin	
  results	
  in	
  an	
  increase	
  in	
  [Ca2+]i	
  in	
  both	
  the	
  apical	
  and	
  

basal	
  portions	
  of	
  the	
  cytosol.	
  	
  

Mitochondrial	
  bands	
  take	
  up	
  Ca2+	
  following	
  [Ca2+]i	
  increases	
  in	
  CCD.	
  	
  	
  

	
   To	
  test	
  whether	
  mitochondria	
  take	
  up	
  Ca2+	
  following	
  an	
  increase	
  in	
  [Ca2+]i,	
  we	
  cold-­‐

loaded	
  mpkCCD	
  cells	
  with	
  the	
  dye	
  Rhod2-­‐AM	
  which	
  is	
  shown	
  to	
  be	
  specific	
  for	
  mitochondrial	
  

Ca2+	
  when	
  cells	
  are	
  cold	
  loaded	
  (44)	
  (Figure	
  5).	
  	
  After	
  apical	
  application	
  of	
  ionomycin,	
  there	
  was	
  

an	
  increase	
  in	
  mitochondrial	
  Ca2+	
  in	
  the	
  apical	
  but	
  not	
  basal	
  mitochondrial	
  band.	
  	
  These	
  data	
  

show	
  both	
  that	
  mitochondria	
  in	
  CCD	
  cells	
  do	
  take	
  up	
  Ca2+	
  rapidly	
  following	
  an	
  increase	
  in	
  [Ca2+]i	
  

at	
  the	
  apical	
  pole	
  of	
  the	
  cell	
  and	
  also	
  confirm	
  that	
  there	
  is	
  limited	
  Ca2+	
  movement	
  across	
  the	
  

cell	
  since	
  there	
  is	
  no	
  Ca2+	
  uptake	
  by	
  the	
  basal	
  band	
  following	
  an	
  apical	
  increase	
  in	
  [Ca2+]i.	
  	
  Figure	
  

5B	
  shows	
  localization	
  of	
  Rhod2AM	
  in	
  mitochondria	
  and	
  Figure	
  5C	
  shows	
  that	
  Ru360	
  prevents	
  

Ca2+	
  uptake	
  into	
  mitochondria.	
  

DISCUSSION	
  

The	
  data	
  shown	
  herein	
  are	
  the	
  first	
  to	
  directly	
  show	
  that	
  the	
  effect	
  of	
  increasing	
  [Ca2+]i	
  

at	
  the	
  apical	
  vs	
  basolateral	
  membrane	
  produces	
  a	
  different	
  effect	
  on	
  ENaC	
  function	
  in	
  the	
  

kidney.	
  	
  Polarization	
  of	
  [Ca2+]i	
  implies	
  that	
  [Ca2+]i	
  is	
  compartmentalized	
  in	
  renal	
  epithelia	
  and	
  

does	
  not	
  diffuse	
  between	
  compartments.	
  	
  We	
  show	
  that,	
  in	
  a	
  principal	
  cell	
  line,	
  apical	
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application	
  of	
  the	
  Ca2+	
  ionophore	
  ionomycin	
  inhibits	
  ENaC	
  activity	
  (Figure	
  1).	
  	
  The	
  effects	
  of	
  

increasing	
  apical	
  [Ca2+]i	
  on	
  renal	
  ENaC	
  function	
  have	
  been	
  well	
  studied.	
  	
  The	
  most	
  well	
  accepted	
  

physiological	
  mechanism	
  by	
  which	
  Ca2+	
  inhibits	
  ENaC	
  occurs	
  downstream	
  of	
  purinergic	
  signaling	
  

via	
  the	
  P2Y2	
  receptor	
  on	
  the	
  apical	
  membrane	
  (31).	
  	
  P2Y2	
  receptors	
  signal	
  via	
  a	
  Gq	
  coupled	
  

receptor	
  pathway	
  to	
  induce	
  Ca2+	
  release	
  from	
  ER	
  stores.	
  	
  This	
  release	
  of	
  Ca2+	
  can	
  act	
  via	
  a	
  

variety	
  of	
  signaling	
  pathways	
  including	
  PKC	
  activation	
  to	
  inhibit	
  ENaC	
  (49).	
  	
  This	
  is	
  

demonstrated	
  physiologically	
  by	
  the	
  fact	
  that	
  mice	
  lacking	
  PKC	
  have	
  overactive	
  ENaC	
  and	
  salt-­‐

sensitive	
  hypertension	
  (33,50).	
  	
  	
  ENaC	
  must	
  be	
  tethered	
  to	
  the	
  apical	
  membrane	
  by	
  

phosphatidyl	
  inositols	
  PIP2	
  or	
  PIP3.	
  	
  While	
  both	
  PIPs	
  and	
  ENaC	
  are	
  rare,	
  they	
  are	
  recruited	
  

together	
  by	
  MARCKS.	
  	
  Binding	
  of	
  calmodulin	
  to	
  MARCKS	
  or	
  phosphorylation	
  by	
  PKC	
  leads	
  to	
  

removal	
  of	
  MARCKS	
  and	
  therefore	
  ENaC	
  from	
  the	
  membrane.	
  	
  Ca2+	
  may	
  also	
  inhibit	
  ENaC	
  

directly	
  or	
  activate	
  the	
  ubiquitin	
  ligase	
  Nedd4-­‐2	
  to	
  tag	
  ENaC	
  for	
  proteosomal	
  degradation	
  

(37,51).	
  	
  	
  

Interestingly,	
  our	
  data	
  also	
  show	
  for	
  the	
  first	
  time	
  that	
  ENaC	
  is	
  stimulated	
  by	
  

basolaterally	
  applied	
  ionomycin	
  (Figure	
  1B).	
  	
  It	
  is	
  of	
  note	
  that	
  stimulating	
  ENaC	
  requires	
  a	
  very	
  

high	
  dose	
  of	
  ionomycin	
  and	
  takes	
  much	
  longer	
  than	
  apical	
  ionomycin	
  to	
  cause	
  an	
  effect.	
  	
  This	
  

could	
  imply	
  that	
  effects	
  of	
  basal	
  [Ca2+]i	
  on	
  ENaC	
  are	
  not	
  physiologically	
  relevantIt	
  is	
  likely	
  that	
  

the	
  delay	
  in	
  response	
  and	
  high	
  dose	
  of	
  ionomycin	
  are	
  due	
  to	
  the	
  larger	
  volume	
  of	
  media	
  on	
  the	
  

basolateral	
  side	
  of	
  the	
  cells,	
  small	
  size	
  of	
  the	
  pores	
  in	
  the	
  polyester	
  membranes	
  used	
  as	
  a	
  

surface	
  in	
  our	
  experiments,	
  and	
  invagination	
  of	
  the	
  basal	
  membrane	
  limit	
  the	
  diffusion	
  of	
  

ionomycin	
  so	
  that	
  a	
  larger	
  dose	
  and	
  more	
  time	
  are	
  needed.	
  	
  Unfortunately	
  determining	
  

whether	
  this	
  is	
  the	
  case	
  would	
  be	
  difficult	
  to	
  test	
  experimentally.	
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What	
  is	
  not	
  clear	
  from	
  the	
  present	
  work	
  (or	
  work	
  published	
  previously)	
  are	
  the	
  signaling	
  

mechanisms	
  dictating	
  how	
  basolateral	
  increases	
  in	
  [Ca2+]i	
  work	
  to	
  stimulate	
  ENaC	
  activity.	
  	
  Our	
  

previous	
  work	
  shows	
  that	
  basolateral	
  P2X4	
  receptor	
  stimulation	
  of	
  ENaC	
  is	
  dependent	
  on	
  PI3	
  

kinase	
  (PI3K)	
  and	
  Ca2+.	
  	
  Since	
  Ca2+	
  is	
  not	
  known	
  to	
  modulate	
  PI3K	
  directly,	
  there	
  must	
  be	
  an	
  

intermediate	
  signaling	
  molecule	
  mediating	
  the	
  process.	
  	
  Src	
  is	
  one	
  protein	
  that	
  can	
  be	
  regulated	
  

by	
  Ca2+	
  and	
  can	
  modulate	
  PI3K	
  and	
  has	
  been	
  shown	
  to	
  regulate	
  ENaC	
  (52).	
  	
  It	
  is	
  possible,	
  

therefore,	
  that	
  src	
  is	
  an	
  intermediate	
  in	
  P2X4	
  signaling	
  or	
  that	
  P2X4	
  signaling	
  cannot	
  occur	
  

without	
  cross-­‐talk	
  from	
  receptor	
  tyrosine	
  kinases	
  upstream	
  of	
  src.	
  	
  Future	
  investigation	
  of	
  these	
  

signaling	
  pathways	
  will	
  provide	
  valuable	
  insight	
  into	
  ENaC	
  regulation.	
  

Using	
  two	
  cell	
  culture	
  lines	
  derived	
  from	
  this	
  kidney	
  segment,	
  we	
  observe	
  that	
  in	
  a	
  

polarized,	
  live	
  cell	
  culture	
  system,	
  mitochondria	
  form	
  distinct	
  bands	
  at	
  the	
  apical	
  and	
  basal	
  

poles	
  of	
  the	
  cells	
  (Figure	
  3).	
  	
  Bands	
  such	
  as	
  these	
  have	
  been	
  previously	
  identified	
  in	
  other	
  

epithelial	
  cell	
  types:	
  	
  pancreatic	
  acinar	
  cells	
  and	
  airway	
  epithelia	
  (40,41).	
  	
  Interestingly,	
  airway	
  

and	
  renal	
  epithelia	
  are	
  the	
  primary	
  sites	
  of	
  ENaC	
  expression	
  (53).	
  	
  While	
  the	
  influence	
  of	
  airway	
  

mitochondrial	
  bands	
  on	
  ENaC	
  activity	
  has	
  not	
  been	
  addressed,	
  it	
  is	
  interesting	
  that	
  all	
  of	
  the	
  

tissues	
  in	
  which	
  banding	
  has	
  been	
  observed	
  rely	
  heavily	
  on	
  ENaC	
  for	
  function.	
  	
  	
  We	
  also	
  show	
  

that	
  this	
  banding	
  occurs	
  in	
  vivo	
  since	
  TEM	
  of	
  mouse	
  kidney	
  shows	
  banding	
  in	
  cortical	
  collecting	
  

duct	
  principal	
  cells.	
  

In	
  this	
  study,	
  we	
  observed	
  the	
  apical	
  mitochondrial	
  band	
  to	
  be	
  situated	
  just	
  beneath	
  the	
  

plasma	
  membrane	
  with	
  portions	
  of	
  the	
  ER	
  jutting	
  through	
  the	
  band.	
  	
  This	
  particular	
  localization	
  

is	
  interesting	
  in	
  that	
  it	
  would	
  allow	
  the	
  mitochondria	
  to	
  participate	
  in	
  Ca2+	
  regulation	
  near	
  lipid	
  

raft	
  domains.	
  	
  Indeed,	
  ENaC	
  is	
  known	
  to	
  localize	
  in	
  such	
  domains	
  and	
  proteins	
  such	
  as	
  Nedd4-­‐2	
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and	
  MARCKS,	
  known	
  to	
  regulate	
  ENaC	
  in	
  these	
  domains	
  are	
  influenced	
  by	
  [Ca2+]i	
  (36,54).	
  	
