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The effect of calcium concentration on the Transmural Potential Difference and the
Intensity of the Short-circuit Current in rat, chicken and laying hen small intestine has
been studied in vitro both in the presence and absence of sodium.

The results show that calcium, in the presence of sodium, produces an increase in
potential and currend intensity much greater in hen intestine than in chicken and rat.

In the absence of sodium, the response of the potential as regards calcium concen
tration in hen intestine is parallel to the one obtained in the absence of sodium:
a rise in the potential until it reaches a maximum value that corresponds to a calcium
concentration of 10.8 mM in the medium, followed by a drop in the potential. However,
rat intestine responds differently: the potential, negative at the serosal, becomes more
and more positive with higher concentrations of calcium until it practically disappears.

There can be two kinds of mechanism
for calcium transport: active transport (2,
11, 12, 17, 39) and simple or facilitated
diffusion (12, 16, 31, 39).

Helbock et at. (16, 23) started a new
stage in the study of calcium transport by
applying to it the short-circuit current tech
nique (35) thereby showing that calcium
aborption was an active process in rat,
sustained partially by the energy from cel
lular metabolism.

Holdsworth (17, 28) in 1965 and later
Adams (1) and Wong (40) also found cal

cium to be actively transported in chicken
intestine, but for them the active flux of
calcium was not dependent on oxidative
metabolism.

The role of sodium in calcium transport
has been extensively investigated. Research
in vitro in chicken jejunum indicates (3)
that when mannitol substitutes sodium,
the passive flux of calcium towards the
interior of the cell increases.

In rat duodenum in vitro, the substitu
tion of sodium by choline or mannitol (22) 
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does not either change or increase calcium
transport, respectively.

In 1970, Adams et al. (1) found that
ouabain, a known inhibitor of Na+-K+-
activated ATPase (50), inhibited calcium
flow when it was present at the serosal
side in rat intestine.

In 1974, Wrobel et al. (42) discovered
that the presence of sodium increased cal
cium transport, and that ouabain inhibited
sodium transport but not that of cal
cium (41).

Birge et al. (5-7), working with rat in
testine in vitro produced the evidence that
sodium might be a necessary cofactor at
the basolateral membrane for a Ca2+-K+
dependent ATPase bound to the mem
brane, which could act directly on the
outflux of calcium from the cell.

Barry and Eggenton (4) afforded new
light by stablishing that the potential
through the basolateral membrane in rat je
junum was not affected by changes in so
dium concentration, and suggesting, there
fore, that the voltage drop induced by
sodium substitution took place in the trans-
mucosal membrane. In the absence of any
detectable decrease in calcium transport,
they concluded that sodium was only re
quired for a calcium outlet process at the
basolateral membrane. This requirement
has been confirmed and elaborated by
other researchers (18, 21, 34, 41, 42).

Although the nature of the sodium ef
fect has not been studied with rigorous
precision, it seems clear enough that the
mechanism for calcium outflow may be
due to a sodium-calcium change at the
basolateral membrane.

In this paper was studied the effect of
calcium concentration at both sides on the
transmural potential difference and on
the intensity of the short-circuit current
in the small intestine of rat, chicken and
laying hen.

Materials and Methods
The animal was anesthetized subcuta

neously and was kept under heating con

ditions for half an hour. After laparotomy
the beginning of the jejunum was identi
fied and an intestinal segment about 1 cm
long was withdrawn and washed in a
physiological solution at 0° C and inver
ted. It was then mounted on two cannulae
and was used to measure the transmural
potential difference and the short-circuit
current.

To measure and to register the trans
mural potential difference two saline bridg
es connected each side of the intestinal
wall to two Calomel electrodes, which in
turn were connected to an Electrometro-
Amplifier-Register.

The intensity of the short-circuit cur
rent was also measured by using two sa
line bridges and two Calomel electrodes
connected to an external feed source of
continuous current. By inserting a micro-
amperimeter in the circuit it is possible to
apply between both sides of the intestinal
wall a potential exactly equal but opposite
to the one generated by the tissue. In
this way it is possible to measure the
current intensity that corresponds to that
potential. This method has been described
by Ussing and Zerahn (32).

The composition of the solutions used
was as follows in millimolar concentra
tion: NaCl=127.13; KCl=5.10; MgCl,=
1.26; Tris=4.90; HCI=4.10, and calcium,
in the form of CaCl,=2.7; 5.4; 8.1; 10.8,
and 13.5 mM.

