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A B STRACT The mechanism of water permeation across the sarcolemma was characterized 
by examining the kinetics and temperature dependence of osmotic swelling and shrinkage of 
rabbit ventricular myocytes. The magnitude of swelling and the kinetics of swelling and 
shrinkage were temperature dependent,  but the magnitude of shrinkage was very similar at 
6 ~ 22 ~ and 37~ Membrane hydraulic conductivity, Lp, was ~1.2 • 10 -l~ l i ter 'N-l ' s  -1 at 
22~ corresponding to an osmotic permeability coefficient, Pf, of 16 Ixm-s -1, and was inde- 
pendent  of  the direction of water flux, the magnitude of the imposed osmotic gradient (35- 
165 mosm/li ter) ,  and the initial cell volume. This value of Lp represents an upper  limit be- 
cause the membrane was assumed to be a smooth surface. Based on capacitive membrane 
area, Lpwas 0.7 to 0.9 • 10 -l~ liter-N-~'s -l. Nevertheless, estimates of Lp in ventricle are 15 to 
25 times lower than those in human erythrocytes and are in the range of values reported for 
protein-free lipid bilayers and biological membranes without functioning water channels 
(aquaporin). Evaluation of the effect of unstirred layers showed that in the worst case they de- 
crease Lp by ~<2.3%. Analysis of the temperature dependence of Lp indicated that its apparent  
Arrhenius activation energy, Ea', was 11.7 + 0.9 kcal /mol between 6 ~ and 22~ and 9.2 +- 0.9 
kcal /mol  between 22 ~ and 37~ These values are significantly greater than that typically 
found for water flow through water-filled pores, ~ 4  kcal/mol, and are in the range reported 
for artificial and natural membranes without functioning water channels. Taken together, 
these data strongly argue that the vast majority of osmotic water flux in ventricular myocytes 
penetrates the lipid bilayer itself rather than passing through water-filled pores. 

I N T R O D U C T I O N  

Osmotic gradients cause shrinkage and swelling of  car- 
diac muscle, but  the permeabil i ty of  the cardiac sarco- 
l emma  to water has never  been  quantified, and the 
mechan ism of  water pe rmea t ion  is unknown.  The  abil- 
ity of  water to cross m e m b r a n e s  depends  greatly on the 
type of  cell considered (Dick, 1966; House,  1974; Verk- 
man,  1993). Membranes  of  many  water-transporting 
epithelia, vascular endothel ium,  and  mammal ian  eryth- 
rocytes (RBCs) are highly permeant ,  which is a charac- 
teristic necessary for transcellular water t ransport  and 
cell function unde r  conditions of  varying osmolarity. In 
contrast, oocytes, leukocytes, neuronal  membranes ,  
and certain epithelia are relatively impermeant .  

Recent  studies have established that high water per- 
meability results f rom the expression of  aquaporins,  a 
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family of  specific water channels  including CHIP28 
(AQP-1) (Agre et al., 1993; Verkman,  1993). For exam- 
ple, mercurials reduce the water permeabil i ty of  hu- 
man  RBCs by >90% (Macey and Farmer,  1970) and of  
rabbit  RBCs by 98% (Tsai et al., 1991) by inhibiting 
AQP-1 (Preston et al., 1992; van H o e k  and Verkman,  
1992). The  remaining  permeabil i ty is thought  largely 
to result f rom water penet ra t ing  the lipid barr ier  itself 
(Fettiplace and Haydon,  1980; Finkelstein, 1987). In 
addition, a small water flow traverses ion channels  (Ha- 
segawa et al., 1992) and  transporters  (Fischbarg et al., 
1990). 

Based on function and  physiological osmotic condi- 
tions, one  might  expect  that the cardiac sarco lemma 
would not  need  water channels  and would have a low 
water permeability. Nonetheless,  AQP-1 mRNA and 
protein have been  identified in hear t  by in situ hybrid- 
ization and  immunostaining.  High levels are found  in 
the vascular endothel ium,  endocardium,  valves, and 
septa in hearts of  fetal and adult  rats (Bondy et al., 
1993; Hasegawa et al., 1994), and message is said to be 
"diffusely detectable" in adult animals (Bondy et al., 
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1993). These  data  do n o t  d is t inguish  whe the r  AQP-1 is 
p resen t  in muscle  or  non -musc l e  cells. More  recently,  
however,  i m m u n o r e a c t i v e  AQP-1 was localized to the 

s a rco l emma of  isolated rat ven t r icu la r  myocytes (Zheng  
et  al., 1995). I m m u n o r e a c t i v e  p ro t e in  also is f o u n d  in  

h o m o g e n a t e s  of adu l t  rabbi t  hear t  (Zheng  et al., 1995), 
bu t  the cel lular  or ig in  of  the mater ia l  is u n k n o w n .  

The  p re sen t  study took a func t iona l  app roach  to as- 

sessing water p e r m e a t i o n  in hea r t  a n d  used  digital 
v ideomicroscopy to character ize the kinetics a n d  tem- 
pe ra tu re  d e p e n d e n c e  of  the swelling a n d  shr inkage  of  

ven t r icu la r  myocytes in  response  to osmotic  gradients .  

These  data  pe rmi t t ed  ca lcula t ion  of  sa rco lemmal  water 
permeabi l i ty ,  expressed as hydraul ic  conductivi ty,  Lp. Lp 
of  cardiac s a rco l emma was 1.2 • 10 - l~  l i t e r 'N -a �9 s -1 at 

22~ us ing  a s imple geomet r ic  mode l  to est imate the 
surface-to-volume ratio. If capacitive est imates of  m e m -  

b r a n e  area are used instead,  Lpwas 0.7 to 0.9 • 10 -1~ li- 
t e r .N- l . s  -1. These  values of  Lp are 15 to 25 times less 
t han  that  of  m a m m a l i a n  RBCs (Solomon,  1989) a n d  

are in  the range  of  prote in-f ree  l ipid bilayers a n d  lipo- 
somes c o n t a i n i n g  choles terol  a n d  biological  mem-  
branes  wi thout  f u n c t i o n i n g  water c h a n n e l s  (Fett iplace 

a n d  Haydon ,  1980; Finkels te in ,  1987). Ins igh t  in to  the 
m e c h a n i s m  of  water p e r m e a t i o n  in  hea r t  was ga ined  
f rom the t e m p e r a t u r e  d e p e n d e n c e  of  the kinetics of  

swelling a n d  shr inkage.  The  a p p a r e n t  act ivation en- 
ergy, Ea', of  Lp was ~ 1 0  k c a l / m o l  be tween  6 ~ a n d  37~ 

This is in  the range  of values ob t a ined  for l ipid bilayers, 

l iposomes,  and  biological  m e m b r a n e s  wi thou t  func-  
t i on ing  water channe l s  a n d  m u c h  h ighe r  t han  the ~ 4  
k c a l / m o l  o b t a i n e d  for water flux t h rough  water chan-  
nels  a n d  viscous water flow (Sha'afi  a n d  Gary-Bobo, 
1973; Macey, 1979; Finkels te in ,  1987; Verkman ,  1993). 

Taken  together ,  the low hydraul ic  conduct ivi ty  a nd  
h igh  activation energy  suggest that  water channe l s  do 

no t  significantly con t r i bu t e  to sa rco lemmal  water per- 
meabi l i ty  in  rabbi t  ven t r icu la r  myocytes. The  p r imary  
rou te  for water crossing cardiac m e m b r a n e s  is likely to 

be directly t h rough  the l ipid bi layer  itself. 
A p re l imina ry  r epor t  of  these studies was p r e se n t e d  

to the Biophysical Society (Su leymanian  a n d  Baumgar-  
ten,  1994). 

M A T E R I A L S  AND M E T H O D S  

ing Tyrode's solution. Myocytes were used within 6 h of harvest- 
ing, and only quiescent cells without membrane blebs were 
selected for the experiments. 

