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Abstract. The jejunal tract of rat intestine, everted and incubated in vitro at 28°C for 2 hr in
Krebs-Ringer bicarbonate solution, was used to test the existence of a ouabain-insensitive
sodium pump. Cell water, Na, and K together with Na, fluid, K, and lactate transported into the
serosal compartment were determined and, under control conditions, the tested parameters
were found constant in time. By blocking the Na-K pump with 20 mM ouabain in the serosal
compartment, the enterocyte lost K and gained Na, but the cell volume did not vary. Moreover,
the transport of Na, fluid, and lactate, although lower, was constant for 2 hr. When ethacrynate
was added or when the ATP supply was blocked by adding 2,4-dinitrophenol plus iodoacetate,
the cell swelled and the transport of Na and fluid stopped. These results are interpreted as
suggesting the existence of a ouabain-insensitive Na pump, in addition to the well-known Na-K
pump. © 1988 Society for Experimental Biology and Medicine.

Everted intestines incubated in vitro have
been used in the last decades to study the
transintestinal transport of fluid, electrolytes,
and nutrients. The everted condition allows
easy entrance of the substances at the muco-
sal pole and, after crossing the tissue (consid-
ered to be a “black box’), they can be de-
tected in the serosal fluid.

Epithelial cells are specialized to promote
transcellular transport of Na by means of an
asymmetric localization of the Na-K pump
(basolateral membrane). Evidence exists that
there is another pump, which actively trans-
ports only Na out of the cell, in addition to
the known Na-K pump. This second Na
pump, energized by a ouabain-insensitive
Na-ATPase, has been characterized enzy-
matically in basolateral membranes of
guinea pig kidney (1, 2), rat kidney (3), and
guinea pig small intestine (4). Uptake studies
in basolateral membrane vesicles from rat
kidney (5, 6) and guinea pig small intestine
(7) have also demonstrated this Na-ATPase
activity. It has been suggested that its role is
the regulation of cellular volume and that its
activity is modulated by micromolar con-
centrations of calcium (6).

The aim of the present study was to inves-
tigate the presence of such a mechanism in
an intact tissue, by using the everted sac
preparation of rat jejunum. Our results are
consistent with the existence of a second Na

pump, in addition to the well-known Na-K
pump, which functions in the basolateral
membrane of the enterocyte.

Materials and Methods. The rat jejunum,
everted and cannulated, was incubated at
28°C in 50 ml Krebs—Ringer bicarbonate so-
lution gassed with 95% O, and 5% CO, and
with added 5.56 mAMf glucose and 0.5 mM
phenol red (or, in a few experiments, trace
amounts of [“C]polyethylene glycol (PEG,
mol wt 4000)). Three milliliters of the same
solution was placed in the serosal compart-
ment and net transintestinal fluid transport
was determined every 20 min from the
phenol red dilution. As in a previous study
from this laboratory (8) the mucosal fluid
was vigorously bubbled to avoid the forma-
tion of unstirred layers. In a few experiments
the serosal solution was also recirculated by a
peristaltic pump at about 5 ml/min and vig-
orously bubbled, as in (8), but this last ma-
neuver did not change the results. In some
cases phenol red (or PEG 4000) was added
only to the serosal solution in order to evalu-
ate the serosal extracellular space. Na, K
(flame photometry, I.L. Model 943), and
lactate (kit, Boehringer-Mannheim, West
Germany) were also determined. Two
groups of experiments with or without
(=control) 20 mM ouabain in the serosal
fluid were performed. In two other groups of
experiments, in addition to ouabain in the
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serosal compartment, both incubation fluids
had added 2 mM ethacrynate or 0.1 mAf 2,
4-dinitrophenol (DNP) plus 3 mA/f iodoace-
tate (MIA). After 10 min preincubation, ex-
periments lasting 60 or 120 min were per-
formed. Cell Na, K, and water were deter-
mined in the mucosal layer, scraped off
either at the end of the experiment or just
after the preincubation period. Intracellular
Na and K concentrations were obtained after
correction for the extracellular spaces
(marker phenol red or PEG). Details and
controls of this technique have already been
published (9). For statistical analysis Stu-
dent’s ¢ test for unpaired data was used.
Results. Results are presented in Table 1
and Figs. 1-4. Table I shows that under con-
trol conditions the wet weight/dry weight
ratio of the scraped mucosa did not change
after 2 hr incubation of the everted intestine
at 28°C; a similar pattern was observed for
cell water, Na, and K i.e., none of these pa-
rameters varied significantly during 2 hr in-
cubation. The addition of 20 mAM ouabain to
the serosal fluid did not cause a statistically
significant variation in the wet weight/dry
weight ratio or in cell water with respect to
control values, even after 2 hr incubation.
The pattern of Na and K was different: the
cell gained the former and lost the latter dur-
ing both preincubation and incubation pe-
riods. When in addition to serosal ouabain,
the incubation fluids included either 2 mAM
ethacrynate or 0.1 mM DNP plus 3 mM
MIA, the wet weight/dry weight ratio rose
abnormally both after 1 hr (6.9 + 0.4 and 8.2
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+ 0.4, respectively) and after 2 hr (7.5 = 0.3
and 9.7 = 0.5, respectively). At the same time
an abnormally high extracellular space was
detected (35-45 and 70-75% of total water,
after 1 or 2 hr incubation, respectively); this
was accounted for by an increase in the sero-
sal extracellular space, confirmed by the ad-
dition of phenol red (or PEG 4000) to the
serosal solution only. Since we considered
that under the last two conditions the extra-
cellular space was overestimated (see Discus-
sion), we did not calculate the cell Na, K, and
water. Under control conditions or with se-
rosal ouabain the extracellular space was
always about 20% of total water.

