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Summary. Na transport by the isolated toad colon has been studied by measuring 
transmural Na fluxes and by direct measurement of the Na influx across the mucosal border. 
Net Na transport accounts for 88 ~ of the short circuit current in the presence and in the 
absence of exogenous aldosterone. Na influx across the mucosal border appears to consist 
of two components. One component is highly correlated with short circuit current, is a 
saturable function of mucosal Na concentration, and is inhibited by lithium ions in the 
mucosal medium. The second component is a linear lunction of mucosal Na concentration, 
is unaffected by lithium, and is apparently not related to net Na transport by the tissue. 

The isolated colon of Bufo marinus can transport Na actively [5], but 
little is known about the details of ion movement across this tissue. 
A simple, three-compartment model for transepithelial ion transport 
suggests that active Na transport represents the movement of Na across 
at least two barriers in series, the membranes at the two sides of the 
epithelial cell layer. Direct measurement of Na entry into epithelial cells 
of rabbit ileum [13] and frog skin [1] has indicated that Na may enter 
these cells by interacting with some component of the cell membrane. 
The present experiments were undertaken in order to obtain additional 
information as to the nature of Na transport by the toad colon 1. Trans- 
epithelial, unidirectional Na fluxes were measured in the presence and 
absence of exogenous aldosterone and the technique of Biber and Curran 

* Present address: Department of Physiology and Biophysics, University of Iowa, College 
of Medicine, Iowa City, Iowa 52242. 
** The original draft of this manuscript was reviewed by Dr. Curran before his untimely 
death on October 16, 1974. It is hoped that the final version fairly reflects his views, as well as 
those of the first author. 
1 A preliminary report of these experiments was presented at the 1974 meeting of the Bio- 
physical Society (Fed. Proc. 33:1514, 1974). 
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[-1] w a s  e m p l o y e d  to  m e a s u r e  d i r e c t l y  t h e  u n i d i r e c t i o n a l  i n f lux  of  N a  

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

T h e  r e s u l t s  s u g g e s t  t h a t  N a  e n t r y  i n t o  t he  cel ls  m a y  p r o c e e d ,  a t  l e a s t  in  

p a r t ,  b y  a s a t u r a b l e ,  L i  i n h i b i t a b l e ,  i n f l ux  p r o c e s s .  

Materials and Methods 

Preparation of the Colonic Mucosa 

All studies were performed on colons obtained from female B. marinus of Colombian 
origin (Tarpon Zoo, Tarpon Springs, Florida) which were housed on moist wood chips for 
one to ten days prior to an experiment. For all experiments, the colon was first stripped of its 
longitudinal and circular muscle layers according to the technique of Parsons and Patterson 
[11] as described by Lew [9]. Animals were pithed and the colon was quickly removed 
through a ventral incision. The proximal end of the colon was tied on to a length of poly- 
ethylene tubing connected to a syringe, and ice cold Ringer's solution was flushed through 
the colon to remove fecal matter. The distal end was tied off and the resulting sac inflated 
with Ringer's and maintained under moderate tension during the dissection. A longitudinal 
incision was made along the length of the distended colon with a razor blade, and the muscle 
layers were peeled off. Histological examination of tissues prepared in this manner showed 
a single layer of epithelial cells on the mucosal side with a thin muscularis mucosae and a 
loose layer of connective tissue remaining on the serosal side. 

Transepithelial Unidirectional Na Fluxes 

The mucosa, stripped of its muscular layers, was laid out as a flat sheet and divided 
lengthwise so that paired sheets could be employed for flux measurements. Portions of the 
mucosa were mounted in chambers similar to those described by Schultz and Zalusky [-14] 
which were equipped with 4 Ringer-agar bridges, two connected to calomel half-cells for the 
measurement of the transepithelial potential difference (PD) and two connected to A g -  AgC1 
electrodes for passing current across the tissue. The area of exposed tissue was 1.13 cm a. The 
PD was maintained at 0 mV by an automatic voltage clamp device which compensates for 
the solution resistance between the PD electrodes and the tissue surface. Both sides of the 
mucosa were bathed by identical solutions containing 112mM NaC1, 2.SmMKHCO 3, 
1.0 m~ CaC1 z, 5.0 mM D-glucose and 2.5 mM Na pyruvate. Each solution was stirred and 
oxygenated by a stream of air bubbles, yielding a pH of 8.1. The temperature of the solutions 
was regulated at 25 ~ 

