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Summary. This paper describes computer programs which may 
be used to identify and analyze cation and anion channels. Weak 
acids are used to increase intracellular proton concentrations and 
by so doing to promote the exchange of osmotically active cat- 
ions with protons. The time course of cation exchange is readily 
identified from the changes in cell volume which accompany the 
net changes in osmotically active cations. Weak bases are used 
to identify and analyze hydroxyl/anion exchange by a compara- 
ble strategy. The model was able to produce data that agreed 
with experimental data in the literature with an accuracy equal to 
experimental error. One program, called PROPIONATE, uses 
the weak acid, propionic acid, to identify cation channels such as 
the sodium-proton exchanger or the calcium-dependent, potas- 
sium channel. A second program, called BASE, is more general 
because either a weak acid such as propionic acid or a weak base 
such as ammonia may be used individually or together. When 
experimental data are available, the programs may be used to 
calculate permeability coefficients for ion channels and the ca- 
pacity of intracellular buffers. The programs may be used also in 
the design of experiments. Initial values may be assigned to in- 
tracellnlar and extracellular electrolyte and proton concentra- 
tions. Values for intracellular buffer capacity and channel perme- 
abilities may be chosen. The program will then generate changes 
in ions, cell volume, and intracellular pH when either a weak 
acid, a weak base or combination of the two is added to the 
external medium. 
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Introduction 

In a ser ies  o f  p a p e r s ,  Gr in s t e in ,  S a r k a d i ,  Ro ths t e in  
and  the i r  c o l l a b o r a t o r s  (Gr ins t e in  et  al . ,  1984a,b;  
Sa rkad i  e t  a l . ,  1985) have  d e m o n s t r a t e d  the  effec-  
t ive  use  o f  the  sa l ts  o f  the  w e a k  ac id ,  p r o p i o n i c  ac id  
to  unrave l  the  in t r i cac ie s  o f  channe l  t r a n s p o r t  in 
l e u c o c y t e s ,  l e u k e m i c  ce l ls ,  and  h u m a n  e r y t h r o c y t e s  
by  o s m o t i c  m e t h o d s .  Wi th  this  m e t h o d ,  c o m p l e x  
ne t  so lu te  m o v e m e n t s  m a y  be d e t e c t e d  and  ana-  
l y z e d  by  fo l lowing  v o l u m e  changes .  M u c h  ear l ie r ,  
J a c o b s  (1940) had  d e v e l o p e d  m e t h o d s  to a n a l y z e  
the  o s m o t i c  ef fec ts  o f  the  sal ts  o f  w e a k  b a s e s  and  
the i r  i n t e r ac t i ons  wi th  the  sa l ts  o f  w e a k  ac ids .  

In the  p r e se n t  p a p e r ,  two  c o m p u t e r  p r o g r a m s  
are  d e s c r i b e d  which  mode l  t he se  ef fec ts .  Both  have  
been  success fu l  in the i r  ab i l i ty  to p red i c t  the  resu l t s  
r e p o r t e d  in the  p a p e r s  o f  Gr in s t e in ,  S a r k a d i ,  Roth-  
s te in  and the i r  c o l l a b o r a t o r s .  The  first  one ,  PRO-  
P I O N A T E ,  is specif ic  for  the  s o d i u m  and  p o t a s s i u m  
sal ts  o f  p r o p i o n i c  acid .  The  s e c o n d  p r o g r a m ,  
B A S E ,  is more  genera l .  It d e s c r i b e s  the  o u t c o m e  
when  cel ls  a re  e x p o s e d  s i m u l t a n e o u s l y  to the  sal ts  
o f  p r o p i o n i c  ac id  and to the  sal t  o f  a w e a k  base  such  
as  a m m o n i u m  ch lor ide .  

T h e s e  p r o g r a m s  mode l  a cell  s y s t e m  which  has  
in t r ace l lu l a r  buffer ing c a p a c i t y  and  m e m b r a n e  ion 
pe rme a b i l i t i e s ,  but ,  at  p r e sen t ,  do  no t  c o n s i d e r  
a s y m m e t r i c ,  s a tu rab l e  s y s t e m s  such as  ac t ive  t rans-  
por t .  T h e r e f o r e ,  the  p r o g r a m s  shou ld  be  app l i ed  
on ly  to t hose  e x p e r i m e n t s  w h e r e  ac t ive  t r a n s p o r t  
has  been  b l o c k e d  o r  does  not  c o n t r i b u t e  to t rans-  
por t .  The  p r o g r a m  uses  bas ic  p r inc ip le s  f rom G i b b s -  
D o n n a n  equi l ib r ia ,  c o m b i n e d  with  the  c o m m o n  as-  
s u m p t i o n s  tha t  cel ls  a re  i so smo t i c  wi th  the i r  
e n v i r o n m e n t .  P r o g r a m  logic fo l lows  the r ea son ing  
exempl i f i ed  in the  c lass ica l  w o r k  o f  L .J .  H e n d e r s o n  
(1928). 

The  p r o g r a m s  t he r e fo re  s e rve  as  d e m o n s t r a t i o n  
m o d e l s  for  t each ing  p u r p o s e s ,  s ince  the  mode l  can  
offer  a who le  ser ies  o f  e x p e r i m e n t a l  op t i ons  inc lud-  
ing c ho i c e s  o f  channe l  pe rme a b i l i t i e s ,  i n t r ace l lu l a r  
and  e x t r a c e l l u l a r  p H ,  buf fe r  c a p a c i t y  and p K ,  o f  
c ons t i t u t i ve  cell  buffers ,  i n t r ace l lu l a r  and  ex t r ace l -  
lu lar  e l e c t r o l y t e  c o m p o s i t i o n ,  and  cell  v o l u m e s ,  to  
n a m e  a few.  

