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Studies of the physicochemical forces involved
in the transfer of ions and water across biological
membranes have received great impetus from the
work on the isolated frog skin by Ussing, Zerahn
and Koefoed-Johnson (1, 2). This type of ap-
proach would help to define the mechanisms in-
volved in the transfer of fluid and electrolyte
across the intestine in vivo. A previous study on
the large intestine in 7iwo has stressed the strik-
ing concentration gradients developed between the
lumen and the plasma (3). Evaluation of the
driving forces for electrolyte and water transfer
across the large intestine has not been possible,
however, in the absence of measurements of trans-
fer rates and electrical potential.

Recent studies on the isolated large intestine of
the guinea pig and frog have indicated that the
absorption of sodium is active, and that of chloride
is passive (4, 5). The maintenance of an elec-
trical potential gradient was found to be depend-
ent upon active sodium transport. However,
since the intestine can secrete (6) as well as ab-
sorb, even these studies provide limited infor-
mation.

In the experiments reported here, the electrical
potential difference across the large intestine of the
anesthetized dog was measured. Simultaneously
the net transfer of water, sodium, potassium, chlo-
ride and bicarbonate between the lumen and the
blood were determined. The unidirectional move-
ments of sodium and chloride were calculated
from the rate of absorption of their radioisotopes.
By correlating the electrical potential difference
with observed chemical events, it was possible
to obtain a more precise analysis of some of the
forces influencing ionic and water transfer across
the large intestine. Information was obtained
which clearly demonstrates at least two active

* A preliminary report of this work was presented at

the National Meeting of the American Federation for
Clinical Research, Atlantic City, N. J., May, 1958.

transport systems: sodium absorption and bi-
carbonate secretion.

METHODS

Thirteen healthy mongrel dogs weighing from 9 to 17
Kg. were used. After anesthetization with 20 to 25 mg.
per Kg. of pentobarbital sodium the abdomen was entered
through a small midline incision. A segment of large
intestine, 4 cm. distal to the caecum and 10 to 15 cm. in
length, was divided and flared cannulae carefully tied
into each end. Care was taken to keep the blood supply
intact. The cannulae were exteriorized through two
small stab wounds and the abdomen closed. The in-
testinal segment was rinsed clean with isotonic saline
warmed to 37° C. An electrolyte solution from a reser-
voir was recirculated through the intestinal segment us-
ing plastic tubing and a Bowman infusion pump. The
solution in the reservoir was maintained at 39° C. The
initial total volume of perfusion solution varied from 100
to 200 ml. depending on the size of the intestinal segment,
and the flow rate ranged from 5 to 10 ml. per minute. A
modified Krebs-Henseleit solution was used with 100
mg. per cent of glucose and 1.25 mEq. of calcium per L.
(7). The concentrations of Na*, CI, K* and HCO7 in
this solution were 138, 120, 5 and 22 mEq. per L., respec-
tively. Penicillin (8 mg. per cent) and streptomycin (16
mg. per cent) were added to minimize bacterial contami-
nation. Phenol red and radioactive isotopes were added
to the perfusion fluid as described later.

The electrical potential difference across the wall of
large intestine was detected with a pair of calomel elec-
trodes and continuously recorded with a modified Brown-
Minneapolis Honeywell recording potentiometer with an
input impedence of one megohm. Two pieces of large
bore polyethylene tubing (PE 320) filled with 1 M KCI
and 3 per cent agar served as bridges from the calomel
electrodes to the luminal solution and the peritoneal sur-
face of the intestinal segment. The junction potential was
less than 1 mV. in all instances. During the experiment
an additional potential difference was measured between
the luminal solution and circulating venous blood in the
vena cava. In many instances the potential difference
across the intestinal wall showed rhythmical phasic vari-
ations: The mean potential was then determined by
planimetry. These variations in electrical potential will
be the subject of a forthcoming report.

Each experiment lasted four to seven hours and hourly
samples of 5.0 ml. were removed from the lumen. In
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order to maintain volume, each sample was replaced with
five ml. of the original solution and the resultant change
in solute concentrations calculated. Chemical determina-
tions of Na*, K*, CI" and HCO; were done on each
hourly sample. During each experiment, two samples of
plasma were analyzed similarily. Na* and K* were de-
termined by flame photometry using lithium as an in-
ternal standard, Cl” by the method of Cotlove, Trantham
and Bowman (8), and HCOy™ by the method of Van Slyke
and Neill. Osmolality of the plasma and luminal con-
tent were determined by the freezing point depression
method (9).