  

Future	
  experiments	
  should	
  be	
  aimed	
  at	
  determining	
  whether	
  disrupting	
  mitochondrial	
  Ca2+	
  

uptake	
  influences	
  lipid	
  raft	
  Ca2+	
  signaling.	
  

Using	
  innovative	
  Ca2+	
  sensors	
  for	
  [Ca2+]i	
  beneath	
  the	
  membrane	
  and	
  mitochondrial	
  Ca2+,	
  

we	
  show	
  that	
  [Ca2+]i	
  is	
  taken	
  up	
  by	
  mitochondria	
  following	
  apical	
  application	
  of	
  ionomycin	
  and	
  

that	
  [Ca2+]i	
  stimulated	
  by	
  ionomycin	
  does	
  not	
  spread	
  throughout	
  the	
  cell	
  (Figure	
  4).	
  	
  To	
  visualize	
  

mitochondrial	
  Ca2+,	
  we	
  used	
  the	
  dye	
  Rhod2-­‐AM	
  (Figure	
  5).	
  	
  This	
  dye	
  can	
  sense	
  [Ca2+]i	
  as	
  well	
  but	
  

has	
  a	
  preference	
  for	
  mitochondrial	
  Ca2+	
  when	
  cold	
  loaded	
  and	
  seemed	
  to	
  localize	
  in	
  a	
  band	
  in	
  

our	
  study	
  (44).	
  	
  We	
  were	
  really	
  only	
  able	
  to	
  visualize	
  the	
  apical	
  mitochondrial	
  band	
  using	
  

Rhod2-­‐AM.	
  	
  This	
  could	
  be	
  due	
  to	
  the	
  low	
  uptake	
  of	
  the	
  dye	
  and	
  the	
  faintness	
  of	
  the	
  basal	
  band	
  

compared	
  to	
  the	
  apical	
  one.	
  	
  For	
  this	
  reason,	
  a	
  limitation	
  of	
  our	
  study	
  is	
  that	
  we	
  are	
  unable	
  to	
  

measure	
  Ca2+	
  uptake	
  by	
  the	
  basal	
  mitochondrial	
  band.	
  	
  We	
  did	
  see	
  the	
  Ca2+	
  in	
  the	
  apical	
  

mitochondrial	
  band	
  increase	
  following	
  apical	
  ionomycin	
  application,	
  indicative	
  of	
  Ca2+	
  

sequestration.	
  	
  To	
  visualize	
  [Ca2+]i	
  we	
  used	
  the	
  membrane	
  tethered	
  [Ca2+]i	
  sensor	
  Lck-­‐CaMP	
  

(19).	
  	
  This	
  vector	
  consists	
  of	
  an	
  EGFP	
  molecule	
  fused	
  to	
  calmodulin	
  and	
  the	
  membrane	
  domain	
  

of	
  Src.	
  	
  When	
  Ca2+	
  increases	
  at	
  the	
  membrane,	
  the	
  conformation	
  of	
  calmodulin	
  changes	
  such	
  

that	
  GFP	
  is	
  excited.	
  	
  This	
  vector	
  helped	
  us	
  to	
  see	
  [Ca2+]i	
  just	
  under	
  the	
  membrane	
  and	
  

determine	
  whether	
  [Ca2+]i	
  spread	
  following	
  ionomycin	
  application.	
  	
  We	
  found	
  that	
  

mitochondria	
  sequester	
  [Ca2+]i	
  following	
  apical	
  increases	
  in	
  [Ca2+]i	
  and	
  that	
  when	
  [Ca2+]i	
  is	
  

increased	
  on	
  one	
  side	
  of	
  the	
  cell,	
  it	
  does	
  not	
  migrate	
  to	
  the	
  opposing	
  pole.	
  	
  

Mitochondria	
  transport	
  Ca2+	
  across	
  the	
  inner	
  mitochondrial	
  membrane	
  via	
  the	
  

mitochondrial	
  calcium	
  uniporter	
  (MCU)(31).	
  	
  Ru360,	
  a	
  ruthenium	
  compound	
  used	
  in	
  this	
  study	
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to	
  obliterate	
  the	
  polarized	
  effects	
  of	
  [Ca2+]i	
  on	
  ENaC,	
  inhibits	
  MCU	
  as	
  well	
  as	
  a	
  component	
  of	
  

outer	
  mitochondrial	
  membrane	
  Ca2+	
  uptake	
  (46,56).	
  	
  In	
  the	
  absence	
  of	
  mitochondrial	
  Ca2+	
  

uptake,	
  a	
  similar	
  biphasic	
  response	
  of	
  ENaC	
  to	
  [Ca2+]i	
  was	
  observed	
  regardless	
  of	
  which	
  pole	
  

ionomycin	
  was	
  added	
  to	
  (Figure	
  2).	
  	
  These	
  data	
  suggest	
  that	
  mitochondrial	
  Ca2+	
  uptake	
  is	
  

required	
  for	
  the	
  polarized	
  response	
  of	
  ENaC	
  to	
  [Ca2+]i.	
  	
  	
  

It	
  is	
  interesting	
  to	
  note	
  that	
  mitochondrial	
  Ca2+	
  uptake	
  has	
  been	
  implicated	
  in	
  blood	
  

pressure	
  regulation	
  in	
  a	
  Chinese	
  family	
  that	
  displays	
  maternally	
  inherited	
  hypertension	
  (57).	
  	
  

The	
  data	
  presented	
  herein	
  provide	
  groundwork	
  for	
  future	
  investigations	
  into	
  the	
  role	
  of	
  

mitochondrial	
  Ca2+	
  uptake	
  in	
  ENaC	
  regulation	
  in	
  salt-­‐sensitive	
  hypertension.	
  	
  	
  

Overall,	
  we	
  conclude	
  that	
  the	
  renal	
  epithelial	
  sodium	
  channel	
  ENaC	
  likely	
  exists	
  in	
  

microdomains	
  of	
  Ca2+	
  signaling	
  and	
  that	
  these	
  domains	
  are	
  maintained	
  by	
  belts	
  of	
  mitochondria	
  

within	
  the	
  renal	
  epithelial	
  cell.	
  	
  Since	
  this	
  is	
  the	
  first	
  work	
  suggesting	
  the	
  existence	
  of	
  

mitochondrial	
  barriers	
  to	
  [Ca2+]i	
  movement	
  in	
  renal	
  epithelia,	
  much	
  work	
  remains	
  to	
  be	
  done	
  to	
  

determine	
  what	
  role	
  these	
  barriers	
  play	
  in	
  the	
  regulation	
  of	
  other	
  proteins	
  or	
  systemic	
  blood	
  

pressure.	
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The	
  kidneys	
  have	
  a	
  close	
  partnership	
  with	
  the	
  cardiovascular	
  system.	
  Kidneys	
  maintain	
  

blood	
  volume,	
  regulate	
  plasma	
  osmolality	
  and	
  secrete	
  hormones	
  that	
  regulate	
  cardiac	
  

performance.	
  The	
  distal	
  nephron	
  is	
  the	
  location	
  of	
  the	
  bulk	
  of	
  regulated	
  salt	
  and	
  water	
  

reabsorption.	
  	
  The	
  cortical	
  collecting	
  duct	
  (CCD)	
  principal	
  cell	
  in	
  particular,	
  fine-­‐tunes	
  Na+	
  and	
  

water	
  reabsorption	
  as	
  well	
  as	
  K+	
  secretion(25).	
  	
  Alterations	
  in	
  any	
  of	
  the	
  intracellular	
  pathways	
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regulating	
  these	
  processes	
  can	
  result	
  in	
  alterations	
  in	
  plasma	
  Na+,	
  K+,	
  blood	
  volume,	
  and	
  

systemic	
  blood	
  pressure.	
  	
  For	
  these	
  reasons,	
  intracellular	
  signaling	
  in	
  these	
  cells	
  must	
  be	
  closely	
  

regulated	
  and	
  precise.	
  In	
  principal	
  cells,	
  Na+	
  is	
  reabsorbed	
  from	
  the	
  lumen	
  via	
  the	
  epithelial	
  

sodium	
  channel	
  (ENaC),	
  a	
  selectively	
  permeable	
  Na+	
  ion	
  channel	
  found	
  solely	
  on	
  the	
  apical	
  

membrane	
  of	
  epithelia	
  including	
  principal	
  cells	
  (1).	
  The	
  activity	
  of	
  ENaC	
  is	
  regulated	
  by	
  the	
  

numerous	
  intrinsic	
  and	
  extrinsic	
  factors	
  that	
  affect	
  the	
  expression,	
  the	
  activity	
  of	
  each	
  channel	
  

and	
  intracellular	
  trafficking.	
  	
  

Mitochondria	
  are	
  essential	
  for	
  cellular	
  metabolism,	
  but	
  they	
  are	
  also	
  important	
  in	
  

maintaining	
  intracellular	
  calcium	
  ([Ca2+]i)	
  homeostasis	
  and	
  can	
  contribute	
  to	
  the	
  polarity	
  of	
  

calcium	
  signaling	
  in	
  epithelial	
  cells(12,13,	
  18,	
  58).	
  Mitochondria	
  can	
  be	
  distributed	
  in	
  specific	
  

regions	
  of	
  the	
  cell	
  in	
  close	
  proximity	
  to	
  one	
  another	
  forming	
  bands	
  that	
  buffer	
  calcium	
  and	
  

prevent	
  the	
  diffusion	
  of	
  calcium	
  (24).	
  Ca2+	
  like	
  any	
  other	
  molecule	
  follows	
  the	
  laws	
  of	
  diffusion	
  

and	
  moves	
  from	
  an	
  area	
  of	
  high	
  concentration	
  to	
  low	
  concentration.	
  The	
  banding	
  of	
  

mitochondria	
  prevent	
  Ca2+	
  diffusion;	
  therefore,	
  allowing	
  for	
  the	
  formation	
  subcellular	
  calcium	
  

microdomains	
  that	
  allow	
  for	
  variations	
  in	
  Ca2+	
  signaling	
  in	
  different	
  regions	
  of	
  a	
  single	
  cell.	
  This	
  

buffering	
  process	
  is	
  important	
  because	
  numerous	
  cellular	
  processes	
  depend	
  on	
  Ca2+	
  including	
  

exo-­‐	
  and	
  endocytosis,	
  G	
  protein	
  activity,	
  vesicular	
  trafficking,	
  protein	
  kinase	
  activity	
  as	
  well	
  as	
  

the	
  activity	
  of	
  membrane	
  ion	
  channels	
  and	
  transporters	
  (64,65,66).	
  Therefore,	
  mitochondrial	
  

Ca2+	
  uptake	
  plays	
  a	
  role	
  in	
  the	
  regulation	
  of	
  channels	
  like	
  the	
  ENaC	
  in	
  principal	
  cells	
  of	
  the	
  CCD	
  

(18).	
  	