In add i t ion ,  the  p r o g r a m s  m a y  be  o f  pa r t i cu l a r  
va lue  to  cell  p h y s i o l o g i s t s  in the  des ign  o f  exper i -  
m e n t s  b e c a u s e  t hey  have  bo th  ana ly t i c  and  p red ic -  
t ive  va lue .  W h e n  f i t ted to e x p e r i m e n t a l  d a t a  as  has  
b e e n  done  in this  p a p e r ,  the  m o d e l  p r o v i d e s  two  
i m p o r t a n t  ana ly t i ca l  p a r a m e t e r s :  the  i n t r ace l lu l a r  
buf fer ing  c a p a c i t y  and  the p a s s i v e ,  u n m e d i a t e d  
m e m b r a n e  p e r m e a b i l i t i e s  o f  ion channe l s .  T h e s e  pa-  
r a m e t e r s  a re  not  a l w a y s  e v i d e n t  in the  usual  exper i -  
men ta l  da ta .  
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Model l ing  St ra tegy  
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+ 
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3. Anion Exchange 

OH ~-- C L -  

,--.) 
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Net change in cell water 

Net change in cerl volume 

Intracellular pH defined 

at new water content 

Fig. 1. Flow sheet outlining the strategy used to model the osmotic consequences which follow from the entry of weak acids or weak 
bases or both into cells 

Theoretical  Considerations 

The logic in the design of the program is outlined in 
Fig. 1. The experimental situation being modeled is 
that of cells with a defined complement of solutes 
immersed in an extracellular medium of known 
composition containing either a weak acid or a 
weak base or both. Only electrochemical driving 
forces are considered. Experimentally,  putative 
pumps must either be blocked or not contribute in 
the time interval under study. The starting intracel- 
lular and extracellular concentrations of the key 
electrolytes,  Na +, K +, CI-, and HCO~ as well as 
the pH may be set at the discretion of  the user. The 
composition of the extracellular compartment  re- 
mains constant,  while the concentration of electro- 
lytes in the intracellular compartment  may change. 

Cells will change volume if the water content of 
the cells changes. These net changes in water con- 
tent will occur  if the osmolarity of the intracellular 
compartment  differs from the osmolarity of the ex- 
tracellular compartment  and will continue until the 
osmolarities on each side are equal. All solutes are 
assigned osmotic coefficients of  1. 

OSMOTIC EFFECTS OF W EA K  ACIDS 

As outlined in Fig. 1, the initiating event is the 
ready entry of the weak acid, propionic acid, desig- 
nated as HPROP. The first premise in the model is 
that the membrane is so permeable to the weak acid 
that its entry is not rate limiting, and the user should 
establish this fact experimentally before attempting 
to apply the program to his data. Therefore,  the 
intracellular concentration of the weak acid will al- 
ways be equal to the concentration in the medium. 
This value is calculated from standard buffer equa- 
tions as illustrated in Eq. (I) for an extracellular pH 
of 7.3 

HPROP = PROP /10 (7"3.pKI (1) 

where HPROP is the concentration of the propionic 
acid and PROP- is the concentration of the anion of 
the salt. 

The next step is the dissociation of intracellular 
HPROP, the weak acid, into its component  parts, 
H + and PROP and initial acidification. If consid- 
ered as an isolated system, the hydrogen ion avail- 
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able may be calculated simply as 

H + = (HPROP/10pK) I/2. (2) 

A new pH is set by buffering with intracellular 
macromolecules  and the P R O P - / H P R O P  buffer 
pair. 

In contrast  to the weak acid, the net t ransfer  of  
the major electrolytes is determined by membrane  
permeabil i ty.  In this model, the governing equation 
is based upon the behavior  of  an electrolyte subject 
to an electrochemical  gradient. The derivation ap- 
pears in the Appendix.  An important restriction to 
net movement  is the requirement  that a cation be 
accompanied  by an anion or that an intracellular 
cation exchange with an extracellular cation or an 
intracellular anion exchange with an extracellular 
anion as indicated in steps 3 and 4 in Fig. 1. The 
user has the option, prior to the onset of  the pro- 
gram, to set rate constants  for the net t ransfer  of  
K +, Na  +, and CI-.  The net t ransfer  of  HCO3 and 
OH are coupled to the net t ransfer  of  Cl by a one- 
for-one exchange system. Similarly, the net t ransfer  
o f H  + is coupled to the net t ransfer  o f N a  + or K + or 
both, also by a one-for-one exchange system. 

Using the Euler technique, net t ransfer  of  sol- 
ute is allowed to continue for a preset  time interval, 
after which the increment change is added to the 
previous content  of  the solute being considered. Af- 
ter all net transfers have been completed,  the total 
content  of  osmotical ly active solute is summed,  in- 
cluding the contribution from the impermeant ,  but 
osmotical ly active, macromolecules .  

Osmotic  equilibrium between the intracellular 
and extracellular compar tments  defines the volume 
of water  inside the cell. Since the extracellular me- 
dium is considered to be infinitely large, its osmo- 
l a r ry  is held constant.  Therefore ,  if the solute con- 
tent of  the cell changes,  the content  of  cell water  
will change proport ionately to maintain osmotic  
equality between the two compar tments .  It is the 
net change in water  content  that produces the 
change in cell volume. These steps are outlined in 
item 6 in Fig. 1. 

Since net changes in cations, anions, and water  
will alter the concentrat ions of  H + and OH , which 
in turn will lead to changes in PROP- ,  a new intra- 
cellular pH is calculated. The cycle begins again at 
step 2 in Fig. 1, keeping in mind that the intracellu- 
1at concentrat ion of the weak acid, HPROP is al- 
ways held constant  at the extracellular value. 

To illustrate the logic of  the model,  let us con- 
sider how it is used to analyze the swelling of cells 
placed in an isosmotic solution of sodium propio- 
nate, buffered at pH 7.3. 

Equation (2) indicated that the dissociation of 

HPROP produced a dramatic increase in H + and a 
corresponding decrease in O H - .  If the anion ex- 
change system is functional, the entry of  OH down 
its gradient from an external medium maintained at 
pH 7.3 is coupled to the exit of  CI-  from the cell. 
Each O H -  which enters is available to buffer the H + 
produced by dissociation of  HPROP.  Therefore,  
each CI-  lost is matched by the production of a 
corresponding PROP- .  