After preincubation serosal Na concentra-
tion was 142 + 0.4 mM under control condi-
tions, 141 = 0.6 mM in the presence of 20
mM ouabain, and 140 + 1.0 and 141 + 0.8
mAf under the two other experimental con-
ditions. Sodium transport into the serosal
compartment under four experimental con-
ditions is represented in Fig. 1. Under con-
trol conditions sodium transport was high
and, after 20 min incubation, constant for
the remaining experimental period; a reduc-
tion of this transport to about one-fourth,
constant in time, was evident when 20 mM
ouabain was present in the serosal compart-
ment of the intestine. When ethacrynate or
DNP plus MIA was also present in the incu-
bating fluid Na transport stopped after 20
min. Since we considered that under this
condition the measured extracellular space
was an overestimate due to the entrance of
phenol red into the cell (see Discussion) and

TABLE 1. WATER AND ELECTROLYTE CONCENTRATIONS IN THE JEJUNAL ENTEROCYTE INCUBATED IN VITRO

Cell water Cell Na Cell K
Wet wt/dry wt (ml-g™") (meq - liter™!) (meq - liter™*)

Control

Time zero 59+0.2 39+0.1 40 £ 2 106 + 1

1 hr exp. 6.1 +0.1 3.8x02 38+4 110+5

2 hrexp. 6.2 +0.3 40+0.2 42+3 105+ 4
20 mA ouabain (serosal side)

Time zero 5.3+0.3 35+£0.2 51 & 3x** 99 + 2%

1 hr exp. 54+04 34+0.2 106 &+ 5*** 40 + 5***

2 hr exp. 54+02 34103 108 + 3*** 33 + 4x*

Note. All data were obtained with the jejunal tract of the intestine everted and incubated at 28°C. Mean values
+ SE are reported. Number of experiments is five. P values are versus the corresponding ones for the control

(***<0.001; **<0.05; if no *, NS).
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FIG. 1. Na transport into the serosal compartment
(ordinate, mean values + SE = bars) is reported during 2
hr incubation (abscissa, incubation time) under four ex-
perimental conditions: (1) Krebs-Ringer bicarbonate
solution incubating fluid (open circles); (2) as (1) plus 20
mM ouabain in the serosal fluid (solid circles); (3) as
(2) plus 2 mM ethacrynate in both incubating fluids
(triangles); (4) as (2) plus 0.1 mAM DNP and 3 mM MIA
in both incubating fluids (squares).

since phenol red dilution was the parameter
used to calculate all transports, these latter,
in the presence of ethacrynate and DNP plus
MIA, were corrected by subtracting the vol-
ume corresponding to the extracellular space
exceeding 20% of total water.

