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S U M M A R Y  

Analytical techniques have been developed to measure the relation between 
water uptake and cation uptake in rat-liver mitochondria. The water content of inner 
and outer mitochondfial compartments were separately measured using [mIialbumin 
and [~*Cisucrose. The cation contents of the same mitochondrial pellets were measured 
using flame photometry. These data were used to measure the water content of each 
compartment which was necessary, since the basic osmotic relationships are only re- 
vealed when movements into the inner and outer compartments are separately ex- 
amined. The relation between the water uptake and K- uptake, either spontaneous or 
valinomycin-induced, was dependent on medium osmolality. The concentration of the 
K- solution taken up in the inner compartment was compatible with the hypothesis 
that transport-linked mitochondrial swelling is driven by osmotic pressure differences 
which have been induced by solute movement. The changes in volume of the water 
compartment and in ion content during phosphate-induced swelling and during incu- 
bation in the absence of substrate were analyzed using the same methods. Under 
these experimental conditions also, the mitochondrial inner compartment appears to 
be in osmotic equilibrium with the external medium. 

INTRODUCTION 

The swelling of mitochondria has been the subject of numerous investigations 
(see ref. I). Despite the detailed knowledge of the conditions that induce or inhibit 
swelling, the mechanism of the process has still not been clearly explained. Either of 
two clearly distinguishable processes could account for the volume change of mito- 
chondria: (i) the change of volume could be primarily due to transport of solutes 
which cause osmotic gradients and thus lead to water transport; (2) the change in 
volume could be initiated primarily by a mechanochemical transformation or confor- 
mational change so that both water and solutes would flow as a result of the hydro- 
static pressure that develops in the system. The first explanation has been advocated 
by CHAPPELL AND CROFTS 2, RASMUSSEN et al. 3 and Azzl AND AZZONE 4,s, while the 
second explanation has been supported by HACKENBROCK e,7 and BLONOINANDGREEN 8. 
In both cases the mitochondria are expected to reach osmotic equilibrium regardless 

* Present address: Weissmann Institute of Science, Biochemistry Department, Rehovoth, 
Israel. 
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of the initial step. Thus even though a process such as ATP-induced contraction may 
be initiated by a conformational transformation, no appreciable shrinking would be 
possible unless transport  of water and solutes were to follow to maintain osmotic 
equilibrium 9. If a swelling process is driven by hydrostatic pressure, the composition 
of the solution taken up by mitochondria will be the same as that  of the medium, mo- 
dified somewhat by the filtration through the membrane. If the process is driven by 
ion movements,  the composition of the transported fluid should differ from that of the 
medium. 

The link between swelling and transport has often been used to measure the 
magnitude of ion movements, considering them to be expressed by the change in the 
light scattering of the mitochondrial suspension ~°. However, no data has previously 
been available to correlate the swelling quantitatively with the ion uptake, and there 
has been no experimental verification of the belief that  the ion-induced swelling is an 
isosmolal processn, a~. I t  is known~3, ~4 that  only the sucrose-impermeable compart- 
ment is osmotically active, and therefore it is the relation between ion and water 
accumulation by the inner compartment  that  should confirm that  the process is 
isosmolal. Consequently, we have undertaken to determine the role played by each 
compartment  in the relation between K + transport and water transport in rat-liver 
mitochondria. 

EXPERIMENTAL METHODS 

Rat-liver mitochondria are prepared and washed once in o.z5 M sucrose as pre- 
viously described15; after incubation in the test medium, the mitochondrial suspension 
is spun in cytocrit tubes 16. The pellet is then analyzed for water content (gravimetri- 
cally), for ion content (flame photometry) and for water compartments by the use of 
t racers ' .  The volume of the extramitochondrial compartment  is determined as the 
[13XI]albumin space, that of the outer mitochondrial compartment  as the [~4Clsucrose 
space in the mitochondrial water, and the inner compartment  volume is then obtained 
as the difference between the total mitochondrial water and the outer compartment  
water. The radioactivity of m I  and x4C were determined simultaneously in a scintil- 
lation counter (Nuclear Chicago, Des Plaines, Ill., model 68oi). The sample was 
prepared for counting by digestion with I M hyamine hydroxide in methanol and 
dissolved in Bray's  scintillation liquid 1~. The quenching was determined by adding 
known amounts of isotope to the samples. 