  

Now	
  that	
  we	
  have	
  clearly	
  demonstrated	
  that	
  mitochondrial	
  Ca2+	
  uptake	
  influences	
  ENaC	
  

activity	
  by	
  directly	
  applied	
  Ca2+	
  in	
  cell	
  culture	
  it	
  is	
  important	
  to	
  understand	
  whether	
  altering	
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mitochondrial	
  calcium	
  uptake	
  would	
  have	
  physiological	
  consequences	
  with	
  regards	
  to	
  water	
  

and	
  salt	
  homeostasis.	
  The	
  voltage	
  dependent	
  anion	
  channel	
  (VDAC)	
  is	
  the	
  primary	
  means	
  of	
  

Ca2+	
  uptake	
  by	
  the	
  mitochondria	
  OMM,	
  when	
  misregulated	
  VDAC	
  has	
  been	
  linked	
  to	
  early	
  

onset	
  maternally	
  inherited	
  hypertension	
  (19).	
  Even	
  though	
  deficits	
  in	
  mitochondrial	
  Ca2+	
  uptake	
  

have	
  been	
  observed	
  in	
  a	
  short	
  clinical	
  study,	
  the	
  underlying	
  cause	
  of	
  the	
  hypertension	
  remains	
  

unknown	
  (19).	
  Because	
  intracellular	
  calcium	
  has	
  been	
  shown	
  to	
  regulate	
  proteins	
  involved	
  in	
  

water	
  and	
  salt	
  balance,	
  we	
  tested	
  the	
  hypothesis	
  that	
  misregulation	
  of	
  mitochondrial	
  calcium	
  

uptake	
  would	
  cause	
  deficits	
  in	
  water	
  and	
  salt	
  balance.	
  VDAC	
  has	
  three	
  isoforms	
  VDAC1,	
  VDAC2	
  

and	
  VDAC3;	
  however,	
  only	
  VDAC1	
  and	
  VDAC3	
  knock	
  outs	
  can	
  be	
  produced.	
  Using	
  VDAC1	
  knock	
  

out	
  mouse	
  we	
  demonstrated	
  that	
  mitochondrial	
  calcium	
  plays	
  a	
  physiologically	
  relevant	
  role	
  in	
  

renal	
  function.	
  	
  

Methods	
  

Animals.	
  	
  Heterozygous	
  VDAC1	
  mice	
  were	
  obtained	
  from	
  William	
  Craigen	
  at	
  Baylor	
  University	
  

and	
  bred	
  in	
  house.	
  All	
  animal	
  experiments	
  were	
  performed	
  on	
  wild	
  type	
  (WT)	
  or	
  VDAC1	
  double	
  

knock	
  out	
  littermate	
  controls	
  ages	
  2-­‐6	
  months	
  and	
  approved.	
  	
  All	
  experiments	
  were	
  approved	
  

by	
  the	
  Emory	
  University	
  Institutional	
  Care	
  and	
  Use	
  Committee	
  (IACUC).	
  	
  Animals	
  were	
  housed	
  

on	
  a	
  12:12	
  hour	
  light:dark	
  cycle	
  and	
  given	
  free	
  access	
  to	
  food	
  and	
  water.	
  Animals	
  were	
  fed	
  

standard	
  lab	
  chow	
  (0.39%	
  Na+),	
  nominally	
  salt	
  free	
  diet,	
  8%	
  salt,	
  or	
  8%	
  salt	
  with	
  a	
  daily	
  

intraperitoneal	
  injection	
  of	
  1.4mg/kg	
  bw	
  of	
  Benzamil	
  (ENaC	
  inhibitor).	
  

Measurement	
  of	
  blood	
  pressure.	
  Systolic	
  blood	
  pressure	
  was	
  measured	
  by	
  tail	
  cuff	
  (BP-­‐2000,	
  

Visitech	
  Systems).	
  Ten	
  measurements	
  were	
  taken	
  consecutively	
  for	
  each	
  mouse	
  and	
  averaged.	
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An	
  overall	
  average	
  for	
  each	
  treatment	
  group	
  was	
  then	
  obtained.	
  Blood	
  pressure	
  were	
  

measured	
  before	
  and	
  after	
  two-­‐week	
  diet	
  treatment.	
  	
  

Characterization	
  of	
  renal	
  function	
  of	
  VDAC1	
  KO	
  mice.	
  The	
  mice	
  were	
  placed	
  in	
  metabolic	
  cages	
  

(Techniplast)	
  for	
  24	
  hours	
  of	
  acclimation	
  followed	
  by	
  a	
  24-­‐hour	
  collection	
  period.	
  Water	
  intake,	
  

food,	
  body	
  weight	
  and	
  urine	
  volume	
  measurements	
  were	
  take	
  before	
  treatment	
  and	
  two	
  weeks	
  

after	
  treatment.	
  Urine	
  collected	
  was	
  used	
  for	
  osmolality,	
  protein	
  and	
  electrolyte	
  

measurements.	
  	
  Urine	
  samples	
  were	
  centrifuged	
  at	
  15,000	
  rpm	
  for	
  15	
  min	
  to	
  separate	
  any	
  

soluble	
  substances	
  before	
  analysis.	
  Urine	
  osmolality	
  was	
  measured	
  using	
  a	
  Wescor	
  vapor	
  

pressure	
  osmometer.	
  

Histology.	
  After	
  two-­‐week	
  period	
  of	
  diet,	
  animals	
  were	
  sacrificed	
  and	
  perfused	
  with	
  PBS	
  

followed	
  by	
  4%	
  paraformaldehyde.	
  Kidneys	
  were	
  embedded	
  in	
  Paraplast	
  tissue	
  embedding	
  

medium	
  (McCormick,	
  Scientific)	
  and	
  cut	
  to	
  5µm	
  thick	
  sections.	
  Sections	
  were	
  stained	
  with	
  

hematoxylin-­‐eosin(H&E)	
  or	
  Masson	
  trichrome	
  (MT).	
  Images	
  were	
  taken	
  using	
  a	
  light	
  

microscope	
  with	
  60x	
  magnification	
  lens.	
  	
  

Urine	
  electrolytes.	
  Sodium	
  and	
  potassium	
  levels	
  were	
  measure	
  from	
  urine	
  samples	
  taken	
  before	
  

and	
  after	
  2	
  weeks	
  of	
  treatment.	
  Urine	
  was	
  diluted	
  1:10	
  with	
  urine	
  diluent	
  (EasyLyte	
  Medica)	
  

and	
  analyzed	
  with	
  EasyLyte	
  analyzer	
  (Medica	
  Corporation’s).	
  

Transmission	
  Electron	
  Microscopy.	
  VDAC1	
  KO	
  mice	
  were	
  anesthetized	
  with	
  a	
  cocktail	
  of	
  

ketamine:xylazine	
  and	
  perfused	
  via	
  the	
  abdominal	
  aorta	
  with	
  PBS	
  to	
  remove	
  blood	
  followed	
  by	
  

a	
  solution	
  of	
  4%	
  glutaraldehyde.	
  	
  Kidneys	
  were	
  removed	
  and	
  processed	
  and	
  imaged	
  by	
  the	
  

Robert	
  P	
  Apkarian	
  electron	
  microscopy	
  facility.	
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Western	
  blot	
  analysis.	
  After	
  two	
  weeks,	
  animals	
  were	
  euthanized	
  and	
  kidneys	
  were	
  perfused	
  

with	
  standard	
  PBS.	
  Kidneys	
  were	
  dissected	
  into	
  cortex,	
  outer	
  medulla	
  (OM)	
  and	
  inner	
  medulla	
  

(IM)	
  as	
  identified	
  by	
  morphology.	
  Protein	
  was	
  measured	
  by	
  detergent-­‐compatible	
  protein	
  assay	
  

kit	
  (Bio-­‐Rad),	
  and	
  Western	
  blot	
  analysis	
  was	
  performed	
  with	
  SDS-­‐PAGE	
  using	
  in-­‐house	
  

antibodies	
  against	
  AQP2	
  or	
  UT-­‐A1,	
  as	
  described	
  (20,21,22)	
  

Data	
  analysis	
  and	
  statistics.	
  All	
  values	
  are	
  the	
  mean	
  ± SEM.	
  Western	
  blots	
  densitometry	
  was	
  

performed	
  with	
  ImageJ	
  and	
  normalized	
  to	
  the	
  average	
  of	
  the	
  normal	
  chow	
  control	
  group.	
  

Glomerular	
  size	
  measurements	
  were	
  taken	
  with	
  ImageJ.	
  Graphs	
  and	
  statistical	
  analysis	
  were	
  

created	
  using	
  Prism6	
  (GraphPad).	
  Statistics	
  were	
  performed	
  as	
  One-­‐way	
  ANOVA	
  and	
  Students	
  t-­‐

test.	
  P	
  value	
  of	
  <0.05	
  were	
  considered	
  significant.	
  Groups	
  were	
  compared	
  to	
  normal	
  chow	
  

control	
  and	
  same	
  treatment	
  wild	
  type	
  control.	
  A	
  summary	
  of	
  methods	
  is	
  shown	
  in	
  figure	
  3.0.	
  

Results	
  

Histology	
  of	
  VDAC1	
  knock	
  out	
  mouse.	
  In	
  figure	
  3.1	
  we	
  used	
  hematoxylin-­‐eosin	
  (H&E)	
  stain	
  to	
  

characterize	
  the	
  morphology	
  of	
  VDAC1	
  knock	
  out	
  mouse	
  under	
  different	
  diet	
  treatments.	
  

Additionally,	
  transmission	
  electron	
  microscopy	
  was	
  used	
  to	
  examine	
  cellular	
  morphology	
  of	
  

VDAC1	
  knock	
  out	
  mice	
  fed	
  with	
  normal	
  chow.	
  Arrows	
  indicate	
  areas	
  where	
  the	
  tubules	
  appear	
  

thinner	
  than	
  WT	
  control	
  and	
  where	
  glomeruli	
  appear	
  to	
  be	
  atrophied.	
  We	
  concluded	
  that	
  

mitochondrial	
  calcium	
  uptake	
  is	
  important	
  for	
  normal	
  nephron	
  morphology.	
  	
