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Summary 

C o m p a r t m e n t a l  analysis  of  th ree  mode l s  for  solute  t r a n s p o r t  across epithel ial  
t issue is presented .  The  s imples t  m o d e l  descr ibes  on ly  one  tissue c o m p a r t m e n t ,  
the  second inco rpo ra t e s  the  no t i on  o f  a pore  as a parallel  p a t h w a y  and the  th i rd  
mode l  in t roduces  a serial c o m p a r t m e n t  co r r e spond ing  to  non-epi thel ia l  
por t ions  of  the  tissue. E x p e r i m e n t a l  da ta  were ob ta ined ,  using a mod i f i ed  
Ussing and  Zerahn  t echn ique  ( (1951)  Ae ta  Physiol .  S tand ,  23, 1 1 0 - - 1 2 7 ) ,  for  
sal icylate t r a n s p o r t  across  rat  j e j u n u m  in vitro and ana lyzed  in t e r m s  o f  these  
three  models .  The  conc lus ions  based solely on the  m a t h e m a t i c a l  analysis o f  this 
ra ther  s imple  e x p e r i m e n t  are: the  tissue is n o t  a h o m o g e n e o u s  pene t r a t i on  
barr ier  as o f t en  cons idered .  T r a n s p o r t  is n o t  l imi ted  by  uns t i r red  layers e i ther  
at the  t issue surfaces  or wi th in  the  t issue itself. Sal icylate  is no t  passively t rans-  
po r t ed .  Parallel  t r anspo r t  p a t h w a y s  do  exist.  

Introduction 

Various  modi f i ca t ions  of  the  m e t h o d  of  Ussing and Zerahn  [1] (Schul tz  and 
Za lusky  [2] )  have been  ex tens ive ly  used in the  past  decade  for  the  s t udy  o f  the  
t r a n s p o r t  o f  a var ie ty  of  subs tances  across t issues such as f rog skin,  t oad  blad-  
der,  m a m m a l i a n  intes t ine and mouse  skin. Since this is an in vi t ro t echn ique ,  
the  f luxes in e i ther  d i rec t ions  can be ob ta ined .  In general ,  one  observes  (Fig. 
1) a f ter  a t rans ien t  per iod ,  a l inear rise of  the  c o n c e n t r a t i o n  o f  subs tance  
t r a n s p o r t e d  t h rough  the  tissue [3--7 ]. 

F r o m  these  observa t ions  the  s teady-s ta te  f lux of  the  subs tance  is d e t e r m i n e d  
by  the  slope a o f  the  l inear po r t i on  of  the  curve.  The  d i rec t ional  f lux ra t io  so 
d e t e r m i n e d  is a useful  quantit :y to  charac te r ize  the  t r anspo r t  sys tem.  A n o t h e r  

* P r e s e n t  add re s s :  N a t i o n a l  I n s t i t u t e  o f  D r u g  A b u s e ,  R o c k v i l l e ,  Md. ,  U .S .A .  
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Fig. 1. Typ ica l  curve  of  so lu te  t r a n s p o r t e d  in to  the rece iv ing  (s ink)  c o m p a r t m e n t  wi th  tile s lope of  the  

l inear  p o r t i o n  o ( f lux)  and  i n t e r c e p t  of  the  e x t r a p o l a t e d  s t r a igh t  line r (lag t ime) .  

observable quanti ty is the lag time r. While a curve such as shown in Fig. 1 is 
usually described by the classical equation for diffusion applied to transport  
across a homogeneous barrier (cf. ref. 2) [8], we will show that such an equa- 
tion has only limited validity. 

A closer look at those curves which allow one to observe both  the transient 
and the steady-state behavior suggests that there might be more parameters that 
one can determine,  thus permitting a bet ter  understanding of the details 
involved in the absorption process. A compartmental  approach seems to be a 
natural technique applicable to this end. In the following we review a nuinber 
of  simple models with which we analyze the experimental  data reported here. 