Sodium-free solutions differed from the
previous one in that all the NaCl was sub
stituted isosmoticallv bv TrisCi. Tn all
casses the solutions contained a 5.4 mM
concentration of glucose.

White Wistar rats weighing from 150
to 230 g, chickens from 2 to 8 weeks of
age, and laying hens aged from 12 to
18 months, were used.

The value for Acas+Fcr/Acaa+inuc» which
corresponds to calcium activities on either
side of the wall, is estimated according to
Nerst’s equation.
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Results

Previous experiments (36) indicate that
chicken intestine shows a greater degree
of permeability to calcium flux than rat
intestine.

The present study was undertaken to
determine calcium activity in both intes
tines. The PDt and the Ise in mediums
with different concentrations of calcium
were measured. Since the behavior of rat
and chicken intestine proved to be dif
ferent, the same electric measurement
were taken in laying hen intestine, where
the absorption of this cation ought to be
highly important due to the eggshell for
mation. The differences observed were
quite remarkable.

To find out if sodium was involved in
this system, we conducted the same elec
tric measurements at different calcium
concentrations in sodium-free solutions in
both rat and hen intestine.

Figure 1 and table I show the results

Fig. 1. Percentage variations of the PDt in
rat, chicken and hen intestine.

Glucose 5.4 mM.

Table I. Influence of calcium concentration
on the PDt (mV) and I sc (/lA/crri) In rat,

chicken and hen intestine.
Sodium concentration in the medium is 127.13
mM in all cases and that of glucose is 5.4 mM.

[Ca’+]
mM n PDt

mV /tA/cm2 ttiuc

Rat
0 28 6.97 ±0.04 214.00 ±1.80 —
2.7 22 7.23 ±0.04 383.60 ±1.50 1.02
5.4 20 5.66 ±0.02 170.00 ±3.30 0.90
8.1 20 5.33 ±0.02 142.20 ±4.40 0.89

10.8 15 4.57 ±0.09 124.30±4.30 0.83

Chicken
0 34 5.75 ±0.08 103.00 ±2.60 —

2.7 34 7.79 ±0.06 156.00 ±4.00 1.12
5.4 34 8.12±0.03 100.90 ±1.60 1.20
8.1 30 5.96 ±0.06 112.10± 1.80 1.01

10.8 25 5.45 ±0.03 95.10 ±0.50 0.96

Hen
0 18 1.99 ±0.03 9.50 ±0.36 —
2.7 16 2.49 ±0.02 21.50 ±0.52 1.05
5.4 16 3.80 ±0.02 36.60 ±0.70 1.15
8.1 16 6.56 ±0.02 63.40 ±0.60 1.41

10.8 16 8.00 ±0.02 78.80 ±0.70 1.58
13.5 14 6.47 ±0.02 61.70 ±0.50 1.40

obtained in solutions that contained so
dium.

Rat. In calcium-free solutions, the po
tential registered was 6.97 mV; with a
calcium concentration of 2.7 mM, the
value obtained was 7.23 mV. For higher
concentrations, the values for the poten
tial become lower and lower. The same
happens to the Isc.

The ratio ACa3+wr/ACa2+inuc also decreases
as the amount of calcium in the medium
increases, so that with calcium concentra
tions above 2.7 mM the values obtained
are lower than one.

Chicken. In chicken intestine the po
tential increases according to the calcium
concentration until it reaches a maximum 
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value at a calcium concentration of 5.4 mM.
Therefrom higher concentration’s bring
about a fall in the potential. The same
happens to the Isc and to the ratio of
calcium activities on either side of the
intestinal wall.

Hen. In hen intestine the highest value
for the PDt Isc and ACaJ+,CT/ACaJ+niU0 is
obtained with a calcium concentration of
10.8 mM in the medium. It is worth re
marking that the percentage increase of
the potential in hen intestine is much
higher than in rat and chicken for their
respective optimum concentrations of cal
cium (fig. 1).

Figure 2 shows the results from exper
iments performed in sodium-free solutions.

Rat. The response of the potential
against a calcium concentration differs
from the one observed in the presence of
sodium. The potential, negative on the
serosal, keeps rising as the calcium con
centration in the medium increases, reach
ing nearly 0 mV values with high con
centrations of this cation.

Fig. 2. Variation of PDt (mV) in rat and hen
Intestine with calcium concentration In so

dium free solutions.
Glucose 5.4 mM.

Hen. The behavior of hen intestine
against a concentration of calcium implies
a potential response parallel to the one
obtained in the presence of sodium. The
potential increases from —13.80 mV in
the absence of calcium to —6.49 mV with
a calcium concentration of 10.8 mM.