  

Accumulation	
  of	
  collagen	
  around	
  the	
  glomerulus	
  and	
  the	
  interstitial	
  space.	
  In	
  figure	
  3.2,	
  we	
  

used	
  Masson’s	
  trichrome	
  stain	
  to	
  visualize	
  the	
  formation	
  of	
  small	
  collagen	
  fiber	
  deposits	
  in	
  

VDAC1	
  KO	
  mice.	
  Figure	
  3.2A	
  shows	
  urine	
  protein	
  of	
  WT	
  and	
  VDAC1	
  knock	
  out	
  mice	
  before	
  and	
  

two	
  weeks	
  after	
  high	
  salt	
  (HS)	
  and	
  high	
  salt	
  benzamil	
  (ENaC	
  inhibitor)	
  (HSB).	
  After	
  HS	
  treatment	
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VDAC1	
  KO	
  mice	
  appear	
  to	
  have	
  slightly	
  more	
  collagen	
  accumulated	
  around	
  the	
  glomeruli	
  and	
  

the	
  interstitial	
  space	
  with	
  a	
  pathology	
  score	
  of	
  about	
  5%.	
  Additionally,	
  there	
  was	
  a	
  significantly	
  

higher	
  amount	
  of	
  protein	
  found	
  in	
  the	
  urine	
  of	
  animals	
  on	
  either	
  LS	
  or	
  HS	
  diets.	
  Figure	
  3.2B	
  

shows	
  urine	
  protein	
  of	
  WT	
  and	
  VDAC1	
  KO	
  mice	
  before	
  and	
  after	
  two-­‐week	
  low	
  salt	
  diet	
  (LS)	
  

treatment.	
  Not	
  enough	
  urine	
  was	
  collected	
  from	
  VDAC1	
  KO	
  mice	
  to	
  measure	
  urine	
  protein	
  

levels	
  due	
  to	
  severely	
  decreased	
  urine	
  output	
  (Table	
  3.1).	
  The	
  graph	
  from	
  figure	
  3.1,	
  depicts	
  the	
  

significant	
  difference	
  in	
  size	
  of	
  the	
  Bowman	
  capsule	
  of	
  WT	
  and	
  VDAC1	
  KO	
  mice	
  after	
  HS	
  diet	
  

from	
  the	
  H&E	
  stain.	
  We	
  concluded	
  that	
  under	
  stress	
  like	
  HS	
  diet,	
  animals	
  have	
  an	
  inability	
  to	
  

properly	
  regulate	
  mitochondrial	
  calcium	
  uptake	
  and	
  this	
  has	
  detrimental	
  effects	
  of	
  urinary	
  

protein	
  since	
  normally	
  protein	
  is	
  not	
  filtered	
  by	
  the	
  kidneys.	
  	
  

Mitochondrial	
  calcium	
  uptake	
  plays	
  a	
  role	
  in	
  the	
  regulation	
  of	
  blood	
  pressure.	
  We	
  used	
  tail-­‐cuff	
  

to	
  measure	
  systolic	
  blood	
  pressure	
  of	
  WT	
  and	
  VDAC1	
  KO	
  before	
  and	
  after	
  two-­‐week	
  treatment.	
  

The	
  left	
  panel	
  of	
  figure	
  3.3	
  shows	
  systolic	
  blood	
  pressure	
  of	
  mice	
  before	
  and	
  after	
  two-­‐week	
  

treatment	
  with	
  HS	
  and	
  HSB.	
  The	
  right	
  panel	
  shows	
  systolic	
  blood	
  pressure	
  of	
  mice	
  fed	
  LS.	
  	
  

VDAC1	
  KO	
  had	
  a	
  significantly	
  different	
  response	
  to	
  their	
  diet	
  than	
  their	
  WT	
  control	
  counter	
  

parts.	
  	
  They	
  had	
  lower	
  blood	
  pressures	
  when	
  fed	
  HS	
  diet	
  and	
  significantly	
  higher	
  blood	
  

pressures	
  when	
  fed	
  LS	
  than	
  WT	
  controls	
  under	
  the	
  same	
  treatment.	
  We	
  concluded	
  that	
  

mitochondrial	
  calcium	
  uptake	
  plays	
  a	
  role	
  in	
  the	
  regulation	
  of	
  systolic	
  blood	
  pressure.	
  	
  

Inability	
  of	
  mitochondria	
  to	
  take	
  up	
  calcium	
  affects	
  sodium	
  urine	
  excretion	
  and	
  urine	
  

concentration.	
  Urine	
  electrolytes	
  were	
  measured	
  using	
  Easylyte	
  analyzer.	
  In	
  the	
  left	
  panel	
  of	
  

figure	
  3.3	
  we	
  quantified	
  the	
  urine	
  Na+	
  of	
  WT	
  and	
  VDAC1	
  KO	
  before	
  and	
  after	
  two-­‐week	
  

treatment	
  with	
  HS	
  or	
  HSB.	
  VDAC1	
  KO	
  mice	
  had	
  significantly	
  lower	
  Na+	
  excretion	
  when	
  fed	
  high	
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salt	
  than	
  their	
  WT	
  controls.	
  The	
  right	
  panel	
  of	
  figure	
  3.3	
  shows	
  urine	
  Na+	
  of	
  LS	
  treatment,	
  

however,	
  the	
  urine	
  Na+	
  from	
  both	
  WT	
  and	
  KO	
  mice	
  was	
  below	
  25mmol/L	
  which	
  is	
  the	
  minimum	
  

range	
  detected	
  by	
  the	
  analyzer.	
  We	
  can	
  observe	
  in	
  figure	
  3.5	
  that	
  VDAC1	
  KO	
  mice	
  concentrated	
  

their	
  urine	
  more	
  than	
  the	
  WT	
  mice	
  treated	
  with	
  either	
  HSB	
  or	
  LS.	
  We	
  concluded	
  that	
  calcium	
  

uptake	
  by	
  the	
  mitochondria	
  is	
  necessary	
  for	
  proper	
  salt	
  and	
  water	
  balance	
  as	
  well	
  as	
  urine	
  

concentration.	
  

Mitochondria	
  play	
  a	
  role	
  in	
  proper	
  water	
  and	
  salt	
  balance.	
  When	
  VDAC1	
  mice	
  were	
  fed	
  HS	
  or	
  

HSB	
  they	
  excreted	
  significantly	
  less	
  urine	
  than	
  the	
  WT	
  controls	
  (Table	
  3.1)	
  and	
  simultaneously	
  

had	
  lower	
  water	
  intakes.	
  Additionally,	
  VDAC1	
  KO	
  mice	
  under	
  HS	
  treatment	
  had	
  significantly	
  

higher	
  levels	
  of	
  Aquaporin	
  2	
  (AQP2)	
  in	
  the	
  cortex	
  of	
  the	
  collecting	
  duct	
  as	
  shown	
  in	
  Figure	
  3.4.	
  

We	
  concluded	
  that	
  VDAC1	
  KO	
  mice	
  have	
  misregulation	
  of	
  water	
  and	
  salt	
  homeostasis	
  when	
  

under	
  stress.	
  	
  

Discussion	
  

Our	
  previous	
  work	
  demonstrated	
  that	
  mitochondrial	
  calcium	
  uptake	
  and	
  localization	
  

plays	
  an	
  important	
  role	
  in	
  Ca2+	
  signaling	
  and	
  the	
  regulation	
  of	
  ENaC.	
  However,	
  to	
  our	
  

knowledge	
  the	
  physiological	
  implication	
  of	
  misregulation	
  of	
  calcium	
  uptake	
  have	
  not	
  been	
  

previously	
  explored.	
  This	
  study	
  is	
  the	
  first	
  to	
  link	
  mitochondrial	
  calcium	
  uptake	
  to	
  the	
  regulation	
  

of	
  water	
  and	
  salt	
  balance	
  as	
  well	
  as	
  normal	
  kidney	
  morphology.	
  VDAC1	
  KO	
  mice	
  have	
  almost	
  

normal	
  physiological	
  parameters	
  when	
  under	
  no	
  stress	
  as	
  summarized	
  in	
  table	
  3.1.	
  When	
  

placed	
  under	
  the	
  stress	
  of	
  high	
  salt	
  or	
  low	
  salt	
  diet	
  kidneys	
  have	
  diffuse	
  and	
  segmental	
  

glomerular	
  inflammation,	
  slight	
  tubule	
  thinning	
  and	
  mild	
  interstitial	
  fibrosis.	
  Under	
  stress	
  

VDAC1	
  KO	
  mice	
  concentrated	
  their	
  urine	
  significantly	
  more	
  than	
  the	
  WT	
  control	
  on	
  the	
  same	
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treatment.	
  It	
  is	
  important	
  to	
  note	
  that	
  inability	
  to	
  properly	
  regulate	
  mitochondrial	
  calcium	
  

uptake	
  severely	
  affects	
  the	
  ability	
  to	
  maintain	
  total	
  body	
  salt	
  and	
  water	
  homeostasis.	
  

Understanding	
  the	
  physiological	
  effect	
  of	
  mitochondrial	
  calcium	
  uptake	
  in	
  Ca2+	
  signaling	
  might	
  

help	
  with	
  the	
  treatment	
  of	
  hypertension	
  as	
  well	
  as	
  kidney	
  disease.	
  	
  

In	
  figure	
  3.1,	
  we	
  compared	
  representative	
  histology	
  images	
  of	
  WT	
  and	
  VDAC1	
  KO	
  mice	
  

under	
  four	
  different	
  treatments	
  as	
  well	
  as	
  a	
  TEM	
  image	
  of	
  a	
  VDAC1	
  KO	
  mouse	
  glomeruli	
  fed	
  

normal	
  chow.	
  It	
  appears	
  that	
  the	
  VDAC1	
  KOs	
  when	
  fed	
  HS	
  have	
  a	
  significantly	
  larger	
  bowman	
  

capsule	
  than	
  the	
  WT	
  mice	
  in	
  the	
  same	
  diet.	
  Additionally,	
  the	
  tubules	
  in	
  the	
  cortex	
  seem	
  to	
  

become	
  thinner	
  when	
  under	
  the	
  stress	
  of	
  the	
  HS	
  and	
  HSB	
  diet.	
  It	
  is	
  possible	
  that	
  these	
  

morphological	
  differences	
  are	
  caused	
  by	
  inflammation	
  causing	
  the	
  formation	
  of	
  fibrotic	
  

deposits.	
  Figure	
  3.2	
  illustrates	
  that	
  VDAC1	
  KO	
  mice	
  have	
  extra	
  capillary	
  fibrosis	
  surrounding	
  the	
  

bowman	
  capsule	
  as	
  well	
  as	
  mild	
  interstitial	
  fibrosis	
  when	
  under	
  HS	
  treatment.	
  Fibrosis	
  is	
  

scarring	
  in	
  response	
  to	
  injury	
  and	
  as	
  a	
  result	
  collagen	
  accumulates	
  in	
  the	
  extracellular	
  matrix	
  of	
  

tissue.	
  Glomerular	
  damage	
  can	
  explain	
  the	
  higher	
  levels	
  of	
  urine	
  protein	
  (proteinuria)	
  found	
  in	
  

the	
  VDAC1	
  KO	
  mice	
  on	
  HS	
  diet	
  when	
  compared	
  to	
  the	
  WT.	
  	
  VDAC1	
  has	
  been	
  identified	
  as	
  a	
  key	
  

player	
  in	
  mitochondria-­‐mediated	
  apoptosis	
  through	
  Bcl-­‐2	
  family	
  and	
  cell	
  proliferation	
  (23,24).	
  

Therefore,	
  it	
  is	
  possible	
  that	
  when	
  under	
  stress	
  VDAC1	
  are	
  unable	
  to	
  properly	
  regulate	
  normal	
  

cell	
  proliferation	
  in	
  the	
  kidney.	
  Understanding	
  how	
  mitochondrial	
  calcium	
  uptake	
  regulates	
  

renal	
  function	
  could	
  help	
  find	
  new	
  treatment	
  options	
  for	
  hypertension,	
  as	
  a	
  predictor	
  of	
  

abnormal	
  kidney	
  function	
  or	
  diabetic	
  nephropathy.	
  A	
  future	
  direction	
  is	
  investigating	
  how	
  

mitochondrial	
  calcium	
  affects	
  glomerular	
  filtration	
  and	
  if	
  the	
  treatment	
  continues	
  for	
  longer	
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than	
  two	
  weeks	
  and	
  if	
  the	
  mice	
  would	
  develop	
  chronic	
  kidney	
  disease(CKD)	
  since	
  fibrosis	
  is	
  an	
  

indicator	
  of	
  early	
  stages	
  of	
  the	
  disease.	
  