RESULTS AND DISCUSSION 

The effect of medium osmolality on water and K + uptake 
When mitochondria are incubated in the standard medium (detailed composition 

of standard medium given in legend to Fig. I), that is in the presence of Io mM KC1, 
2.5 mM ATP and 5 mM succinate with sucrose added to produce a total osmolality 
of 25o mosM, a slow increase in the total K + and water contents is observed 1~ as 
shown in Fig. xA. If valinomycin is added, both the rate and the amount of the 
K + uptake and water uptake increase, as shown in Fig. IB. The K -  concentration 

" A detailed description and evaluation of the methods of analysis  of the mitochondrial  pellet 
is given elsewherelL 
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of the transferred solution can be calculated by dividing the gain in K ÷ content by 
the gain in water content. In a typical experiment (Fig. I) in the standard medium, 
the K + concentration of the transferred solution is 200 mM in the first Io-min and 36 
mM in the second Io-min period, while in the presence of valinomycin the K + con- 
centration is 165 mM in the first period and 143 mM in the second period. Thus 
in the absence of valinomycin, there is an apparent lag in the increase in the total 
mitochondrial water content as compared to the increase in the K + content. This 
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Fig. x. Tota l  wa te r  and  K + con t en t  of ra t - l iver  mi tochondr ia .  Mitochondria  were incubated  in the  
s t a n d a r d  m e d i u m  tha t  conta ins  xo mM  KC1, 2. 5 mM  d i s o d i u m  ATP,  5 mM d i sod ium succ ina te  and  
2o8 mM sucrose;  p H  6.6, gas  O t -  CO t (95:5, v/v),  T = 3 o°. A. Shows the  resul ts  in the  absence 
of va l inomyc in  (s tandard) .  B. Gives t he  resul ts  in the  presence of o .oi5  p g / m g  pro te in  of val ino-  
m y c i n  (concentrat ions  are expressed in terms of p g / m g  of prote in  ; the  v a l i n o m y c i n  is added  i m m e -  
d ia te ly  after the  zero t ime  sample  is taken).  The prote in  content  is 3 m g / m l  suspens ion .  
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Fig. 2. K + concentrat ion of the solut ion taken up by the to ta l  m i tochondr ia l  pel let  as a func t ion  of 
med ium osmola l i ty .  The exper imenta l  values are calculated f rom the results in Table I ( tota l  K + 
gain/ tota l  water  gain).  The theoret ical  curve  is based on the  as sumpt ion  tha t  the  transport  process  
is isosmolal .  
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lag is much smal ler  in the presence of va l inomycin .  Table  I summarizes  a series of ex- 
per iments  on the 20-min up take  a t  different osmolali t ies (two exper iments  for 
each value) ident ica l  in design with  the  exper iment  r epor ted  in Fig. I,  except  for 
sucrose concent ra t ion .  K + t r anspor t  depends  on the osmola l i ty  of the  med ium a t  
low osmolal i t ies  and  increases slowly with  increasing osmola l i ty  up to about  250 
mosM, whereas the wate r  up take  decreases with increases in osmola l i ty  over  the  
whole exper imenta l  range. F rom these results  the K ~ concent ra t ion  of the t ransferred 
solution has been ca lcula ted  as a function of medium osmolal i ty ,  as shown in Fig. 2. 
Since the  sal t  t ha t  is enter ing the mi tochondr ia  under  these condit ions is most ly  
d ipo tass ium succinate  tT, the  predic ted  K ÷ concentra t ion for isosmolal swelling m a y  
also be computed .  Al though the concentra t ion of the t ransferred solution does indeed 
depend  on med ium osmolal i ty ,  the  devia t ion  from isosmolal t r anspor t  is considerable.  
Only  the  exper iments  in the  presence of va l inomycin  at  high osmolal i ty  show good 
agreement  with the calcula ted values. Inspect ion of Table  I reveals  t ha t  these are 
exper iments  in which massive t r anspor t  of K* occurred. If one assumed tha t  the 
swelling is the result  of an isosmolal t ransfer  of sal t  into the inner compar tmen t ,  
the to ta l  swelling would reflect the  change in the  water  content  of this  c o m p a r t m e n t  
only when the changes in the  other  compar tmen t s  are negligible in comparison,  as is 
p robab ly  the case in the presence of val inomycin.  When  the to ta l  t r anspor t  is re la t ive ly  
small,  however,  the relat ion between the to ta l  water  and K + up take  is not  an index 
of changes in the in ternal  compar tment .  For  this purpose a careful de te rmina t ion  
of wate r  compar tmen ta t i on  dur ing swelling is needed. 