Experimental Solutions 

The basic Tyrode's solution contained (in millimolar): 150 NaCI, 
5 KC1, 2.5 CaClz, 1.2 MgSO4, 10 glucose, and 5 HEPES (pH 7.4) 
and was equilibrated with 100% 02. Osmotic water movements 
were studied at a constant ionic strength by replacing 80 mM 
NaC1 with 22.5, 54.5, 96, 125, 160, or 485 mM mannitol. The solu- 
tion containing 160 mM mannitol was defined as 1T (330 mosm/ 
liter) and was shown to be isotonic with basic Tyrode's solution 
(Drewnowska and Baumgarten, 1991). The osmolarity of the 
other bathing solutions ranged from 165 to 660 mosm/liter, 0.5 
to 2.0 times that of 1T (i.e., 0.5T to 2T). Osmolarity was routinely 
verified with a freezing point depression osmometer (Osmette S, 
Precision Systems, Natick, MA). 

Myocytes were placed in a poly-L-lysine-coated, 250-1xl, glass- 
bottomed chamber mounted on a Peltier device and were super- 
fused with bathing solution at ~5 ml/min. Each cell was studied 
at several osmolarities but only one temperature, 37 ~ 22 ~ or 6~ 
Modest changes in flow rate were noted on switching to solutions 
with different mannitol concentrations. In the worst case, an in- 
crease from 160 to 485 mM mannitol (IT to 2T) is expected to 
increase solution viscosity by ~19%. Solution changes were com- 
plete (t10-90%) in 6-8 s, as estimated from the liquid junction po- 
tential of a microelectrode placed at the position of the myocytes 
in the chamber. 

Determination of  Relative Cell Volume 

Videomicroscopy and image analysis methods for measuring cell 
volume have been described in detail previously (Clemo and 
Baumgarten, 1991; Clemo et al., 1992). Myocytes were visualized 
with a TV camera (Dage CCD72; Dage-MTI; Michigan City, IN) 
coupled to an inverted microscope equipped with Hoffman mod- 
ulation contrast optics. Images were captured on-line by a frame- 
grabber. Timing of image acquisition was controlled by custom 
software written in C and assembly language. To adequately de- 
scribe the kinetics of volume changes, images were captured ev- 
ery 5 or 10 s for the first 1-2 rain after solutions were switched, 
and at 20- or 30-s intervals thereafter. A combination of commer- 
cial (JAVA; Jandel, Corte Madera, CA) and custom (written in 
ASYST; Keithley, Taunton, MA) programs were used to obtain 
cell width, length, and the area of the image. 

Changes in cell width and thickness on exposure to anisos- 
motic solutions are proportional (Drewnowska and Baumgarten, 
1991). Using each cell as its own control, relative cell volume was 
calculated as: 

Cell Isolation Procedure 

Hearts from rabbits (New Zealand White, 2.5-3 kg) were 
mounted on a Langendorff apparatus, and ventricular myocytes 
were isolated by a collagenase-pronase dispersion method 
(Clemo and Baumgarten, 1991; Clemo et al., 1992). The isolated 
myocytes were stored in a modified KB solution containing (in 
millimolar): 132 KOH, 120 glutamic acid, 2.5 KCI, 10 KH2PO4, 
1.8 MgS04, 0.5 IL~EGTA, 11 glucose, 10 taurine, 10 HEPES (pH 
7.2; 295 mosm/liter). This procedure typically gave ~60% rod- 
shaped, CaZ+-tolerant, viable cells after transfer to Ca2+-contain - 

volumet/volume ~ = (area t • widtht)/(area, x widths), (1) 

where t and c refer to anisosmotic test (e.g., 0.5T) and control 
(1T) solutions, respectively. These methods provide estimates of 
relative cell volume that are reproducible to < 1%. 

For estimating absolute cell volume and membrane surface 
area, myocytes were assumed to be brick-shaped with equal width 
and thickness. This corresponds to the results of optical measure- 
ments on freshly isolated rabbit ventricular myocytes, which 
found that the average width and thickness of cells as they hap- 
pened to settle were not distinguishable, although the ratio of 
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minor and major axes of  the cross-section of individual cells was 
0.78 +- 0.05 (Drewnowska and Baumgarten, 1991). A very similar 
ratio, 0.76, was obtained for fixed rabbit ventricular myocytes 
(Nassar et al., 1987). 

Determination of Hydraulic Conductivity 

Hydraulic conductivity, Lp, also called the osmotic permeability 
coefficient, measures the ability of water to permeate the sarct> 
lemma. Formally, Lp [liter'N-l-s-X; equivalent to 0.01 cm~'dyn -l  �9 
s -1 in cgs units] relates the water volume flux, Jr [liter 'm -2" s-l],  
to the difference in osmotic pressure across the membrane, 
I]i-[I o [N.m-2]: 

J~ = Lp(II,- IIo). (2) 

Lp is proportional to the filtration coefficient, Pf [m's-1]: 

Pf = RTLp/F~,, (3) 

where V w is the molar volume of water, Ris the gas constant, and 
T is absolute temperature. RT/Vw equals 1.422, 1.359, and 
1.288 • l05 N.m.liter -1 at 37 ~ 22 ~ and 6~ respectively. 

Methods for calculating Lp from the time course of  cell volume 
perturbations have been reviewed in detail by Macey (1979) and 
Solomon (1989). Two methods were useful for the present ex- 
perimental paradigm. Both begin with the Kedem-Katchalsky 
equations coupling solute flux to water flow and assume that 
H 0 = H i in the steady state and that solute fluxes are negligible. 
This is a reasonable assumption; we previously showed that rabbit 
ventricular myocytes behave as perfect osmometers between 0.6T 
and 2.6T with an osmotically inactive volume fraction of 0.34 
(Drewnowska and Baumgarten, 1991), and similar results were 
obtained in the present studies. The rate of  change of relative 
cell volume, dVc/dt, in response to a step change in IIo is then 
given by 

d ~  L A  V(1-Vb)  Hi iiol (4) 
d t  = Pv0 L - ~ c - ~ i  

where A is the sarcolemmal surface area, V0 is the absolute cell 
volume at time t = 0, I?~ is the relative cell volume as a function of  
time, and 9b is the osmotically inactive volume fraction. By the as- 
sumptions above, II~ is taken as equal to ri0 before the step, and 
H 0 refers to the osmotic pressure of the new solution. Integrating 
and rearranging yields an expression for Lp: 

p~ v T / ] t  = [ 1 -  17 b] In 9 _ 9  b H i ( 1 - g h ) /  (5) 

Hi--  1- -gb  II~ J 
A plot of the right side of the equality as a function of time gives a 
straight line with a slope that is proportional to Lp. This so-called 
nonlinear method is appropriate to analyze both large (nonlin- 
ear) and small perturbations of  cell volume. 

The second method for calculating Lt, is an approximation 
that is valid only for small perturbations. If the imposed osmotic 
gradient is small, e.g., ~<50 mosm/li ter ,  Eq. 4 can be simplified, 
and d(Zjdt is given by 

d~ LpAH o (V -9~,~) (6) 

dt Vc. ~ - 9  0 
where 9 ~  is the steady-state relative cell volume. In this case, the 

time course of Vc is exponential, and Lp can be calculated from 
its time constant, ~ ,  which reflects water movement: 

Vo (1 - 9  ~) Hi 

"r ~~ - L p a  (II0) 2 (7) 
For a 50 mosm/l i ter  osmotic gradient, the error in the estimate 
of Lp introduced by the simplification is ~3% (Solomon, 1989). 