Compartmental  models of  absorption 

(A) Model o f  tissue compartment 
A schematic diagram of  the model is shown in Fig. 2. In the diagram M 

represents the amount  of the transporting solute in the mucosal bathing solu- 
tion, S is the amount  in the sero~al solution and T is the amount  of solute in 
the tissue. The Greek characters represent the corresponding rate coefficients, 
which are assumed constant,  in units of  time -~. The system is defined in terms 
of  linear differential equations as follows 

Fig. 2. Model  A:  Tissue  (T)  c o m p a r t m e n t .  See t e x t  for  de ta i led  desc r ip t i on .  

Fig.  3. Model  B: Tissue  (T)  w i t h  pore .  See t e x t  for  de ta i led  desc r ip t i on .  

7 

7 
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M = - - a M  + fiT 

f = a M  - -  (¢~ + ~,)T + 5S (1) 

= 3 ` T -  5S. 

E x p e r i m e n t a l l y  the  t r a n s p o r t  can be d e t e r m i n e d  in e i ther  d i rec t ion ,  thus ,  we 
have two  sets of  solut ions  to  the  equa t ions  and two  sets of  charac ter i s t ic  s lopes 
and  lag t imes  for  the  t w o  e x p e r i m e n t a l  curves.  F o r  t r a n s p o r t  f r o m  M to  S, 
we def ine  M as the  source  c o m p a r t m e n t  and S as the  sink c o m p a r t m e n t  b y  set- 
t ing M = 0, 5S < <  7T. The  a m o u n t  of  solute  in the  sink c o m p a r t m e n t  S is 
then  given b y  the t rad i t iona l  equa t ion  

S = o s ( t - -  rs) + Osrs exp( - - t /~s )  (2) 

The  f low into S is charac te r ized  b y  the  slope os and the  lag t ime  rs, viz. 

= 1 
~3" and rs - (3) 

Note  tha t  the  exponen t i a l  coef f ic ien t  is precisely  the  rec iproca l  o f  T~. For  
t r a n s p o r t  in the  reverse d i rec t ion  (S = 0, aM < < / 3 T )  the  increase as a func t ion  of 
t ime  for  the  a m o u n t  o f  solute  M is 

l~I = Om(t - -  T m ) + O m T  m e x p ( - - t / r  m ) (4) 

The  co r respond ing  slope Om and lag t ime  rn~ are 

Om- and T m (5) 

For this model then we find the ratio of slopes r~j, the directional flux ratio, 
and the ratio of lag times r r are 

a7 r . = ~  and r r= 1 (6) 

(B)  M o d e l  o f  t issue w i th  p o r e  
The schemat ic  d iagram of  this m o r e  c o m p l i c a t e d  m o d e l  is given in Fig. 3 

where ,  in addi t ion  to  the  s ym bo l s  o f  Fig. 1, the  pore  is charac te r ized  b y  the  
rate  coef f ic ien ts  ~? and $. T h e  kinet ic  equa t ions  are n o w  

= --(~ + r~)M + fiT + ~S 

= a M - -  (/3 + 7 ) T  + 5Z (7) 

= ~M + 3 ` T -  (5 + ~)S 

For  t r a n s p o r t  f r o m  M to  S the  assumed source  and sink cond i t ions  are given by  
M = 0, 5S < <  3`T, ~S < <  r~M. The  t rad iona l  equa t ion  no longer  holds  in its 
original f o r m  as the  solute  increase in S is n o w  given by  the  fol lowing equa t i on  

S = (~s(t - -  -rs) + Os~- S exp[- - ( f i  + 3`)t] (8) 

where  the  exponen t i a l  coef f ic ien t  (~ + 3') is no t  equal  to  the  rec iproca l  o f  the  
lag t ime.  In this mode l  the  slope and lag t ime  are given by  the  fo l lowing rela- 
t ions  
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_ 1 _ ~ ( 9 )  
G-/3+Ta7 + ~  and T~ f i + 7  ~ ( / 3 + 7 ) + a 7  

In these more  compl ica ted  express ions  for  Os and Ts we can iden t i fy  the  tissue 
and pore  c o m p o n e n t s  since the  first t e rm in each case is the  same express ion  
tha t  was ob ta ined  in model  A (tissue only) ,  Eqn.  3, while the  second t e rm  is 
the  con t r i bu t ion  of  the  pore .  We see tha t  the  i n t roduc t ion  of  a pore  results in 
an addit ive con t r ibu t ion  to  the  slope and a decrease in the  lag t ime as compared  
to the  previous model .  