Table II. Relation between calcium concen
tration and electric flux.

Na+ = 127.13 mM; glucose = 5.4 mM. Data
for hen intestine have been taken from Ta
ble 1. ICa3+ = Current Intensity due to the cal
cium ion. INa+Cas+ = Current Intensity due to
sodium and calcium ions crossing the mem
brane together. I = total current intensity. The
values of current intensity are expressed in

/lA/cm3.

[Ca5+] .
mM 1

*Ca«+
*Na’+Ca>+

*Ca’+
'xa’+Ca’+Z*

0 9.50 0 0
2.7 21.50 12.0 0.53
5.4 36.60 27.1 0.73
8.1 63.4 53.9 0.84

10.8 78.8 69.3 0.87
13.5 61.7 52.2 0.83

Table III. Influence of calcium concentration
on the relation of calcium activities on either
side of the intestinal wall in the absence of

sodium.
Rat and hen intestine. Glucose = 5.4 mM.

[Ca’+]
mM n ACa’+ «er/^Ca’+ muo

Rat
0 12 —
1.3 12 1.21
2.7 12 1.33
5.4 8 1.45

Hen
0 18
2.7 16 1.16
5.4 16 1.36
8.1 16 1.58

10.8 16 1.78
13.5 14 1.57
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Discussion

Previous studies (8-10) showed that rat
and chicken intestine behaved differently
in the presence of calcium. This difference
can be clearly seen in the following fact:
The addition of galactose to the mucosal
solution in chicken intestine produced a
PDt increase proportionally greater in a
medium that contained calcium than in
one without it. In rat intestine the PDt
increase was the same independently of
calcium presence or absence.

Some authors working with rat intestine
with the technique of Ussing and Zerahn
(35) have proved the existence of a muco
sal-serosal transport of calcium against a
chemical gradient of concentration, when
calcium concentrations in the medium are
about 1 mM (1, 16, 20, 23, 29, 37, 40).

The Isc values obtained for calcium
concentrations higher than 2.7 mM (170,
142, 124 /zA/cm2) are lower than those
obtained in the absence of calcium (214
/zA/cm2). This indicates that calcium, at
such concentrations, provokes a decrease
of the membrane ionic permeability (21,
24, 33). Besides, the ratio ACa3+,or/ACa,+mao
which remains lower than one during
these high calcium concentrations, hints
at the impossibility for calcium to cross
over to the serosal side.

In chicken intestine the ratio ACaJ+,er/
Acai+muc reaches its highest value (1.20)
when calcium concentration is 5.4 mM
(fig.l, table I).

The representation PDt vs Isc (E vs I)
responds to a straight line equation:

E = 1.5 + 0.04 I (i)
On the other hand the relation E —
[Ca2+] is:
E = 5.7 + 1.07 [Ca2+]—0.11 ([Ca2+])2 (2)
Carrying over (1) to (2) and clearing I:

I = 1/0.04 (4.2 + 1.07 [Ca2+] — .
0.11 [Ca2+]2)

dI/d[Ca2+] = 1/0.04 (1.07—0.22 [Ca2+]) =0
[Ca2+] = 4.8

Maximum ionic flux therefore corre
sponds to calcium concentrations of
4.8 mM in the medium.

Wasserman and Kallfeltz (39) ob
served in chicken intestine in vivo that
maximum absorption of calcium occurred
when the luminal concentration of that
ion was 5.2 mM.

It is clear, therefore, that calcium ab
sorption reaches its maximum values in
mediums where calcium concentration is
about 5 mM.

As to chicken intestine negative effects
of calcium on the permeability of the
membrane become significant at calcium
concentrations higher than 8.1 mM.

In hen intestine the highest value fdr
the ratio ACa5+.cr/ACal+mu0 takes place when
the calcium concentration is 10.8 mM
(1.58). And, as before, the relation E — I
is:
E = 1.1 + 0.08 I (3)

I stands for the intensity of the current
originating from all the ions in the me
dium, which can be broken down like
this:

I = 1° + Ixa+ + Ica’+ + Isa+ca+ G)

1° = current intensity from all the ions in
the medium except sodium and calcium.
No interferences are supposed to exist be
tween sodium and calcium ions and all
the others.
IXa+ = current intensity due to sodium
when it crosses the membrane alone.
ICa-+ = the one due to calcium. L,-a+c.v+ =
the one due to sodium — calcium if they
cross the membrane together. According
to this:

For Ca2+ = 0
1° + IKa+ = 9.5 /zA cm-2 (see table I)

Substituting this value in (4)
I = 9.5 + Ica»+ + Ica’+lTa+ (5)

Carrying over (5) to (3)
E = 1.1 + 0.08 (9.5 + Icaa+ + Wca>+) (6)
E = 1.9 + 0.08 (Icas+ + Ica*+j?a+)
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This gives the relation of dependence
of E, not on the total ionic flux, but on
that of calcium when it crosses the mem
brane alone and when it crosses it together
with sodium.

