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ABSTRACT

Direct demonstration of the cellular location of sodium purmnping constitutes a key problem
in the solution of intestinal sodium absorption. Utilizing silicone-impregnated epoxy sections
of ifreeze-dried, osmium-fixed lissue, ouabain-*H and inulinH light microscope radioauto-
graphs have been produced which show that: lateral but not brush border membranes of
rabbit small intestine bind cuahain-SH (high specific activity) with an affinity so great that
a subscquent washing in ouabain-free mecdium has little cffect on binding; lateral membrane
binding is not apparent with low specific activity ouabain-’H, and inulin-*H and ouabain-
*H (low specific activity) in the cores of the villi do not equilibrate with the intercellular
spaces. Preliminary tracer measurements of ouabain-*I1 and inulin-*C spaces also agree with
these findings As ouabain is a specific inhibitor of active sodium transport, these observations
provide direct support for the view that lateral nembrane pumping of sodium into the inter-
cellular spaces causes, through osmotic {orces on water, a flow of fluid oul of these spaces

into the interstitium.

INTRODUCTION

The ahility of the small intestine to absorb sodium
actively is a well-documented phenomenon (26).
According to current views (Fig. 1}, sodium enters
the epithelial cell down its elecirochemical gradi-
eut primarily by an unidentified mechanism and to
a lesser extent by coupling to certain organic sol-
utes (27). Sodium then diffuses across the cell to
the lateral mempranes, where it is actively pumped
by a ouabain-sensitive mechanism (29) into inter-
cellular spaces, thus creating a local hyperosmatic
environment between cells. As a result of osmotic
forces, water closely follows the sodinm fuxes and
upon entry into the intercellular spaces creates a
hydrostatic pressure, which in turn causcs a flow
of fluid down the space into the intersdtium. Al-
though a basal location for the sodium pump is
amply supported by experiment (6, 12, 28, 29, 38),
the view that the pump sites are located in the

lateral membranes is still a hypothesis {7, 8) that
remains to be substantiated.

The present study undertakes to dernonstrate
directly the subcellular location of the sodium
pump. The success achicved with high resolution
radioautography of phlorizin-*H in demonstrating
the brush border location of intestinal sugar trans-
port sites (30) suggested that a similar approach
using high specific activity ouabain-*H might re-
veal the cellufar locations of intestinal sodium
pump sites.

This study presents high resolition ouabain-*LI
and inulin-*H radioautographs of in vitro rabbit
small intestine which directly support the hypoth-
esis that the lateral membranes of this epithelium
possess a Umited number of sodivm pump sites.
Some of these data have been published in a pre-
liminary report (32).
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Iyeomm 1 Model depicting current concepts of sodium
absorption in the intestine. The heavy and thin arrows
indicate uphill and downbill moverent. Sodinum mowves
downhill across the brush border coupled to sugar and
amino acid transport {curved arrows) and via a non-
coupled path (straight arrow). Sodium, sugar, and
amino acids then diffuse Lranscellularly to the lateral
membranes where sodiwm is actively pumped into the
intercellular spaces and where sugars and amino acids
enter via facilitated diffusion (thin straight arrows).
Osmotic gradients generaled by sodium movement
cause waler (dashed arrows) to move passively across
the epithelium.

CONNECTIVE
TISSUE

MATERIALS AND METHODS

Tissue Preparation

Intcstine was obtained from New Zealand rabbit
{(2.5-8.2 kg) maintained on a standard luboratory
diet. Tmmmediately after a lethal injection of sodium
peniobarbitol, the abdomen was opened and the
intestine removed and washed with iced saline After
trimming away the remaining mesentery, everted sacs
(37), rings (5), and mucosal sheets (5) weve prepared
as required for the particular cxperiment. "The tissue
was preincubated for 10 min at 37°C in a balanced
salt medium (17}, buffered with bicarbonatc (5%
COg, 95% Og) to pH 7.4, and then transferred to
medium containing 23 uCi/ml of specified radioac-
tive test compounds. In some experiments the tissuc
was subsequendy incubated in medium free of test
compounds.

T'est Compounds

Trivdated ouabain (11.7 Ci/mmole, lot 184-239),
inulin~-¥H (137 pCi/mg, lot 96-284-25), and inulin-
He (1.75 Ci/mg, lot 126-45-7C) were purchased from
the New Ingland Nuclear Corp., Boston, Mass. The
desired medium concentrations of ouabain~*H were
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obtained by adding uniabeled ouabain purchased
from Mann Research Labs., Inc., New York.

Radioanfography

The following is @ brief summary of the radicauto-
graphic procedures previously reported 1o detail (31):
at the completion of incubation the tissue was cut into
several small bits and quickly frozen in liquid propanc
cooled to —173°C with liquid nitrogen. The frozen
bits of tissue were then freeze dried at low tempera-
tures, fixed in osmium tetraoxide vapor, and vacuum
embedded in a mixture of silicone oil and epoxy-resin
Sections (1-2 u thick) cut with glass knives and
coliected over water were then placed on microscope
slides and coated with liquid photographic exmulsion
{Kodak NTE-2) and exposed 4-25 days. After de-
velopment, the sections were stained with basic
fuchsin and examined by bright field microscopy.

Resalution tests of this techmique (31, 33) have
shown that 97 == 39 of the silver grains produced by
a radicactive 2 u band fall over that hand In the
preseunt study, this resolution I8 essentiul, for the width
of the epithelial cells at their base (a2 4 ) is only
stightly larger than the intercellular spaces in this
region Lesser resolution could easily fead to confusion
of lateral membrane binding with cellular entry.