TABLE I 

T H E  E F F E C T  O F  M E D I U M  O S M O L A L I T Y  O N  K + A N D  W A T E R  U P T A K E  

Each value is an average of two experiments. The experimental conditions are the same as given 
in Fig. i except that the sucrose concentrations have been varied to provide the indicated osmola- 
lity. The incubation time is 2o min. 

Osmolality Standard + Valinomycin 
(mosM) 

K + uptahe Water uptake K + uptake Water uptake 
(nmoles/mg dry wt.) (piling dry wt . )  (nmoles/mg dry wt.)  (pl/mg dry wt.) 

xoo 17 3.5 ° - -  - -  
I5o 35 2.70 80 6.00 
200 42 x .45 - -  - -  
25 ° 57 0.47 510 3.I3 
300 58 0.20 - -  - -  
350 6r o.I I 475 1.93 

Compartmentalion of the mitochondrial water after swelling 
The volume of the  separa te  mi tochondr ia l  c ompa r tme n t s  has been de te rmined  

using a modif icat ion of the  convent ional  t racer  me thod  1.. I t  was found t ha t  var ia t ions  
in the  pa ramete r s  of the  sys tem (such as to ta l  pellet  water ,  ex t r ami tochondr ia l  
water ,  etc.) are considerable not  only  between exper iments  bu t  also between dupl ica te  
samples  and  indeed even between por t ions  of the  same pellet .  F o r  t ha t  reason, in 
con t ras t  to the  procedure  of BENTZEL A N D  SOLOMON 14, no p rede te rmined  factors 
or average values are used for the  calculat ion,  and  all the  necessary pa ramete r s  are 

Biochim. Biophys. Aaa, x93 (x969) 48-57 



52 H. ROTTENBERG, A. K. SOLOMON 

determined on the same sample: water content, t4C and a3~I activity and counting 
efficiency. Identical determinations are made for the supernatant from the same 
cytocrit tube as for the pellet being analyzed. The ion content is determined from 
another portion of the same pellet. In order to minimize variability due to position 
of the mitoehondria in the pellet, duplicates were taken. The samples for each type 
of determination were alternatively switched and the duplicates were averaged 
after the calculation of compartment  volumes. The water compartment most depen- 
dent on position in the pellet column is the extramitochondrial water which is often 
4 times greater in the upper portion of the pellet than at the bottom. This is to be 
expected, since the mitochondria at the bot tom should be better  packed than those 
at the top; presumably the more swollen mitochondria are in the upper portion of 
the pellet because they are less dense than the shrunken mitochondria and sediment 
more slowly. Such differences can be observed by the naked eye, since the bottom of 
~he pellet always has a higher absorbance than the top. Even though the spread of 
some variables (such as total pellet water and extramitochondrial water) covers a 
considerable range, the parameters derived from these measurements, as mitochon- 
drial water in the above instance, cover a much smaller range, thus indicating that  
these two variables are not independent. For this reason, the determination of all 
the necessary parameters on the same pellet causes a considerable increase in overall 
accuracy. 

Fig. 3 shows the average results of seven experiments on cation content, water 
content and water compartments when the mitochondria are incubated in the stan- 
dard medium. The rate of K ~ uptake is very similar to the water uptake by the inner 
compartment.  The total change in mitochondrial pellet water content arises from two 
contributions: a decrease in the outer compartment  over the entire 20 min and an 
increase in the extramitochondrial water during the second zo rain. These results 
clearly demonstrate that  the changes in the total water under these conditions 
can only accidently reflect the changes in the inner compartment.  I t  is interesting to 
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Fig. 3- Cation content  and water  content  of the mitochondrial  compar tments .  The medium is the 
same as described in the legend to Fig. z except tha t  z mg/ml albumin,  and x /4C each of [14C]- 
sucrose, and [ laII]albumin have been added. 
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note the relation between the inner compartment and the outer compartment: for 
the first io min while the extramitochondrial water does not change, most of the inner 
compartment swelling is at the expense of the volume of the outer compartment. 
Later both the inner compartment and the extramitochondrial water increase, 
while the outer compartment shrinks further. From these data, we may calculate the 
concentration of the solution that enters the inner compartment. Assuming that all 
the K + gain occurs in the inner compartment, the K + concentration of the solution 
that has penetrated the inner compartment is I44 + 23 (S.D.) mM in the first IO min 
and I4 I  + 27 (S.D.) mM in the total 2o-min period. These figures are in fair agreement 
with the theoretical value of z66 -t- 2o mM calculated for the transfer of potassium 
succinate at 250 mosM. The theoretical calculation is based on the following assump- 
tions: ideal solutions, completely ionized succinate, no ion binding or cation ex- 
changes and no net movement of cations other than K ÷ and Na ÷ or anions other than 
succinate. Therefore we have taken the accuracy of the predicted value to be no 
better than ± 2o mM. 