It was highly interesting to know the
relative importance of both fluxes, and to
this purpose table II was elaborated (data
for chicken intestine were extracted from
table I).

The relative importance of the ionic
ICa»+ + Ijja+caH- flux with respect to total
ionic flux increases as the calcium con
centration in the medium augments, reach
ing the order of 87 % when calcium
concentration is 10.8 mM. At higher con
centrations negative effects on the per
meability of the membrane are supposed
to intervene.

As to rat intestine at its optimum con
centration (2.7 mM) the relation ICa:>+ +
Icn=+Na+ is 44%, i.e. the ionic flow of
calcium by itself and bound to sodium is
much more important in hen intestine as
compared with total ionic flux than in rat
(44 %). It may be that in rat intestine the
first of the two components of the relation
!(•»»+ + Ica*+xa+ is not significant with re
spect to the other one.

In hen intestine the relation of calcium
activities is higher in mediums without so
dium (table III) than in mediums with
sodium (table I). In both cases the highest
value for that relation is obtained when
calcium concentration in the medium is
10.8 mM.

Some authors had found in rat (14, 15)
and chicken intestine (19) higher trans
mural transport of calcium in a medium
without sodium than in one with sodium.
Three hypotheses have been proposed to
explain these facts: Competition for a
common) carrier (26, 27); competition
between Na — Ca at the level of the cel
lular membrane (25); a calcium effect on
a metabolic intermediary (30) which would
alter cellular permeability to calcium.

The fact that in rat in the absence of
sodium the quotient Aca2+inuc/ACai+60r in

creases according to calcium concentra
tion does not imply that a greater calcium
flux towards the serosal side is taking
place. It is rather more probable that, due
to the permeability difference of the mem
brane sides and to their negative effects
on the Isc, calcium enters the cell from
the mucosal side faster than from the se
rosal side, affecting thus the transmural
potential. In hen intestine, the changes
observed in the potential are not to be
attributed to this effect for, as figure 2
shows, after a calcium concentration of
10.8 mM the ratio ACa3+,er/ACaJ+niuc de
creases, a phenomenon not seen in rat.

Therefore the behaviour of either in
testine in the presence of calcium seems
to be distinct. This can be related to the
mechanism for calcium transport, which
possesses various transport systems, at
least one is different in hen intestine.

Resumen

Se estudia el efecto de la concentration de
calcio sobre la diferencia de potential trans
mural e intensidad de corriente de cortocircui-
to in vitro en intestino delgado de rata, polio
y gallina ponedora, en presencia y en ausencia
de sodio.

Los resultados indican que, en presencia de
sodio, el calcio produce un aumento del po
tential mucho mayor en el intestino de galli
na que en los de polio y rata.

En ausencia de sodio, la respuesta del po
tential frente a la concentraci6n de calcio en
el intestino de gallina es paralela a la que se
obtiene en presencia de sodio: aumento del
potencial hasta un valor m^ximo que corres-
ponde a una concentracidn de calcio en el me
dio de 10,8 mM, y luego disminuci6n de aqu61.
Sin embargo, el intestino de rata responde de
un modo diferente: el potencial, negative en
serosal, va hacidndose cada vez m&s positive
hasta casi su anulacidn.