Mucosa to serosa and serosa to mucosa unidirectional Na fluxes were measured 
simultaneously under short circuit conditions using 2ZNa and 24Na as tracers. 5.0 gC of 
22Na was added to the mucosal solution (15 ml) and 30 to 50 gC of 24Na to the serosal 
solution (15 ml) and one hour was allowed to establish steady-state tracer fluxes. 1.0ml 
samples were taken from both sides at t hr intervals thereafter for 8 hours. Samples from 
the mucosal side were added to 15 ml of water and counted immediately for a4Na and 22Na 
(Cherenkoff radiation) in a liquid scintillation spectrometer (Nuclear Chicago) and then 
counted again at least 14 days later for aZNa in order to obtain the net activity of Z~Na in 
each sample. Samples from the serosal side were added to 10 ml of Bray's solution [3] and 
counted at least 14 days later for 2/Na. The short circuit current (I~c) and open circuit PD 
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were recorded at the time of each sample. D-aldosterone (Sigma) was added to the serosal 
side of one of a pair of tissues at the time of the addition of isotope in 10 gl of methanol to 
achieve a final concentration of 10 -6 U. 

Unidirectional lnflux of Na 

The unidirectional influx of Na from the mucosal solution into the mucosal cell layer 
was estimated by measuring the uptake of 24Na according to the technique of Biber and 
Curran [1]. For these studies individual discs of stripped mucosa of about 1 cm diameter 
were punched out. A disc of tissue was mounted in an influx chamber, similar to that de- 
scribed by Biber and Curran [1], and both sides of the tissue were bathed by identical solu- 
tions. The chamber was equipped with appropriate electrodes and connected to a voltage 
clamp so that the tissue could be maintained in the short-circuited state. After a stable Isc 
was obtained, approximately 3.5 ml of a test solution containing Ringer's solution and 
10 laC 24Na and 50 ~tC 3H-mannitol was injected into the chamber on the mucosal side of 
the tissue. After approximately 30 sec, the tissue was rapidly blotted and punched out of 
the chamber. The time of exposure was defined as the time from injection of the test solution 
to blotting of the tissue. The tissue was then extracted in 0.1 N HNO 3 and aliquots of the 
extract were assayed for 2r and 3H. 3H-mannitol served to estimate the amount of the 
test solution adhering to the mucosal after blotting. Recent studies on frog skin [2] have 
shown that mannitol equilibrates much more rapidly with this "extracellular space" than 
does inulin. The amount of Z4Na in excess of that in the "mannitol space" was used to 
calculate the unidirectional influx of Na into the tissue. Na concentrations in the test solu- 
tions were measured by flame photometry. 

Results 

Transmural Na  Fluxes 

The  resul ts  of  doub le - l abe l  N a  flux expe r imen t s  are s u m m a r i z e d  in 

Figs. 1 and  2 and  Tab l e  1. Fig. 1 shows  the t ime course  of  the tissue r e sponse  

to a l d o s t e r o n e  as ind ica ted  by  a p lo t  of  the  ave rage  I~c n o r m a l i z e d  to the 

va lue  at one  hour .  Bo th  con t ro l  and  t rea ted  t issues exhibi t  a s teady  decline 

f rom an init ial ly high value,  the ra te  of  decline be ing less in the t r ea ted  

tissues. T a b l e  1 shows  the ave r age  values  of  the fluxes and  electr ical  

p a r a m e t e r s  for  b o t h  groups .  In  Fig. 2 the net  N a  fluxes for t rea ted  and  

u n t r e a t e d  t issues dur ing  ind iv idua l  flux pe r iods  are p lo t t ed  versus  the 

c o r r e s p o n d i n g  I~c. The  solid line is the least  squares  regress ion  line for  

these points .  I t  has  an in te rcep t  no t  s ignif icant ly different f r o m  zero and  

a s lope of  0.88_+0.03, a va lue  signif icantly different f r o m  1.0 (p<0.001) .  