In	
  figure	
  3.3,	
  we	
  compared	
  systolic	
  blood	
  pressure	
  of	
  WT	
  mice	
  and	
  VDAC1	
  KO	
  mice	
  

under	
  four	
  different	
  treatments.	
  Interestingly	
  the	
  systolic	
  blood	
  pressure	
  (BP)	
  of	
  the	
  VDAC1	
  KO	
  

mice	
  seems	
  to	
  have	
  an	
  opposing	
  response	
  compared	
  to	
  treatment	
  than	
  the	
  WT	
  mice.	
  We	
  found	
  

that,	
  unlike	
  the	
  aforementioned	
  hypertensive	
  Chinese	
  family	
  with	
  decreased	
  VDAC	
  function	
  

and	
  hypertension,	
  the	
  VDAC1	
  KO	
  mouse’s	
  blood	
  pressure	
  is	
  not	
  altered	
  under	
  normal	
  chow	
  and	
  

is	
  in	
  fact	
  lowered	
  by	
  a	
  high	
  salt	
  diet	
  (19).	
  It	
  is	
  possible	
  that	
  the	
  VDAC1	
  KO	
  are	
  not	
  responding	
  to	
  

the	
  diet	
  since	
  on	
  HS	
  the	
  BP	
  was	
  lower	
  than	
  the	
  WT	
  and	
  on	
  LS	
  the	
  BP	
  was	
  higher	
  as	
  summarized	
  

in	
  Table	
  3.2.	
  Littermate	
  WT	
  controls,	
  however,	
  showed	
  protection	
  against	
  high	
  salt	
  diet.	
  When	
  

fed	
  low	
  salt	
  the	
  VDAC1	
  mice	
  had	
  no	
  significant	
  change	
  in	
  systolic	
  BP	
  when	
  compared	
  to	
  normal	
  

chow	
  control,	
  but	
  significantly	
  higher	
  blood	
  pressure	
  than	
  their	
  WT	
  counterparts	
  as	
  

summarized	
  in	
  table	
  3.2.	
  The	
  changes	
  in	
  blood	
  pressure	
  mimic	
  the	
  fibrotic	
  phenotype,	
  where	
  

HS	
  VDAC1	
  KO	
  mice	
  had	
  mild	
  fibrosis.	
  One	
  interesting	
  idea	
  is	
  that	
  VDAC1	
  mice	
  might	
  have	
  issues	
  

with	
  the	
  regulation	
  of	
  peripheral	
  vascular	
  resistance	
  and	
  as	
  a	
  result	
  of	
  hypoperfusion	
  there	
  is	
  

inflammation	
  in	
  the	
  kidneys;	
  however,	
  the	
  underlying	
  causes	
  of	
  the	
  changes	
  in	
  BP	
  need	
  to	
  be	
  

further	
  investigated.	
  	
  

VDAC1	
  KO	
  mice	
  have	
  problems	
  with	
  handling	
  water	
  and	
  salt	
  balance.	
  When	
  fed	
  HS	
  they	
  

excrete	
  significantly	
  lower	
  amounts	
  of	
  Na+	
  than	
  the	
  WT	
  as	
  shown	
  in	
  figure	
  3.4,	
  while	
  

simultaneously	
  excreting	
  lower	
  urine	
  volume	
  (table	
  3.2).	
  Furthermore,	
  they	
  had	
  a	
  higher	
  

abundance	
  of	
  aquaporin	
  (AQP)	
  2	
  in	
  the	
  cortex	
  as	
  summarized	
  in	
  figure	
  3.6.	
  AQP2	
  is	
  solely	
  found	
  

on	
  the	
  apical	
  surface	
  of	
  kidney	
  collecting	
  duct	
  principal	
  cells,	
  and	
  it	
  is	
  responsible	
  for	
  



	
   32	
  

reabsorption	
  of	
  water	
  from	
  the	
  urine	
  back	
  into	
  the	
  blood	
  (67).	
  Therefore,	
  upregulation	
  of	
  AQP2	
  

in	
  the	
  VDAC1	
  KO	
  mice	
  could	
  explain	
  the	
  lower	
  urine	
  output	
  volume	
  vs	
  WT	
  controls.	
  On	
  LS	
  diet	
  

VDAC1	
  KO	
  mice	
  seem	
  to	
  concentrate	
  their	
  urine	
  more	
  and	
  have	
  no	
  significant	
  difference	
  in	
  

water	
  intake	
  or	
  urine	
  output	
  than	
  the	
  WT	
  mice.	
  It	
  is	
  possible	
  that	
  in	
  response	
  to	
  stress,	
  

osmoreceptors	
  in	
  the	
  hypothalamus	
  release	
  the	
  antidiuretic	
  hormone	
  vasopressin	
  causing	
  up	
  

regulation	
  of	
  the	
  expression	
  of	
  AQP2	
  as	
  well	
  as	
  affecting	
  the	
  peripheral	
  vascular	
  resistance	
  that	
  

might	
  be	
  causing	
  inflammation	
  to	
  the	
  kidney.	
  UTA1	
  is	
  also	
  regulated	
  by	
  ADH;	
  however,	
  its	
  

expression	
  was	
  down	
  regulated	
  suggesting	
  that	
  the	
  regulatory	
  pathways	
  for	
  both	
  AQP2	
  and	
  

UTA1	
  are	
  disturbed	
  in	
  VDAC1	
  KO	
  mice.	
  Since	
  VDAC1	
  is	
  involved	
  in	
  multiple	
  pathways	
  including	
  

Ca2+	
  signaling,	
  exo-­‐	
  and	
  endocytosis,	
  vesicular	
  trafficking	
  and	
  protein	
  production	
  among	
  others;	
  

multiple	
  pathways	
  are	
  affected	
  causing	
  changes	
  in	
  normal	
  water	
  and	
  salt	
  channels	
  and	
  

transporters	
  (23,64,65,66).	
  Additionally,	
  differences	
  in	
  the	
  expression	
  of	
  both	
  AQP2	
  and	
  UTA1	
  

in	
  VDAC1	
  KO	
  mice	
  might	
  be	
  implicated	
  with	
  problems	
  with	
  trafficking.	
  	
  

This	
  work	
  has	
  direct	
  impact	
  on	
  public	
  health	
  by	
  identifying	
  pathways	
  affected	
  by	
  

polymorphisms	
  associated	
  with	
  genomic	
  and	
  mitochondrial	
  DNA	
  mutations	
  in	
  hypertensive	
  

patients.	
  	
  Western	
  cuisine	
  is	
  often	
  high	
  in	
  salt	
  content;	
  therefore,	
  it	
  is	
  possible	
  that	
  the	
  

underlying	
  cause	
  of	
  some	
  unknown	
  high	
  blood	
  pressure	
  cases	
  and	
  kidney	
  damage	
  might	
  be	
  due	
  

to	
  mitochondrial	
  maladies.	
  Overall,	
  this	
  study	
  is	
  the	
  first	
  to	
  identify	
  mitochondrial	
  calcium	
  

uptake	
  to	
  be	
  an	
  integral	
  part	
  in	
  the	
  regulation	
  of	
  normal	
  water	
  and	
  salt	
  balance.	
  Understanding	
  

the	
  underlying	
  cause	
  of	
  the	
  fibrosis,	
  hyponatremia	
  and	
  hypotension	
  can	
  help	
  with	
  the	
  

development	
  of	
  treatments	
  for	
  hypertension	
  and	
  kidney	
  disease.	
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The	
  appearance	
  of	
  mitochondria	
  in	
  eukaryotic	
  cells	
  is	
  thought	
  to	
  have	
  occurred	
  millions	
  

of	
  years	
  ago	
  and	
  represents	
  an	
  important	
  step	
  in	
  the	
  evolution	
  of	
  the	
  eukaryotic	
  cell.	
  	
  Indeed,	
  

mitochondria	
  serve	
  many	
  cellular	
  functions	
  including,	
  of	
  course,	
  cell	
  respiration.	
  	
  In	
  addition	
  to	
  

being	
  the	
  “powerhouse	
  of	
  the	
  cell,”	
  mitochondria	
  play	
  many	
  important	
  roles	
  including	
  

regulation	
  of	
  intracellular	
  calcium	
  ([Ca2+]I).	
  	
  [Ca2+]i	
  is	
  an	
  important	
  signaling	
  molecule	
  in	
  all	
  cells.	
  	
  	
  

[Ca2+]i	
  regulates	
  cellular	
  contraction,	
  apoptosis,	
  signaling,	
  vesicular	
  fusion,	
  and	
  many	
  other	
  

processes(64,65,66).	
  	
  To	
  ensure	
  that	
  each	
  of	
  these	
  processes	
  remains	
  in	
  balance,	
  the	
  cell	
  must:	
  	
  

1)	
  keep	
  [Ca2+]I	
  low	
  under	
  basal	
  conditions	
  so	
  that	
  no	
  process	
  is	
  inadvertently	
  activated	
  and	
  2)	
  

compartmentalize	
  [Ca2+]I	
  within	
  the	
  cell	
  so	
  that	
  signaling	
  processes	
  can	
  be	
  confined	
  to	
  a	
  certain	
  

region	
  of	
  the	
  cell.	
  	
  Mitochondria	
  can	
  participate	
  in	
  both	
  of	
  these	
  processes	
  with	
  an	
  emphasis	
  on	
  

the	
  latter	
  (8,18,46,47)	
  

It	
  is	
  a	
  well-­‐known	
  fact	
  that	
  in	
  neurons	
  and	
  pancreatic	
  acinar	
  cells,	
  mitochondria	
  can	
  

localize	
  to	
  particular	
  regions	
  of	
  the	
  cell	
  to	
  form	
  barriers	
  to	
  [Ca2+]I	
  diffusion(8,18,46,47).	
  This	
  is	
  

established	
  by	
  a	
  process	
  analogous	
  to	
  soaking	
  up	
  a	
  pool	
  of	
  water	
  with	
  a	
  wall	
  of	
  sponges.	
  	
  The	
  

mitochondria	
  suck	
  up	
  excessive	
  calcium	
  but,	
  like	
  sponges,	
  have	
  limited	
  capacity	
  and	
  eventually	
  

must	
  slowly	
  extrude	
  their	
  built	
  up	
  Ca2+	
  so	
  as	
  to	
  avoid	
  triggering	
  apoptosis,	
  a	
  process	
  that	
  occurs	
  

when	
  mitochondrial	
  Ca2+	
  concentrations	
  become	
  too	
  high	
  (9).	
  	
  Thus,	
  the	
  localization	
  of	
  

mitochondria	
  in	
  a	
  cell	
  can	
  be	
  seen	
  as	
  walls	
  to	
  [Ca2+]I	
  movement	
  within	
  the	
  cell.	
  	