In calculating Lp, it was assumed that membrane surface area, 
A, did not  change from its value in 1T solution; that is, cell swell- 
ing and shrinkage were accommodated by membrane unfolding 
or folding without a change in area. This assumption was verified 
in separate experiments. Membrane capacitance, measured by a 
sensitive dual-frequency method similar to that of Rohlicek and 
Schmid (1994) except implemented in software, was unchanged 
on switching between 1T, 0.5T, and 2T (Chen,J.,  Wang, K., and 
C.M. Baumgarten, unpublished observations). Because sarcolem- 
mal surface area is amplified by folds, caveolae, and T tubules 
(Stewart and Page, 1978; Levin and Page, 1980), geometric esti- 
mates of the surface/volume ratio probably are low by a factor of 
1.3 to 1.7. This means that Lp will be overestimated by the same 
factor (see Discussion). The choice of geometric model has a 
smaller effect. The surface/volume ratios obtained for cells with 
square, circular, rectangular, and elliptical cross-sections of the 
present dimensions are within 15%. 

Statistics 

Data are reported as the mean + standard error, except as noted; 
n represents the number  of cells. Fits to Eq. 5 and 7 were carried 
out cell by cell in ASYST. When multiple comparisons were 
made, the data were subjected to analysis of variance and either 
Bonferroni's or Dunn's method for group comparisons, as ap- 
propriate (SmMASTAT, Jandel). The null hypothesis was rejected 
for P < 0.05. 

R E S U L T S  

Kinetics and Temperature Dependence of Changes 
in Cell Volume 

Fig. 1 i l lus t ra tes  e x p e r i m e n t s  d e s i g n e d  to  e l u c i d a t e  t h e  

k ine t i c s  a n d  t e m p e r a t u r e  d e p e n d e n c e  o f  o s m o t i c  swell- 

i n g  a n d  s h r i n k a g e .  First ,  two c o n t r o l  m e a s u r e m e n t s  

w e r e  m a d e  3 ra in  a p a r t  in  1T m e d i a  to  e n s u r e  t h a t  ce l l  

v o l u m e  was s table ;  t h e n  t h e  s o l u t i o n  b a t h i n g  t h e  ce l l  

was s w i t c h e d  b e t w e e n  1T, 0 .5T,  a n d  2T  m e d i a  fo r  7 -min  

p e r i o d s  a t  37 ~ a n d  22~ (Fig. 1, A a n d  B) o r  f o r  16-min  

p e r i o d s  at  6~ (Fig. 1 C). Ce l l  v o l u m e  s m o o t h l y  ap-  

p r o a c h e d  a n e w  s t eady  s ta te  a f t e r  an  o s m o t i c  c h a l l e n g e ,  

a n d  t h e  swe l l ing  o r  s h r i n k a g e  was ful ly  r eve r s ib l e .  F o r  

e x a m p l e ,  r e p l a c i n g  1T wi th  0 .5T  s o l u t i o n  a t  37~ 

c a u s e d  re l a t ive  ce l l  v o l u m e  to i n c r e a s e  f r o m  1.0 to  

1.580 _+ 0 .017 (n  = 12),  a n d  v o l u m e  r e t u r n e d  to 

1.005 _+ 0.011 o n  s w i t c h i n g  b a c k  to  1T. Myocy t e  sh r ink-  

age  also was fully revers ib le .  V o l u m e  d e c r e a s e d  to 0.677 -+ 

0 .005 (n  = 23) in  2T  at  37~ a n d  r e c o v e r e d  to  0 .995 _+ 

0 .004 o n  r e a d m i t t i n g  1T m e d i a .  T h e  o r d e r  o f  e x p o s u r e  

to 0 .5T a n d  2T  s o l u t i o n s  a n d  t h e  n u m b e r  o f  s o l u t i o n s  

t e s t ed  d i d  n o t  a f f ec t  t h e  m a g n i t u d e  o r  k ine t i c s  o f  t h e  
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FIGURE 1. Myocyte swelling and shrinkage in 0.5T (165 mos- 
mol/liter) and 2T (660 mosmol/liter) solutions at (A) 37~ (B) 
22~ and (C) 6~ Relative volume was measured at 5-60-s inter- 
vals. The kinetics of swelling and shrinkage were temperature de- 
pendent (time scale changes in panel C), and at each temperature, 
swelling was slower than shrinkage with the same osmotic gradient. 
The magnitude of swelling also was temperature dependent. Rela- 
tive cell volume increased in 0.5T from 1.0 to 1.580 _+ 0.017 (n = 
12), 1.492 + 0.014 (n = 15), and 1.435 -+ 0.020 (n = 12) at 37 ~ 
22 ~ and 6~ respectively. In contrast, cell shrinkage in 2T was un- 
affected by temperature, 0.677 _+ 0.005 (n = 23), 0.697 _+ 0.005 
(n = 16), 0.687 _+ 0.012 (n = 7), respectively. Error bars represent 
mean + SEM. 

volume per turbat ions .  In  approximate ly  hal f  o f  the ex- 
per iments ,  myocytes first were exposed  to 2T ra ther  
than  0.5T solution,  and  in some exper iments ,  only one  
anisosmotic solut ion was applied.  These  variations were 
no t  distinguishable,  and  all o f  the exper iments  were 
combined .  

The  effects o f  t empera tu re  on  myocyte swelling and  
shr inkage are m o r e  clearly shown in Fig. 2 in which 
por t ions  o f  the curves f rom Fig. 1, A-C, are superim- 
posed.  The  magn i tude  o f  swelling on  go ing  f r o m  1T to 
0.5T significantly decreased  on  cool ing  (P  < 0.001). As 
no ted  above, cells swelled to 1.580 at 37~ but  swelled 

only to 1.492 + 0.014 (n = 15) and  1.435 + 0.020 (n = 
12) at 22 ~ and  6~ respectively. Tha t  is to say, osmotic  
swelling at 6~ was 75% o f  that  at 37~ In  contrast ,  the 
magn i tude  o f  shr inkage on  go ing  f rom 1T to 2T was 
unaf fec ted  by tempera ture ;  0.677 + 0.005 (n = 23), 
0.697 + 0.005 (n = 16), and  0.687 _+ 0.012 (n = 7), at 
37 ~ 22 ~ and  6~ respectively. Because osmolyte trans- 
por t  processes are t empera tu re  dependen t ,  the sim- 
plest explana t ion  for  these data  is that  ne t  t ransmem- 
brane  osmolyte  fluxes elicited by osmotic  stress do  no t  
affect the final vo lume a t ta ined in response  to hyperos-  
motic  solutions bu t  may cont r ibu te  to the vo lume re- 
sponse u n d e r  hyposmot ic  condit ions.  It should  be 
noted ,  however,  that  the vo lume o f  a cell was measured  
at one  t empera tu re  only for  technical  reasons. Conse- 
quently,  these data  c a n n o t  distinguish whe the r  isos- 
motic  cell vo lume or  the m a g n i t u d e  o f  the response  to 
osmot ic  stress was t empera tu re  dependen t .  

The  kinetics o f  osmot ic  vo lume changes  were charac-  
terized by measur ing  the half-times for  swelling and  
shr inkage (see Table I). Two t rends were significant. 
First, the tl/2 was increased  approximate ly  fivefold on  
cool ing  f r o m  37 ~ to 6~ For  example,  t l / 2  for  swelling 
on  switching f r o m  1T to 0.5T slowed f r o m  37.0 + 2.4 s 
(n = 1 2 ) t o  185.0 + 12.6s (n = 12). Second,  the tl/2 for  
cell swelling was significantly slower than  that  for  cell 
shrinkage,  even when  the vo lume changes  were identi- 
cal. At 37~ the tl/2 was 37.0 -+ 2.4 (n = 12) for  swell- 
ing on  switching f rom 1T to 0.5T and  24.9 -+ 1.1 s (n = 
12) for  shr inkage on  switching back. 

