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The pH as Controlling Factor of Shape and 
Function of Mitochondria 

Previous  inves t iga t ions  1 showed t h a t  the  func t iona l  
modi f ica t ions  of mi tochondr i a  are closely re la ted  to  the i r  
morphologica l  changes ;  in the  swelling which,  wi th in  
cer ta in  limits, seems to occur in the  cell according to a 
funct ional  correlat ion,  an increase in ox ida t ions  usual ly  
takes  place;  when swelling is considerable  a loss of 
co-factors  and uncoupl ing of ox ida t ive  phosphory l a t i on  
may  be observed.  

Swelling appears  to be under  t he  cont ro l  of h o r m o n a l  
and nervous factors ~,2 in physiological  condi t ions ,  bu t  
no th ing  is known as ye t  of the  mechan i sm control l ing 
the morphological  and func t iona l  regula t ion  of mi to-  
chondr ia  wi thin  the  cell. As m i t o c h o n d r i a  have  a semi-  
permeable  membrane ,  swelling was re la ted  to hypo ton i c  
var ia t ions  of the  m e d i u m  ~,4. Scarce  d a t a  exis t  on the  
possible influence of t he  pH,  and  these  are only  inci- 
den ta l ly  men t ioned  in the  course of o the r  inves t iga-  
t ions 5-s, in spi te  of the  i m p o r t a n c e  of electric po ten t i a l  
var ia t ions  on m e m b r a n a  p h e n o m e n a  in general .  We  have  
also not iced tha t ,  a l t hough  the  p H  wi th in  t he  cells is 
generally supposed to be acidg, 20, mos t  recen t  inves t iga-  
t ions i n  vitro on m i t o c h o n d r i a  ox ida t ive  p h o s p h o r y l a t i o n  
were carr ied out  (with  a few excep t ions  n- la)  a t  a s t a n d a r d  
p i t  of 7.4. We therefore  bel ieved i t  would  be in te res t ing  
to carry out  a sy s t ema t i c  inves t iga t ion  on the  inf luence 
of pH on the  s t ruc tu re  and  func t ion  of m i t o c h o n d r i a  in  
vivo and in  vitro.  The m o s t  s igni f icant  f indings will now 
be described.  

The diff icul ty of app ly ing  the  e lec t romet r ic  m e t h o d  to  
the  s tudy  of in t race l lu lar  p H  induced  us to  a d o p t  t he  
colorimetr ic  m e t h o d  descr ibed  by  CLARK 14 AS indica tors  
we used 0.04% aqueous  solu t ions  of B r o m o t h y m o l  blue 
(p i t  range 6.0-7.6), B r o m o p h e n o l  red  (pH range 5.2-7), 
Neut ra l  red (pH range 7-8). The  ind ica tors  were in jec ted  
into l abora to ry  animals ,  t e s t ed  on the  fresh t issues by  
the  squash  t echn ique  or inocula ted  in to  the  cells by  the  
m e t h o d  of micro- inject ion,  accord ing  to CHAMBERS and  
FELL 15. S t a n d a r d  quan t i t i e s  of the  in t racel lu lar  com- 
ponen t s  isolated by  d i f f e r e n t i a l  cen t r i fuga t ion  were 
tes ted  wi th  the  ind ica tors  in special,  ca l ib ra ted  cells of 
' P e r p e x '  and  the  var ia t ions  of the  colour were compared  
wi th  a color imetr ic  scale a t  var ious  pH.  

W e  were,  in general ,  able to  conf i rm t h a t  in m o s t  
t issues in t racel lular  p H  are lower t h a n  t h a t  of blood 
plasma,  as a l ready observed  b y  o the r  au tho r s  9'~°. Values 
f rom 6.4 to 7.3 were found  by  us in guinea-pig,  rabbi t ,  
rat ,  and  mouse  h e p a t o c y t e s ;  K u p p f e r ' s  cells c lear ly 
appeared  to be more  acid (pH of 6.2-6.5). Values f rom 
6.7 to  6.9 were found  for the  brain,  6.6-6.8 for t he  
kidney.  Values of the  single in t racel lu lar  c o m p o n e n t s  
(assumed only as indica t ive  of difference be tween  them)  
were as follows: nuclear  f ract ion of liver, p H  from 6.6 to 
6.8 ; mi tochondr ia l  f ract ion,  6.9-7.3 ; lysosome fract ion,  
6.4-6.6;  microsome fraction,  6.4-6.8;  soluble phase ,  
6.8-6.9 (this was also po ten t iomet r i ca l ly  calculated) .  On 
sect ions  of l iver we somet imes  observed  groups  of cells 
wi th  a d i f fe rent  change  in cotour:  the  cen t ro lobu la r  p a r t  
of mouse liver was a lmos t  cons t an t l y  acid (pH 6.4-6.9), 
whereas  the  per iphera l  zone showed groups  of cells 
wi th  values  of 6.9-7.3. I t  was in te res t ing  to  no te  t h a t  
m i tochondr i a  of cent ro lobular  zones are mos t ly  rod-like, 
whereas  a swollen appearance  is p reva len t  in per iphera l  
a r e a s .  