During this process,  the initial low intracellular 
pH increases as the ratio P R O P - / H P R O P  rises 
while the value for HPROP remains constant  be- 
cause of continued rapid equilibration with HPROP 
outside. The process is self limiting when the intra- 
cellular pH reaches that of  the extracellular pH or 
when anion exchange ceases.  If the intracellular re- 
serve of  Cl is sufficient to raise the PROP inside 
to a value compatible with the extracellular pH then 
no volume change occurs.  However ,  if anion ex- 
change is limited, then cell swelling will occur  to the 
extent that the H + from HPROP is buffered by in- 
tracellular buffers. 

A new pH develops which is determined by the 
balance between the buffer capaci ty and pK,, of  the 
cellular buffer and the pK,, and buffer capaci ty of 
the HPROP.  The latter capaci ty is determined in 
turn from the external concentrat ion and pH of the 
sodium propionate solution. When anion exchange 
is restricted, a considerable proton gradient can de- 
velop, directed toward the downhill exit of  H + if a 
cation is available in the medium for exchange.  If 
exchange can occur,  the entry of  cation will reduce 
the H + ion, raise the O H -  and produce PROP- .  
Osmotically active solute in the intracellular com- 
par tment  will increase. Water  will enter and the cell 
will swell. It is in this setting that one may unmask 
the presence of exchange channels. These may in- 
clude one-to-one exchange channels like the ami- 
loride-sensitive pro ton-Na + exchange system (Grin- 
stein et al., 1984a). On the other hand, one may 
force the issue by using a protonophore  like car- 
bonilcyanide m-chlorophenylhydrazone (CCCP) 
(Sarkadi et al., 1985). If any available channel is 
present  for a cation to cross in exchange for the now 
permeable  proton, swelling will occur  as propionate 
anion is formed and osmotically active cation en- 
ters. Swelling will proceed until the free energy of 
the proton and cation gradients are dissipated or 
until cell lysis occurs.  The events  are easily fol- 
lowed by monitoring changes in cell volume. 

Since the user may enter  different values for 
membrane  permeabil i ty for each electrolyte,  it is 
possible with an iterative process to obtain perme- 
abilities for each of the exchange channels which 
will satisfy the volume measurements  obtained ex- 
perimentally.  
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Materials and Methods 

PROPIONATE~: A P R OGR AM  T H A T  DESCRIBES 

THE O S M O T I C  C O N S E Q U E N C E S  OF T HE  E N T R Y  

OF THE W E A K  A C I D ,  P R O P t O N t C  A C I D  

The compute r  program was developed with the following charac-  
teristics: The intracellular complement  of  solutes was normal- 
ized to a starting volume of I liter of  intracellular water and 
expressed  in milliequivalents. Hemoglobin was used as a model 
for cellular buffering power. From Freedman and Hoffman 
(1979), the buffering power |'or hemoglobin is 12 to 15 meq/mM 
Hb/pH unit or 84 to 105 meq per liter of  cell HzO/pH unit when 
Hb is 7 retool/liter H~O. In terms of  the Henderson-Hasse lba lch  
equation,  this figure conver ts  into a total of  205 to 256 milliequiv- 
alenls of  bufl'ering power. 

Both cations and anions were allowed to exchange  accord- 
ing to their relative permeabilities and driving forces. The equa- 
tion used was tin integration of the Hodgkin-Katz  derivation 
(Hodgkin & Katz,  1949) based on a net transport  under  an elec- 
trochemical gradient and is derived in the Appendix.  Since the 
net t ransfer  of  electrolytes uses  a H ' /OH exchange  channel ,  
this gradient is calculated as a Gibbs-Donnan potential difference 
and is inserted into the Hodgkin-Katz  equation.  The Gibbs-Don- 
nan potential difference was calculated, in turn, from the distri- 
bution ratio of  the proton and was calculated from I() ~r'H~0H,'L 

Permeability coefficients were set tit the start of  the simula- 
tion and could be changed tit a selected interval after the initia- 
tion of  the simulation. For example ,  to s imulate  an exper iment  in 
which cells were exposed to SITS initially and then lollowed by 
nigericin, permeability coefficients | b r  K ~ , N a ' ,  CI , and HCO3 
were set tit 0 because SITS is a blocker of  anion exchange  chan-  
nels. At the point when nigericin was introduced, the value |'or 
K ' was set while all others  were left tit 0 because nigericin selec- 
tively promotes  pro ton/K ' exchange.  On the other  hand,  when 
SITS was omitted,  finite values were entered for CI and HCO~. 

Certain limitations were placed on values l'or the intracellu- 
lar solutes,  l f t he  gains and losses of  ions depleted the intracellu- 
lar anion of the weak acid, its value was set equal to the value of  
hydrogen ion when only the weak acid was present.  Further,  tiny 
negative values were treated as a loss of  free hydroxyl ions. 
Accordingly,  the protonated |'orm of  the macromolecular  buffer 
was increased and its anionic l'orm was decreased,  to simulate 
the shift in the buffer ratio as hydroxyl ion was lost and excess  
hydrogen ion was buffered. The program was written in BASIC 
for use on the Apple lie, Apple l l + ,  or Macintosh.  

O S M O T I C  E F F E C T S  OF W E A K  A C I D S  AND W E A K  

BASES C O M m N E D :  T r t E  PROGRAM B A S E  2 

When a m m o n i u m  chloride and sodium propionate are present  
together  in the medium,  the extracellular concentrat ions  in 
retool/liter of  the weak acid and the weak base are calculated 
from the Henderson-Hasse lba lch  equations.  

Both of  these programs have been written in BASIC |o r  
the Apple I1+ or l iE computers  and for the Macintosh Plus. 
Discs containing the programs or their listings may be obtained 
from the author  upon request.  