  

[Ca2+]I	
  	
  increases	
  that	
  occur	
  downstream	
  of	
  signaling	
  pathways	
  use	
  two	
  primary	
  routes:	
  	
  

entry	
  from	
  the	
  extracellular	
  milieu	
  where	
  Ca2+	
  concentrations	
  are	
  much	
  higher(67)	
  or	
  efflux	
  

from	
  Ca2+	
  	
  stores	
  in	
  the	
  sarco/endoplasmic	
  reticulum	
  that	
  are	
  maintained	
  at	
  high	
  levels	
  by	
  

activity	
  of	
  the	
  sarco/endoplasmic	
  reticular	
  Ca2+	
  ATPase	
  (8).	
  	
  In	
  addition	
  to	
  their	
  general	
  [Ca2+]I	
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uptake	
  function,	
  mitochondria	
  have	
  been	
  shown	
  to	
  intimately	
  associate	
  with	
  ER	
  at	
  regions	
  

known	
  as	
  mitochondria	
  associated	
  ER	
  membranes	
  (10,11,14).	
  	
  In	
  these	
  regions,	
  a	
  complex	
  of	
  

proteins	
  link	
  the	
  two	
  organelles	
  together	
  and,	
  indeed,	
  mitochondria	
  localized	
  near	
  ER	
  show	
  

higher	
  concentrations	
  of	
  intra-­‐mitochondrial	
  calcium	
  than	
  mitochondria	
  that	
  are	
  not	
  associated	
  

with	
  ER	
  (10,11,14).	
  	
  Extrusion	
  of	
  Ca2+	
  from	
  the	
  ER	
  is	
  mediated	
  by	
  either	
  of	
  two	
  Ca2+	
  channels:	
  	
  

the	
  inositol	
  trisphosphate	
  (IP3)	
  receptor	
  or	
  the	
  ryanodine	
  receptor.	
  	
  One	
  particular	
  IP3R	
  

subtype	
  (III)	
  associates	
  with	
  the	
  voltage	
  dependent	
  anion	
  channel	
  (VDAC)	
  1	
  on	
  the	
  surface	
  of	
  

the	
  outer	
  mitochondrial	
  membrane	
  (9).	
  	
  This	
  interaction	
  is	
  both	
  direct	
  and	
  mediated	
  by	
  two	
  

other	
  proteins:	
  	
  mitofusin	
  2	
  and	
  GRP75	
  which	
  hold	
  the	
  entire	
  complex	
  together	
  (9,10).	
  	
  Despite	
  

its	
  name,	
  VDAC1	
  is	
  a	
  rather	
  non-­‐selective	
  channel	
  and	
  can	
  transport	
  anions	
  and	
  cations	
  and	
  

also	
  small	
  molecules	
  such	
  as	
  ATP.	
  	
  The	
  family	
  of	
  VDAC	
  channels	
  serve	
  as	
  the	
  primary	
  

mechanism	
  of	
  Ca2+	
  transport	
  across	
  the	
  outer	
  mitochondrial	
  membrane	
  (16,45,57).	
  	
  	
  

In	
  a	
  recent	
  set	
  of	
  experiments,	
  we	
  investigated	
  the	
  role	
  of	
  mitochondria	
  in	
  calcium	
  

uptake	
  in	
  renal	
  cortical	
  CCD	
  principal	
  cells	
  and	
  in	
  the	
  subsequent	
  regulation	
  of	
  the	
  renal	
  

epithelial	
  sodium	
  channel	
  (ENaC)	
  (18).	
  	
  In	
  the	
  present	
  work,	
  we	
  tested	
  the	
  hypothesis	
  that	
  

mitochondria	
  associate	
  with	
  endoplasmic	
  reticulum	
  in	
  these	
  cells.	
  	
  Using	
  electron	
  microscopy	
  

and	
  immunofluorescence	
  on	
  isolated	
  cells	
  and	
  kidneys,	
  we	
  show	
  that	
  these	
  two	
  organelles	
  do,	
  

indeed,	
  interact.	
  	
  Since	
  ENaC	
  is	
  regulated	
  by	
  both	
  mitochondrial	
  and	
  endoplasmic	
  reticular	
  

calcium	
  pathways,	
  this	
  work	
  may	
  have	
  important	
  implications	
  for	
  the	
  regulation	
  of	
  this	
  protein.	
  

Methods	
  

Animals.	
  	
  Animals	
  were	
  housed	
  and	
  used	
  as	
  described	
  in	
  chapter	
  3.	
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Live	
  Cell	
  Staining.	
  	
  MpkCCD	
  cells	
  were	
  grown	
  to	
  confluency	
  on	
  24	
  mm	
  transwell	
  inserts	
  and	
  

stained	
  with	
  mitotrackerRed	
  and	
  ERtracker	
  blue	
  according	
  to	
  the	
  protocols	
  contained	
  in	
  the	
  

package	
  insert	
  immediately	
  prior	
  to	
  visualization	
  on	
  an	
  Olympus	
  FV1000	
  upright	
  microscope.	
  	
  Z	
  

stacks	
  were	
  performed	
  with	
  twenty	
  1µm	
  thick	
  consecutive	
  images.	
  

Transmission	
  Electron	
  Microscopy.	
  	
  Mice	
  were	
  anesthetized	
  with	
  a	
  cocktail	
  of	
  ketamine:xylazine	
  

and	
  perfused	
  via	
  the	
  abdominal	
  aorta	
  with	
  PBS	
  to	
  remove	
  blood	
  followed	
  by	
  a	
  solution	
  of	
  4%	
  

glutaraldehyde.	
  	
  Kidneys	
  were	
  removed	
  and	
  processed	
  and	
  imaged	
  by	
  the	
  Robert	
  P	
  Apkarian	
  

electron	
  microscopy	
  facility.	
  	
  	
  

Immunofluorescence.	
  	
  In	
  the	
  cell	
  experiments,	
  cells	
  were	
  washed	
  with	
  PBS	
  followed	
  by	
  a	
  

solution	
  of	
  4%	
  paraformaldehyde.	
  	
  Cells	
  were	
  mounted	
  on	
  a	
  glass	
  slide	
  for	
  staining.	
  	
  For	
  animal	
  

experiments,	
  mice	
  were	
  perfused	
  via	
  the	
  abdominal	
  aorta	
  with	
  PBS	
  followed	
  by	
  4%	
  

paraformaldehyde.	
  	
  Kidneys	
  were	
  removed	
  and	
  embedded	
  in	
  paraffin	
  wax,	
  sectioned	
  to	
  4	
  µm	
  

sections,	
  and	
  mounted	
  on	
  slides.	
  	
  Slides	
  were	
  stained	
  for	
  immunofluorescence	
  by	
  the	
  method	
  

used	
  by	
  the	
  Sands	
  group	
  at	
  Emory	
  University	
  (69).	
  	
  VDAC1	
  was	
  stained	
  with	
  a	
  donkey	
  anti-­‐

rabbit	
  polyclonal	
  antibody	
  from	
  Santa	
  Cruz	
  and	
  IP3RIII	
  was	
  stained	
  with	
  a	
  donkey	
  anti-­‐goat	
  

polyclonal	
  antibody	
  from	
  Proteintech.	
  	
  Alexa	
  fluor	
  488	
  rabbit	
  and	
  Alexa	
  Fluor	
  568	
  goat	
  were	
  

then	
  used	
  to	
  visualize	
  the	
  proteins.	
  	
  Slides	
  were	
  imaged	
  on	
  an	
  Olympus	
  FV1000	
  upright	
  

microscope.	
  

Data	
  Analysis	
  and	
  Statistics.	
  	
  To	
  determine	
  colocalization,	
  the	
  algorithms	
  of	
  ImageJ	
  coloc2	
  were	
  

used.	
  These	
  algorithms	
  examine	
  merged	
  images	
  pixel	
  by	
  pixel	
  for	
  red	
  and	
  green	
  and	
  provide	
  

estimates	
  of	
  colocalization	
  represented	
  in	
  the	
  scatterplots/2D	
  histograms.	
  Pearson’s	
  correlation	
  

coefficient	
  was	
  used	
  to	
  determine	
  degree	
  of	
  colocalization	
  (17).	
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Results	
  

Mitochondria	
  and	
  ER	
  lie	
  in	
  close	
  proximity	
  in	
  mouse	
  CCD	
  principal	
  cells.	
  	
  In	
  figure	
  4.1,	
  we	
  used	
  

transmission	
  electron	
  microscopy	
  to	
  observe	
  the	
  localization	
  of	
  ER	
  and	
  mitochondria	
  in	
  CCD	
  

principal	
  cells	
  from	
  wild	
  type	
  mice	
  (A)	
  or	
  mice	
  lacking	
  VDAC1	
  (B).	
  	
  Principal	
  cells	
  were	
  identified	
  

by	
  the	
  presence	
  of	
  primary	
  cilia.	
  	
  Black	
  circles	
  show	
  points	
  of	
  contact	
  of	
  the	
  ER	
  and	
  

mitochondria.	
  	
  We	
  conclude	
  that	
  mitochondria	
  and	
  ER	
  lie	
  in	
  close	
  proximity	
  in	
  principal	
  cells	
  

from	
  both	
  the	
  wild	
  type	
  and	
  the	
  VDAC1	
  knockout	
  mice.	
  	
  

VDAC1	
  and	
  IP3RIII	
  co-­‐localize	
  in	
  CCD	
  principal	
  cells	
  both	
  in	
  animals	
  and	
  in	
  cell	
  culture.	
  	
  In	
  

mitochondria	
  associated	
  ER	
  membranes,	
  VDAC1	
  and	
  IP3RIII	
  proteins	
  directly	
  associate.	
  	
  We	
  

used	
  immunofluorescence	
  experiments	
  with	
  VDAC1	
  (green)	
  and	
  IP3RIII	
  (red)	
  antibodies	
  to	
  

determine	
  whether	
  these	
  two	
  proteins	
  associate	
  in	
  principal	
  cells.	
  	
  Figure	
  4.2A	
  shows	
  an	
  image	
  

of	
  the	
  cortex	
  of	
  a	
  wild	
  type	
  mouse	
  stained	
  with	
  these	
  two	
  antibodies.	
  	
  The	
  lower	
  panel	
  shows	
  

co-­‐localization	
  of	
  the	
  two	
  proteins	
  in	
  the	
  cortex	
  overall	
  and	
  in	
  what	
  we	
  believe	
  to	
  be	
  the	
  CCD.	
  	
  

Figure	
  4.2B	
  shows	
  our	
  method	
  for	
  identifying	
  the	
  CCD.	
  	
  In	
  this	
  image,	
  we	
  again	
  used	
  the	
  VDAC1	
  

antibody	
  (green)	
  but	
  counterstained	
  the	
  principal	
  cells	
  using	
  an	
  antibody	
  against	
  aquaporin	
  2,	
  a	
  

protein	
  known	
  only	
  to	
  be	
  expressed	
  in	
  principal	
  cells.	
  	
  Interestingly,	
  the	
  cells	
  that	
  stained	
  with	
  

aquaporin	
  2	
  expressed	
  VDAC1	
  primarily	
  at	
  or	
  near	
  the	
  plasma	
  membrane.	
  	
  We	
  used	
  this	
  unique	
  

feature	
  of	
  the	
  CCD	
  to	
  identify	
  CCD	
  as	
  tubules	
  expressing	
  VDAC1	
  at	
  or	
  near	
  the	
  plasma	
  

membrane	
  in	
  panel	
  4.2A.	
  	