If  the da ta  f r o m  t r ea ted  and  u n t r e a t e d  t issues are p lo t t ed  separa te ly  each  

p lo t  exhibi ts  a zero in te rcep t  and  a s lope of  0.88. This  suggests  tha t  the 

r e l a t ionsh ip  be tween  the net  N a  flux and  I~c is s imilar  for t r ea ted  and  
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Fig. 1. The average I,~ (• for control and aldosterone-treated tissues normalized to 

the initial value for each group and plotted v s .  time. The error bars are two standard errors 
of the mean (SEM) 
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Fig. 2. Values of "/,Net for individual 1-hr flux periods plotted as a function of I~ 

Table l .  TransmuralNafluxes 

pEqmv/cm<hr mV mmho/cm: 
Control 2.6• 0.5• 2.1• 2.3• 38.6• 1.9• 6 
Aldo 3.5• 0.6• 2.8• 3.2• 47.6• 2.2• 6 

untreated tissues, and that, on the average, about 88 ~o of I~c is composed 
of a net flux of Na from mucosal to serosa. This value is comparable to 
the 93 ~o reported by Cofr6 and Crabb6 [5]. 
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Unidirectional Influx of Na 

Measurements  were made of Na uptake as a function of time of 

exposure to the test solution to determine the time during which Na 
uptake represents the unidirectional influx of Na into the tissue. In these 
experiments, the serosal solution was also sampled at the end of the 
influx period. Assay of these samples indicated that at times up to 60 sec 
there was virtually no transepithelial movement  of tracer. A plot of Na 
uptake at 15, 30, and 60 sec is shown in Fig. 3. The points can be described 
by a straight line which extrapolates to the origin. This suggests that over 

a 60 sec period Na uptake is essentially unidirectional and that this 
method provides a reliable estimate of the unidirectional influx of Na 

from the mucosal medium into the tissue. 
Measurements of Na influx were made at Na concentrations of 11.5, 

25.8, 50.2, 81.5, and 109.8 mM in experiments utilizing 15 toads. In any 
individual experiment, Na influxes were measured at three Na concentra- 
tions, one of which was usually 109.8 m ~  as a control for animal to animal 
variation. In such experiments both sides of the tissue were bathed by 
identical Ringer's solution (see Materials and Methods) in which variable 
amounts  of NaC1 were replaced isosmotically by choline chloride. Fig. 4 
shows the average Na influx, jN,, and the average Isc plotted as a function 
of Na concentration. The relation between j~a and Na concentration 

appears to be nonlinear and the points can be described by a curve which 
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Fig. 3. Plot of Na uptake (+S~M) across the mucosal border of the colon as a function of 
time of exposure to the test solution. Each point is the mean of from 4 to 6 determinations 

on tissues from two toads 
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Fig. 4. Plot of dr/Na (~ gEM) and Is~ (+_ SEM) as a function of Na concentration. See text for details 

consists of the sum of a saturating and linear component, i.e., 

j ~ . _  J " [Na] , .  +c~[Na],,,. (1) 
KN, + [Na],, 

Values for J ' ,  KNa and e were obtained by varying these parameters to 
obtain a minimum sum of squared deviations of the calculated j~a from 
that actually observed. Error estimates for the parameters were obtained 
by first lumping all of the error into the saturating component, subtracting 
the linear component and calculating a least squares fit for the saturating 
component to a Scatchard plot [12]. Similarly, by lumping all of the error 
into the linear component, an error estimate for e was derived. The values 
thus obtained were jm= 2.8 +0.2 gEquiv/cmZ-hr, KNa = 31.0 _+ 5.3 mM, and 
~=0.020+0.001 cm/hr. The form of the saturating component of Na 
influx is indicated by the dashed line in Fig. 4. The fit to the data obtained 
by assuming that the curve consisted solely of either a simple linear or 
single saturating component was much less satisfactory. The apparent 
"linear component" can, of course, not be distinguished from a saturating 
component with a very high apparent Michaelis constant. 