"- S e e  footnote 1. 
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N H 3  - NH4  ~ " l0  pu-pK" 

H P R O P  = P R O P  /1() ~ oK,,. 

(3) 

(4) 

As noted in Fig. I, both NH3 and HPROP enler  the cell 
water  and equilibrate with the external medium, which is con- 
slant.  Therefore,  both weak acid and weak base inside the cell 
remain constant .  Permeability of  the membrane  to the weak acid 
and weak base is not rate limiting. 

Inside the cell both weak base and weak acid dissociate: 

H '  + O H  + N H 3  = NH~ + O H  (5) 

and 

OH = (NH3 �9 10 3 . kl,)l/z 

while 

HPROP H ~ + PROP 

and 

(5a) 

(6) 

H ~ = ( H P R O P '  10 ~ �9 K,,U 2. (6a) 

The initial values of  intracellular PROP and NH4 are set 
equal to H ~ and OH , respectively,  as defined in Eqs. (5a) and 
(6a). 

The H ~ produced from the dissociation of  HPROP is al- 
lowed to interact with the OH produced from the dissociation 
reaction between NH~ and water.  The excess  of  either OH or 
H ' is added to the H ' already set by the initial intracellular pH 
and a new intracellular pH is calculated. 

The program then models  the interaction of the three buffer 
sys tems:  H b - / H H b ,  PROP /HPROP,  and NH3/NH~. Hb /HHb  
was chosen  to represent  the combined intracellular buffers be- 
cause  of  its use with the human erythrocyte  where its pK,, and 
concentrat ion are known. However ,  the user  may vary both con- 
centrat ion and pK,  to fit any other  intracellular, consti tutive 
buffer. 

The first pair of  interacting buffers are PROP /HPROP and 
NHf lNH~.  In a series of  iterative steps,  the present  intracellular 
pH is subtracted from the previous intracellular pH and the dif- 
ference is subtracted from PROP-  and from the NH~. Both pro- 
cedures  will alter the pH defined by PROP /HPROP in one di- 
rection and that of  the NH3/NHa sys tem in the opposite direction 
until they converge to a limit of  0.01 pH units. After convergence  
of  this buffer pair, Hb /HHb  is compared to P R O P - / H P R O P  by 
another  series of  iterative steps until this pair of  butlers  con- 
verges.  When the concentrat ion of the NHflNH4 buffer far ex- 
ceeds that of  the PROP /HPROP buffer, such that the value for 
PROP drops below 0, then H b - / H H b  is matched  against NH~/ 
NH~- until the pH values for each buffer pair converge within a 
limit of  0.01 pH unit. 

When  buffering has been completed,  the total amount  of  
osmotically active solute has  been increased or decreased by 
either PROP-  or NH~- or both. At this point, the total amount  of  
osmotical ly active solute is s u m m e d  and compared  to the osmo-  
larity o f  the external  medium.  The volume of cell water  is then  
calculated relative to the initial isotonic volume,  taken as 1. 

In preparation for the calculation of  net fluxes of  anions and 
cations,  using the derivation from the Hodgkin-Katz  equation 
summarized  in the Appendix,  the distribution ratio for the per- 
meable anions was calculated from the Gibbs-Donnan relation. 

C b / C I , ,  = tOCVUr~"L (7) 
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When cations behave  according to the Gibbs-Donnan rela- 
tion, then the distribution ratio becomes  the reciprocal of  the 
chloride distribution ratio. The distribution ratios are important  
componen t s  in the calculation of  the fluxes of  the permeable 
anions and cat ions down their electrochemical  gradients since 
they define the electrical componen t  of  the driving force under  
passive,  nonmediated condit ions.  

Having defined the electrochemical driving forces for the 
permeable  anions  and cations,  net fluxes for each ion are calcu- 
lated during a time interval chosen  by the user. The  user  also 
may vary the permeability coefficient ibr each ion. The concen- 
tration in meq or mmol/ l i ter  of  cell water at the end of  the time 
interval chosen  is calculated according to Eq. (A5) as derived in 
the Appendix.  The product of  this concentrat ion t imes the nor- 
malized water  content  of  the cell at that time interval becomes  
the current  content  of  the particular anion or cation under  con- 
sideration. The net change in anion or cation content  is calcu- 
lated from the difference between the present  content  and that 
from the previous time interval. 

Since anions are hypothesized in this model to exchange  
with OH by an anion exchange  sys tem with a defined rate con- 
s tant ,  a gain in intracellular chloride is equivalent  to a loss in 
intracellular OH , while a loss in intracellular chloride is equiva- 
lent to a gain in OH . The  second premise of  the model is that 
cat ions exchange  by a proton-cation exchange  sys tem.  When a 
cation is gained, such as Na t, it is in exchange  for H ~ . There-  
fore, a gain in Na + is equivalent  to a gain in O H - ,  while a loss in 
Na '  is equivalent  to a loss in OH . 

After  carrying out this procedure for K ~ , Na ~ , HCO3, and 
C I ,  in that order,  the algebraic sum of  OH generated or dimin- 
ished by the contr ibutions of  the several  permeable ions is calcu- 
lated. The extra  OH or H 4 produced by ion movemen t s  is buf- 
fered by the two buffering sys t ems ,  P R O P - / H P R O P  and 
NHf lNH~.  The appor t ionment  is carried out by calculating the 
available H + from each weak acid, viz: HPROP and NHJ ac- 
cording to the equation H ~ = ( c o n c n .  o f  weak acid �9 K, , )  ~p- and 
then dividing up the total buffering capacity according to the 
relative ability of  each buffet  pair to provide or absorb H ~. 

Since the amoun t s  of  PROP and NH,} may have increased 
or decreased because  of the movemen t  of  cat ions and anions,  a 
new intracellular pH is calculated from the weighted average of  
the pH values defined by each of the buffer pairs. If only one 
buffer  had changed,  the pH value for that particular buffer pair is 
used.  Since the gain or loss of  cat ions and anions and the addi- 
tion or subtract ion of  PROP and/or  NHg changes  the osmotic  
content  of  the cellular compar tment ,  it is necessary  to recalcu- 
late the volume of  osmotically active water,  normalized to an 
isotonic value of  1 in order to reflect the new concentra t ions  of 
the buffer  const i tuents .  Once this procedure is carried out,  the 
new intracellular pH value is calculated. 