For  t r anspor t  in the  oppos i te  d i rec t ion  {S = 0, aM < <  fiT, T~M < <  ~S) the 
express ion for  M is analogous to  Eqn.  8 and the result ing slope and lag t ime 
a r e  

am - + ~ and 7 m - (10) 
7 + ~  7 +;3 ~(7 +/3) +8/3 

For  this model  the  slope rat io  and lag t ime ratio are cons iderably  more  com- 
pl icated,  viz. 

° 8/3+ ~(v +/3) 

and 

~v 8/3 + ~(v +/3) 
r~ = - ~ .  ~7 + ~(/3 + 7) (11) 

(C) Model o f  epithelial and extraepithelial compartments with pore 
The  schematic  diagram for  the  system is presented  in Fig. 4. This mode l  is 

an ex tens ion  of  mode l  B (tissue with pore)  b y  including an addi t ional  compar t -  
men t  X wi th  exchange  rate coeff ic ients  p and v. However ,  the  in te rp re ta t ion  is 
s ome wha t  a l tered as E deno tes  on ly  the epithelial  cellular c o m p a r t m e n t  and X 
deno te s  the extracel lular  c o m p a r t m e n t  o f  the  comple te  tissue. With this more  
extensive mode l  the  two-sidedness  o f  the tissue is now more  accura te ly  repre- 
sented.  The  general  sys tem of  linear kinet ic  equa t ions  for  this model  is t hen  

/~/= --(a  + ~/)M + fiE + ~X 

/~=aM--(/3+7)E+SX 
2 = r~M + 7E --  (8 + } + p)X (12) 

~9 = p x  

For  the  specific case of  t r anspor t  M to S the  e.quations simplify slightly af ter  
i n t roduc t i on  o f  the source and sink condi t ions  (M = O, vS < <  pX), but  the solu- 
t ion o f  these equa t ions  is still much  more  compl ica ted  than  was the  ease of  the  
previous models .  Now there  are two exponen t i a l  te rms in the  func t ion  for  S, 
describing the  accumula t ion  o f  solute,  i.e. 

S = Os( t - -  T~) + O~[T~lexp(~t)  + T~2exp(k2t) (13) 

The  slope o~ of  the  straight line po r t ion  of  the  S curve is given by  
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M ; E ; x  s 

Fig, 4. Model C: Epithelial (E) and extraepithelial (X) compar tments  with pore. See text for detailed 
description. 

_ + v ) ( 6  + ~ + # )  - %j 

and the lag time, which can be expressed as a sum, is 

1 [(~+y +~ +~ +~)(~ +v)] 

The components  of r s are defines as 

x2 [_!: ] 
and 

where Xl and X2 are both real negative solutions to the characteristic equation 
corresponding to the system of differential equations, i.e. Eqn. 12 after source 
and sink conditions are introduced,  viz. 

~,2 J- (~  q- y q- 5 "{" ~ "b //)~k q- (~  q- 7 ) ( 5  + ~ "{- ~/)--'~ = 0  (17) 

In this model, the expressions for the slope and lag time are, of course, even 
more complicated. Nevertheless, a similar separation of  various components  is 
obvious from Eqns. 9, 14 and 15. The slope os has the tissue plus pore compo- 
nents which are now multiplied by a "shielding fac tor"  due to the extracellular 
compar tment  X, which has the value less than unity (cf. the second factor in 
Eqn. 14). The lag time has a different  "shielding fac tor"  (again due to the X 
compar tment)  which modifies only the tissue component  of r~ (cf. the factor 
in brackets in Eqn. 15). 