Phenol red (0.004 per cent) was added to the original
solution, and the optical density of each hourly sample
was determined at 550 mpu after a 15-fold dilution with
0.1 N NaOH (10). . At the end of each experiment, the
amount of phenol red left in the perfusate and saline
washings was determined spectrophotometrically. Re-
covery of the dye was 97 = 2 per cent, and this slight loss

justifies its use as an indicator of volume change. The
net water flux was calculated with the equation:
Vo — DLV,
Net water flux = ——1 1))

t

where t is the time in hours, D, is the initial optical den-
sity, D, the optical density at the end of the hourly pe-
riod, and V, the volume of the initial solution.
The net flux (Mnet) of each ion was calculated by us-
ing the equation:
_ VCo — ViCi

Mnet = _——_t—— 2)

where V, and C, are the total volume and concentration
at the beginning of any hourly period, and V, and C, the
volume and concentration at the end of that period. A
positive net flux denotes movement from the lumen to the
blood.

Trace amounts of Na* and CI* were added to. the
original perfusion solution and the influx of these ions
from lumen to blood determined by the rate of disappear-
ance of their radioisotopes. ~ The initial sample was
taken one-half to one hour after perfusion was begun.
The Na* disintegration rate was determined on each
sample in a well-type scintillation counter without in-
terference from the beta particles of C1* which were ab-
sorbed by the glass wall of the vial containing the samiple.
The Na* was then allowed to decay and the CI* distinte-
gration rate counted with a Geiger-Muller tube after du-
plicate 1 ml. samples were dried on filter paper bonded
to copper discs. A minimum of 10,000 disintegrations
were counted and the activities were at least two to
three times background. -

The influx (M,) of Na* and CI" from lumen to blood
was calculated with the equation:

M= 'LVL————; Vi g 3)
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where r, is the absolute cpm per ml.,, V, the volume at the
beginning of any hourly period, r, and V, are these val-
ues at the end of that period, T the mean cpm per ml., and
C the mean concentration of the ion in the perfusate.

In order to justify the use of Equation 3, the following
assumptions were made: First, the isotopic movement
from lumen to blood is unidirectional, since the activity
of Na* and CI®* in the blood was found to be indistin-
guishable from background. Second, that the rate of
change in concentration and isotopic activity of Na* and
CI' in the luminal fluid was linear with time. Their
arithmetic mean was used since calculations made on the
basis of an exponential decline gave similar results, and
the change in concentrations was less than 2 per cent and
the change in isotopic activity less than 10 per cent dur-
ing each sampling period. Third, the kinetics of Na* and
CI” transfer across the intestinal epithelium can be de-
scribed in terms of two compartments: lumen and plasma.

The outflux (M,) of Na* and CI" from blood to lu-
men was obtained with the equation:

Mo = M; — Mpet. 4

The intestinal segment was weighed and measured at
the end of the experiment and the flux arbitrarily ex-
pressed as microequivalents (uEgq.) per Gm. of wet tis-
sue per hour. Water movement was expressed as ml.
per Gm. of tissue per hour.

RESULTS
Electrical

The electrical potential difference across the
epithelium of the large intestine ranged in dif-
ferent experiments from 10 to 40 mV. In all
instances the lumen was negative with respect to
the peritoneal surface. The potential difference
between the luminal solution and circulating
blood was the same when the KCl agar bridge on
the peritoneal surface of the intestine was placed in
the vena cava. In some instances, rhythmical
phasic variations in the potential were noted to
occur with a periodicity of 3 to 5 minutes, dura-
tion of 15 seconds to 2 minutes, and amplitude
of +1 to +20 mV. In one dog with a Thiry:
Vella loop of colon, the potential between the
lumen and the venous blood was noted to vary
from 20 to 50 mV. over a six month period. The
potential differencé across the wall of the small
intestine and gall bladder was measured by the
technique described, using the modified Krebs-
Henseleit solution. The absence of an appreciable
potential difference. across these organs empha-
sizes the significance of the ebserved potential in
the colon. '
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TABLE I
Net rates of H0 and electrolyte transfer during absorption *

H:0 HCOs;t ~ K*t Na*t CI+ P.D.
ml.|Gm.[hr.