Calculat ions for the particular t ime interval are now com- 
plete. A new cycle begins as the three buffer pairs deal with a 
new intracellular pH set by the cation and anion movemen t s .  

Results 

T H E  U S E  OF T H E  M O D E L  P R O G R A M ,  

PROP1ONATE 

The paper of Grinstein et al. (1984a) was used to 
test the model because it provides enough data from 
thymocytes to compare with the output produced 
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Fig. 2. Computer-genera ted  data from program, PROPIO- 
N A T E ,  which illustrates the change in intracellular pH when  rat 
thymocytes  at an initial intracellular pH of  7.0 were exposed  to 
140 mM Na+propionate;  buffered at pH 6.7. Intracellular buffer 
concentrat ion set at 1.25 mM and a pK,, o f  6.8. This  figure may be 
compared  to Fig. IA from Grinstein et al. (1984a) 

by the computer program. The only significant data 
not readily available are the buffering power and the 
combined pK,, of the constitutive intracellular 
buffers. Therefore, a family of curves was gener- 
ated using the following concentrations in meq/liter 
H20 for intracellular electrolytes for thymocytes: 
K + =  140;Na + = 3 0 ; C I  = 8 0 ; H C O 3 = 0 ,  andthe 
following experimental conditions of Grinstein et al. 
(1984a): intracellular pH = 7.0; extracellular pH = 
6.7 and 5 meq/liter KCI and 140 meq/liter Na + pro- 
pionate in the extracellular medium. The change in 
intracellular pH appears in Fig. IA of the paper of 
Grinstein et al. (1984a). This graph could be mod- 
eled with a buffer concentration ranging between 
!.0 and 1.5 mM at a pK,, of 6.8. The output from the 
computer program is graphed in Fig. 2 using a 
buffer concentration of 1.25 mM and may be com- 
pared to their Fig. IA. 

A similar approach was taken for sodium 
fluxes. Reference is made to Fig. 2 of Grinstein et 
al. (1984a). The ordinate is in nmol/106 cells. Since 
the isotonic volume of the rat thymocyte was 110 
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Fig. 3. Computer-generated Na + fluxes from program. PROP10- 
NATE, which compares the model (open squares) with the ex- 
perimental data from rat thymocytes from Grinstein et al. (1984a) 
(filled squares). Permeability for putative Na+-H + exchanger set 
at 3.8 x l0 ~ cm/min 

/zm 3 from their Fig. 3B, each increment of I nmol/ 
106 cells corresponds to approximately 10 mmol/ 
liter of  cells or 13.3 mmol/liter of  cell water since 
lymphocytes  average 75% water by volume. There- 
fore, the output from the computer  program was 
converted to nmol/106 cells in order to compare the 
data with their Fig. 2B. 

A first estimate of  the appropriate rate constant 
was determined from their Table 1, which listed ini- 
tial influxes from isotope data and net influxes in the 
presence of ouabain from chemical data. These data 
were converted from pmol/min mm 2 surface area to 
moles/liter of isotonic cell water/rain. Since these 
influxes were essentially unidirectional, when they 
are divided by the external Na + concentrat ion,  the 
resulting value is an initial estimate of  the influx rate 
constant.  The contribution of the electrical compo- 
nent, of  course, is being neglected in this initial esti- 
mate, but is subsequently included in the final curve 
fit. 

The model defines the rate constant by P A / W  = 
(liter/min)/liter ( see  Appendix). By an iterative pro- 
cedure,  the model generated the best fit to the data 
in Fig. 2A of Grinstein et al. (1984a) with a value of 
3.8 • 10 -6 cm/min for P, the permeability of the 
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Fig. 4. Computer-generated changes in cell volume from pro- 
gram, PROPIONATE, which compares the model (curve) with 
experimental data from rat thymocytes (squares) from Grinstein 
et al. (1984a). Volume of osmotically inactive material set at 0.3; 
permeability for putative Na+-H + exchanger set at 3.0 • l0 ~ 
cm/min 

putative Na+-proton exchange channel. This fit is 
shown in Fig. 3. The filled squares are experimental 
data; the open squares are model calculations. The 
Na + flux was affected by the choice of buffer con- 
centration and reflected the slight differences in the 
H + gradient produced. When the buffer concentra- 
tion was 1.5 raM, the lowest pH at t = 0 was 5.86; at 
1.25 it was 5.80; and at 1.0 mM it was 5.72. As 
expected,  the Na fluxes increased slightly with a 
decrease in pH, reflecting the proportionate in- 
crease in the driving force with an increase in the 
proton gradient. In Fig. 3, the model calculations 
used a buffer concentration of 1.25 mM and a p K ,  of 
6.8. These were the same values that gave the best 
fit for changes in intracellular pH. 

The swelling of cells which accompanies the 
entry of Na + and the production of  propionate an- 
ion was also approximated closely by the model. 
Figure 4 compares the smooth curve of the model 
with the experimental squares from Fig. 3C of Grin- 
stein et al. (1984a). Since the data were not speci- 
fied, a volume of  osmotically inactive material of  
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30% or a b value of  0.3 was chosen,  in keeping with 
the studies of  Hempling,  Thompson  and DuPre 
(1977). A value of 3 • l0 6 cm/min  was used for P, 
the permeabil i ty of the putative Na+-proton ex- 
change channel.  Since the fractional volume 
changes reported by Grinstein et al. (1984a) in their 
Table l ranged between 0.049 to 0.077/rain or a span 
of  57%, a difference in the model parameter  for P 
between 3 • I --6 cm/min,  which was used here, and 
3.8 • l0 6 cm/min,  which was used for the fit of  
Na + fluxes, a difference of  27%, might be expected 
from biological variation. Much of that variation 
may derive from the choice of  b value which, for the 
same change in water  content  of  the cell, will pro- 
duce a smaller or larger change in cell volume. 