The experimental conditions of the results
reported in Fig. 2 are the same as those in
Fig. 1 but here the transport of fluid into the
serosal compartment is shown. Also in this
case a high and constant transport was evi-
dent under control conditions; a reduction,
constant in time, was observed in the pres-
ence of serosal ouabain; a further reduction
and block of the transport after 20-40 min
incubation occurred when ethacrynate or
DNP plus MIA was added. As shown in Figs.
1 and 2, the results obtained with ethacryn-
ate or DNP plus MIA were not significantly
different.
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FIG. 2. Fluid transport into the serosal compartment
during 2 hr incubation. For symbols, see Fig. 1.

After preincubation serosal K concentra-
tion was 5.74 = 0.09 mM under control con-
ditions, 6.76 = 0.15 mM in the presence of
20 mAM ouabain, and 7.00 + 0.23 and 7.14
+ 0.22 mAM under the two other experimen-
tal conditions. In Fig. 3, K diffusion into the
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0.05-
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0.00

min
F1G. 3. K transport into the serosal compartment dur-
ing 2 hr incubation. For symbols, see Fig. 1.
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serosal compartment is reported: under con-
trol conditions a slight diffusion was ob-
served in 2 hr incubation; this was dramati-
cally increased by ouabain and still more by
ethacrynate. A similar pattern was evident in
the presence of DNP plus MIA only for 80
min, after which diffusion stopped.

Lactate transport into the serosal com-
partment is shown in Fig. 4. After 20 min
incubation a high and constant transport of
lactate was observed under control condi-
tions. The same pattern, but with lower
values, was obtained with ouabain in the se-
rosal compartment, and also with ethacryn-
ate. After only 20 min incubation lactate was
no longer detected in the serosal compart-
ment when DNP plus MIA was present in
the incubation fluid.

Discussion. The results of ix vitro jejunum
experiments showed that wet weight/dry
weight ratios, as well as cell water, Na and K
concentrations, were constant during the
2-hr incubation under control conditions
(Table I). The transport of Na and water into
the serosal fluid after the first 20-min period
was also constant for 2 hr under control con-
ditions (Figs. 1 and 2). These findings, in ad-
dition to the simultaneous diffusion of K and
lactate into the serosal compartment, the

0.4
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FI1G. 4. Lactate transport into the serosal compartment
during 2 hr incubation. For symbols, see Fig. 1.
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former low and the latter high but both con-
stant in time (Figs. 3 and 4), seem to demon-
strate that under control conditions, i.e.,
when the intestine is everted and incubated
at 28°C with Krebs-Ringer bicarbonate so-
lution, gassed with 95% O,-5% CO, and with
added 5.56 mM glucose, transport activities
and electrolytes content of the enterocyte are
in equilibrium. Although there is no blood
supply, the tissue is oxygenated sufficiently
because at 28°C the level of energy-rich nu-
cleotides is constant (10, 11). It is known that
the intestine incubated in vitro produces lac-
tic acid even when maximally oxygenated,
about one-half of which appears in the sero-
sal solution (12).

To inhibit the Na-K pump, a high con-
centration of ouabain (20 mA/) was used to
ensure a complete block, also considering
that higher concentrations are usually
needed for rat intestine than for other tissues
such as hamster intestine (13) or erythro-
cytes. When 20 mM ouabain was present in
the serosal fluid, the cell gained Na and lost
K, mostly during the first hour (Table I), and
the wet weight/dry weight ratios and cell vol-
umes were not significantly different from
control values. During the subsequent 2 hr
these parameters remained constant.