+042; +60 —25f 4610 453  19mV.
(£0.11)§ (£3.6) (£1.2) (F£14.5) (£12.7)

* Eleven dogs, 55 one hour sampling periods.

t Values for HCO;~, K*, Na* and Cl~ expressed as uEq.
per Gm. of intestinal segment per hour.

t (+) denotes movement from lumen to blood; (—)
denotes movement from blood to lumen.

§ + = standard deviation.

Chemical

Two patterns of electrolyte and water transfer
were observed. The first pattern (Tables I and
I1) was observed in 11 dogs and was characterized
by the net absorption of water, sodium and chlo-
ride into the blood. The concentration of sodium
in the luminal fluid was always less than that
observed in the plasma. Thus sodium was ab-
sorbed against both a concentration and an elec-
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trical gradient. The absorption of chloride into
the blood was in the direction of its electrical
gradient but against its concentration gradient.
The net transfer of potassium was from blood to
lumen. Like chloride it moved with the electrical
but against its chemical gradient. In the original
perfusion solution the ratio of Cl- to HCO,~ was
6:1. but these ions were absorbed in the ratio of
9:1 (range, 6:1 to 20:1). The net effect of the
ionic movements was an alteration of the electro-
lyte pattern of the luminal fluid, with sodium and
chloride concentrations decreasing, and potassium
and bicarbonate increasing. This concentration
pattern has been observed previously (3).

The second pattern was observed in the two
remaining dogs (Table IIT), and was character-
ized by a profuse bicarbonate secretion into the
lumen with an accompanying net secretion of
water, sodium and potassium. In this instance,
bicarbonate was the predominant ion being trans-
ported against a chemical and electrical potential

TABLE 1I
A representative experiment showing net rates of H»0 and electrolyte transfer during absorption

Time H:0 HCO;* K+* Na** Cl* P.D.
hr. ml.|Gm.[hr T nEq./Gm.|hr. mEq./L. uEq./Gm.lhr. mEq.[L. uEq./Gm.[hr. mEq./L. uEq./Gm.[hr. mEgq./L. mV.
0 22.1 6.0 138 120 16
0-1 +0.85%1 + 7.1 23.9 — 3.31 7.4 + 99.5 139 +109 119 16
1-2 +0.43 + 3.8 249 - 0. 8.1 + 97.0 133 + 57.0 118 17
2-3 +0.64 0 25.4 — 2.8 9.5 + 86.0 132 + 82.0 117 20
34 +0.57 + 9.5 27.8 — 6.6 11.7 + 81.0 131.5 + 73.0 116 22
4-5 +0.58 + 4.2 30.6 — 4.7 13.6 + 64.0 131 + 62.0 115 24
5-6 +0.53 + 9.0 31.3 — 4.3 15.8 + 80.0 129 + 69.0 113 26
+3.40 +33.6 —22.6 +507.5 +452.0

* Plasma values of HCO;~, K*, Nat and Cl~ were 22.0, 4.1, 149 and 118 mEq. per L., respectively.

1 Net weight of tissue, 21.2 Gm. ; length, 12.2 cm.

t (4) denotes movement from lumen to blood; (—) denotes movement into lumen.

TABLE 1II
An experiment showing net rates of H»0 and electrolyte transfer during secretion
Time H-0 HCO;™* K+* Na** Cl* P.D.
hr. ml.|Gm.[hr.t uEq./Gm.|hr. mEq./L. uEq./[Gm.[hr. mEq./L. nEq./[Gm.[hr. mEq./L. uEq./Gm.[hr. mEgq.[L. mV.
0 25.8 5.9 149 129 25
0-1 —0.42% - 62.0 329 - 7.0 6.6 — 32 146 + 71 122 25
1-2 —0.57 — 49.0 36.2 - 7.2 7.0 — 43 145 -3 117 23
2-3 —0.13 — 23.0 39.1 - 72 79 — 23 145 + 7 115 20
3-4 —0.05 — 20.0 429 — 5.5 8.9 — 20 142 -1 114 22
—1.17 —154.0 —26.9 —118 +10

* Plasma levels of HCO;~, K+, Nat and Cl~ were 24.1, 3.8, 150 and 116 mEq. per L., respectively.
t (+) denotes movement from lumen to blood; (—) denotes movement from blood to lumen.

