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A number of studies have been reported
recently on non-electrolyte transport func-
tions of the isolated intestinal epithelial
cells (1-6). Although this approach as sug-
gested by Reiser and Christiansen (5) might
allow examination of the characteristics of
the transport processes in a manner similar
to that possible in bacteria and red blood
cells, possible alterations in the functional
capabilities of cells during isolation and the
purity of such isolated cells remain critical
factors. In addition, the permeability and
transport characteristics might not be uniform
across the surface of isolated intestinal cells
because of the presence of brush border mem-
branes at one end of the isolated cells. Pre-
vious reports have indicated clearly the
presence of transport mechanisms which can
concentrate amino acids (3-6) and sugars
(1-4) in isolated intestinal epithelial cells.
Reiser and Christiansen (5) found that iso-
lated cells from rat small intestine had the
stereospecificity, energy-dependency, and
kinetic properties for leucine transport as
occurred in the intact intestine. Kimmich
(4), who has studied isolated epithelial cells
from the small intestine of chickens, reported
that both galactose and valine were accumu-
lated by these cells against a concentration
gradient by a process which was inhibited
by dinitrophenol, ouabain, and oligomycin.
Galactose transport by cells of chicken small
intestine was dependent on the presence of
Nat (4), but not on the direction of Na*
gradient, whether inward as occurs normally
or outward as produced by preloading the
isolated cell with Na*. This observation is
inconsistent with the requirement of a sodium
gradient for concentrative sugar uptake. Al-

though it has been shown that isolated
epithelial cells from mammalian small intes-
tine can transport the nonmetabolizable sugar,
3-methyl glucose, against a concentration
gradient (3), the Nat+ requirements for this
transport system in mammalian cells have not
been studied. We have therefore investigated
the effects of replacement of Na+ by K+ or
choline on 3-methyl! glucose uptake in isolated
epithelial cells from the rat small intestine.

Methods. Fasted albino rats (200-250 g)
were sacrificed by a blow to the head. The
small intestine was exposed, cannulated at
the duodenal and ileal ends, and quickly
flushed with chilled oxygenated Ca2t and
Mg2+ free medium containing 125 mM NaCl,
5 mM KCI, 10 mM glucose, S mM phosphate
buffer, (pH 7.4), 12.5 mM NaHCO; and 1
mM EDTA. The intestine was then removed,
everted, and filled with the Ca?+ and Mg2?+
free medium. Everted intestine was divided
into 6 equal segments and each segment tied
off at both ends. The intestinal segments were
placed on the paraffin floor of a plastic con-
tainer with a lid to which 50 ml of the Ca2*
and Mg2?*+ free medium with 25 mg %
hyaluronidase (Sigma, type III) had been
added. The use of the enzyme hyaluronidase
and of a medium free of Ca and Mg ions in
the isolation of epithelial cells has been re-
ported by other investigators (1, 7). The con-
tainers with everted intestinal segments were
oxygenated by a continuous stream of 5%
CO; in O through the container which was
shaken in a water bath at room temperature.
After 5 min the medium was poured off and
examined under a phase microscope. This
material was later discarded. Twenty milli-
liters of fresh Ca2* and Mg?+ free medium
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with hyaluronidase was then added to the
intestinal segments in the plastic containers
and shaking was continued for 20-25 min.
The medium was then collected into centrifuge
tubes and spun at 200 rpm in a refrigerated
International Centrifuge (Model PR-2). The
resulting pellet was washed twice in a Ca%+
and Mg?+ free medium without hyaluronidase
at 500 rpm. The final pellet (60-100 gl of
packed cellular material) was resuspended in
1 ml oxygenated Krebs—Ringer bicarbonate
(KRB) (8).

For the measurement of 3-methyl glucose
(3MG) uptake, 1 ml of cell pellet suspension
was added to an equal volume of 3MG in
KRB (final concentration 5 mM). The mix-
ture was oxygenated (95% 02 4+ 5% COs)
and incubated at 37° in a Blue M shaking
water bath for 20 min. At the end of incuba-
tion, the reaction mixture was transferred
quantitatively into cytocrit tubes and the
cellular material was packed in these tubes by
centrifugation at 500 rpm. The volumes of
packed cells and supernatant were read
directly from the cytocrit tubes. Packed cells
were resuspended in distilled water to a
volume of 0.5 ml. 3MG was analyzed spectro-
photometrically in the supernatant and the
suspension prepared from packed cells by the
Nelson (9) and Somogyi (10) methods. The
“mannitol space” in the packed cell pellet
was determined in some experiments by in-
cubating isolated cell suspension with 3 mM
mannitol in a KRB medium under conditions
similar to those employed in the 3MG up-
take experiments. The mannitol solution con-
tained trace quantities of ['*C]-mannitol
(about 10,000 counts/min/ml). At the end
of incubation the cellular material was packed
and pellet volume determined in the cytocrit
tube. Aliquots (0.1 ml) of cell pellet suspen-
sions were placed in vials with 0.4 ml NCS
solubilizer =~ (Amersham/Searle Corp.) in-
cubated at 37° overnight and after adding
10 ml Bray’s solution (11) radioactivity was
measured in a Packard Tri-Carb liquid scin-
tillation spectrometer. One-tenth milliliter
aliquots of supernatant and 3 mM mannitol
solution with the trace amount of radioactive
mannitol were added to 10 ml Bray’s solution
in separate vials and radioactivity measured
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to determine concentration of mannitol in
the medium and the cellular material at the
end of incubation. The ratio, umole mannitol
per milliliter pellet/umole mannitol per milli-
liter supernatant was % mannitol space in
the pellet. The mannitol space in the packed
cell pellet was assumed to represent the extra-
cellular space as mannitol is not absorbed
by intestinal mucosal cells (12).