The model was used also to compare  changes in 
the volume of ery throcytes  that were suspended in 
an isosmotic solution of  sodium propionate,  buf- 
fered to pH 7.3 with HCI. Volume measurements  
were made every 5 rain. The data collected demon-  
strated that under these conditions the cells shrank. 
At first glance this was a surprising finding, because 
one would have expected some swelling associated 
with the production of  osmotical ly active propio- 
nate anion when the weak acid was buffered with 
intracellular buffer, in this case hemoglobin. There- 
fore, several hypotheses  were posed and the model 
was used to generate anticipated findings. 

The following data were entered into the model: 
Cell volume: 92.6 • 10 -12 cm3; b value = 0.6. This b 
value is quite high when compared  to leucycotes or 
lymphocytes  and represents  a considerable volume 
of osmotical ly inactive water.  However ,  this un- 
usual situation is well known and Ponder (1948) had 
reported as much as 50% of  the cell water  behaved 
as if it were osmotically inactive. The choice here 
was based on actual measurements  and the use of  a 
Boyle-Van ' t  Hoff  plot. Surface area was set at 133 
• l0 s cm 2 and maintained constant,  since one is 
dealing with a biconcave disc which increases in 
volume without an increase in surface area (Ponder,  
1948). Intracellular ion concentrat ions in meq nor- 
malized to 1 liter of  isotonic water  were: K + = 140; 
Na  + = 2 0 ; C 1 - =  ! 1 2 ; H C O 3 = 0 ; H b = 7 a t a p K , , =  
6.8; other  osmotical ly active,  impermeant  solute = 
41. This value is used to establish an intracellular 
concentrat ion isosmotic with that of  the medium. 
Extracellular  concentrat ions in meq/l i ter  medium: 
Na  + = 160; propionate = 160. pH outside = 7.3 and 
pH inside = 7.14. 

The permeabil i ty for C I - - O H -  exchange was 
calculated in the following way. At 25~ the rate 
constant  reported by Tos teson (1959) was 3 sec -~. 
However ,  this value holds for conditions where the 
concentrat ions of  the exchange species is not lim- 
ited. 

However ,  it must be remembered  and empha-  

sized that, in the exper iments  being analyzed,  the 
rate constant  for chloride t ransport  is limited by the 
concentrat ion of  the t rans  species. Further,  if the 
exchange is to have an osmotic  effect, the t rans  

species must be other than CI and must be capable 
of  interacting with intracellular H + in a one-to-one 
exchange 

efflux of Cl = influx of OH- and rcl[Cll] = ro~[OHo]. 

The value r for CI will be decreased if the [OH] or 
any other  t rans  species is less than [CI]. In the ex- 
periment  being modeled,  [OH],, = 10 -6.7 since the 
extracellular pH was 7.3. [CIi] was 0.112 M. There-  
fore, the rate constant  for C1- OH exchange 
should be reduced by 10 6-7/0.112. However ,  these 
exper iments  were carried out in room air and 
Sarkadi et al. (1985) report that the concentrat ion of  
HCO3 in the medium may be as high as 100 /XM, 
because of the dissolved CO~. If one uses a CI - 
HCO3 exchange,  then the rate constant  is reduced 
by  10-4/0. 112 or approximate ly  10 -3. 

From the appendix,  

rate constant, in rain t = (P)(cell area)/(volume of cell water). 

From this equation, the permeabil i ty,  P, in cm/  
min can be calculated for a given rate constant  and 
set of  cell dimensions.  For those chosen above,  a 
value of 10 5 cm/min  was calculated. 

Figure 5 compares  the changes in cell volume of 
human erythrocytes ,  predicted from the model,  
with the actual measurements  of  cell volume,  using 
the Coulter  particle size analyzer.  The closed 
squares denote  the actual measurements .  Cell vol- 
ume decreased from 92.6 to 82.5/xm 3 in 15 rain. At 
first this was a surprising finding. The entry of  pro- 
pionic acid into the cells should generate  osmoti-  
cally active propionate anion as the weak acid is 
buffered by intracellular hemoglobin. If chloride ex- 
changed with bicarbonate,  some of the buffering 
could be accomplished by the interaction of the en- 
tering bicarbonate anion with the intracellular pro- 
ton and in so doing reduce the total amount  of  pro- 
pionate generated by the hemoglobin. The open 
triangles illustrate how the model predicted this set 
of  events.  After a transient swelling, cell volume 
decreased and approached the original cell volume.  
However ,  if the cells were to shrink, an additional 
loss of  osmotical ly active solute must occur.  This 
loss could occur  if a potass ium-proton exchange 
was activated. The open squares are the model cal- 
culations when chloride exchanges with bicarbon- 
ate with a P value of 10 5 cm/min  and when potas- 
sium exchanges with proton with a P value of 10 6 
cm/min.  

Figure 6 graphs additional data generated by the 
model for ion concentrat ions and pH changes.  What 
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is interesting is that the exit of potassium in ex- 
change for proton does not influence the pH tran- 
sient until 10 min after the cells were suspended in 
the sodium propionate solution. Apparently intra- 
cellular buffering by hemoglobin together with the 
generation of base by chloride exchange were suffi- 
cient to offset the addition of proton from potassium 
exchange. 

It is obvious that apart from the actual measure- 
ments of cell volume, all the graphical data are 
model generated and therefore speculative. Yet, 
that is the model's most valuable asset. As a result 
of an analysis such as this, the investigator is in a 
position to test the model hypothesis by measure- 
ments of cell potassium and chloride. Measure- 
ments of pH, which are usually more difficult to do 
technically, will test for the buffering capacity, but 
would not help to identify the presence of a potas- 
sium-proton exchange. 