In this calculation we assume that all the water that penetrates the inner 
compartment is solvent water. BENTZEL AND SOLOMON 14 interpreted their results as 
evidence that some of the water initially present in the inner compartment was 
"nonsolvent" water, a quantity that was not expected to change appreciably with 
changes in mitochondrial volume. In the present study the concentrations are 
calculated on the basis of the quantity of solution transferred, thus avoiding the 
question of the apparent solvent properties of the water initially present. 

Fig. 4 shows the average results of four such experiments in the presence of 
valinomycin. In this case also the changes in the inner compartment correspond to 
those of the K + content. The changes in the other compartments are similar to 
those observed in the preceding experiments. The size of the inner compartment in 
this case is so large in comparison with the other compartment that the changes in 
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Fig. 4- Cation and water content of the mitochondrial compartments aiter addition of valinomycin. 
Conditions are the same as in Fig. 3 except for the addition of valinomycin (o.oz 5 pg/mg protein, 
added immediately after the zero time sample is taken). 
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the total water content primarily reflect the increase in the inner compartment  as 
already discussed in connection with Fig. 2. The K + concentration in the solution 
transferred into the inner compartment  is found to be I52 mM for the first Io min 
and I33 mM for the 2o-min period. Appreciable amounts of Na + are also taken up 
by the mitochondria during experiments of this type*. If the total concentration of 
Na + plus K + is calculated, the inner compartment  uptake is I97 + I2 (S.D.) mM and 
I68 4- I4 (S.D.) mM for the Io-min and 2o-min periods, respectively. The first value 
appears to be higher than the theoretical value of i66 4- 20 mM and higher than the 
values observed in the absence of valinomycin (144 mM and 141 mM for the Io-min 
and 2o-min periods, respectively). Perhaps the reason for the high value at the I0- 
rain period is that  the initial phase of uptake in the presence of valinomycin is a 
K+-H + exchange which does not change the osmolality of the mitochondria. The 
I68 mM cation concentration of the transferred solution that  is found for the 2o-min 
period is in remarkable agreement with the expected value of I66 mM. 

These experiments may also be used to verify the assumption that the potassium 
salt is transported into the inner compartment  as has been postulated by many 
(see ref. 19). A similar conclusion was also recently reached by WENNER AND HAGA z° 
using electron microscopy. The experiments at various osmolalities (Table I) show an 
inverse relation between the medium osmolality and the total water gain. In view of 
the small magnitude of the K + uptake in the inner compartment,  calculations based 
on total pellet water as made for Fig. 2 indicate a significant deviation from isosmolal 
transport. This apparent deviation may be attributed to changes in the outer and the 
extramitochondrial compartments as shown in Figs. 3 and 4. In both instances, the 
outer compartment reduces its volume, while the inner compartment  volume increases. 
This finding indicates that  the outer compartment  is freely permeable to small solutes, 
and its volume is determined mostly by the state of concentration of the inner 
compartment.  The initial volume of the inner compartment  is found to be very 
small (between io and 20 % of total water). These values are significantly smaller 
than those of BENTZEL AND SOLOMON 14. This may be due in part to the difference in 
technique but probably is the result of the very different incubation medium. Our 
initial values are determined immediately after suspension of the freshly prepared 
mitochondria at 4 ° in the test medium, which is very different from that  of BENTZEL 
AND SOLOMON ~4. They incubated their mitochondria at room temperature in a medium 
devoid of K + or substrate for long periods. 