Hydraulic Conductivity 

The  time course  o f  an  osmotic  vo lume change  is com- 
plex and  is expec ted  to d e p e n d  on  several factors, in- 
c luding  the permeabi l i ty  o f  the sa rco lemma to water, 
the su r f ace /vo lume  ratio, and  the initial and  final os- 
molari t ies (Macey, 1979; So lomon ,  1989). To  del ineate  
the proper t ies  o f  the sa rco lemmal  m e m b r a n e  itself, Lp 
was calculated f rom the kinetics o f  cell swelling and  
shrinkage.  Fig. 3 illustrates the analytical me th o d s  us- 
ing data  f r o m  the swelling o f  a cell on  substi tut ing 
0.89T for  1T solut ion at 22~ Because the imposed  os- 
motic  g rad ien t  (35 mosm/ l i t e r )  and  cell swelling 
(7.9%) were small, bo th  the small pe r tu rba t ion  m e t h o d  
(see Eq. 7) and  the non l inea r  m e t h o d  (see Eq. 5) were 
appl ied  to these data. Except  for  the first few time 
points,  which were affected by solut ion mixing,  the 
time course  o f  swelling was well descr ibed by an expo- 
nential ,  and  "r w was 64.9 s (Fig. 2 A). Fig. 3 B uses the 
same data, bu t  the f ight  side o f  Eq. 5, d e n o t e d  f(V),  is 
p lo t ted  instead o f  relative cell volume.  T h e  slope o f  the 
relat ionship was 0.00972. The  values o f  Lp calculated 
f rom these parameters  were in close agreement ,  0.87 
and  0.88 X 10 -l~ liter.N 1"s-1, respectively. 

Both  me thods  were used to analyze all small per tur-  
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FIGURE 2. Kinetics and magnitude 
of swelling and shrinkage on switching 
from (A) 1T-->0.5T, (B) 0.5T---~IT, (C) 
1T-->2T, and (D) 2T--~IT at 37~ (&), 
22~ (B), and 6~ (O). Data from Fig. 
1 were superimposed to facilitate com- 
parison. Half-times are denoted by 
horizontal lines (see Table I). Error 
bars were omitted for clarity. 

bat ion data sets (n = 52) obta ined on switching f rom 
1T to 0.89T and f rom 0.89T to 1T at 22~ Lp was 
1.24 -+ 0.07 • 10 -l~ liter.N -1 �9 s -1 by the small pertur-  
bation me thod  and 1.26 -+ 0.06 • 10 -l~ liter �9 N -1 �9 s -1 
by the nonl inear  method.  These values were statistically 
indistinguishable in a paired compar ison  and corre- 
spond  to a Pfof 17 wm �9 s-L This means  that  the mem-  
brane  permeabil i ty to water in ventricular myocytes is 
at least 15 times less than that  in RBCs at comparable  
tempera tures  (Solomon, 1989) and is in the range re- 
por ted  for protein-free artificial lipid bilayers (Fetti- 
place and Haydon,  1980; Finkelstein, 1987)�9 

Lp also was calculated f rom the kinetics of  myocyte 
swelling and shrinkage on switching between 1T, 0.5T, 
and  2T solutions�9 In this protocol  (see Fig. 1), the ap- 
plied osmotic gradients and volume changes were 
large, and only the nonl inear  m e t hod  (Fig. 3 B; Eq. 5) 
was appropriate�9 Fig. 4 illustrates the results of  the anal- 

T A B L E  I 

Temperature Dependence of the Kinetics of CeU Volume Changes 

Osmot ic  tl/2,s [ m e a n  -+ sem (n)]  

cha l l enge  37~ 22~ 6~ 

1T --~ 0.5T 37.0 -+ 2.4 (12) 70.7 -+ 4.0 (15) 185.0 -+ 12.6 (12) 

0 .5T ---) 1T 24.9 -+ 1.1 (12) 50.6 + 1.9 (15) 165.4 -+ 12.9 (12) 

1T ---) 2T 15.1 -+ 0.7 (23) 26.5 -+ 1.3 (16) 66.4 -+ 4.9 (7) 

2T ---) 1T 27.2 -+ 1.2 (23) 39.7 + 1.9 (16) 125.0 +- 11.5 (7) 

ysis. Lp decreased on cooling, and the medians  at each 
tempera ture  were significantly different f rom each 
other.  Because the variance of  Lp in each exper imenta l  
g roup  depended  on the mean,  the data are presented  
as box plots indicating the median,  25th percentile,  
and 75th percenti le  values. Averaged over all the per- 
turbations, Lp was 2.4 -+ 0.1 • 10 -l~ (n = 57), 1.1 + 
0.1 X 10 -/~ (n = 54), and 0.35 -+ 0.10 X 10 -l~ (n = 26) 
l i ter 'N -1 �9 s -1 at 37 ~ 22 ~ and 6~ respectively�9 In con- 
trast to the clear effect of  tempera ture ,  the L / s  ob- 
tained f rom swelling and  shrinkage in a pair  of  solu- 
tions (i.e., 1T---)0.5T versus 0.5T---)IT and 1T-->2T ver- 
sus 2T---~IT) could not  be distinguished by these 
methods,  a l though the values for swelling tended  to be 
slightly greater  than those for shrinkage. 

Apparent Activation Energy of Lp 

The apparen t  activation energy of  Lp provides informa- 
tion about  the mechanism of  water pe rmea t ion  
through the sarcolemma. For water traversing a water- 
filled pore,  E a' is expected  to be ~ 4  kcal.mo1-1, reflect- 
ing the t empera ture  dependence  of  the viscosity of  
water (Sha'afi and Gary-Bobo, 1973; Macey, 1979; 
Finkelstein, 1987; Verkman,  1993). Fig. 5 shows Arrhe- 
nius plots of  Lp data for each of  the osmotic perturba-  
tions. For the four  osmotic challenges, E~' averaged 
11.7 + 0.9 kca l /mol  between 6 ~ and  22~ and 9.2 -+ 0.9 
kca l /mol  between 22 ~ and 37~ The  individual esti- 
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FIGURE 3. Measurement of hydraulic conductiv- 
ity, Lp, by the (A) small perturbation (see Eq. 7) and 
(B) nonlinear (see Eq. 5) methods during swelling 
of a myocyte on switching from 1T to 0.89T 
solution. The parameters necessary to calculate Lp, 
including the osmotically inactive volume, were cal- 
culated for each cell for each osmotic step. (A) 
Time course of small volume perturbation fit an ex- 
ponential; "r w was 64.9 s. (B) For small or large per- 
turbations, plottingf(V), which represents the right 
hand side of  Eq. 5, versus time gives a straight line 
with a slope equal to Ltdkl~o/VoFl i. Both methods 
gave nearly identical values for Lp, 0.866 and 
0.882 • 10 l0 liter �9 N 1 . s 1, respectively, in this 
example. Least-squares fits were done in ASYST ~- 
ter excluding the first three points to avoid the ef- 
fect of solution mixing. Time scale w~s not cor- 
rected for the dead time in the perfusion system. 

m a t e s  r a n g e d  f r o m  8 to  13 k c a l / m o l .  T h e s e  va lues  a r e  

s ign i f i can t ly  g r e a t e r  t h a n  t h o s e  e x p e c t e d  f o r  v i scous  wa- 

t e r  f low t h r o u g h  a wa te r - f i l l ed  p o r e  a n d  i m p l y  t h a t  t h e  

m a j o r i t y  o f  o s m o t i c  w a t e r  m o v e m e n t  o c c u r s  by a d i f fe r -  

e n t  m e c h a n i s m .  

Does the Magnitude of the Osmotic Gradient or Initial Cell 
Volume Affect Lp ? 