T H E  USE OF THE M O D E L  PROGRAM, B A S E  

The model program, BASE is more general than the 
model program, PROPIONATE because it will pre- 
dict the outcome when cells are suspended in solu- 
tions of weak acids and weak bases combined. 
However, it is possible to get the same results with 
BASE as those with PROPIONATE by choosing a 
value for the salt of the weak base which is very low 
compared to that of the weak acid. For example, it 
was possible to obtain the same data for the re- 
sponse of cells to isosmotic solutions of sodium pro- 
pionate by choosing a value for NH4CI which was 
only 0.01 mM. 

To illustrate its applicability to the analysis of 
experimental data, the program was applied to 

some of the elegantly simple experiments of Jacobs 
(1940) on erythrocytes. In that classical paper, Ja- 
cobs foresaw the advent of ion channels and their 
osmotic significance when he distinguished between 
the entry of weak electrolytes as molecular entities 
and as ions. The program data plotted in Fig. 7 ex- 
emplify the distinction. In the upper graph, cells 
were placed in 160 mM solutions of NH4propionate 
or NH4CI. In the presence of NH4proprionate, cells 
swelled rapidly and hemolysis occurred almost im- 
mediately. How fast would depend upon the rate of 
entry of the weak acid, propionic acid and/or the 
weak base, NH3. In the model it is not considered a 
rate-limiting step. In contrast, when anion perme- 
ability becomes a rate-limiting step, the rate of cell 
swelling is determined by the choice of permeability 
of the anion exchange channel. In this graph, the 
choice for CI- was 10 -5 cm/min, equal to that used 
in the PROPIONATE model, and comparable to 
experimental conditions where bicarbonate in the 
medium was 100 p,M. Under these conditions, he- 
molysis of erythrocytes will occur in 7 to 10 min. If 
the anion is totally impermeant, only a small degree 
of swelling occurs associated with the entry of NH3 
and its buffering by hemoglobin. Jacobs illustrated 
this principle in his Fig. 3 (Jacobs, 1940) in which he 
increased the rate of swelling of erythrocytes in 
NH4CI from minutes to seconds by increasing the 
concentration of bicarbonate in the medium. It is 
interesting that when he used phenyl urethane, 
which he considered an inhibitor of the anion ex- 
change system, the rate of swelling was slowed. 

The lower graph of Fig. 7 illustrates one of Ja- 
cobs' wonderful conundrums. Erythrocytes were 
suspended in isosmotic solutions of either sodium 
chloride or ammonium dihydrogen citrate. The an- 
ion dihydrogen citrate is impermeant across the 
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membrane of the erythrocyte. Cells maintain iso- 
tonic volumes indefinitely under these conditions. 
When l0 mM of a salt of a weak acid and a weak 
base are added one gets totally different results in 
each isosmotic solution. In the model analysis, 10 
mM ammonium propionate was used. When added 
to the isosmotic solution of sodium chloride, the 
cells shrank a small amount from 92.6 to 92.2/~m 3, 
in keeping with the slight hyperosmolarity produced 
by the addition of 10 mOsm solute to 320 mOsM 
isosmotic solution. In contrast, when the same con- 
centration of osmotically active solute was added to 
the isosmotic ammonium dihydrogen citrate, rapid 
swelling occurred which was complete in a few sec- 
onds. Jacobs' experimental data, using ammonium 
acetate instead of ammonium propionate, appears 
in his Fig. 2 (Jacobs, 1940). According to Jacobs' 
inimitable style of reasoning, ammonium dihydro- 
gen citrate is impermeant because the anion is im- 
permeant. The only osmotic effect that the NH~ 
could exert was a slight swelling produced by the 
NH3, which entered from the medium. However, 

once an anion was available from the permeability 
of proprionic acid, then the full osmotic effect of the 
extracellular NH2 was available, and the cells 
swelled as ammonium propionate was formed in- 
side the cell. 

D i s c u s s i o n  

These model programs are useful because they can 
be used both as tutorials in teaching the basic princi- 
ples of intracellular buffering and to design experi- 
ments and to predict the outcome. Since the model 
provided data that fitted experimental results very 
well, it is reasonable to assume that the strategy 
which was adopted in the development of the pro- 
grams was realistic. Therefore, an investigator who 
makes use of the programs in the design of future 
experiments can be confident that he will not be 
wasting his time when he performs the actual exper- 
iment to test his hypotheses. However, there are 
limitations to the model, which any user must keep 
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in mind. In its present form, the model is designed 
to deal with coupled processes that utilize the free 
energy stored in the proton gradients established by 
the intracellular weak acids and bases after their 
dissociation and buffering inside the cell. The ex- 
change between proton and cation or between hy- 
droxyl ion and anion is electrically neutral. For this 
reason, an integration of the Hodgkin-Katz equa- 
tion was used to calculate the concentration of the 
ion at any time interval after the inception of the 
exchange process. 

Nothing in the derivation of the Hodgkin-Katz 
equation presupposes mechanism. The equation is a 
statement of the net movement of an ion across a 
boundary of finite thickness under an electrochemi- 
cal gradient. The net movement is expressed per 
surface area of membrane and the membrane is as- 
signed a permeability coefficient. 

It is important to point out that the potential 
difference used in the equation is not the potential 
difference which actually exists across the mem- 
brane. Instead, it is the Gibbs-Donnan potential dif- 
ference which is a virtual value and is defined by the 
proton gradient. It is the device by which we insert 
the free energy of the proton gradient into the net 
movement of the cation which is exchanging with it. 
For example, if we consider proton/sodium ex- 
change and look at the integration of the Hodgkin- 
Katz equation, one puts in values for the intracellu- 
lar and extracellular sodium concentrations. The 
proton gradient coupled to the sodium channel is 
entered as the Gibbs-Donnan potential, not the ac- 
tual potential difference which does not participate 
in defining the net movement of ions by the model. 