  In	
  2C	
  and	
  D,	
  we	
  repeated	
  the	
  co-­‐localization	
  experiment	
  in	
  A6	
  and	
  

mpkCCD	
  cells,	
  a	
  frog	
  and	
  mouse	
  principal	
  cell	
  line,	
  respectively.	
  	
  The	
  lower	
  panels	
  show	
  the	
  

extent	
  of	
  co-­‐localization	
  of	
  the	
  two	
  proteins	
  in	
  each	
  figure.	
  	
  We	
  conclude	
  from	
  the	
  very	
  high	
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degree	
  of	
  co-­‐localization	
  of	
  these	
  two	
  proteins	
  in	
  both	
  animals	
  and	
  cell	
  lines	
  that	
  mitochondria	
  

and	
  ER	
  directly	
  associate	
  in	
  CCD	
  principal	
  cells.	
  

Discussion	
  

The	
  data	
  outlined	
  herein	
  clearly	
  demonstrate	
  a	
  close	
  association	
  between	
  mitochondria	
  

and	
  endoplasmic	
  reticulum	
  in	
  renal	
  cortical	
  collecting	
  duct	
  principal	
  cells.	
  	
  Mitochondria	
  and	
  ER	
  

associate	
  in	
  many	
  different	
  tissues	
  but,	
  to	
  our	
  knowledge,	
  this	
  association	
  has	
  never	
  been	
  

previously	
  demonstrated	
  for	
  any	
  kidney	
  cell	
  type	
  and	
  these	
  data	
  therefore	
  pave	
  the	
  way	
  for	
  

future	
  experiments	
  determining	
  how	
  this	
  association	
  impacts	
  renal	
  function.	
  	
  Our	
  previous	
  

work	
  was	
  the	
  first	
  to	
  show	
  that	
  mitochondrial	
  calcium	
  uptake	
  can	
  regulate	
  the	
  activity	
  of	
  ENaC	
  

in	
  CCD	
  principal	
  cells(18).	
  	
  One	
  obvious	
  future	
  direction	
  is	
  to	
  determine	
  the	
  role,	
  if	
  any,	
  that	
  

association	
  between	
  ER	
  and	
  mitochondria	
  affects	
  this	
  channel.	
  	
  With	
  such	
  a	
  wide	
  array	
  of	
  

channels	
  and	
  transporters	
  in	
  the	
  kidney	
  tubules	
  being	
  dependent	
  on	
  [Ca2+]i,	
  the	
  future	
  

directions	
  of	
  how	
  MAMs	
  regulate	
  renal	
  channels	
  and	
  transporters	
  are	
  seemingly	
  endless.	
  	
  The	
  

Han	
  family	
  in	
  China,	
  a	
  well-­‐studied	
  family	
  with	
  maternally	
  inherited	
  salt-­‐sensitive	
  hypertension,	
  

has	
  a	
  gain	
  of	
  function	
  of	
  VDAC	
  activity,	
  though	
  the	
  molecular	
  mechanism	
  underlying	
  this	
  gain	
  of	
  

function	
  is	
  unknown	
  (19).	
  	
  Understanding	
  how	
  VDAC	
  and	
  MAMs	
  in	
  general	
  can	
  regulate	
  sodium	
  

channels	
  such	
  as	
  ENaC	
  and	
  others	
  in	
  the	
  kidney	
  is	
  therefore	
  a	
  worthwhile	
  endeavor.	
  	
  	
  

In	
  figure	
  4.1,	
  we	
  compared	
  TEM	
  images	
  of	
  principal	
  cells	
  from	
  wild	
  type	
  and	
  VDAC1	
  

knockout	
  mice.	
  	
  The	
  goal	
  of	
  this	
  experiment	
  was	
  to	
  determine	
  whether	
  mitochondria	
  and	
  ER	
  

can	
  associate	
  without	
  VDAC1.	
  	
  In	
  the	
  image	
  of	
  the	
  VDAC1	
  knockout	
  kidney,	
  the	
  mitochondria	
  

and	
  ER	
  still	
  appear	
  to	
  lie	
  in	
  close	
  proximity	
  to	
  one	
  another.	
  	
  	
  One	
  limitation	
  of	
  this	
  study,	
  

however,	
  is	
  that	
  we	
  have	
  no	
  way	
  of	
  knowing	
  if	
  the	
  mitochondria	
  and	
  ER	
  directly	
  interact	
  of	
  are	
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simply	
  in	
  close	
  proximity.	
  	
  Our	
  Immuno	
  fluorescence	
  tells	
  us	
  that	
  they	
  do	
  interact	
  in	
  wild	
  type	
  

mice,	
  but	
  since	
  the	
  association	
  is	
  typically	
  via	
  the	
  VDAC1	
  protein	
  and	
  the	
  VDAC1	
  antibody	
  has	
  

nothing	
  to	
  detect	
  in	
  VDAC1	
  KO	
  mice,	
  it	
  is	
  impossible	
  to	
  tell	
  using	
  this	
  technique	
  whether	
  or	
  not	
  

the	
  two	
  organelles	
  are	
  directly	
  interacting.	
  	
  One	
  interesting	
  possibility	
  is	
  that	
  VDAC2	
  or	
  3	
  are	
  

compensating	
  for	
  VDAC1	
  in	
  the	
  knockout	
  and	
  that	
  MAMs	
  still	
  form.	
  	
  A	
  future	
  direction	
  would	
  

therefore	
  be	
  to	
  test	
  for	
  co-­‐localization	
  of	
  each	
  of	
  the	
  other	
  VDAC	
  proteins	
  with	
  the	
  IP3RIII.	
  	
  It	
  is	
  

equally	
  plausible,	
  however,	
  that	
  the	
  appearance	
  of	
  ER	
  and	
  mitochondria	
  touching	
  in	
  the	
  EM	
  

pictures	
  is	
  misleading.	
  	
  The	
  mitochondria	
  of	
  VDAC1	
  KO	
  mice	
  appear	
  enlarged,	
  possibly	
  due	
  to	
  

altered	
  fission	
  and	
  fusion	
  rates	
  that	
  are	
  known	
  to	
  be	
  a	
  factor	
  in	
  these	
  animals	
  as	
  well	
  as	
  

possible	
  compensation	
  for	
  decreased	
  respiration	
  known	
  to	
  be	
  present	
  in	
  these	
  animals	
  by	
  

producing	
  more	
  mitochondria	
  (70).	
  	
  Nonetheless,	
  this	
  increased	
  number	
  of	
  mitochondria	
  take	
  

up	
  a	
  much	
  larger	
  percentage	
  of	
  the	
  cell	
  and	
  therefore	
  the	
  probability	
  of	
  mitochondria	
  lying	
  near	
  

the	
  ER	
  is	
  inherently	
  more	
  likely.	
  

In	
  figure	
  4.2,	
  we	
  showed	
  co-­‐localization	
  of	
  VDAC1	
  and	
  IP3RIII	
  in	
  cultured	
  CCD	
  principal	
  

cells	
  as	
  well	
  as	
  cortex	
  from	
  a	
  wild	
  type	
  mouse.	
  	
  These	
  data	
  suggest	
  a	
  direct	
  interaction	
  of	
  these	
  

two	
  proteins	
  and	
  therefore	
  an	
  interaction	
  of	
  mitochondria	
  and	
  ER	
  in	
  these	
  cells.	
  	
  Interestingly,	
  

in	
  the	
  proximal	
  tubules	
  in	
  the	
  mouse	
  cortex	
  (identified	
  by	
  their	
  brush	
  border),	
  we	
  saw	
  almost	
  

complete	
  co-­‐localization	
  of	
  VDAC1	
  and	
  IP3RIII	
  (ie	
  they	
  are	
  only	
  expressed	
  in	
  MAMs).	
  	
  In	
  the	
  CCD	
  

while	
  there	
  was	
  still	
  very	
  strong	
  co-­‐localization	
  (around	
  75%),	
  there	
  was	
  a	
  significant	
  fraction	
  of	
  

VDAC1	
  that	
  localized	
  at	
  or	
  near	
  the	
  plasma	
  membrane	
  and	
  did	
  not	
  co-­‐localize	
  with	
  IP3RIII	
  

indicating	
  it	
  is	
  not	
  in	
  a	
  MAM.	
  	
  VDAC1	
  has	
  been	
  shown	
  to	
  be	
  expressed	
  at	
  the	
  plasma	
  membrane	
  

in	
  many	
  other	
  cell	
  types	
  where	
  it	
  can	
  transport	
  Ca2+,	
  but	
  has	
  also	
  been	
  shown	
  to	
  transport	
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other	
  ions	
  and	
  molecules	
  such	
  as	
  ATP	
  (71).	
  	
  Principal	
  cells	
  of	
  the	
  CCD	
  rely	
  on	
  extracellular	
  ATP	
  

to	
  regulate	
  ENaC	
  activity	
  (34,48).	
  	
  Previously	
  this	
  transport	
  was	
  known	
  to	
  be	
  mediated,	
  at	
  least	
  

in	
  part,	
  by	
  the	
  activity	
  of	
  connexin	
  hemichannels.	
  	
  Future	
  experiments	
  should	
  be	
  aimed	
  at	
  

determining	
  whether	
  plasma	
  membrane	
  VDAC1	
  also	
  mediates	
  ATP	
  release	
  and	
  whether	
  or	
  not	
  

this	
  ATP	
  release	
  determines	
  channel	
  function	
  (72).	
  

Overall,	
  these	
  studies	
  impact	
  the	
  fields	
  of	
  renal	
  physiology	
  and	
  nephrology	
  by	
  showing,	
  

for	
  the	
  first	
  time,	
  the	
  association	
  of	
  mitochondria	
  and	
  ER	
  in	
  CCD	
  principal	
  cells.	
  	
  These	
  cell	
  

biology	
  experiments	
  lay	
  the	
  groundwork	
  for	
  future	
  studies	
  determine	
  the	
  impact	
  of	
  this	
  

interaction	
  on	
  kidney	
  physiology,	
  salt	
  and	
  water	
  transport,	
  blood	
  pressure	
  regulation,	
  and	
  urine	
  

concentration.	
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   Overall,	
  this	
  work	
  represents	
  a	
  collective	
  study	
  of	
  mitochondrial	
  calcium	
  uptake	
  in	
  the	
  

cortical	
  collecting	
  duct	
  principal	
  cells.	
  In	
  chapter	
  2	
  we	
  found	
  that	
  mitochondria	
  localize	
  near	
  the	
  

apical	
  and	
  basal	
  pole	
  in	
  bands	
  capable	
  of	
  sequestering	
  calcium	
  to	
  help	
  maintain	
  the	
  polarity	
  of	
  

the	
  cell.	
  The	
  work	
  outlined	
  was	
  the	
  first	
  to	
  link	
  mitochondrial	
  Ca2+	
  uptake	
  to	
  the	
  regulation	
  of	
  

ENaC.	
  In	
  chapter	
  2	
  we	
  investigated	
  the	
  physiological	
  impairments	
  caused	
  by	
  misregulation	
  of	
  

mitochondrial	
  Ca2+	
  uptake.	
  We	
  found	
  that	
  under	
  normal	
  conditions,	
  VDAC1	
  KO	
  have	
  relatively	
  

normal	
  renal	
  and	
  cardiovascular	
  function.	
  However,	
  when	
  under	
  the	
  stress	
  of	
  a	
  high	
  salt	
  diet	
  

mice	
  developed	
  fibrosis,	
  had	
  problems	
  with	
  urine	
  concentration	
  and	
  sodium	
  excretion.	
  Finally,	
  

in	
  chapter	
  3	
  we	
  investigated	
  the	
  presence	
  of	
  and	
  mitochondria	
  associated	
  membranes	
  with	
  the	
  

ER	
  to	
  form	
  calcium	
  microdomains	
  both	
  in	
  vitro	
  and	
  in	
  vivo.	
  These	
  data	
  have	
  implications	
  to	
  the	
  

field	
  of	
  molecular	
  biology,	
  biochemistry,	
  transport	
  regulation,	
  renal	
  physiology,	
  hypertension	
  

and	
  disease.	
  	