In  t heo ry ,  Lp is a c h a r a c t e r i s t i c  o f  t h e  m e m b r a n e  a n d  

s h o u l d  b e  i n d e p e n d e n t  o f  t h e  m a g n i t u d e  a n d  d i r e c t i o n  

o f  t h e  o s m o t i c  g r a d i e n t ,  a t  l eas t  f o r  a s i m p l e  m e m -  

b r a n e .  T h e s e  p r e d i c t i o n s  w e r e  v e r i f i e d  u s i n g  t h e  e x p e r -  

i m e n t a l  p r o t o c o l  d e p i c t e d  in  Fig.  6 A. Myocy tes  w e r e  re-  

p e a t e d l y  s w i t c h e d  b e t w e e n  h y p o s m o t i c  a n d  i s o s m o t i c  
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FIGURE 4. Temperature dependence of Lp measured on switch- 
ing between IT and 0.5T and between 1T and 2T solutions. Be- 
cause the variance of Lp depended on the mean, data were ana- 
lyzed by a Kruskal-Wallis ANOVA on ranks, and box plots illustrate 
the 25th, 50th, and 75th percentile. Although the effect of temper- 
ature was significant ( P <  0.001), l? 's for osmotic perturbations at 
the same temperature were not distinguishable in pairwise com- 
parisons (Dunn's method), and the overall effect of the osmotic 
gradient was not significant (F-ratio test, P = 0.1755). 

s o l u t i o n s  (n  = 6).  Cel l  v o l u m e  i n c r e a s e d  to  1.083 -+ 

0.006,  1.160 + 0.009,  1.300 + 0.015,  a n d  1.418 + 0.031 

in  0 .89T,  0 .80T,  0 .67T,  a n d  0 .57T  so lu t i ons ,  r e spec -  

tively, a n d  e a c h  t i m e  cel l  v o l u m e  r e t u r n e d  to its in i t ia l  

v a l u e  in 1T. Fig. 6 B shows  t h e  r e l a t i o n s h i p  b e t w e e n  Lp 

a n d  t h e  o s m o t i c  g r a d i e n t  (35 to  142 m o s m / l i t e r )  f o r  

t h e s e  e i g h t  i n t e r v e n t i o n s .  N o  stat is t ical ly s i g n i f i c a n t  dif- 

f e r e n c e s  in Lp w e r e  d e t e c t e d  b e t w e e n  any  o f  t he  g roups ,  

a l t h o u g h  an  F-ra t io  tes t  s u g g e s t e d  an  ove ra l l  e f f ec t  o f  

t r e a t m e n t  g r o u p  ( P  = 0 .0233) .  W h e n  a n a l y z e d  by t h e  

d i r e c t i o n  o f  t h e  o s m o t i c  g r a d i e n t ,  t h e  Lp fo r  swel l ing ,  
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3 . 0  ~ ' ~  v 2T ~ i T  

I 
g) 

I z 2 . 0  

4~ 

o ~ i . 0  

l 
O 

czO.5  
�9 ~ 0 . 4  

0 . 3  

0 . 2  I I I 
3 . 2 3  3 . 3 9  3 . 5 8  
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FIGURE 5. Arrhenius plot of Lp on switching from 1T to 0.5T 
(V), 0.5T to 1T (A), 1T to 2T (A), and 2T to 1T (V). Apparent ac- 
tivation energy, E j ,  was calculated from the mean Lp for each con- 
dition and was 11.7 + 0.9 kcal/mol between 6 ~ and 22~ and 9.2 -+ 
0.9 kcal/mol between 22 ~ and 37~ (n = 4 osmotic steps). E,' was 
11.2 - 0.3 and 9.2 + 1.3 kcal/mol, if median Lp's were used in- 
stead of means. These values of E 0' are typical of water movement 
through lipid bilayers and membranes without functioning water 
channels and are significantly greater than the ~4  kcal/mol ex- 
pected for osmosis through water-filled pores. 
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FIGURE 6. Lp was independent of the magnitude and direction 
of the osmotic gradient. (A) Kinetics of volume changes on switch- 
ing between 1T and 0.89T, 0.80T, 0.67T, or 0.57T solutions at 
22~ Relative cell volume returned to its initial value in isosmotic 
solution before each hyposmotic challenge; n = 6. (B) Lp was cal- 
culated during swelling (V) and shrinkage (&) from data in A by 
the nonlinear method and is plotted as a function of the imposed 
osmotic gradient. An overall significant effect of treatment group 
(osmotic gradient) was detected by a repeated measures ANOVA 
and F-ratio test (P = 0.0233), but no significant differences be- 
tween any of the treatment groups were found in pairwise compar- 
isons (Bonferroni method). The highest value of Lp was obtained 
with the largest gradient. In contrast, Lp should be inversely related 
to the magnitude of the gradient if unstirred layer effects are im- 
portant. Overall, Lp for swelling, 1.26 -+ 0.08 • 10-1~ liter. N -~. s -~ 
(solid line) was not significantly different from that for shrinkage, 
1.09 _+ 0.07 • 10 -1~ liter �9 N -I �9 s -1 (dashed line). 

1.26 • 0 .08 X 10 -1~ l i t e r  �9 N a. s - l ,  was s ta t is t ical ly  in-  

d i s t i n g u i s h a b l e  f r o m  t h a t  f o r  s h r i n k a g e ,  1.09 • 0 .07 • 
10 - l ~  l i t e r - N - % - L  

A n o t h e r  a p p r o a c h  fo r  e x a m i n i n g  t h e s e  issues is 

s h o w n  in  Fig. 7 A. Cel ls  w e r e  e x p o s e d  to  t h e  s a m e  ser ies  

of hyperosmofic solutions as before, except they were 
n o t  r e t u r n e d  to  1T s o l u t i o n  u n t i l  t h e  e n d  o f  t h e  e x p e r i -  

m e n t .  I n  this case,  t h e  i m p o s e d  o s m o t i c  g r a d i e n t s  a r e  

s im i l a r  to  e a c h  o t h e r ,  b u t  t h e  in i t i a l  ce l l  v o l u m e s  a n d  H i 

d i f fer .  T h e  c a l c u l a t e d  va lues  o f  Lp a re  p l o t t e d  as a f u n c -  

t i o n  o f  in i t ia l  ce l l  v o l u m e  in  Fig. 7 B. N o  s i g n i f i c a n t  dif- 

f e r e n c e s  w e r e  i d e n t i f i e d  b e t w e e n  any  o f  t h e  g r o u p s ,  

a n d  t h e  ove ra l l  a v e r a g e  Lp f o r  swel l ing ,  1.34 • 0.11 X 

10 -1~ l i t e r . N - l . s  -a ( so l id  l i n e ) ,  was q u i t e  s im i l a r  to  t h a t  

f o r  s h r i n k a g e ,  1.26 -+ 0 .10  • 10 -1~ l i t e r . N - %  -a 

( d a s h e d  l i ne ) .  T a k e n  t o g e t h e r ,  t h e s e  d a t a  i n d i c a t e  t h a t  

t h e  m e a s u r e d  v a l u e  o f  Lp is i n d e p e n d e n t  o f  t h e  m a g n i -  

t u d e  a n d  d i r e c t i o n  o f  t h e  o s m o t i c  g r a d i e n t  a n d  t h e  ini-  

t ial  ce l l  v o l u m e .  

Compensatory Volume Regulation 

A w i d e  var ie ty  o f  cel ls  e x h i b i t  a r e g u l a t o r y  v o l u m e  de-  

c r e a s e  (RVD) o r  r e g u l a t o r y  v o l u m e  i n c r e a s e  (RVI) in  

r e s p o n s e  to  o s m o t i c  stress ( H o f f m a n n  a n d  S i m o n s e n ,  