We were able to observe  in o the r  e x p e r i m e n t s  t h a t  in 
cer ta in  a b n o r m a l  condi t ions  in which there  is a mi to-  
chondr ia l  shr inkage  (e.g. vacuolar  degenera t ion  of the  

liver due to hypoxia)  the  in t racel lu lar  p H  of h e p a t o c y t e s  
shows more  acid values :  on the  con t ra ry ,  in condi t ions  
caus ing a m a r k e d  swelling (fasting) t he  p H  becomes  more  
alkaline.  Dur ing  the  muscu la r  con t rac t ion  of guinea-pig  
gas t rocnemious  af ter  s t imula t ion  of the  sciatic nerve,  
there  is a mi tochondr i a l  swell ing °- which  is accompan ied  
by  a p r o m p t  increase in alkal ini ty .  

I so la ted  mi tochondr i a  suspended  in 0 .25M sucrose, 
buffered  a t  var ious  p H  b e t w e e n  6 and  8, a p p e a r  a t  phase  
c o n t r a s t  e x a m i n a t i o n  to become more  swollen the  h igher  
the  p H ;  the  swelling thus  ob ta ined  is revers ib le  if mito-  
chondr ia  are r e - suspended  in an acid solut ion.  Spon-  
t aneous  swelling of l iver m i t o c h o n d r i a  i n  vi tro was s tud ied  
by  observ ing  the  fall in opt ical  dens i ty  wi th  a rood 
G 4700 B e c k m a n  DU s p e c t r o p h o t o m e t e r  a t  520 m p  
according  to  CLELAND 5. D e t e r m i n a t i o n s  were  carr ied ou t  
by  suspend ing  in d i f fe ren t  tonic  solut ions (0.44 M ,  0.25 M, 
0.10M) sucrose and  in dist i l led wa te r  and  at  var ious  p H  
compr i sed  b e t w e e n  6 and  8 in 0.0254 Tr i s -malea te  
buffer ;  these  e x p e r i m e n t s  showed a g rea te r  decrease  in 
pe rcen tage  opt ica l  dens i ty  a t  alkal ine p H  t h a n  at  acid p H  
(see Table).  

Percentage decrease (z] %) of optical density on spontaneous swelling 
of rat liver mitochondria (E 5`20 m#, temp. 20°C, 35th rain) 

A% 
pH t-t~O distill. Sucr. 0.10 ,lI Sucr. 0.25 M Sucr. 0.44 M 

6.0 42.25 ± 0,35 3.37 :t: 0.17 3.54 ~: 0.45 0.75 ± 0.'25 
6.6 45.16 :t: 0,61 32.25 :t: 0.15 20.84 ~ 0.53 14.00 :[: 1.'2"2 
7.0 46.'25 =}- 0.38 35.90 :L: 0.41 '28.65 ~ 0.39 '21.50 -[: 1.17 
7.4 47.12 ~: 0.38 39.25 ::}- 0.92 35.15 ~ 0.53 30.80 -~- 1.57 
8.0 50.46 I 0,55 44.66 -~_ 1.45 46.66 ~ 1.05 37.96 -[: 1.42 

I t  therefore  seems t h a t  the  progress ive  and  gradua l  
increase in s p o n t a n e o u s  mi tochondr i a l  swelting b e t w e e n  
pH 6 a n d  8 is re la ted  to the  hydrogen  ion concen t r a t i on  
of the  m e d i u m  as well as to its tonic i ty .  A reversa l  of 
mi tochondr i a l  swelling can be o b t a i n e d  a t  the  35th min  
by  a d d i t i o n  of t he  acid and  re-swell ing by  add i t i on  of the  
base. Because of the  re la t ionsh ip  b e t w e e n  morphologica l  
appea rance  and  mi tochondr i a l  e n z y m e  ac t iv i ty ,  we a t  
f irst  cons idered  the  behav iou r  of t h e  ox ida t i ve  processes  
a t  var ious  pH,  be tween  6 and  8, in the  presence  of some 
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subs t r a t e  liable to oxida t ion ,  such as succinate ,  g lu tamate ,  
a tanine,  cy toch rome  c. 

The  m a n o m e t r i c  d e t e r m i n a t i o n  of O 2 c o n s u m p t i o n  ~" 
showed a progress ive  increase of the  QO2(N ) from acid to 
alkaline pH.  

We then  cons idered  the  p rob lem of the  ut i l izat ion of 
the  energy  freed f rom ox ida t ive  processes.  The behav iour  
of oxida t ive  phospho ry l a t i on  and of ATPase  was s tudied  
a t  var ious p H  compr i sed  be tween  6 and  8 according to 
the  t echn ique  descr ibed  in a previous  paper  ~v. I t  was 
observed  t h a t  an increase in ox ida t ion  runs  parallel  to 
an  increase in phosphory l a t i on  only  a t  the  p H  be tween  
6.6 and  7.4, so t h a t  a t  these  pH the  P /O ra t io  t ends  to 
be c o n s t a n t l y  coupled.  At  the  p H  from 7.4 to 8, the  I)/O 
rat io  was more  and  more  uncoupled.  On the  o the r  hand ,  
a t  the  e x t r e m e  p H  of 6 and 8 the  ATPase  ac t iv i ty  was 
greater .  