A dramatic rise in wet weight/dry weight
ratios was obtained when ethacrynate or
DNP plus MIA was present in the incubation
fluid. Usually an increase in this parameter
parallels an increase in cell volume (11); on
the contrary we found that the extracellular
space was abnormally high (and largely sero-
sal). However, a decrease in transport activ-
ity normally causes a cell swelling (11). In
our study the experimental conditions
blocked all active processes. Therefore, it is
evident that the increased extracellular space
was not real but due to the entrance of
phenol red into the cells, whose membranes
lost their integrity. The possibility that
phenol red can also enter the cell under con-
trol conditions, due to the insufficiently high
molecular weight, can be excluded because
during the 2-hr incubation the extracellular
space did not vary. Furthermore, by using
PEG of mol wt 4000 (9), the cell volume was
slightly higher and the extracellular space
slightly lower but, as in the case of phenol
red, the two values were constant for 2 hr.
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In addition to other inhibitory effects, eth-
acrynate has been described as a strong in-
hibitor of ouabain-insensitive Na-ATPase in
the small intestine (4) and as blocking the
ouabain-insensitive Na pump (7). It has been
suggested that the main function of the oua-
bain-insensitive Na pump is the regulation of
cell volume (6). Our results can be inter-
preted in this light. In fact, when the Na-K
pump was blocked by ouabain, the cell vol-
ume and wet weight/dry weight ratio re-
mained constant with respect to the control
values, whereas when both pumps were
without fuel (ATP production blocked by the
uncoupling reagent DNP and by the inhibi-
tor of anaerobic glycolysis MIA) and when
the ouabain-insensitive Na pump was also
blocked by ethacrynate, the wet weight/dry
weight ratio increased remarkably.

Figure 4 shows that the lactate detected in
the serosal compartment of the intestine was
constant under control conditions. The inhi-
bition of lactate production in the presence
of ouabain is probably caused by poor acti-
vation of pyruvate kinase due to the low level
of cell potassium; this phenomenon is en-
hanced by ethacrynate, perhaps as a result of
increased release of K from the cell. The ab-
sence of lactate production for most of the
2-hr incubation in the presence of MIA
shows that under this condition ATP pro-
duction by anaerobic glycolysis is absent.

In general, when the Na-K pump is
blocked by ouabain, diffusion of Na from the
serosal fluid into the cell is expected due to
the favorable electrochemical gradient. On
the contrary, we found that in the presence of
20 mM ouabain the positive transport of
both Na and fluid into the serosal compart-
ment, although low, lasted for 2 hr. These
results could suggest that the ouabain-insen-
sitive Na pump is active at the serosal pole of
the cell and that the net positive transport of
Na into the serosal fluid is the difference be-
tween the activity of the ouabain-insensitive
Na pump and the passive flux of Na from the
serosal fluid into the cell. Certainly the activ-
ity of this pump is not sufficient to pump out
all the Na, which also enters the cell from the
brush border, so the cell gains Na. With the
addition of ethacrynate or DNP plus MIA
the transport of both Na and fluid was al-
ready blocked after a short time (Figs. 1 and
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2). The very similar results obtained under
the two experimental conditions indicate
that in both cases an active process is inhib-
ited. Therefore, these results suggest the exis-
tence of a ouabain-insensitive Na pump in
intact tissue.

From the data in Fig. 3 it is evident that in
the presence of ouabain K diffusion into the
serosal solution is much higher than control
values, as it is to be expected. Furthermore,
after 2 hr a downhill K gradient was still
present. The greater K flux in the presence of
ethacrynate could be explained by a mem-
brane damage, as previously suggested. The
flux in the presence of DNP plus MIA
stopped at 80 min; the reason for this is still
unclear.

Preliminary results showed that the trans-
intestinal electrical P.D., even if 1-1.5 mV
lower with respect to the control condition,
was always serosal positive during the 2-hr
incubation in the presence of 20 mAf oua-
bain.

K diffusion from the cell toward the sero-
sal fluid could drive Na passively if Na-K (2
Cl) cotransport was present in the basolateral
membrane. This possibility can be excluded
for two reasons. First, as far as we know, this
cotransport is not localized in the basolateral
membrane. Second, the ratios between K
and Na transported into the serosal com-
partment, obtained from data of Figs. 1 and
3, were very different under different experi-
mental conditions.

In conclusion, the results of this study are
easily explained by the existence of a oua-
bain-insensitive Na pump, which has been
already demonstrated in guinea pig intestine
(4, 7) and kidney (1, 2) and in rat kidney (3,
5, 6). The regulatory function of cell volume
performed by this Na pump was evident
when the Na-K pump was blocked by oua-
bain.
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