1 Net weight of tissue, 23.5 Gm. ; length, 12.0 cm.
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TABLE 1V
Chloride flux ratios
No. of one hour [Clp1asma] Mi* Observedt Calculatedt Observed X 100
Expt. flux periods [Cl" lumen] Mo ratio ratio Calculated
%
1 7 113 103 3.3 2.7 12
118 30
2 6 ﬁq 4 5.0 24 200
113 9
3 5 114 6_3 3.1 2.2 140
127 18
41 6 116 52 1.2 24 50
129 46
51 4 115 28 1.3 2.5 50
117 22

* M, is influx (lumen to blood) ; M, is outflux (blood to lumen).

Mi [Cl ptasma]

t Observed ratio calculated from Mo [CT umen] *

calculated ratio from antilog

Flux expressed as uEq. per Gm. per hour.
E(mV.)
60 -

1 Experiments 4 and 5 characterized by net secretion of water into the lumen, Experiments 1, 2 and 3 by net

absorption.

gradient. Again chloride was absorbed in the
direction of its electrical gradient. Both sodium
and potassium entered the lumen along their elec-
trical gradient, but the ratio of sodium to potas-
sium secreted into the lumen was 5:1 as compared
to a much higher ratio in the plasma. This demon-
strates that even with secretion of bicarbonate into
the lumen, the concentration pattern in the luminal

fluid is still that of a decrease in sodium and chlo-
ride and an increase in potassium and bicarbonate.

In the five experiments presented in Table IV
the fluxes of chloride into the blood (M;) and into
the lumen (M,) are given. Since net chloride
movement was from the lumen to the blood, the
ratio M;:M, is greater than 1.0.

In Table V the unidirectional sodium fluxes are

TABLE V
Sodium flux ratios

No. of one hour [Na*pisema] Mg Observedt Calculatedt Observed ' 0y
Expt. flux periods [Na*umen] Mo ratio ratio Calculated
%

1 5 1‘_12 il_ . 3.3 0.55 600
135 24

2 6 ﬁ) _9;3 2.7 0.40 670
135 34 )

3 6 !ié 5_§ 2.1 0.50 420
141 26

41 6 146 §0_Z 0.80 0.40 200
138 38.7

5t 4 15_0 110_ 0.64 0.42 147
142 63.8

* M; is influx (lumen to blood); My is outflux (blood to lumen).
M; . [N a+p1um~]

t Observed ratio for sodium calculated from

M, [N a+lumen]

Flux expressed as uEq. per Gm. per hour.
E(mV.)
60 -

; calculated ratio from 1/antilog

1 Experiments 4 and 5 characterized by net secretion of water into the lumen, Experiments 1, 2 and 3 by net ab-

sorption.



ION TRANSFER AND POTENTIALS ACROSS THE COLON

100

75
H20

Mannitol
25—
ol—L 1 1 1 1|
1 2 3 4 5
TIME (hr.)

Fi1c. 1. VoLuME oF PERFUSATE AT EACH SAMPLING
Hour 1s PLOTTED AGAINST TIME

See text.

presented. In the first three experiments there
was a net transfer of sodium from lumen to blood
and the ratio of sodium influx (M;) to the sodium
outflux (M,) is greater than 1.0. The ratio of
sodium fluxes was less than 1.0 in the remaining
two experiments since there was net sodium
movement into the lumen.

For electroneutrality the sum of the charges of
the ions being transferred must equal zero. This
was not observed in each sampling period due to
slight errors in the chemical results used in calcu-
lating net transfer, but the average of the net
transfer of ions in each experiment, as well as the
mean for all experiments, was found to approach
zero.

Water

The data from two experiments presented in
Figure 1 show that there was no significant ab-
sorption of water without net absorption of solute.
In one a saline solution was recirculated through
the lumen and in the other isotonic mannitol was
used. Changes in water content were quite small
in the latter experiment because of the slight ab-
sorption of mannitol. However, in the two ex-
periments in which there was extensive bicar-
bonate secretion, net water transfer was quite
variable as indicated by the experiment repre-
sented in Table III. The osmolality of the luminal
contents remained essentially constant, indicating
that absorption or secretion was isotonic.

DISCUSSION

The ‘preceding results confirm the previous ob-
servations on the isolated large intestine which
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showed that sodium was absorbed against its
electrical and chemical gradient (4, 5). This net
transfer requires energy and can be defined as
active. In two experiments the secretion of bi-
carbonate was observed to be against its electrical
and chemical gradient; this secretion also must be
active. Since chloride absorption and potassium
secretion were observed to be in the direction of
their electrical gradients. and opposite to their
chemical gradients additional information is neces-
sary to describe their means of transfer more fully.