For transport  in the reverse direction the solution to Eqn. 12 is again 
analogous to Eqn. 13 but  the as and r~ are replaced by 

u(7 + l]) ] (18) O'n= [V~+~ + ~] [(~ + ~ + ~)(V ~)---~}~j 
and 

1 [-(~+7+5+~+p)(~,~f)j ~ (19) 
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In the  formulas  cor responding  to  rml and rm2 the last t e rm in brackets  in Eqn.  
16 is replaced by  tl~e last t e rm of  Eqn.  19. 

Simplification of  model C. Various condi t ions  for  t r anspor t  across epithel ia  
may  exist  tha t  in t roduce  some s implif icat ion o f  mode l  C and thus  allow a 
be t t e r  intuit ive view of  the  t ranspor t  system as descr ibed by  this ra ther  com- 
plicated model .  

The  solut ions X1 and X2 of  the character is t ic  equa t ion ,  Eqn.  17, which appear  
as the  exponen t i a l  coeff ic ients  in Eqn.  13 are simplified if the  cond i t ion  holds 
tha t  5 < <  (~ + p),  because then  the te rm 75 is negliglible. This would  fol low for  
a solute,  passively t r anspor ted ,  having a par t i t ion  coeff ic ien t  much  d i f fe ren t  
than  un i ty  where  the lipid exi t  rou te  f rom the extracel lular  c o m p a r t m e n t  X 
is much  slower than  the  two aqueous  routes.  Then  

~, -~ --(/3 + 7) and ~2 -~ --(~ + P) (20) 

where  S(t) is still a two-exponen t i a l  func t ion  of  course,  and has a lag t ime,  e.g. 
rs, given by  

1 ~ 1 
. . . . . . .  . ( 2 1 )  r ~ +  -~(~+~)+~+~+~ 

This cond i t ion  applies regardless of  the relative magni tudes  of  X, and X2, i.e. 
w he the r  t hey  m'e equal  or d i f fe rent .  

(a) Thick X compartment. The  rate  coeff ic ients  a, fl, 7, 5, ~, ~, p and v can 
be expressed as AP/V where  A is the  tissue area across which t ranspor t  occurs ,  
P is the  tissue permeabi l i ty  which can include b o th  active and passive compo-  
nents ,  and V is the volume of  the  driving c o m p a r t m e n t .  In the  case of  the  
extracel lu lar  c o m p a r t m e n t  X, which is much  larger than  the epithelial  compar t -  
men t  E ,  the respective volumes are Vx > >  V~. It then  fol lows tha t  since ~ and 
~, conta in  V~ in the d e n o m i n a t o r  and ~ and/~ are inversely p ropor t iona l  to  V~, 

may  hold and then  f rom Eqn. 16 

1 
v~ ,~  0 and r~ 2 ~ + p -  (22) 

thus  the  func t ion  describing S will behave as a one -exponen t i a l  func t ion ,  Eqn.  
2. As a consequence  o f  this condi t ion ,  X being a very  large por t ion  o f  the  tis- 
sue, even if the tissue does have t r anspor t  via a pore pa thway  as well as across 
the epithelial  pa thway  the process is describable by  model  A (tissue with no 
pore)  and the  exponen t i a l  coef f ic ien t  character izes  on ly  the  extracel lular  com- 
pa r tmen t  X and contains  no in fo rma t ion  abou t  the  epithelial  por t ion  of  the tis- 
sue. 

(b) Thin X compartment. This is the  oppos i te  of  the  s i tuat ion discussed in 
(a) as we now have V~ < <  V e and 

~ + ~ / < <  f + g  

F ro m inspect ion of  Eqn.  16 under  this cond i t ion  it fol lows tha t  

1 7? -- and ~ r~2 ~ 0 (23) 
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The solution for S(t) is now given by Eqn. 8 as model B will describe the system 
in this case. 