When the mitochondria swell, the unfolding inner membrane pushes against 
the outer membrane and reduces the volume of the outer compartment.  In some 
cases of very swollen mitochondria, the outer compartment  seems to disappear 
altogether as if the outer membrane were broken (H. ROaTENBERG, unpublished 
data). I t  should be stressed that the increase in the extramitochondrial volume is 
mainly due to the increase in the size of the mitochondria, if the extramitochondrial 
volume is expressed as a percentage of the total pellet water, there is no significant 

* The Na + u p t a k e  in these e xpe r im e n t s  is abou t  25 % of the K + up take .  However ,  in ear l ier  
e x p e r i m e n t s  wi th  a freshly prepared  v a l i n o m y c i n  solut ion,  such s t i m u l a t i o n  of Na* u p t a k e  was not  
observed.  In  the  la te r  exper iments ,  the  ex te rna l  Na  + concen t ra t ion  was a b o u t  twice  as g rea t  as the  
K + concent ra t ion ,  whi le  the  in i t i a l  i n t e rna l  Na  + concen t ra t ion  was a b o u t  half  t h a t  of K* ; t hus  the  
s e l ec t i v i t y  for K + was s t i l l  ve ry  high, even t hough  the  v a l i n o m y c i n  so lu t ion  used in these la te r  
expe r imen t s  was more t h a n  a year  old. I t  is possible  t h a t  ag ing  could have  caused a loss in ion 
se lec t iv i ty .  
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change. Before swelling the extramitochondrial water constitutes 27 %, while after 
20 min it is 26 % (Fig. 4) ; at  the same time the inner compartment  increases from 12 
to 55 %, while the outer compartment  decreases from 6i to I9 %. 

The fact that  the potassium succinate concentration in the transferred solution 
is much greater than that  of the medium, and indeed even greater than that  of the 
mitochondrial internal compartmenW, clearly indicates that  the primary cause for 
the swelling is the salt transport. The observation that the osmolality of the transfer- 
red solution is close to that  of the medium is an indication that water follows the salt 
to maintain osmotic equilibrium. 

Phosphate swelling 
We have found 17 that  phosphate swelling is associated with loss of K +. The 

mechanism of this process is not clear, and it is disturbing that  swelling which is 
expected to result in net salt uptake is instead accompanied by loss of K +. Fig. 5 
shows the average results of three experiments on mitochondria incubated in the pre- 
sence of IO mM inorganic phosphate. K + is lost so that after 2o min, the I I mM K + 
concentration of the pellet is almost equal to the IO. 5 mM K + in the medium. At the 
same time the Na + content of the pellet increases due to the increase of the sucrose- 
accessible water space, which also contains Na~-; the pellet concentration and the ex- 
ternal medium concentration are both 35 mM after 2o rain. The Na "~ movement 
should not be mistaken for transport  against a concentration gradient. From the very 
beginning of the experiment the sucrose space which includes the extramitochondrial 
water and the mitochondrial sucrose-accessible compartment  is almost equal to the 
total water space. I t  is known that  phosphate induces increased permeability of the 
mitochondrial membrane 4 and it is evident that  the inner membrane in these experi- 
ments becomes permeable to sucrose. These changes also impair the ability of the 
mitochondria to maintain a concentration gradient of K ÷ which accounts for the net 
loss of K +. The movement of sucrose and Na + into the mitochondria and the loss of 

I00~- ~ _  K + 

TIME (MINUTES) 

Fig. 5. Phosphate-induced swelling of the  mitochondrial pellet. Conditions a r e  t h e  s a m e  as in Fig. 3 
except t ha t  xo mM Pi (NaHtPO4-Na2HPO4, pH 7.o) has been added to t h e  m e d i u m .  
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K + leads to equilibration of the small solutes, but  the proteins and other organic salts 
still retained by the mitochondria can cause a considerable swelling. Thus, regardless 
of the initial cause of the phosphate-induced changes, the data  agree with the as- 
sumption that  the mitochondria maintain osmotic equilibrium. 

Although [~*CTsucrose was used throughout  this s tudy  as a marker  for the outer 
compartment ,  it is evident from this experiment on the phosphate-induced swelling 
that  a better marker  is needed in order to define this compar tment  under all conditions. 