In the absence of additional information, the significance of the two 
apparent components of Na influx as defined by such a curve fitting 
procedure is not clear. It is possible, however, to obtain further insight 
into this problem by examining the relationship between Na influx and 
short circuit current at different Na concentrations. Fig. 5 is a plot of Na 
influx versus Isc at an Na concentration of 25 mM. The line is the least 
squares fit to the points. J~a exhibits a high correlation with I~c, indicating 
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Fig. 5. Plot of j~a VS. I~c at 25 mM Na 

Table 2. Least squares fit for jr~a vs. Isc at different Na concentrations 

[Na] (mM) Slope Intercept r 

109.8 1.14 1.90 0.41 
81.5 0.77 2.44 0.37 
50.2 0.74 1.15 0.76 
25.8 0.63 0.70 0.73 
11.5 0.85 0.22 0.89 

that a portion of Na influx is related to active Na transport across the 
tissue. Table 2 lists the slopes, intercepts, and correlation coefficients for 
similar plots at each Na concentration. The lines have similar positive 
slopes, and positive intercepts which clearly tend to increase with increasing 
Na concentration. Note that the correlation coefficients for 109.8 and 
81.5 mm Na are relatively low, indicating the large amount of scatter in 
these plots at high Na concentrations. 

The relationship between J~" and Isc also suggests that the total influx 
of Na across the mucosal border of the colon consists of two components, 
one correlated with Isc and one independent of Isc but dependent on Na 
concentration, i.e., these relations are all of the form: 

j/Na = m I~c + ~ [Na]. (2) 

In Fig. 6 the intercepts of the regression lines of Table 2 are plotted 
as a function of Na concentration. The least squares line through these 
points has an intercept not greatly different from zero and a slope of 
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Fig. 6. Plot of the intercepts listed in Table 2, (+ SEM) as a function of Na concentration 

0.020_+0.01. This suggests that  the por t ion of the Na influx which is 
independent  of I~c can be adequately described as a linear uptake compo-  
nent  with a permeabil i ty coefficient of 0.020. This value is identical to 
that  obtained for the parameter  e by curve fitting to the plot of j~a versus 
Na  concentra t ion (Fig. 3) and suggests that  c~ represents the permeabili ty 
of a linear uptake componen t  which is not  correlated with net Na transport .  

The average slope of the plots of j~a versus I~c is 0.86, a value close to 
the slope of 0.88 obtained from plots of the net Na flux versus Is~ for trans- 
mural  experiments. This suggests that  a plot of J~a versus the net Na flux 
would have a slope close to 1.0. Since one attractive possibility is that  the 
saturating componen t  of Na influx is involved in the process of net Na 
t ranspor t  by the tissue, it is of interest to compare  the saturating componen t  
of Na  influx with the Is~ measured in these experiments. Fig. 4 indicates 
that  the saturating componen t  of Na  influx and the I~c exhibit a similar 
dependence on Na concentrat ion.  

The Effect of Li on Na Influx 

Biber and Curran  [1] have shown that  Na influx into frog skin is 
competit ively inhibited by Li. Since the saturable form of one componen t  
of Na influx into the toad colon suggests the possibility of media ted  entry 
process, some experiments were under taken  to test the effect of Li ions 
on Na influx. For  these experiments an Na concentrat ion of 25 mM was 
chosen to reduce the linear componen t  of influx, and influx measurements  
were conducted  exactly as those previously described, except that  during 
the 30 sec exposure period the test solution contained 25 mM Na and 0, 
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Fig. 7. Plot of j~a versus Isc at 25 mM Na in the presence and absence of Li in the mucosal 
medium 

Table 3. Least squares fit for j~a vs. 1~c at different Li concentrations a 

[Li] (mM) Slope Intercept r 

0 0.61 0.73 0.74 
25 0.35 0.89 0.68 
50 0.24 0.98 0.76 
87 0.17 0.97 0.38 

a [Na]=25 mM 

25, 50, or 87 mM Li. In each case an equivalent amount  of choline - C1 was 
replaced isosmotically with LiC1. 