1989; M c C a r t h y  a n d  O ' N e i l ,  1992; H a l l o w s  a n d  Knauf ,  

1994).  Cel ls  in i t ia l ly  swell  o r  sh r ink ,  a n d  t h e n  ce l l  vol-  

u m e  pa r t i a l ly  o r  ful ly  r e c o v e r s  as a r e s u l t  o f  a c t i va t i on  o f  

c o m p e n s a t o r y  i o n  t r a n s p o r t  m e c h a n i s m s .  P r e v i o u s  

s tud ies  o n  r a b b i t  c a r d i a c  m y o c y t e s  (e.g. ,  D r e w n o w s k a  
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FIGURE 7. Lp was independent of initial osmolarity and cell vol- 
ume. (A) Kinetics of volume changes on switching from 1T to a se- 
ries of successively more hypotonic solutions (0.89T, 0.80T, 0.67T, 
0.57T) and then back again at 22~ n = 5. (B) Lp was calculated 
during swelling (V) and shrinkage (&) from data in A by the non- 
linear method and is plotted as a function of initial cell volume. 
Overall effect of treatment group (initial osmolarity) approached 
significance by a repeated measures ANOVA and F-ratio test (P = 
0.0586), but no significant differences between any of the treat- 
ment groups were found in pairwise comparisons (Bonferroni 
method). Error bars represent + 1 SEM for both Lp and initial cell 
volume. Overall, Lp for swelling, 1.34 +_ 0.11 • 10-m liter . N -~. s -l  
(solid line) was not significantly different from that for shrinkage, 
1.26 _+ 0.10 • 10 -l~ liter �9 N -1 �9 s -l  (dashed line). 
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and Baumgarten, 1991) did not  find evidence for RVDs 
or RVIs when myocytes were exposed to solutions rang- 
ing from 0.6T to 1.ST. In contrast, cultured embryonic 
chick heart undergoes a significant RVD on swelling 
(Rasmusson et al., 1993). In the present study, RVDs 
and RVIs are absent in 0.5T and 2T solution in Fig. 1. 
This was not  always the case, however. Fig. 8 shows that 
most rabbit ventricular myocytes undergo a classic RVD 
in 0.5T solution at 37~ but still do not  exhibit a RVI in 
2T solution. In these experiments relative cell volume 
increased to a maximum of 1.412 + 0.028 (n = 6) 
more than 2 min after switching to 0.5T solution and 
then decreased to 1.316 + 0.024 after 6 min. An addi- 
tional eight less-complete experiments showed similar 
results. The compensatory response illustrated in Fig. 
8, al though incomplete, amounted  to a 23% decrease 
of  volume from its peak level in those cells, but a 46% 
decrease from the level attained in cells without an 
RVD, 1.580 _+ 0.017 (n = 12) (Fig. 1 A). On returning 
myocytes to 1T solution, the volume of  cells exhibiting 
an RVD decreased to 0.940 +- 0.010, a value signifi- 
cantly less than 1.0. However, the undershoot  during 
recovery was far less than the RVD during swelling, im- 
plying that osmolytes were not permanently lost. In 
contrast to the regulatory response observed on swell- 
ing in hyposmotic solution, no RVI was observed dur- 
ing hyperosmotic shrinkage. Relative to the initial vol- 
ume in 1T, volume smoothly decreased to 0.655 + 
0.016 in 2T solution; this is equivalent to a volume of  
0.697 +- 0.017 relative to the 1T volume immediately 
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FIGURE 8. Myocytes can exhibit a regulatory volume decrease on 
switching from 1T to 0.5T solution at 37~ Relative cell volume in 
6 cells increased to a maximum of 1.412 +_ 0.028 and then de- 
creased to 1.316 -+ 0.024 after 6 min in 0.5T solution (cf., Fig. 1 A). 
On returning to 1T solution, cell volume decreased to 0.940 _+ 
0.010, significantly less than its initial value. In contrast, a regula- 
tory volume increase was not observed in 2T solution. 

before cell shrinkage. Thus, despite exhibiting a RVD, 
cell shrinkage was almost identical to that shown in Fig. 
1 A, 0.677 +- 0.005. In addition to these experiments at 
37~ RVDs were noted on switching to 0.5T media in 3 
of  20 cells at 22~ but never were observed at 6~ Also, 
RVDs never were observed during smaller osmotic per- 
turbations, such as those shown in Fig. 6 A (e.g., 
1T--)0.59T) or Fig. 7 A. The mechanism underlying 
RVDs during strong osmotic stress was not  investigated 
further. 

D I S C U S S I O N  

These experiments demonstrate for the first time that 
the Lp of  ventricular myocytes is low. Lp was ~1.2 • 
10 -l~ liter �9 N -1 �9 s -1 at 22~ corresponding to a Pf of 
16 I-~m �9 s -1. These values represent upper  limits, how- 
ever, because the geometric model used to estimate the 
surface/volume ratio of  ventricular myocytes assumed 
a smooth surface membrane.  Based on capacitive mem- 
brane area, Lpwas 0.7 to 0.9 • 10 -~~ liter �9 N -1 �9 s -1 (see 
infra). Estimates of  Lp in ventricle are 15 to 25 times 
lower than those in human RBCs, which average 18 • 
10 -1~ liter �9 N -1 �9 s 1 (Solomon, 1989) and are in the 
range of  values reported for protein-free lipid bilayers 
and liposomes (Fettiplace and Haydon, 1980; Finkel- 
stein, 1987). Analysis of  the temperature dependence 
of  Lp indicated that its E a' was "-40 kcal/mol.  This value 
is greater than expected for water flow through water- 
filled pores (Sha'afi and Gary-Bobo, 1973; Macey, 1979; 
Finkelstein, 1987; Verkman, 1993) and implies that the 
majority of  osmotic water movement  in ventricular my- 
ocytes is through the membrane  bilayer instead of 
through water-filled pores. 

Sources of Error in the Calculation of Lp 

The calculated value of  Lp is inversely proportional to 
the surface/volume ratio of  the cell and therefore de- 
pends on the assumed geometric model. Ignoring the 
ends, smooth circular and square cross-sections both 
give surface/volume ratios of  0.174 p~mZ/p~m 3 for a typ- 
ical 23-p,m-wide cell. If  rectangular or ellipsoidal cross- 
sections are assumed instead, the surface/volume ra- 
tios are 0.198 and 0.200 I~m2/p~m ~, respectively (mi- 
no r /ma jo r  axis = 0.78; Drewnowska and Baumgarten, 
1991), and the calculated values of  Lp need to be re- 
duced by ~13%. Surface/volume ratios for smooth 
shapes are certainly too low, however, because sar- 
colemmal folds and invagination are ignored. By ste- 
reological analysis, including T tubules as a componen t  
of surface membrane,  surface/volume ratio is 0.59 to 
0.66 ~m2/Ixm 3 (right papillary muscle, 2.5-3 kg rabbits; 
Stewart and Page, 1978) after correction for caveolae 
(Leon and Page, 1980). If these figures are accepted, 
the calculated Lp needs to be reduced by a factor of  3.4 
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to 3.8. On  the o ther  hand,  sur face /vo lume ratios in 
fixed material  may be erroneously high because of  
specimen shrinkage. The  cell d iameter  obta ined by 
Stewart and  Page (1978) was 13-15 gtm, much  less than 
the 21-25 txm repor ted  for unfixed isolated rabbit  myo- 
cytes (e.g., Drewnowska and  Baumgarten,  1991; Clemo 
et al., 1992). 

Perhaps  a bet ter  m e t hod  for  arriving at the sur face /  
volume ratio is to use m e m b r a n e  capacitance (Cm) to 
estimate surface area assuming a specific m e m b r a n e  ca- 
pacitance of  1 ixF/cm 2 and  the geometr ic  m e thod  to es- 
t imate volume. Cm was not  measured  in the same cells 
used to measure  volume to avoid the possibility that 
fluid and  solute flux between the cell and pipette 
would confound  the analysis of  cell swelling and shrink- 
age. In parallel experiments ,  Cm was 164 --+ 8 pF (n = 
40) in 1T solution. For an exemplar  23-~m by 135-txm 
cell, this gives sur face /volume ratios of  0.23 and 0.29 
b~m2/Ixm 3 for  cells with square and  circular cross-sec- 
tions, respectively. These ratios are 1.3 and 1.7 times 
greater  than that assumed in the s tandard calculation 
of  Lp, and  it is likely that Lp is overest imated by the same 
factor. 