I t  therefore  appear s  t h a t  p H  var ia t ions  s imul taneous ly  
contro l  b o t h  the  shape  and  enzymic  act ivi t ies  of mi to-  
chondr ia .  

Riassunto .  % s ta to  osserva to  che quando  il pH  intra-  
cellulare ~ pifi basso di quello p lasmat ico  la forma dei 

mi tocondr i  6 p r e v a l e n t e m e n f e  a bas toncino ,  a u m e n t a n d o  
il p i t  (in c(m(lizi(mi sper imenta l i  e patologiche)  i mito-  
condr i  t en d o n o  a r igonfiare.  11 fenomeno  6 anche  d imo-  
s t rabi le  spe t t ro fo t ( )me t r i camente  sui mi tocondr i  isolati il 
cui rig(mfi:maent() spon taneo  regredisce a b b a s s a n d o  il pH 
del mezz(). II Q()2(N) c l ' a t t iv i th  ATPas ica  a u m e n t a n o  a 
p l I  alcalini t )aral le lamente al r igonf iamento  mi to-  
condriale.  II rapp()rto I)/() si man t i ene  accoppia to  fra p H  
compresi  fra 6.() e 7.4. 

[,; possibile che at travers()  il pH si verifichi nella cellula 
un meccanismo (li autoreg()lazione de l l ' a t t iv i t~  funzionale  
dei mit()c(mdri. 
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A c t i o n  P o t e n t i a l s  o f  the  G u i n e a  P i g  H e a r t  
i n  S o d i u m  D e f i c i e n t  S o l u t i o n s  t 

According to  the  ' sod ium hypo thes i s '  of electr ical  
ac t iv i ty ,  the  ups t roke  of the  ac t ion  po ten t i a l  depends  on 
a subs t an t i a l  increase of the  m e m b r a n e  pe rmeab i l i ty  to 
sod ium ions, al lowing a posi t ive  charge to en te r  the  
cell 2. Ev idence  in favour  of the  ' sod ium hypo thes i s '  is 
avai lable  for a va r i e ty  of cardiac  p repa ra t ions :  frog 
vent r ic le  a, sheep and calf ventr ic le  4, and  m a m m a l i a n  
Purk in je  fibres 5. The ventr ic le  of the  guinea pig, however ,  
does no t  seem to follow this  general  rule. According to 
repor t s  by  two di f ferent  groups  4,e, the  ampl i tude  of its 
ac t ion po ten t i a l  r emains  unchanged  even if the  sodium 
c o n t e n t  of the  b a t h i n g  solut ion is reduced  to zero. The 
p r e sen t  r epor t  is concerned  with the  effect  of sod ium-  
poor  solut ions  on the  auricle of the  guinea pig. 

S t r ips  of t he  th in-wal led  r igh t  auricle, 8-10 m m  in 
l eng th  and  2-4 m m  in wid th ,  were  immersed  in a Tyrode  
b a t h  and  d r iven  by  a t r ans i s to r ized  s t imu la to r  7 a t  a 
r a t e  of 50-100 per  min.  IANG--GERARD elect rodes  8 were 
used to  record f rom the  inside of single fibres. Atr ia l  
f ibres are re la t ive ly  t h in  (d iameter  8 /,9); therefore ,  it 
was diff icul t  to  change  solut ions and  keep the  t ip  wi th in  
the  same fibre unt i l  a new s t eady  s ta te  was reached.  
Resul t s  were d i scarded  if t he  ac t ion  po ten t i a l  did no t  
r e tu rn  to  its original  va lue  upon r e tu rn  to normal  
Tyrode ' s  solut ion.  

Figure  1 i l lus t ra tes  the  effects  of reducing the  sod ium 
concen t ra t ion  f rom 100% to 27% (isosmotic saccharose  
was subs t i t u t ed  for NaCt) : the  res t ing  po ten t ia l  r emained  
unchanged  while the  a m p l i t u d e  and  du ra t ion  of the  
ac t ion  po ten t i a l  decreased.  The ups t roke  ve loc i ty  of t he  
ac t ion  poten t ia l ,  as seen on h igh  speed records,  decreased  
to  a b o u t  30%. Reduc t ion  of t he  sod ium concen t r a t i on  
to  zero resul ted  in a to ta l  loss of exci tabi l i ty .  

F igure  2 is a p lot  of res t ing  and  act ion po ten t i a l  values  
as recorded  wi th  var ious  ext racel lu lar  sodium concen-  
t ra t ions .  The dashed  line would be expec ted  if the  fibre 
m e m b r a n e  at  the  he igh t  of ac t iv i ty  were exclusively 
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Fig. 1. Action potentials of the same auricular fibre, showing the 
effect of reducing the Na content of its Tyrodc bath to 27%. Top 
trace: tissue in "l'yrode's solution; h)wer traces: .I, 5, 10, 15 and 
'2:2 rain after the change-over to Na poor solution. The rate of inflow 

was such that tile bath was 5o% exchanged at tile end of '2 rain. 
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