In anaerobic experiments, cellular material
isolated by the use of Ca?* and Mg?+ free
medium with hyaluronidase was resuspended
in Krebs-Ringer phosphate (KRP) (8) and
gassed with 100% nitrogen for 5 min prior
to incubation with 3MG (final concentration
5 mM) in KRP. This incubation was carried
out under similar conditions as in the control
experiment except that the reaction mixture
was gassed with 1009 nitrogen. The in-
hibitors, iodoacetamide (IA) or 2,4 dinitro-
phenol (DNP) when used were added to
the KRB medium in which isolated cellular
material was resuspended and were present
in the incubations with 3MG at a final con-
centration of 10—* M. The effect of replace-
ment of Na ion on 3MG uptake was studied
in isolated cellular material which was re-
suspended in modified Krebs—Ringer solution
in which NaCl and NaHCO; were replaced
by equivalent amounts of KCl and KHCO; or
choline-Cl and choline-HCO;. The conditions
of incubation of isolated cells with 3MG in
the experiments with inhibitors or when Nat
was replaced were otherwise the same as
in the control experiments.

Results. After everted intestinal segments
were incubated at room temperature for 5
min in a Ca?*+ and Mg2?t free medium con-
taining hyaluronidase, the medium when
examined under the phase microscope was
found to contain both cellular and acellular
material. The acellular material was probably
mucous. The cells were both large columnar
cells with prominent brush borders, singly
or in aggregates of 2-4, and individual
medium or small size round cells without
brush borders. The round cells tended to
cluster or dissociate on the microscope slide.
When a fresh supply of the Ca2* and Mg?+
free hyaluronidase solution was added and the
segments were shaken at room temperature
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Fic. 1. Isolated epithelial cells from rat small intestine as seen under phase microscope.

for 20-25 min, the round cells without brush
borders were present in greatly decreased
numbers. The acellular “mucous” was easily
washed off by two consecutive centrifugations
at 500 rpm in Ca?* and Mg?+ free medium
without hyaluronidase. This left large
epithelial cells which were identified by the
presence of brush borders. These cells ap-
peared more spherical in shape than columnar
on examination under phase contrast micro-
scope. Aggregates of 2-4 epithelial cells were
again seen and represented 10-25% of the
population of the cells with brush borders.

The distribution of the nonabsorbable

sugar mannitol in the cell pellet after in-
cubation of cells with the sugar is shown in
Table I. The cell pellet was consistently
found to contain less mannitol than the
amount found in an equal volume of superna-
tant. The difference between total cell pellet
volume and the mannitol space was assumed
to be the mannitol inaccessible intracellular
space and this was found to be approximately
13% of the total cell pellet volume. These
determinations yield extra- and intra-cellular
spaces of in vitro preparations only. The value
of 87% extracellular space in our study is
roughly comparable to that obtained by
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TABLE 1. Mannitol Space in Intestinal Epithelial
Cell Preparation

micromole mannitol /milliliter

% Mannitol

Animals Supernatant  Cell pellet space
1 2.99 243 81.27
2 2.99 2.85 95.32
3 3.01 2.81 93.35
4 8.13 3.05 97.44
5 3.07 2.71 88.27
6 3.07 2.51 81.75
7 3.03 2.76 91.09
8 3.07 2.36 76.87
9 2.77 2.65 95.66

10 3.16 2.34 74.05
Mean 8751
+SE 267

Stern and Jensen (2) in isolated intestinal
epithelial cells and Crane and Mandelstam
(13) in the preparation of intestinal villi.