References

1. Adams, T. H. and Norman, A. W.: J. Biol.
Chcm., 245, 4421-4436, 1970.



ca ON PDt AND 1,0 IN SMALL INTESTINE 455

2. Armbrecht, H. J., Zenser, T. V., Bruns,
H. E. and Davis, B. B.: Am. J. Physiol.,
236, 769-779, 1979.

3. Bar, A. and Hurwitz, S.: Biochim. Bio
phys. Acta, 183, 591-600, 1969.

4. Barry, R. J. and Eggenton, J.: J. Phys
iol., 227, 217-231, 1972.

5. Birge, S. J., Gilbert, H. R. and Airolis,
L. V.: Science, 176, 168-170, 1972.

6. Birge, S. J., Switzer, S. C. and Leonard,
D. R.: J. Clin. Invest., 54, 702-708, 1974.

7. Birge, S. J. and Gilbert, H. R.: J. Clin.
Invest., 54, 710-715, 1974.

8. Bolufer, J., Ruano, M. J. and Larralde,
J.: Poultry Science, 54, 2121-2127, 1975.

9. Bolufer, J., Berj6n, A. and Larralde, J.:
Poultry Science, 56, 1049-1053, 1977.

10. Bolufer, J. and Larralde, J.: Comp. Bio
chem. Physiol., 58, 175-179, 1977.

11. Cramer, F. C.: Can. J. Physiol. Pharma
col., 43, 75-78, 1965.

12. Dumont, P. A., Curran, P. F. and Salo
mon, D.: J. Gen. Physiol., 43, 1119-1136,
1960.

13. Glynn, I. M.: Pharmacol. Rev., 16, 381-
310, 1964.

14. Harrison, H. E. and Harrison, H. C.:
Am. J. Physiol., 205, 107-111, 1963.

15. Harrison, H. E. and Harrison, H. C.:
In «Biomembranes» (Smith, D. H., ed.).
Plenum Press, New York, 1974, p. 793.

16. Helbock, H. J., Forte, J. G. and Salt
man, P.: Biochim. Biophys. Acta, 126, 81-
93, 1966.

17. Holdsworth, E. S.: Biochem. J., 96, 465-
473, 1966.

18. Holdsworth, E. S., Jordan, J. E. and
Keenan, E.: Biochem. J., 152, 181-186,
1975.

19. Hurwitz, S. C., Harrison, H. C. and
Harrison, H. E.: J. Nutr., 91, 319-323,
1967.

20. Kimberg, D., Sachter, D. and Schenker,
H.: Am. J. Physiol., 200, 1256-1262, 1961.

21. Manery, J. F.: Fed. Proc., 25, 1804-1810.
1966.

22. Martin, D. L. and de Luca, H. F.: Am.
J. Physiol., 216, 1351-1359, 1969.

23. Martin, D. L. and de Luca, H. F.: Arch.
Biochem. Biophys., 134, 139-148, 1969.

24. Miller, D. L. and Schedl, H. P.: Gas
troenterol., 58, 40-45, 1970.

25. Morrill, G. A. and Robbins, E.: J. Gen.
Physiol., 50, 781-789, 1967.

26. Peters, C. J. and Walser, M.: Am. J.
Physiol., 210, 677-683, 1966.

27. Rahill, W. J. and Walser, M.: Am. J.
Physiol., 208, 1165-1172, 1965.

28. Sallis, J. D. and Holdsworth, E. S.:
Am. J. Physiol., 203, 407-411, 1962.

29. Schachter, D., Kimberg, D. V. and
Schenker, H.: Am. J. Physiol., 200, 1263-
1271, 1961.

30. Schachter, D.: In «The transfer of cal
cium and strontium across biological mem-
branes» (Waserman, R. H., ed.). Academ
ic Press, New York, 1963, p. 209.

31. Schachter, D., Kowarski, Z., Finkel
stein, J. D. and Ma, R. W.: Am. J.
Physiol., 211, 1131-1139, 1966.

32. Sols, A. and Ponz, F.: Rev. esp. Fisiol.,
3, 207-211, 1947.

33. Tidball, C. S.: Am. J. Physiol., 206, 243-
246, 1964.

34. Ullrich, K. J., Rumrich, G. and Kbss,
S.: PfHiger’s Arch., 364, 224, 1976.

35. Ussing, H. H. and Zerahn, K.: Acta Phy
siol. Scand., 23, 110-121, 1951.

36. Vazquez, A., Jordana, R. and Larralde,
J.: Rev. esp. Fisiol., 36, 337-342, 1980.

37. Walling, M. W. and Kimberg, D. V.:
Am. J. Physiol., 226, 1124-1129, 1974.

38. Wasserman, R. H., Kallfelz, F. A. and
Comar, C. L.: Science, 133, 383-391, 1961.

39. Wasserman, R. H. and Kallfelz, F. A.:
Am. J. Physiol., 203, 221-224, 1962.

40. Wong, R. G. and Norman, A. W.: J. Biol.
Chem., 250, 2411-2418, 1975.

41. Wrobel, J., Michalska, L. and Niemiro,
R.: Acta Biochim. Pol., 20, 249-257, 1973.

42. Wrobel, J., Michalska, L. and Niemiro,
R.: Physiol. Chem. Phys., 6, 205-211, 1974.

7