Volume changes in the absence of succinate 
If the swelling induced by ion uptake is an isosmolar process, the shrinkage 

induced by losses of ion should also be isosmolar. I t  is well known that  inhibition of 
respiration causes loss of water as well as loss of ionslL In  this instance also the use 
of total water as an index is misleading and the isosmolar relation only becomes ap- 
parent when the water change in the inner compar tment  is measured, particularly 
for losses of ions from freshly prepared mitochondria. As shown in Table I I  there are 
extensive losses of K + in the absence of substrate though the pellet is more swollen. 

TABLE II 

C H A N G E S  IN ION C O N T E N T  A N D  W A T E R  C O M P A R T M E N T S  OF T H E  M I T O C H O N D R I A L  P E L L E T  A F T E R  

I N C U B A T I O N  IN T H E  A B S E N C E  OF S U C C I N A T E  

Average of three experiments; conditions the same as given in the legend to Fig. 3 except for the 
omission of disodium succinate. The incubation time is 20 min. 

A 20 rain 

K + (nmoles/mg dry wt.) --38 
Na + (nmoles/mg dry wt.) +48 
Total pellet water (/al/mg dry wt.) + 1.95 
Extramitochondrial water (/~l/mg dry wt.) f- 2.05 
Inner compartment (/d/mg dry wt.) - 0.34 
Outer compartment (/zl/mg dry wt.) -- o.24 

The increase in total pellet water arises from a large increase in the extramitochondrial  
water together with a slight increase in the outer compartment .  The inner com- 
par tment  shrinks, and the average K + concentration of the extruded solution from 
this compar tment  is I I 2  mM (I47, 92, 97 mM) of K + alone compared with the theoret- 
ical value of I66 mM. Considering the small magnitude of these changes and the 
possibility of additional leaks in the absence of metabolism, the results in the absence 
of succinate are consistent with the view that  water t ransport  is driven by solute 
transport.  

The results of the present s tudy support  the view that  the swelling associated 
with K + transport  is an osmotic process in which water moves following a gradient 
produced by ion transport .  The crucial point is the determination of inner compart-  
ment  water movement.  Thus, at 250 mosM, the transport  of dipotassium succinate 
causes the inner compar tment  to take up water to maintain its osmolality equal to 
that  of the medium. The experiments on swelling in the presence of phosphate, or in 
the absence of succinate, were performed since the analysis of total  water and K + 
transport  in these cases appeared, at  first sight, to refute the notion tha t  such swelling 
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is o smo t i ca l l y  induced .  H o w e v e r  w h e n  m o v e m e n t s  in to  i nd iv idua l  c o m p a r t m e n t s  

a re  t a k e n  in to  account ,  the  resul ts  are  in a g r e e m e n t  w i th  t he  osmot ic  g r a d i e n t  

hypo thes i s .  M a n y  cases which  seem to agree  wi th  th is  hypo thes i s  on the  basis of t o t a l  

w a t e r  and  K + analysis ,  such as t he  loss of w a t e r  and  K + on inh ib i t ion  of resp i ra t ion ,  

r ema in  to be i n v e s t i g a t e d  us ing  this  me thod .  In  par t i cu la r ,  the  p h e n o m e n o n  of A T P -  

i nduced  con t r ac t i on  could  benef i t  f rom such a de ta i l ed  analys is  since it  has  been  

s t r o n g l y  sugges ted  t h a t  this  process invo lves  con t r ac t i l e  p ro te ins  2~. 

In  s u m m a t i o n ,  all the  ev idence  p re sen ted  in this  s t u d y  fits the  no t ion  t h a t  

w a t e r  m o v e m e n t  follows solute  m o v e m e n t  in accordance  wi th  c o n v e n t i o n a l  phys ica l  

forces,  so t h a t  the re  is no need  to i nvoke  a n y  o the r  phys ica l  causes  for m i t o c h o n d r i a l  

v o l u m e  changes  which  are  l inked  to solu te  t r anspor t .  If  the re  are, indeed,  cases of 

w a t e r  m o v e m e n t  p r i m a r i l y  induced  by  con t rac t i l e  processes in the  mi tochond r i a ,  

c o n v i n c i n g  q u a n t i t a t i v e  ana ly t i ca l  ev idence  will be r equ i r ed  to  d e m o n s t r a t e  t h a t  the  

c o n t r a c t i l e  process  is the  phys ica l  cause  of w a t e r  m o v e m e n t .  
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