Unst irred layers are ano ther  potential  source of  e r ror  
in the calculation of  Lp, a l though it is impor tan t  to note  
that  their  effect on pressure-driven flow and osmotic 
coefficients is much  less than on diffusional permeabil-  
ity, Pd (House,  1974; Barry and  Diamond,  1984; Finkel- 
stein, 1987). Convective water flow sweeps solute to- 
ward the m e m b r a n e  on the side with lower osmolarity 
and away f rom the m e m b r a n e  on the o ther  side. As 
long as convection of  solute is faster than its diffusion, 
this acts to reduce the magni tude  of  the osmotic gradi- 
ent  at the m e m b r a n e  surface and results in underesti-  
mat ion of  Lp for the m e m b r a n e  itself. The  er ror  can be 
calculated as 

Lp(obs) = Lp(memb ) exp ( - J ~ 8 / D ) ,  (8) 

where Lt,~obs ~ and Lp/,~,~ ) are the observed and true 
m e m b r a n e  Lp, g is the thickness of  the unst irred layer, 
and  D is the diffusion coefficient of  the osmolytes 
(Finkelstein, 1987). To evaluate this relationship for 
the present  experiments ,  J~ was calculated f rom the 
t ime course of  relative cell volume (Fig. 1) and the sur- 
f ace /vo lume  ratio, 0.174 ixm2/fxm 3, of  a cell with a 
smooth  circular or  square cross-section. The  extracellu- 
lar osmolytes primarily are NaC1 (D25 = 1.611 • 10 -5 
cmZ's -1) and manni to l  (D25 = 0.682 • 10 -5 cm 2- s-l). 
D was taken as a weighted average based on the concen- 
trations of  NaC1 and manni to l  in 0.5T, 1T, and 2T solu- 
tions and was corrected for solution t empera tu re  and 
viscosity using the Stokes-Einstein relationship. Over 6 ~ 
to 37~ the values adopted  for D ranged  f rom 0.401 to 
0.949 X 10 -5 cm.s -1 in 2T, 0.600 to 1.418 • 10 -5 cm �9 
s -1 in 1T, and 0.904 to 2.14 • 10 -5 cm �9 s -1 in 0.5T. Fi- 

nally, the unst i rred layer thickness, 8, can be estimated 
as ~ ,  where t is the time for concentra t ion at the 
m e m b r a n e  to reach ~ 9 0 %  of  its final value (Barry and 
Diamond,  1984). The  t ime course of  electrode junct ion  
potential  (see Methods) indicates t is < 8  s; this means 
is <97  Ixm. On the o ther  hand,  analysis of  Lp (e.g., Fig. 
3) suggests t may be as much  as 30 s, which gives 169 
Ixm for ~. Accepting the higher  estimate of  ~, the worst 
case er ror  in Lp was 0.7% at 6~ 1.1% at 22~ and 
2.3% at 37~ These errors occur  at the t ime of  maxi- 
m u m  Jv dur ing shrinkage on switching f rom 1T to 2T. 
Because Jv is smaller both  at o ther  times dur ing shrink- 
age in 2T and dur ing o ther  osmotic perturbations,  
even smaller errors  are expected  overall. 

To validate these estimates, we also calculated 8 f rom 
hydrodynamic theory (Fischbarg et al., 1993). This ap- 
proach takes into account  the average linear fluid ve- 
locity (0; 1.04 cm's-1), the width of  the perfusion path  
(w; 0.4 cm),  the kinematic viscosity (v; ~1.009, 1.079, 
and 1.286 cm 2. s -1 for 0.5T, 1T and 2T at 25~ and D. 
The  Reynolds n u m b e r  (Re) is def ined as 

Re = Ow/v, (9) 

and then the diffusion boundary  layer thickness can be 
calculated as 

= w(Re  -1/2) (D/v) 1/3 (10) 

For 0.5T, 1T, and 2T solutions, the hydrodynamic ap- 
proach  gave values of  56-71 Ixm for the thickness of  the 
unstirred layer and suggests that  the worst case er ror  in 
Lp is < 1%. Differences in the estimates of  ~ are likely to 
arise f rom the fact that t in the ~ me thod  is the t ime 
for diffusion through the unst irred layer, but  our  val- 
ues for  t represent  the sum of  chamber  mixing t ime 
and diffusion through the unst irred layer. 

Exper imental  evidence also argues that  unst irred 
layer effects were small. I f  the unst irred layers were an 
impor tan t  barrier,  the observed Lp should have in- 
creased as the imposed osmotic gradient  was made  
smaller, reducing Jr and  the convection of  solutes (see 
Eq. 8). To the contrary, Lp was independen t  o f  the size 
of  the applied osmotic gradient  dur ing cell shrinkage 
and, if anything, had an osmotic gradient -dependence  
opposite to expectat ions dur ing cell swelling (see Fig. 6 
B). The  same conclusion is reached by considering Lp 
dur ing a single osmotic transient. The  slopes of  plots of  
f(V) versus time, which are propor t iona l  to Lp, re- 
mained  constant  as myocytes approached  osmotic equi- 
l ibrium and Jv decreased (Fig. 3 B). This implies that 
the varying bulk flow dur ing an osmotic step did not  
detectably alter the estimate of  Lp. Alternatively, it 
might  be argued that  Lp was independen t  o f  the os- 
motic gradient  because the rate-limiting barr ier  was the 
unst irred layer ra ther  than the membrane ,  even with 
the smallest applied gradient  in these experiments ,  35 
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mosm/ l i t e r .  I f  this a r g u m e n t  were correct ,  the Ea' o f  Lp 
should  have b e e n  ~ 4  k c a l / m o l  (see infra).  In fact, E a' 
was significantly greater .  

Mechanism of Water Permeation 

The  a p p a r e n t  activation energy  o f  Lp is diagnost ic  o f  
the m e c h a n i s m  by which water traverses the m e m b r a n e  
(Sha'afi  and  Gary-Bobo, 1973; Macey, 1979; Finkel- 
stein, 1987; Verkman,  1993). Examples  f rom the litera- 
ture  are  given in Table  II. Osmosis  in tissues express ing 
e n d o g e n o u s  water-filled pores  (e.g., m a m m a l i a n  RBCs, 
proximal tubule basolateral membranes )  and  l iposomes 
recons t i tu ted  with AQP-1 exhibits only a modes t  tem- 
pera tu re  d e p e n d e n c e  with an E j  o f  ~-'4 kca l /mol .  This 
low Ea' arises f rom the t empera tu re  d e p e n d e n c e  o f  the 
viscosity o f  water. O n  the o the r  hand ,  the E~' for  water 
m o v e m e n t  t h r o u g h  artificial lipid bilayers, l iposomes,  
and  natural  m e m b r a n e s  wi thout  aquapor ins  (e.g., 
ch icken  RBCs, intestinal brush border )  o r  m e m b r a n e s  
in which aquapor ins  have been  b locked  by mercuria ls  
(e.g., h u m a n  RBCs, proximal  tubule  basolateral  mem-  
brane)  typically is ~ 1 0 - 1 5  kca l /mol ,  ref lect ing the tem- 
pera ture  d e p e n d e n c e  o f  lipid interactions.  

E~' was 11.7 + 0.9 k c a l / m o l  be tween 6 ~ and  22~ and  
9.2 + 0.9 k c a l / m o l  be tween 22 ~ and  37~ in the 
presen t  study. These  h igh  values for  E~', coup led  with a 
low Lp, strongly a rgue  that  mos t  osmot ic  water flow 
traverses the cardiac sa rco lemma by pene t ra t ing  the 
lipid bilayer ra ther  than  by passing t h r o u g h  water-filled 
pores.  Nevertheless,  the possibility that  a small f ract ion 
o f  water flux is med ia ted  by aquapor ins ,  ion  channels ,  
o r  t ransporters  c a n n o t  be excluded.  T he  observed Lp 
and  E~' then  would  d e p e n d  in a weighted  m a n n e r  o n  
the proper t ies  o f  each o f  the pathways (Sha'afi  and  
Gary-Bobo, 1973). 