Experimental  method 

Salicylate flux across rat jejunum for serosal to mucosal and mucosal to 
serosal transport  was measured by the technique of  Ussing and Zerahn [1] as 
modified by Schultz and Zalusky [2]. The tissue chamber (E.W. Wright, Inc., 
New Haven, Conn.) consists of two half chambers with conical shape and 1.13 
cm 2 cross-sectional area. Each half chamber was connected to a gas lift perfu- 
sion apparatus containing 10 ml of buffer  solution and was heated to 37°C 
by water jackets. The composit ion of the buffer  in mequiv/1 was: 143.5 Na ÷, 
6 K ÷, 2.4 Mg z*, 5 Ca 2÷, 128.3 CF, 25 HCO~, 1.2 H2PO~, 2.4 SO:4-, 25 glucose. 
The pit  was adjusted to 7.4 with CO2 and solution mixing was effected by the 
gas O2/CO: (95 : 5, v/v). Sprague-Dawley male rats, weight 300--400 g, were 
killed by decapitation and four sections of tissue were excised from each 
animal for mounting on the cells by cutting along the mesenteric line from the 
segment of intestine 25--50 cm distal to the stomach. [~4C]Salicylic acid, 
2 pCi and 0.1 mM, was introduced on one side of the tissue at 25 -+ 5 min after 
death and the concentrat ion was measured as a function of  time on the other  
side. 

Results 

In Table I we present the characteristic slopes Os and am (fluxes) and the lag 
times 7s and Tin, the index refering to the receiving (measured) side of the tis- 
sue. The data presented here were obtained by a linear least squares fit of  the 
measurements taken at 10-min intervals from 20 rain to 50 or 60 min after the 
label was introduced.  The ratio of fluxes is 1.46 which is significantly different  
from unity at a level of P < 0.0005. This flux ratio is typical of  values found 
for other  weak electrolyte anion flux across rat jejunum [5,6].  However, the 
lag times are usually not  reported.  The ratio of  lag times in our observations is 
1.02, not  significantly different  from unity. 

In order to evaluate the applicability of the models discussed above, some of  
the data were used for a more extensive mathematical  analysis of the system. 
These data are presented in Table II where from the linear analysis of fluxes 
and lag times it appears that  we have a representative subset of the complete 
data of  Table I. 

T A B L E  I 

F L U X E S  A N D  L A G  T I M E S  F O R  R A T  J E J U N U M  

F l u x  ( a )  i s  i n  u n i t s  o f  n m o l  • c m  - 2  - m i n  -1  . L a g  t i m e  ( r )  i s  i n  u n i t s  o f  r a i n .  

M e a n  S . D .  N o s .  o f  t i s s u e s  

% 0 . 0 8 4  0 . 0 3 2  3 5  

a m 0 . 0 5 8  0 . 0 2 7  3 3  

z s 1 3 . 9  2 .1  3 3  

T m 1 3 . 6  4 . 8  3 1  



283 

T A B L E  II  

C O M P A R I S O N  O F  L I N E A R  A N D  N O N - L I N E A R  F I T T I N G S  IN A S U B S E T  O F  E X P E R I M E N T A L  

D A T A  F R O M  T A B L E  I 

U n i t s  f o r  f l u x  a n d  lag t i m e  are g i v e n  in  T a b l e  I. C o e f f i c i e n t  h is in  u n i t s  o f  r a in  -1 . 

L i n e a r  N o n - l i n e a r  * N o s .  o f  t i s s u e s  

M e a n  S . D .  M e a n  S . D .  

% 0 . 0 8 2  0 . 0 2 0  0 . 1 0 0  0 . 0 1 8  8 

o m 0 . 0 6 7  0 . 0 2 2  0 . 0 7 5  0 . 0 1 9  5 

r s 1 3 . 6  1 . 5  2 2 . 2  6 . 2  8 

r m 1 3 . 4  2 . 0  1 9 . 5  5 . 2  5 

1 / k  s - -  - -  1 9 . 4  6 . 1  8 

1 / A  m - -  1 7 . 8  4 . 1  5 

• B y  m o d e l  B.  