Due to the great tissue to tissue variability in I~c in the lithium ex- 
periments, it is difficult to compare the average values of the Na influxes. 
The effect of Li on influx is evident, however, in plots of Na influx versus 
I~c. Fig. 7 shows the linear regression lines for plots of j~a versus I~c at 
0 mM and 50 mM Li. The intercepts are similar, but the slope is reduced in 
the presence of Li, suggesting that the effect of Li is primarily on the sat- 
urating component  of Na influx. Table 3 lists the slopes, intercepts and 
correlation coefficients for similar plots at different Li concentrations. 
The intercepts are similar while the slopes decrease with increasing Li 
concentration, suggesting that the principal effect of Li is to inhibit the 
saturating component  of Na influx. 

Some additional insight into the nature of the inhibition of Na influx 
by Li may be gained by considering a more quantitative comparison of 
inhibition at different Li concentrations. The previous experiments suggest 
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that at any point on the regression lines shown in Fig. 7, the Na influx is 
given by the sum of a saturating component,  which is correlated with Isc, and 
a linear component  which is not correlated with I~. The ratio of the slope 
of the line for [Li] = 0 to the slope of the lines for ]-Li] > 0 should, therefore, 
correspond to the ratio of the saturating components of Na influx, i.e., 

[Jsat]Li= 0 (3) [SLOPE]Li= ~ _ Na 

[SLOPE]Li>o [J~t]Li>0 " 

Fig. 8 is a plot of this ratio versus the concentration of Li. The least squares 
line has an intercept not significantly different from 1.0 and a positive 
slope. As shown by Hajjar and Curran [8] this behavior is characteristic 
of systems which conform to Michaelis-Menten kinetics and are subject 
to competitive or noncompetit ive inhibition. From the slope of this line, 
it is possible to calculate a value for the apparent inhibitor constant for 
Li, KL~. Using the value of 31 mM previously obtained for KNa yields a 
value for about 18 mM for KLi if the inhibition is competitive. 

Discussion 

Cofr6 and Crabb6 [5], in their study of the colon of B. marinus, found 
that net Na flux accounted for about 93 % of Isc and that Isc was enhanced 
by aldosterone in vitro. The present experiments essentially confirm these 
results and demonstrate additionally that the observed increase in I~c 
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caused by aldosterone can be largely attributed to an increase in the 
simultaneously measured net Na flux. Hogben (personal communication) 
has obtained similar results with the colon of Rana catesbiana. 

Measurement of the unidirectional influx of Na from the mucosal 
bathing solution into the mucosal cell layer indicates that Na entry into 
this tissue can be divided operationally into two components. One compo- 
nent exhibits saturation kinetics, is correlated with short circuit current, 
and is inhibited by Li in the mucosal solution. The second component  
varies as a linear function of Na concentration, is not correlated with the 
short circuit current, and does not appear to be inhibited by Li. Although 
the mechanisms by which Na enters this tissue have not been clearly 
defined by these experiments, the data suggest some interesting possi- 

bilities. 
The linear component  of Na influx has some of the characteristics 

of simple diffusion. The fact that this component  of Na entry is not cor- 
related with the short circuit current suggests that it may represent ion 
movement  via some pathway not involved in the metabolically linked 
transport of Na across the tissue. Clearly, it is of interest to determine 
if the linear component  of Na uptake corresponds to Na influx into some 
"shunt pathway" such as that described by Frizzell and Schultz [7] in the 
rabbit ileum. A reasonable upper limit for the permeability of the "shunt 
pathway" in the colon may be obtained from the serosa to mucosa, 
unidirectional Na flux. In tissues having a total conductance similar to 
the average conductance in uptake experiments 2 (3.5 mmho/cm 2) the 
value of the serosa to mucosa Na flux yields an approximate "shunt 
permeability" of 0.01 cm/hr; only one half that of the linear uptake 
component.  Biber et al. [2-1 noted a similar discrepancy in the linear 
uptake component  of Na influx into frog skin and the Na permeability 
of the shunt pathway in frog skin measured by Mandel and Curran [10-1 
in transmural flux experiments. 