Ussing (11) has developed the following equa-
tion to describe the passive movement of an ion
across a semi-permeable membrane :

Mi _ 2 _,rrmE
M, ~ a, e 5)
or e
M;-a; _zr _ E(mV) . °
log M, 2 — RT E = ) at 37°C.

where M; and M, are the influx and outflux of the
ion; a; and a,, respectively, the chemical activity of
the ion in plasma and lumen; z, F, R, T, respec-
tively, the charge of the ion, the Faraday, the gas
constant and absolute temperature; and E(mV.),
the electrical potential difference across the mem-
brane in question.

The relationship between passive ionic transfer
and electrical and chemical potential gradients is
evident from Equation 5. Any significant devia-
tion from this equation must be explained in
terms of an energy expenditure or other factors
not considered. One of these factors, “solvent
drag,” will be discussed with relation to the trans-
fer of chloride.

Since sodium is actively transported, the ratio of
its unidirectional fluxes does not follow the above
equation. However, as noted in two experiments
(Table V, Experiments 4 and 5), net sodium
movement was from a higher to a lower electro-
chemical potential and accompanied bicarbonate
and water into the lumen. At the observed po-
tential the observed flux ratio for sodium is larger
than the calculated value. One possible explana-
tion for this finding is that sodium is still being
actively transported even though this “active
transport” is being overwhelmed by the other
forces acting on the sodium ion.

Flux rates of sodium across the isolated large
intestine of the frog have been expressed as pEq.
per unit area (12), but recalculation of values on
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a weight basis gave net sodium fluxes of 30 to 60
pEq. per Gm. of tissue per hour. Thus the rate
of sodium absorption across the isolated frog colon
at 25° C. is of the same order of magnitude as
the rate of sodium absorption in the dog.

Chloride is transferred from a higher to a lower
electrochemical potential. The electrical potential
difference between lumen and blood is the major
driving force. With net water secretion into the
lumen there is still net chloride transfer from
lumen to blood (Table III). In comparing the
dog and frog colon with respect to the trans-
epithelial fluxes of chloride the following dif-
ferences occur: One, the net chloride flux during
absorption in the dog (Table I) is greater than
the net flux of 10 to 20 uEq. per Gm. of tissue
per hour in the frog. Two, unlike the observations
on the frog in vitro, the data presented here do not
suggest appreciable exchange diffusion of chloride.

In Table IV the calculated and observed ratios
of chloride are compared in five experiments, and
they do deviate from the values calculated for
passive diffusion. These deviations could be ex-
plained by the following factors: 1) Although
chloride is transferred predominately by passive
diffusion there may be a component of active
chloride transport or exchange diffusion.® 2) In
the presence of rhythmical potential variations the
potential difference as determined by planimetry
may not be the true mean potential. 3) It is likely
that the last factor, “solvent drag,” is the most
important for the following reasons:

“Solvent drag” is the physical effect of net
water flow exerted upon solute and is a function
of membrane structure as defined by Ussing and
Andersen (4). This flow reduces solute move-
ment in the opposite direction, while enhancing it
in the same direction. Net water flow into the
blood (Table IV, Experiments 1 through 3)
would increase chloride influx and/or decrease
outflux. Net water flow into the lumen would
have the opposite effect (Table IV, Experiments
4 and 5). Such an effect was observed on the
chloride flux ratios: The chloride ratio is lower

1 Chloride transfer across the isolated large intestine
of the frog during absorption involves a component of
exchange diffusion. If exchange diffusion were opera-
tive in the dog the chloride flux ratios would be sig-
nificantly less than and not greater than the values cal-
culated for passive diffusion (12).
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than predicted by Equation 5 when net water
secretion occurs and higher than predicted when
net water absorption takes place. On the other
hand, the observed sodium flux ratio (Table V,
Experiments 4 and 5) is larger than the calculated
value for passive diffusion despite net water trans-
fer into the lumen. This indicates that active
sodium absorption was still operative during net
sodium transfer into the intestine.