The data on 3MG transport by the isolated
epithelial cells is shown in Table II. 3MG
was analyzed in the cell pellet at the end
of incubation and corrected for amounts
found in the extracellular space to give intra-
cellular concentrations. The nonmetabolizable
sugar was apparently accumulated by the
isolated cells against a concentration gradient.
The value for the ratio of cell sugar to medium
sugar was approximately 4. This is in agree-
ment with the finding of Huang (3) in iso-
lated epithelial cells from rabbit small intes-
tine. The accumulation of 3MG against a
concentration gradient could not be demon-
strated in the presence of DNP, IA, with
anoxia or with a medium which was free of
Na+t,

A net uptake of 3MG by isolated intestinal
cells was demonstrable in all experiments
and is shown in Fig. 2. The rate of uptake
was expressed as pmole of 3MG per ml intra-
cellular volume after 20 min of incubation.
Replacement of Nat by K+ or choline re-
duced 3MG uptake activity to approximately
40% of control. On the other hand under
anaerobiosis or in the presence of TA, uptake
was decreased to 53% and with DNP it was
65% of control level. The level of inhibition
due to Nat replacement by K+ was signifi-
cantly greater (p < 0.05) than inhibition due
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to anaerobiosis, TA or DNP. Inhibition due
to replacement of Na+ by choline was signifi-
cantly greater than that due to anaerobiosis
and dinitrophenol but not iodoacetamide.

Discussion. Huang (3) has observed a de-
cline in 3MG transport with time at 36°
in isolated epithelial cells from rabbit small
intestine. He has suggested that this was due
to increased efflux of sugar back to the
medium as isolated cells unlike intestinal
epithelial cells iz sit had all of the cell sur-
face exposed to the medium and were free
of the submucosal and muscular barriers to
diffusion. However, the decline in transport
from 10 to 20 min incubation was approxi-
mately 10% and the concentrative mechanism
for sugar was still operative at 40 min though
at a reduced rate. In this study an uphill
transport of sugar into isolated cells was
demonstrated at 20 min at 37°. The ability
of isolated epithelial cells to support uphill
sugar transport indicates that an increase in
efflux of sugar that might occur from isolated
epithelial cells would not affect the active
sugar absorption. This does not seem unrea-
sonable as surface area of membranes of
microvilli in the brush border region, which
has been postulated to be the site of active
sugar transport (14), in all probability ex-
ceeds the area of cell surface without brush
border.

The uphill transport of 3MG in isolated in-
testinal cells was completely inhibited by
blocking cellular metabolic energy with
anoxia, DNP and IA or by replacement of

TABLE IL 38-Methyl Glucose (3MG) Uptake by
Intestinal Epithelial Cells.

[BMG]cen1/

Animals  [BMGlyea. [BMGlcenn rerret  [3MGlatea.
1 5.90¢ 15.81¢ 2.68
2 4.98 11.24 2.26
3 6.00 42.57 7.10
4 6.28 33,78 5.38
5 6.36 34.93 549
6 6.20 22.07 3.56
7 5.41 16.82 3.11
8 5.17 8.30 1.61
Mean 3.89
+SE .67

@ Values have units of millimoles/liter.
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Fic. 2. Uptake of 3-methyl glucose (3MG) by isolated intestinal epithelial cells under various
incubation conditions. See text for details of incubation conditions.

Na*t in the incubation medium. Thus both
cellular metabolic energy and Nat were re-
quired for active sugar transport in isolated
epithelial cells. It could not be ascertained
whether energy and Na*t together were re-
quired for the formation of an intermediate
high energy compound which might be
utilized in the active sugar transport, as en-
visioned in the model of intestinal sugar
transport proposed by Kimmich (4), or
whether Nat was required to establish an
inward Nat gradient and energy was re-
quired for maintenance of the Nat gradient
by the Na pump as proposed by the “Na
gradient” hypothesis (15).

The net influx of 3MG seen at 20 min in-
cubation at 37° (Fig. 2) with the metabolic
inhibitors, anoxia or in the absence of Na+t
was probably due to equilibration of sugar
between intracellular water and medium by
passive diffusion. The passive uptake was
slightly lower in experiments where Nat was
replaced by K+ or choline than in experi-
ments with DNP or TA. This might suggest
that not only active sugar transport but the
passive rate of sugar equilibration is also de-
creased in the absence of sodium ion.

Summary. The transport of nonmetaboliz-
able sugar, 3-methyl glucose (3MG), was
studied in the isolated intestinal epithelial

cells from rat small intestine. Epithelial cells
when incubated in Krebs-Ringer bicarbonate
(KRB) medium for 20 min (37°) accumu-
lated 3MG to approximately 4 times its con-
centration in the medium. Active transport of
3MG into epithelial cells was abolished by:
(a) replacement of Na*t in the KRB with
K+ or choline, (b) addition of 0.1 mM
dinitrophenol (DNP) or iodoacetamide (IA),
or (c) anaerobic conditions. The passive up-
take of 3MG into epithelial cells, however,
varied under these conditions. The net uptake
values as compared to control, approximately,
were: 65% with DNP, 53% with IA or
anoxia, and 40% in the absence of Na™.
The greater decrease in 3MG uptake in the
Na+ free medium might indicate a facilitation
by Nat of the passive 3MG transport process.
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