Linear Na influx in excess of that  attributable to the shunt could 
consist of Na uptake into damaged areas of tissue or into cells not in- 
volved in net Na transport, or into some other space not accessible to 
mannitol. Such a discrepancy could also arise if mannitol does not equi- 
librate with the "extracellular space" during the 30 sec exposure to isotope. 
Our preliminary experiments on the toad colon, however, confirm ob- 

2 The average tissue conductance in the uptake experiments (3.5 mmho/cm 2) was signif- 
icantly greater than that obtained in transmural flux experiments (2.0 mmho/cm2). This 
may suggest that the larger edge-to-surface ratio in the influx chambers produced a greater 
edge-damage effect around the circumference of these tissues. 
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servations on the frog skin [2] that the 3H-mannitol space is essentially 
constant after 30 sec. 

The high correlation of the saturable component  of Na influx with Isc 
strongly suggests that this portion of Na entry represents the initial step 
in the net, active transport of Na by the colon. If Na must enter the cells 
to be pumped then the characteristics of this component  of influx may 
reflect the properties of the mucosal cell membrane of the epithelial layer. 
A simple three compartment  model for transcellular Na fluxes would 
require that Na influx into the cellular compartment  be equal to or greater 
than the net Na flux. If the saturable component  of Na influx represents 
the total influx into the cells, then the slopes of the plots of J ~  vs. Isc would 
suggest that the unidirectional influx into the cells is equal to the net Na 
transport across the tissue; i.e., tha t  under short circuit conditions the 
"back flux" of Na from cell to mucosal solution is vanishingly small. 
This behavior could indicate the presence of a relatively large (>  50 mV, 
cell negative) electrical potential difference across the mucosal cell mem- 
brane under short circuit conditions, or the data may suggest that Na 
entry occurs by some process other than simple diffusion. 

A detailed interpretation of the saturating component  of Na entry 
is complicated by a lack of information concerning the electrical potential 
difference across the mucosal cell membrane. It is conceivable, for instance, 
that alterations in the Na concentration or Li concentration in the mucosal 
medium may alter this potential and thereby alter the Na influx into the 
cells. Frazier [6], however, found that the electrical potential across the 
mucosal cell membrane of the urinary bladder of B. marinus under short 
circuit conditions was virtually unchanged when mucosal Na concentra- 
tion was varied fi'om 114 to less than 1 mm. Similarly, Cereijido and Curran 
[4] found no significant change in the intracellular potential in frog skin 
under short circuit conditions when Na concentration in the outside 
solution was altered. In addition, Biber and Curran [1] reported that in 
the short circuited state intracellular potentials in frog skin were unaffected 
by Li in the outside solution. If a similar situation obtains for the toad 
colon, then the data may suggest that a portion of the Na influx does not 
proceed by simple diffusion, but rather by some interaction with a compo- 
nent of the mucosal cell membrane. An attractive possibility is that the 
component  of Na influx, which exhibits saturation kinetics and is in- 
hibited by Li, represents the interaction of Na ions with a "site" or "carrier" 
in the mucosal membrane. Colt6 and Crabb6 [5], on the basis of the 
measurements of the apparent "'Na pool" in the toad colon, suggested 
that aldosterone stimulated net Na transport in this tissue by increasing 
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the  p e r m e a b i l i t y  o f  the  m u c o s a l  cell m e m b r a n e .  T h u s ,  the  N a  en t ry  s tep  

def ined  b y  the  p re sen t  e x p e r i m e n t s  m a y  be a poss ib le  site o f  a c t i o n  o f  

a l d o s t e r o n e .  

The author is grateful to Drs. C.A.M. Hogben, Q. A1-Awqati, and R.A. Frizzell for 
their critical reading and discussion of this manuscript and to Dr. T. U.L. Biber for his 
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able technical assistance. The work was supported by USPHS Grant No. AM-12028 to 
REC. D.C.D. was the recipient ofa USPHS Postdoctoral Fellowship No. 1-R02-AM 5132101. 
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