Two parameters are of particular interest and 
are not readily evident from experimental data: (i) 
the capacity and pK,, of the intracellular, constitu- 
tive buffers and (ii) the permeability of ion exchange 
channels. Both of these parameters define factors 
that contribute to volume regulation. Buffer capac- 
ity and pK,  will influence the intracellular pH and 
by doing so help to regulate net transport through 
ion channels. Net transport of ion channels, in turn, 
will contribute to the solute composition and osmo- 
larity of the intracellular compartment and help to 
set the volume of the cell. In addition, the ion chan- 
nels by exchanging cation with H + or anion with 
OH-,  will influence the intracellular pH. We have 
then a highly organized regulatory system. 

The buffering capacity is the product of two 
terms: the concentration of the intracellular, consti- 
tutive buffers in raM/liter of cell water and the buf- 
fering power of the constitutive buffers in meq of 
protons buffered/mM of buffer/pH unit. As noted in 
Materials and Methods, as a first estimate, we used 
the buffering properties of hemoglobin because the 

data have been well characterized (Freedman & 
Hoffman, 1979). Hemoglobin has a pK, of 6.8 and 
buffers 12 to 15 meq of protons/raM Hb/pH unit. 
The model produced data that agreed reasonably 
well with all of Grinstein's published data by choos- 
ing a constitutive, intracellular buffer concentration 
between 1.0 and 1.5 mM and a buffering power of 12 
meq of protons buffered/mM of buffer/pH unit. The 
buffering capacity ranged from 1.0 x 12 = 12 meq 
of protons buffered/liter of cell water/pH unit to 18 
meq of protons buffered/liter of cell water/pH unit. 
It should be noted that Grinstein had reported a 
buffer capacity of 25 meq of protons buffered/liter 
of cell water/pH unit (Grinstein, et al., 1984b). The 
data from the model are somewhat lower than the 
experimental data reported in that paper. However, 
since the experimental data were obtained from a 
set of experiments different from those which were 
used in the model, this degree of variation might be 
expected. 

Buffer capacity and pK~,, of course, are interre- 
lated in defining buffer effectiveness, and their in- 
terrelationship was not analyzed in this paper, but is 
currently under study. It appears that buffer capac- 
ity is far more sensitive to change than pK,.  If one 
were to use hemoglobin as an example, one might 
predict that the pK, will not be far removed from 
the steady-state intracellular pH. 

As a starting point, one might adopt an invasive 
method to obtain the pK, for the intracellular 
buffers by permeabilizing the cell membrane to cat- 
ions and anions in the presence of sucrose to main- 
tain isovolumic conditions and noting at what extra- 
cellular pH the [Ci ]i/[CI ],, = 1, according to 
Gibbs-Donnan theory (Freedman & Hoffman, 
1979). Under the same experimental conditions, 
one could titrate the intracellular buffer with strong 
acid or base to obtain the meq H+/pH unit and nor- 
malize it to cell number or cell volume. These data 
are entered into the model as a first approximation 
and tested to see how well it fits subsequent experi- 
mental data on pH changes in the presence of salts 
of propionic acid or ammonia. In this fashion it 
should be possible to follow changes in buffering 
capacity or pK, under experimental conditions 
which do not allow for invasive analysis of buffering 
capacity or pK~,. 

Finally, three options can be added to the 
model as it is presently constructed without altering 
its outline or strategy: (i) Addition of a term or 
terms to the equations which govern the entry or 
exit of cations or anions to represent active pro- 
cesses; (ii) making the concentration of intracellular 
weak acids and weak bases a variable instead of a 
constant and defining its value at any time, t, by an 
appropriate kinetic equation, probably a simple 
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Fick equation for nonelectrolytes; (iii) making the 
permeability of ion channels a continuous variable 
and a function of pH, for instance, or select the 
permeability in the present manner except to turn it 
on or off under preset conditions of pH. These addi- 
tions have not been added yet, since it was not nec- 
essary to include them in order to test the validity of 
the programs with the experiments chosen.  How- 
ever, there are some circumstances where these ad- 
ditional options would be helpful or even required. 

This research was supported in part by Grant #R01-HL25885 
from the National Heart, Lung, Blood Institute. 
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Appendix 

dCi /d t  - ( n F  V P A / R T W ) { C , , e  ,,v;.m7 Ci}(I - e ,,v;7;r 

dCi /Coe nv~/Rz_ Ci) = [ n F V P A / R T W ( 1  - e-nVF/RT)] dt  

Integrate between t = 0 and t chosen time interval 

- In[C , , e  ,,win7 _ Ci] { n F V P A / R T W ( I  - e -"~m*)}  ' 

+ integration constant 

( C o e  nVF/RT _ C i ) / C o e - n V F I R T  _ Ci, o ) = e-{nVFPA/WRT(1 e-nVF/RTJ}t 

and 

Ci ~ Co(fl IIVI'/R1 Co e (nVI-/R'I) [nI'VPA/WRI(] l" .~lqlr 

~_ Cie -Pd .  VPA/WRT(I e ~+VI/RI~II 

At t = 0 

Ci = Ci .... 

At t = infinity 

Ci = C,,e ,,vJ mT _ 0 + 0 

(AI) 

(A2) 

(A3) 

(A4) 

so that 

Ci = Coe nVF/RT and Ci/Co = e -nvFmz = r for anions 
and 1/r for cations. 

Substituting 

C i -  C , , r -  C , , r e  linH/'A/ll-rlwp + Ci.,,e lhll'l/'a'fE 'J~+'I~. (A5) 

NOMENCLATURE 

(7,, C,, 
t 
n 

F 
V 
P 
R 
T 
W 

concentrations of anion or cation, in meq/liter water 
time, interval at discretion of user 
valence of ion 
Faraday's constant 
cell membrane potential, volts (inside-outside) 
permeability coefficient of membrane to ion, cm/time 
universal constant, volt coulombs/mole ~ 
temperature, ~ 
cell water at time, t. Calculated as cell volume-volume 
of osmotically inactive material, cm 3 
Area, at time t. Calculated as 4.76 (cell volume) 2/3 when 
cell treated as a sphere, cm 2 