In an e f fo r t  to ful ly charac te r ize  the  t r a n s p o r t  sys t em we have ana lyzed  the  
e x p e r i m e n t s  r epo r t ed  in Table  I I  b y  a non- l inear  least  squares  analysis  B M D 0 7 R  
(Dixon ,  cf. 9) based on mode l  C, t ha t  o f  epi thel ial  and ex t raepi the l ia l  c o m p a r t -  
men t s  wi th  pore .  The  e x p e r i m e n t a l  da ta  were  ob t a ined  by  m e a s u r e m e n t s  at 
5-rain intervals f r o m  the t ime  the  label was i n t roduced  unti l  20 min  and then  at 
10-rain intervals unti l  60 min.  Util izing Eqn.  13, we a t t e m p t e d  to  ob ta in  esti- 
ma tes  for  the  five pa rame te r s ,  n a m e l y  o, r l ,  r2, Xl, X2 (note  t ha t  r = r l  + r2 cf. 
Eqn.  15). This e f fo r t  was no t  successful:  e i ther  the process  did no t  converge  
a n d / o r  the  s tandard  devia t ions  o f  the  p a r a m e t e r  es t imates  r endered  t h e m  use- 
less. However ,  we did car ry  ou t  the  analysis  wi th in  the  f r a m e w o r k  of  mode l  B, 
t ha t  o f  t issue with pore .  The  non- l inear  po r t i on  o f  Table  II  was ob t a ined  in 
this manner .  In the table ,  k represen t s  the  e x p e r i m e n t a l  p a r a m e t e r  which  in 
Eqn. 8 is def ined  as/3 + 7. 

Under  closer e x a m i n a t i o n  of  the  p a r a m e t e r s  ob t a ined  (o, r and  1/~) by  the  
non- l inear  f i t t ing o f  mode l  B to the  e x p e r i m e n t a l  da ta  we see tha t  7 is a lways  
grea ter  than  1/X. For  t r a n s p o r t  f r o m  M to S the  d i f fe rence  be tween  rs and l / k s  
by  a pai red  t- test  is highly significant:  P < <  0 .0005 .  Fo r  t r a n s p o r t  in the  oppo-  
site d i rec t ion ,  the  d i f fe rence  b e t w e e n  T m and 1/Xm was signif icant  at  the  level 
o f  0 .025 < p < 0.05.  Since mode l  A is a special  case of  mode l  B, i.e. no  pore  
(7 = ~ = 0), this analysis  covered  tha t  case as well. 

Discussion 

In the  analysis  by  mode l  B r epo r t ed  in Table  II  the  d i f fe rence  be tween  r and 
1/h  which was signif icant ,  forces  us to exc lude  mode l  A as a valid mode l  for  
this sys t em since, accord ing  to  Eqns.  2 and 3, r = 1/X = 1/(/3 + 7). F u r t h e r m o r e ,  
the obse rva t ion  tha t  r > 1/X forces  us to exc lude  mode l  B since, accord ing  to  
Eqns.  9 and  10 r m u s t  be  less than  1/X = 1/(/3 + "),). The re fo re ,  while ne i ther  
mode l  A no r  mode l  B is sa t i s fac to ry ,  we would  like to  invest igate  the  Bossibil- 
i ty  t ha t  mode l  C is in fac t  a valid desc r ip t ion  of  this sys tem.  