The limitations of Equation 5 as presented here
for the in vivo intestine have been predicted by
Ussing and he has developed an equation which
takes “solvent drag” into account (13). A rough
estimate of the “solvent drag” force can be ob-
tained from the flux ratio of water which was not
measured. However, Berger has recently meas-
ured D,O fluxes across the colonic mucosa of the
unanesthetized dog (14). In experiments char-
acterized by net water absorption, the water flux
ratios were 1.23 to 1.32. If one uses this figure to
recalculate the chloride ratios (Table IV, Experi-
ments 1 through 3) there is a closer agreement
between the observed and calculated results. This
suggests that chloride transfer is influenced by
“solvent drag” as well as by the electrochemical
gradient. _

The net flux of potassium from blood to lumen
was in the proper direction for passive transfer
(Tables I through IIT). This does not rule out
an active secretion of potassium, or a sodium-
potassium exchange at one surface of the epethelial
cell, a mechanism postulated for the kidney and
frog skin (15, 16). The unidirectional transfers
of potassium were not measured and the nature of
the experiment did not permit the attainment of
the steady state where M; = M, in order to test
the relationship:

K+lumen

E = 60 log G .
plasma

Subsequent studies have revealed that, in some
instances, potassium secretion may be active, and
this will be the subject of a forthcoming report.
In all but two experiments there was net ab-
sorption of bicarbonate along its electrical gradi-
ent. Although the original perfusate contained
6 times as much chloride as bicarbonate, up to 20
times as much chloride was reabsorbed in 11 ex-
periments. Thus despite net absorption of bi-
carbonate, the concentration of bicarbonate in the
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lumen increased. This suggests that the epithelium
of the large intestine is less permeable to bicarbo-
nate than chloride, or there is active secretion of
bicarbonate into the lumen. The latter mechanism
can occur, as shown in Table III, where bicarbo-
nate secretion into the lumen was opposite to its
electrochemical gradient and was accompanied by
water, sodium and potassium. The ratio of bi-
carbonate to water in the net secretion was 130
mEq. per L. in these latter instances. This is
not unreasonable when compared to pancreatic
secretions containing 110 mEq. per L. of bicarbo-
nate or more, and gastric secretions as high as 150
mEq. per L. of hydrogen ions. The variations in
active bicarbonate secretion may be due to changes
in neurohumoral influences, since stimulation of
the pelvic nerves and administration of cholinergic
drugs induced alkaline secretion by the colon (6).

In this discussion the term bicarbonate secretion
has been used for brevity. However, these experi-
ments do not distinguish among bicarbonate se-
cretion, hydroxyl ion secretion or hydrogen ion
absorption. Previous studies on the isolated frog
large intestine suggested that in addition to sodium
there was another ion being actively transported,
although this ion was not identified (12). If ac-
tive bicarbonate secretion is under the influence of
a neurohumoral mechanism it is not surprising that
it could not be demonstrated in the in vitro system,
but was clearly demonstrated and found to have
considerable variability in vivo.

Driving forces for net water flow are the gradi-
ents of hydrostatic and osmotic pressure. The
latter is created by the two ion transport mecha-
nisms: sodium absorption and bicarbonate secre-
tion. It was noted that there was no significant
net transfer of water without solute. In addition
to electrical and chemical forces, this net water
movement can be a third driving force for other
diffusing solutes (11). The effect of this “solvent
drag” has been discussed previously with regard
to the transfer of chloride.

In the preceding discussion the assumption has
been made that the measured potential difference
represents the transmucosal potential. This as-
sumption seems justified in view of the following
observations: First, the isolated large intestine
when stripped of its outer muscular coat can gen-
erate a potential difference and actively transport
sodium (4). Second, Rehm has presented evi-
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dence that no significant potential difference can
be measured across the muscularis and peritoneal
surface of the stomach in the presence of a sig-
nificant electromotive force across the stomach
wall (17). Third, the peritoneal cavity and cir-
culating venous blood were found to be equipo-
tential in the present study.

Transepithelial potential differences have been
considered to be due directly to the unidirectional
active transport of an ion (1), e.g., sodium ab-
sorption and/or bicarbonate secretion. However,
recent studies indicate that such bioelectrical po-
tentials may be diffusion potentials resulting from
active ion-exchange mechanisms involved in ac-
tive transport (16). It is interesting that stro-
phanthidin, a known inhibitor of cation transport
(18), causes a drop of at least 50 per cent in the
observed potential and partial inhibition of the so-
dium and bicarbonate active transport mechanisms
across the large intestinal epithelium (19).