The  conc lus ion  that  water channels  do  no t  signifi- 
cantly con t r ibu te  to osmosis in cardiac myocytes is 
based on  a funct ional  analysis and  may seem at odds  
with the recen t  r epo r t  that  immunoreac t ive  AQP-1 is 
p resen t  in the sa rco lemma o f  rat ventr icular  myocytes 
(Zheng  et al., 1995). Even u n a m b i g u o u s  identif icat ion 
o f  AQP-1 in the sa rco lemma does no t  establish the role 
o f  water-filled pores  in myocyte  funct ion,  however.  The  
p rob l em is tha t  each AQP-1 m o n o m e r  imparts  a Pf o f  
only ~1 .1  • 10 -15 m ' s  -1 (van H o e k  and  Verkman,  
1992; Zeidel et al., 1992), equivalent  to an Lp o f  ~ 8  >< 
10 -2x l i te r 'N-* ' s  -1. This means  that  AQP-1 at a density 
o f  10 m o n o m e r s ' l x m  -2 would  a c c oun t  for  < 7 %  o f  the 
measu red  sarcolemmal  Lp. Consequent ly ,  AQP-1 or  
o the r  aquapor ins  migh t  be de tec ted  at a molecu la r  
level by highly sensitive techniques  wi thout  significantly 
add ing  to sa rco lemmal  water permeabil i ty.  

O n  the o the r  hand,  it is possible that  enzymes used to 
isolate myocytes inactivated the water channels .  The  
best  a r g u m e n t  against  this is that  water channels  con-  

T A B L E  I I  

Hydraulic Conductivity and Its Apparent Activation Energy 

Tissue (10-1~ " N - l ,  s - l )  (kcal/mol) 

Ventricle, rabbit 1.2 ~ 9.2-11.7 a 
RBC, human 18.0 h 3.9 c 
RBC, beef 18.2 ~ 4.0' 
RBC, dog 23.0 d 4.3" 
Proximal tubule BLM, rabbit 21.9 f 2.5 f 
Intestinal brush border, rat 0.9g 9.8 g 
RBC, chicken 0.6" 11.4 ~ 
RBC, human + PCMBS 1.3 h 11.6 h 
BLM, proximal tubule, rabbit + Hg 4.4 f 8.2 f 
PC bilayer 1.6 i 13 i 
PC/Chol bilayer 0.4J 12.7 k 
Liposomes 1.91 16.0 I 
Liposomes + AQP-1 30.8 L 3.11 
Viscous water flow --  4.2" 

RBC, red blood cell; BLV, basolateral membrane vesicle; PCMBS, p~hlo- 
romercuribenzene sulfonate; PC, phosphatidylcholine, Chol, cholesterol; 
Present study; b Solomon, 1989; ~ Farmer and Macey, 1970; d Rich et al., 

1968; eVieira et al., 1970; fVerkman and Ires, 1986; gWorman and Field, 
1985; hMoura et al., 1984; iGraziani and Livne, 1972; iFettiplace, 1978; 
k Price and Thompson, 1969; I Zeidel et al., 1992. 

t inue to func t ion  in o the r  cells t rea ted  with various pro- 
teases, e.g., freshly suspended  cu l tured  lung  alveolar 
epi thel ia  and  AQPl - t rans fec ted  C H O  cells (Ma et al., 
1993; Folkesson et al., 1994). Nevertheless,  we c a n n o t  
definitively rule ou t  the possibility that  enzyme treat- 
m e n t  o r  o the r  steps in the isolation p r o c e d u r e  affected 
water channe l  funct ion.  

The  detai led m e c h a n i s m  o f  osmotic  water m o v e m e n t  
t h r o u g h  the lipid bilayers remains  uncer ta in .  Most 
commonly ,  a part i t ion-diffusion m e c h a n i s m  is invoked 
in which the hyd rophob i c  m e m b r a n e  core is he ld  to be 
rate l imiting (Fettiplace and  Haydon ,  1980; D e a m e r  
and  Bramhall ,  1986; Finkelstein, 1987). Water  is said to 
dissolve in the lipid and  diffuse down its concen t r a t ion  
gradient .  A recen t  t ransient  defect  mode l  (Haines,  
1994) proposes  instead that  lateral m o v e m e n t  o f  head  
g roups  is rate limiting, and  that  water passes t h r o u g h  
the h y d r o p h o b i c  core  tucked  into gauche-trans-gauche 
kinks, which are known to p ropaga te  rapidly down acyl 
chains. Addi t ional  suppor t  for  this mode l  comes  f rom 
studies showing addi t ion  o f  cardiol ipin to phosphat i -  
dylchol ine  l iposomes decreases Lp wi thout  a change  in 
bilayer fluidity by stabilizing h e a d  g r o u p  interact ions 
(Shibata et al., 1994). Reasonable  a g r e e m e n t  with ob- 
served permeabi l i ty  values can be ob ta ined  by bo th  par- 
t i t ion-diffusion and  t ransient  defect  models .  Both  mod-  
els predic t  that  increased tempera ture ,  via decreased  
microviscosity o f  the h y d r o p h o b i c  core  or  increased 
rate o f  lateral diffusion o f  phosphol ip ids ,  respectively, 
will increase water permeabi l i ty  as f o u n d  in the present  
exper iments .  
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Physiological Implications 

Only a few studies have considered osmotic water per- 
meability in any type of  muscle. The  most detailed anal- 
ysis was by Sorenson (1971), who examined skeletal 
muscle fibers f rom a marine crab (Chi0n0ecetes bairdi). 
He repor ted  Lp was ~38  • 10 -1~ l i ter 'N-l ' s  -1 with os- 
motic gradients 432  mosm/ l i t e r  at 10~ an Lp 100-fold 
greater than the 0.35 • 10 -1~ l i ter .N-l .s  -1 obtained in 
ventricle at 6~ Because Lp was referred to the appar- 
ent  surface area assuming a smooth elliptical model,  
some of  this large difference is likely to reflect underes- 
timation of  surface area. The  Lp of  crab fibers de- 
creased to 7.6 • 10 -1~ l i ter .N-l .s  -1 when a greater os- 
motic gradient (86 mosm/l i te r )  was applied, perhaps 
because of  unstirred layers. In the older  literature, val- 
ues of  16.9, 9.5, and 5.0 • 10 -1~ l i ter .N-l .s  -1 were 
claimed for frog (Hodgkin and Horowicz, 1959; Zadun- 
aisky et al., 1963) and crayfish skeletal muscle (Reuben 
et al., 1964), respectively, but  full methodological  de- 
tails were not  provided. More recently, Berman et al. 
(1993) calculated an Lp of  1.1 • 10 -1~ liter-N-l.s -1 for 
giant barnacle skeletal muscle. The agreement  with car- 
diac values is likely to be fortuitous, however. As recog- 
nized by the authors, the remarkably extensive and 
complex invagination of  the barnacle sarcolemma will 
lead to a very serious overestimation of  Lp when the ap- 

parent  surface area of  a cylinder is assumed. On the 
other  hand, Lp is likely to be seriously underest imated 
because the effects of  unstirred layers are favored by 
the large diameter  of  barnacle muscle cells, the tortuos- 
ity of  membrane  invagination, and the large osmotic 
gradients applied, 450-2000 mosm/l i ter .  

Because cardiac muscle normally does not  transport  
water, the low Lp and absence of  a significant water flux 
through water channels may not  be surprising. Never- 
theless, the permeability of  cardiac membranes  to wa- 
ter is critically important  in several situations. For ex- 
ample, low Lp may serve to protect  the heart  f rom tran- 
sient disturbances in serum osmolarity such as that 
induced by the injection of  hyperosmotic radiopaque 
contrast medium into the coronary arteries. Lp also may 
be critically important  during ischemia and reperfu- 
sion. It is well known that ischemia and reperfusion re- 
sult in rapid cell swelling and cell death, if injury is se- 
vere (Reimer and Jennings, 1992). Ischemic metabo- 
lites, including lysophospholipids (Hazen and Gross, 
1992) and long-chain acyl carnitines (Corr et al., 1995), 
accumulate in the sarcolemma during ischemia and in- 
crease membrane  fluidity. It is appealing to speculate 
that accumulation of  these metabolites increases Lp and 
thereby exacerbates both the rapidity of  cell swelling 
and the extent  of  ensuing cell injury. 
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