  

	
   Mitochondrial	
  bands	
  acting	
  as	
  buffers	
  have	
  been	
  previously	
  found	
  solely	
  in	
  pancreatic	
  

acinar	
  cells,	
  airway	
  epithelia	
  and	
  neurons.	
  The	
  work	
  presented	
  herein	
  shows	
  that	
  other	
  

epithelial	
  cells	
  have	
  these	
  bands	
  and	
  they	
  might	
  not	
  be	
  as	
  “specialized”	
  as	
  once	
  previously	
  

thought	
  (40,41).	
  The	
  data	
  highlights	
  the	
  importance	
  of	
  mitochondrial	
  Ca2+	
  uptake	
  in	
  the	
  

regulation	
  of	
  ion	
  channels.	
  The	
  differences	
  in	
  expression	
  of	
  proteins	
  like	
  AQP2	
  and	
  UTA1	
  in	
  the	
  

VDAC1	
  KO	
  mice	
  when	
  compared	
  to	
  the	
  WT,	
  and	
  appearance	
  of	
  vesicles	
  in	
  VDAC1	
  KO	
  mice	
  

suggest	
  that	
  vesicular	
  trafficking	
  might	
  be	
  affected	
  by	
  disturbing	
  mitochondrial	
  Ca2+	
  uptake	
  in	
  

these	
  animals.	
  These	
  experiments	
  may	
  pave	
  the	
  way	
  for	
  future	
  experiments	
  in	
  the	
  role	
  of	
  

mitochondria	
  in	
  trafficking.	
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   Aside	
  from	
  mitochondrial	
  Ca2+	
  regulating	
  Cl-­‐	
  channels	
  in	
  the	
  lung	
  no	
  other	
  experiments	
  

have	
  shown	
  mitochondrial	
  Ca2+	
  regulating	
  any	
  channels	
  or	
  transporters	
  anywhere	
  else	
  (41).	
  

These	
  experiments	
  support	
  the	
  hypothesis	
  that	
  mitochondrial	
  Ca2+	
  regulates	
  channels	
  in	
  the	
  

kidney.	
  Therefore,	
  these	
  results	
  have	
  great	
  implications	
  for	
  transport	
  regulation.	
  The	
  

compilation	
  of	
  this	
  work	
  and	
  the	
  results	
  by	
  the	
  Tinel	
  et	
  al.	
  suggests	
  that	
  mitochondria	
  in	
  other	
  

epithelial	
  might	
  regulate	
  channels	
  and	
  transporters.	
  This	
  has	
  implications	
  for	
  all	
  channel	
  and	
  

transporter	
  diseases	
  like	
  hypertension,	
  urine	
  concentration,	
  acid	
  base	
  balance,	
  cystic	
  fibrosis,	
  

asthma	
  and	
  gut	
  reabsorption	
  diseases	
  so	
  they	
  should	
  be	
  studied	
  accordingly.	
  

	
   The	
  novelty	
  of	
  these	
  data	
  is	
  that	
  they	
  are	
  the	
  first	
  to	
  implicate	
  Ca2+	
  uptake	
  in	
  the	
  

regulation	
  of	
  ENaC	
  in	
  principal	
  cells,	
  as	
  well	
  as	
  the	
  physiological	
  relevance	
  of	
  proper	
  Ca2+	
  

buffering	
  in	
  normal	
  renal	
  function.	
  When	
  the	
  ability	
  of	
  mitochondria	
  to	
  take	
  up	
  Ca2+	
  is	
  deceased	
  

as	
  is	
  the	
  case	
  in	
  the	
  VDAC1	
  KO	
  mice,	
  they	
  develop	
  mild	
  interstitial	
  fibrosis,	
  misregulation	
  of	
  

sodium	
  and	
  water	
  transport	
  and	
  alteration	
  in	
  urine	
  concentration	
  when	
  physiologically	
  

challenged	
  by	
  their	
  diet,	
  indicative	
  of	
  defects	
  in	
  normal	
  water	
  and	
  salt	
  balance	
  in	
  the	
  kidneys.	
  

Fibrosis	
  has	
  implications	
  for	
  diabetes,	
  because	
  renal	
  fibrosis	
  is	
  an	
  important	
  issue	
  in	
  diabetic	
  

nephropathy.	
  Therefore,	
  this	
  work	
  could	
  help	
  with	
  the	
  development	
  of	
  new	
  treatments	
  by	
  

improving	
  our	
  understanding	
  of	
  hypertension	
  and	
  disease.	
  	
  

	
   These	
  data	
  oppose	
  the	
  hypertensive	
  phenotype	
  seen	
  in	
  the	
  VDAC	
  mutation	
  in	
  Chinese	
  

humans	
  (19)	
  and	
  suggest	
  that	
  VDAC1	
  has	
  a	
  detrimental	
  effect	
  on	
  ENaC	
  regulation	
  and	
  blood	
  

pressure	
  under	
  altered	
  salt	
  diet	
  conditions	
  rather	
  than	
  a	
  helpful	
  one.	
  Suggesting,	
  that	
  inability	
  

to	
  buffer	
  and	
  take	
  up	
  Ca2+	
  has	
  detrimental	
  effects	
  on	
  normal	
  renal	
  function.	
  The	
  findings	
  on	
  the	
  

mild	
  fibrosis	
  have	
  implications	
  in	
  the	
  treatment	
  of	
  kidney	
  damage	
  because	
  fibrosis	
  is	
  often	
  one	
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of	
  the	
  first	
  symptoms	
  (73).	
  Furthermore,	
  the	
  damage	
  to	
  the	
  glomeruli	
  can	
  be	
  due	
  to	
  

hypoperfusion	
  mimicking	
  the	
  effects	
  of	
  nephropathy	
  (damage	
  to	
  the	
  kidney).	
  VDAC1	
  was	
  found	
  

to	
  localize	
  on	
  the	
  cell	
  membrane	
  of	
  principal	
  cells;	
  however,	
  its	
  function	
  on	
  cell	
  membrane	
  

remains	
  unknown.	
  It	
  is	
  possible	
  that	
  membrane	
  bound	
  VDAC1	
  is	
  involved	
  in	
  mediating	
  ATP	
  

release	
  into	
  the	
  tubular	
  lumen,	
  which	
  then	
  activates	
  purinergic	
  receptors	
  causing	
  an	
  increase	
  in	
  

[Ca2+]I	
  that	
  activates	
  a	
  signaling	
  cascade	
  inhibiting	
  ENaC.	
  VDAC1	
  on	
  the	
  plasma	
  membrane	
  

possibly	
  affects	
  the	
  regulation	
  of	
  blood	
  pressure	
  and	
  other	
  disease.	
  

	
   In	
  summary,	
  the	
  data	
  presented	
  in	
  my	
  thesis	
  lays	
  the	
  ground	
  work	
  for	
  future	
  research	
  in	
  

the	
  role	
  of	
  mitochondria	
  associated	
  membranes	
  in	
  the	
  principal	
  cells,	
  as	
  well	
  as	
  their	
  

functionality	
  or	
  lack	
  of	
  thereof	
  when	
  VDAC1	
  is	
  silenced.	
  We	
  are	
  one	
  of	
  the	
  first	
  groups	
  to	
  

suggest	
  that	
  basolateral	
  increases	
  in	
  [Ca2+]I	
  stimulate	
  ENaC,	
  but	
  the	
  details	
  of	
  the	
  mechanism	
  

remain	
  unknown.	
  It	
  is	
  possible	
  that	
  VDAC3	
  compensates	
  for	
  some	
  of	
  the	
  VDAC1	
  roles	
  making	
  it	
  

imperative	
  to	
  investigate	
  and	
  characterize	
  renal	
  function	
  in	
  VDAC3	
  KO	
  mice.	
  Even	
  though	
  

plasma	
  membrane	
  VDAC1	
  has	
  been	
  observed	
  in	
  multiple	
  tissues	
  its	
  role	
  in	
  cell	
  function	
  is	
  not	
  

thoroughly	
  understood.	
  	
  A	
  future	
  aim	
  should	
  be	
  to	
  investigate	
  whether	
  VDAC1	
  channels	
  on	
  the	
  

plasma	
  membrane	
  of	
  the	
  cortical	
  collecting	
  duct	
  principal	
  cells	
  act	
  similarly	
  to	
  connexin	
  

hemichannels	
  and	
  transport	
  ATP	
  into	
  the	
  cell	
  and	
  whether	
  or	
  not	
  this	
  ATP	
  release	
  determines	
  

channel	
  function.	
  Additionally,	
  we	
  could	
  breed	
  a	
  VDAC1/VDAC3	
  KO	
  mice	
  to	
  eliminate	
  the	
  

possible	
  compensatory	
  mechanism.	
  Such	
  experiments	
  should	
  help	
  determine	
  the	
  contribution	
  

of	
  mitochondrial	
  calcium	
  in	
  the	
  regulation	
  of	
  signaling	
  pathways	
  to	
  hypertension,	
  diabetes	
  and	
  

kidney	
  disease	
  and	
  may	
  help	
  pave	
  the	
  way	
  for	
  the	
  discovery	
  of	
  novel	
  therapies.	
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Figure 3.3. Systolic Blood pressure Wild type and VDAC1 Knock Out mice.WT and VDAC1 knock out
mice were fed normal chow, no salt, high salt of high salt benzamil and urine osmolality was measured
before and two weeks after treatment. Significant difference to normal chow is indicated by a, significant
difference to same diet WT is indicated by b (ANOVA N=4 p<0.05)
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Figure 3.4. Urine Sodium in Wild type and VDAC1 Knock Out mice. WT and VDAC1 knock out mice
were fed normal chow, no salt, high salt of high salt benzamil and urine sodium was measured before and
two weeks after treatment. Significant difference to normal chow is indicated by a, significant difference to
same diet WT is indicated by b (ANOVA N=4 p<0.05)
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Figure 3.5. Urine Osmolality of Wild type and VDAC1 Knock Out mice. WT and VDAC1 knock out
mice were fed normal chow, no salt, high salt of high salt benzamil and systolic blood pressure was
measured before and two weeks after treatment. Significant difference to normal chow is indicated by a,
significant difference to same diet WT is indicated by b (ANOVAN=4 p<0.05)
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