SUMMARY

An electrical potential difference of 10 to 40
mV. (the lumen being negative with respect to the
blood) was measured across the large intestine
of 13 anesthetized dogs. Correlation of this po-
tential difference with chemical events demon-
strated two active transport mechanisms: sodium
absorption and bicarbonate secretion. Net water
flow occurred, and its direction and magnitude were
dependent on the degree of active transport of so-
dium and/or bicarbonate. The absorption of
chloride was in the direction of its electrochemical
potential gradient, probably modified by net water
movement. Potassium was transferred from the
blood to the lumen, in the direction of its electrical
gradient but opposite to its chemical gradient.

ACKNOWLEDGMENT

The authors wish to thank Drs. C. A. M. Hogben and
E. Cotlove for suggestions and critical review of the
manuscript.

REFERENCES

1. Ussing, H. H., and Zerahn, K. Active transport of
sodium as the source of electric current in short-
circuited isolated frog skin. Acta physiol. scand.
1951, 23, 110.

2. Koefoed-Johnsen, V., and Ussing, H. H. The con-
tributions of diffusion and flow to the passage of
D,O through living membranes: Effect of neuro-



442

3.

10.

. Krebs, H. A., and Henseleit, K.

hypophyseal hormone on isolated anuran skin.
Acta physiol. scand. 1953, 28, 60.

D’Agostino, A., Leadbetter, W. F., and Schwartz,
W. B. Alterations in the ionic composition of
isotonic saline solution intilled into the colon. J.
clin. Invest. 1953, 32, 444.

. Ussing, H. H., and Andersen, B. The relation be-

tween solvent drag and active transport of ions n
Proceedings Third International Congress of Bio-
chemistry, Brussels, 1955, p. 434.

. Cooperstein, I. L., Chalfin, D., and Hogben, C. A. M.

Ionic transfer across the isolated large bullfrog
large intestine. Fed. Proc. 1957, 16, 24.

. Florey, H. W., Wright, R. D, and Jennings, M. A.

The secretions of the intestine. Physiol. Rev. 1941,
21, 36. ’

Investigations of
urea synthesis in the animal body. Hoppe-Seyler’s
Z. physiol. Chem. 1932 210, 33.

. Cotlove, E., Trantham, H. V., and Bowman, R. L.

An instrument and method for automatic, rapid,
accurate and sensitive titration of chloride in bio-
logic samples. J. Lab. clin. Med. 1958, 51, 461.

. Bowman, R. L., Trantham, H. V., and Caulfield,

P. A. An instrument and method for rapid, de-
pendable determination of freezing-point depres-
sion. J. Lab. clin. Med. 1954, 43, 310.

Hogben, C. A. M., Schanker, L. S., Tocco, D. J., and
Brodie, B. B. Absorption of drugs from the

11.

12.

13.

14.
15.

16.

17.

18.

19.

I. L. COOPERSTEIN AND STANLEY K. BROCKMAN

stomach. II, The human. J. Pharmacol. exp. Ther.
1957, 120, 540.

Ussing, H. H. The distinction by means of tracers

between active transport and diffusion. Acta
physiol. scand. 1949, 19, 43.
Cooperstein, I. L., and Hogben, C. A. M. Ionic

transfer across the isolated frog large intestine.
J. gen. Physiol. In press.

Ussing, H. H. Some aspects of the application of
tracers in permeability studies. Advanc. Enzymol.
1952, 13, 21.

Berger, E. Y. Personal communication.

Berliner, R. W., Kennedy, T. J., Jr., and Hilton, J. G.
Renal mechanisms for excretion of potassium.
Amer. J. Physiol. 1950, 162, 348. ’

Koefoed-Johnsen, V., and Ussing, H. H. The nature
of the frog skin potential. Acta. physiol. scand.
1958, 42, 298.

Rehm, W. S. Evidence that the major portion of the
gastric potential originates between submucosa and
mucosa. Amer. J. Physiol. 1946, 147, 69.

Shanes, A. M. Electrochemical aspects of physio-
logical and pharmacological action in excitable
cells. Pharmacol. Rev. 1958, 10, 59.

Cooperstein, I. L., and Brockman, S. K. The elec-
trical potential developed by the large intestine:
Its relation to electrolyte and water transport.
Clin. Res. 1958, 6, 277.