In an e f fo r t  to  resolve the  d i f f icu l ty  o f  no t  being able to ana lyze  the  exper i -  
men ta l  da ta  by  mode l  C we have carr ied ou t  a series of  digital s imula t ions  of  
e x p e r i m e n t s  uti l izing Eqn.  13, genera t ing  curves S(t) similar  to  Fig. 1 by  intro-  
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ducing a normal scatter into the c o m p u t e d  data. For these s imulat ions  we have 
chosen  values of  ~, ~, 7 ,  5, ~,  ~, 12 and u, non-negat ive  parameters, such that  o 
and r wou ld  be characteristic of  the  observed values by linear or non-l inear 
analyses (i.e. o ~- 0.1 n m o l  • cm -2 • min -~ and T ~ 15 rain). Obvious ly  there is no  
unique  so lut ion  to this problem but  through extensive searching we can clas- 
sify t w o  types  of  so lut ions ,  namely  such that  Xl > >  X2 or the  X~ ~ X2. These two 
classes of  so lut ions  can be exempl i f ied  by the  two  sets o f  parameters included 
in Table III * 

When the  s imulated data with 0% standard deviat ion of  the normal scatter 
were analyzed by mode l  C, on ly  in the case of  X~ ~ k2 could  we recover the 
"experimental"  parameters used for data generation.  Using scattered data with 
5% standard deviat ion no fitt ing was obtained.  This was also the  case with our 
efforts reported above to at tempt  an analysis o f  the experimental  data in Table 
II by  mode l  C. Clearly, the curves obta ined by the type  o f  exper iment  reported 
here do n o t  conta in  suff ic ient  in format ion  to al low one  to est imate the  experi- 
mental  parameters for mode l  C. 

Nevertheless ,  the  analysis by mode l  B o f  the data generated by s imulat ion  
of  model  C ( shown in Table IV) was carried out  more successful ly.  For each 
case reported in Table IV, the  values are the  averages of  five s imulat ions  with 
data scattered at the  5% standard deviat ion level. In the case of  k~ > >  X2, we 
found  that  rs < 1/Xs which was statistically significant at the  level of  P < 0 .005 .  
This is in contradict ion  to the  results of  the  analysis of  experimental  data as 
reported in Table II. However,  the analysis of  the  case X~ ~ k2(kl ~> X2) we 

T A B L E  III  

T W O  E X A M P L E S  O F  V A L U E S  O F  M O D E L  P A R A M E T E R S  A N D  " S I M U L A T E D  E X P E R I M E N T A I , "  

P A R A M E T E R S  O F  M O D E L C  L E A D I N G  T O  o s = 0 . 1  m n o l ' c m  - 2  " m i n  - I  a n d r  s =  1 5  m i n  

M o d e l  p a r a m e t e r s  a r e  in  u n i t s  o f  m i n  -1 . F o r  u n i t s  o f  " S i m u l a t e d  e x p e r i m e n t a l "  p a r a m e t e r s  see  T a b l e  II. 

P a r a m e t e r s  k l  > ; >  X2 

M o d e l  

c( 

7 
5 

/1 

i, 

" S i m u l a t e d  

e x p e r i m e n t a l "  

(l s 

7s 1 

7s2 
T s 

k s  1 

k s 2  

0 . 1 5  • 1 0  - 3  

0 . 3  • 1 0 - 1  

0 . 3  • 1 0  - !  

0 . 3  • 1 0  -1 

0 . 1 5  • 1 0  - 4  

0 . 3  • 1 0  - 2  

3 . 0  

0 . 1 5  1 0  - l  

X 1 " : k  2 

0 . 1 6  • 1 0  - 3  

0 . 1 2  

0 . 1 3  

0 . 1 7 5 .  1 0  -1  

0 . 3 6  - 1 0 - 4  

O . 5 5  • 1 0 - 2  

0 . 6 5  • 1 0  - I  

0 . 2 8  - 1 0 - 3  

0 . 0 8 9 5  0 . 0 9 8 2  

1 4 . 2 5  1 6 . 9 6  

0 . 0 4 9 1  - - 1 . 0 3 5  

1 4 . 3 0  1 5 . 9 3  

- - - 0 . 0 5 9 7  - - - 0 . 0 7 5  

- - 3 . 0 3 3 3  - - 0 . 2 6 3  

* B y  r e s t r i c t i n g  t h e  p a r a m e t e r s  f u r t h e r  t o  s i m u l a t e  a p a s s i v e  t r a n s p o r t  l n o d e l  w e  a r r i v e d  a t  t h e  s o l u -  

t i o n  o f  t h e  t y p e  h I > >  X 2 . A s  w i l l  b e  s e e n  b e l o w ,  t h i s  is n o t  a v a l i d  d e s c r i p t i o n  o f  t h e  s y s t e m .  
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T A B L E  IV 

E S T I M A T E S  O F  

C U R V E S  W 1 T I I M O D E L  P A R A M E T E R S  O F  T A B L E  I I I  T O  M O D E L  B 

F o r  u n i t s  see T a b l e  I I .  

)'1 > >  ~2 

c7 s 0 . 0 8 9 8  + 0 . 0 0 7 9  

r s 1 4 . 6  + 3 . 4  

1/A s 1 7 . 0  ~ 4 . 6  

" S I M U L A T E D  E X P E I I ,  I M E N T A L "  P A R A M E T E R S  B Y  F I T T I N G  S I M U L A T E D  

h i  - X2 

0 . 1 0 6 1  +- 0 . 0 0 6 1  

1 9 . 1  -+ 2 . 3  

l a . 0  + 2 . 8  

found that rs > l /ks at the level of significance P < 0.005. This observation is 
fully compatible with the results of our non-linear analysis of the experimental  
data (Table II) using the functional form of model B as a device to test the data 
for compatibil i ty with models A and B. As mentioned above, the observation 
that  rs ¢ l /ks  allows us to exclude model A as a valid description of  this sys- 
tem. Fur thermore ,  as noted above, the fact that 7s > l /ks allows us to exclude 
model B as well. Therefore,  on the basis of  these observations, we conclude 
that model C is the minimal compatible model that  may be appropriate for  a 
description of  this system of  intestinal anion transport.  

This type  of analysis has also been applied to the transport  of  methot rexa te  
across mouse skin where model B was found appropriate to describe the system 
and to rationalize the pH dependence of solute flux. [10].  

Conclusions 

Due to the mathematical  nature of  the foregoing analysis we enunciate our 
conclusions and related implications in detail here. We wish to stress that  these 
findings are based solely on the mathematical  analysis of  the experiment  and 
therefore stand as independent  evidence to those biochemical and physico- 
chemical studies which lead to similar conclusions. 

(1) The tissue is not  a homogeneous barrier to solute transport.  This follows 
from our finding that  model A is not  a valid description for the sytem of 
salicylate transport  across rat jejunum. As a consequence, analysis via the clas- 
sical diffusion equation [8], which forces the system to obey model A, does 
not  extract  complete information when applied to this type  of experiment.  

(2) Transport  is not  rate limited by unstirred layers either at the tissue sur- 
faces or within the tissue. This type  of  process would be described by model 
A. While we have suggested that model C may be appropriate,  the consider- 
ations leading to Eqn. 22 make it clear that the X compar tment  is not  " th i ck"  
as that  would again lead back to an A type model. 

(3) Multiple transport  pathways exist for this system. The finding that model 
C is the simplest possible description of the tissue requires that  there are at 
least parallel t ransport  pathways. 

(4) Salicylic acid is not  passively transported.  The simulation studies could 
not  reproduce the experimental  observations when the parameters were 
restricted to obey a passive model.  

Clearly this type of  analysis stands self-justified in view of these results. To 
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make these observations directly would require a considerable amount  of 
experimentat ion beyond ~he rather simple procedure applied here. The value 
of the compartmental  analysis is further enhanced as it suggests a more com- 
plete definition of the experinlent (and tissue) through additional measure- 
ments that would be desirable. In particular, it is advantageous to do flux mea- 
surements in both directions across the tissue. Measurements of the amount  
of solute in the tissue, especially as a function of time, would allow further 
definition of the parameters. If techniques to determine cellular and extracel- 
lular amounts as a function of time were developed it could then allow one to 
obtain all the parameters introduced by model C. Finally, this type of analysis 
has a broad applicability to many experimental  tissue and solute systems. 
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