As the results show, diffusion of either ouabamn or
inlm chwig processing for radicautography was
negligible Indeed, from the physical sumilarity of
these compounds to galactose, manmiol, and phlori-
zin, which have been shown to behave reliably with
this technigue (30, 31, 33), the presence of diffusion
arlifacts would have been quite unexpected.

In some instances, a quantitative comparison of
ouahain conient among medium, cytoplasm, and
brush border proved of value {(Table 1). These data
were obtained by compuling grain densities {grains/
4% of a given tissuc structure from micrographs sioi-
lar to those shown in the Results. Individual ratios
used 1o compute the averages given in Table 1 are
based on 100 or more grains for each structure,

Preliminary Measurements of Ouabain*H
and Tnulin-*C Spaces

Everted sacs and mucosal sheets were incubaled in
edia contaming both ouabain-*H and inulin-1*C.
At the end of incubation the tissue was homogenized,
precipitated with 109, wichloroacetic acid, and
warmmed to 100°C. After cooling, a pertion was re-
covered, neuiralized to pH 6.5, and snalyzed by
scintiilation spectrometry. The scintillation mixiure
contained 4 ml of sample plus 11 ml of Aquasol (New
England Nuclear Corp ). Tissue measurements of
ouabain-*H and inulin-1Cl were then compared with
those from a similarly treated portion of incubation
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medium (Table IT). Fstimates of cuabain-*H and
inulin-*4C! in control tissues differed less than 5 and
3% from the predetermined amounts added.

RESULTS

In order to evaluate the possibility of mucosal entry
and brush border binding, radicautographs were
prepared from everted sacs incubated 30 min in
5 X 107 and 107¢ M ouabain-*H. The radioauto-
graph of Fig. 2 is typical of these results. Very few
grains arve ever found over the tissue, even with
long radioautographic exposures which produce
exceptionally high grain densities over the me-
dium. Clearly, ouabain does not easily permeate
brush border membranes. A more quantitative
assessment of permeation based on grain density
measurements (Table 1) indicates that at both
high and low concentrations of ouabain the cellu-
lar concentration is less than 2% of the medium
‘This figure agrees rather well with estimates of in
vivo intestinal permeability to ouabain in the
guinca pig (19). Further confirmation of brush
border impermeability to ouabain was obtained
from tracer analyses of everted sacs incubated in
inulin-4C and ouabain-*H. The preliminary data
of Table II show that after 30 min the cuabain dis-
tribution space! of everted sacs differed insignifi-
cantly from that of the extracellular marker inulin.

I Defined as the amount per gram of tissue divided by
the amount per milliliter of incubation medium. I a

Since the total ouabain content of the sac can
be accounted for by medium adhering to its sur-
face, brush border binding as well as cellular entry
must be negligible. "The absence of brush border
binding is directly observable in ouabain-*H radio-
autographs (Figs. 2-7). In phlorizin-*H radioaulo-
graphs of hamster (30) and human (33), intestine
brush border binding was distinguished as an in-
creased density of grains over the brush border
band of the epithelium, in'noune of the: ouabain*H
radioautographs examined was therc any sugges-
tion of a similar brush border accumulation.

Quantitative comparison of grain density over
brush border and medium alone (Table I) indi-
cates that the ouabain content of the brush border
is about 189 of that in the medium. Since the
extracellular fraction of the brush border band
(31) differs insignificantly from this figure, these
radioautograph observations are entirely consistent
with the conclusion that brush border membranes
do not bind ouabain.

The binding of cuabain to basal membranes of
the epithelium was first examined in intestinal
rings. As the radioautograph of Fig. 3 shows, oua-
bain penetrates the intercellular spaces of the
epithelinm in addition to the villar cores when the
serosal side of the intestine is exposed to incubation

compound is membrane bound, its distribution space
is a derived quantity since this space corresponds to no
real tissue volume.
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Figure 2 Bright field view of radicautograph showing several villi (¥} of an everted sac (animal 0BG-1)
incubated 30 min in 107° m ouabain-"H. The brush border (B) of the epithelium () is bathed by incu-
bation mediam (M). At its basal limit the epithelium is bounded by the counective ligsue core (7€) of
the villus. The freezing and drying procedures often produce fractimes (#) in the media, particularly
along the medium-brush border intexface. The silver grains of the overlying photographie emulsion,
which rcflect the distribution of ouabain, ave barcly discerzuble as diserete black dots at this wagnifica-
lion. The very high grain density resulting from a prolonged exposure has given the mediwm a stippled
appearance. The very few grains over the villi show that little ouahain has penetrated the brush border.
The abrupt change in grain density between medium and areas which contain only epoxy resin (&) is
indicative of the radioautographic resolution. Scale: 10 p. X 550.

Fiqure 8 Radioautograph of intestinal ring (animal OBG-1) incubated 80 min in 107% M ouabain-*TF.
Because of the inercase In magnification as compared to Fig. 2, the ndividual silver grains and inter-
cellular spaces (I) arc easily distinguished. The appearance of silver grains over the connective tissue core
(FC) of the villus is to be expected because the serosal side of the intestine is exposed to incubation
medium. The much lower onabain content of the villar core as compared with that of the medinm re-
fleets the cansiderable resistance of the muscle layers to ouabain entry. Note that most of the grains over
épithelium are located along the borders of the intercellular spaces (7). This is especially evident where the
filaments of basal cytoplasm span these spaces. Moreover, the grain density in the intercellular space
region appears to be considerably higher than that of the villar cores. Although the brush border band
{B) possesses considerable radioactivity, it is still less than that of the medium {3M). Scale: 5 u. X 1800.
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TasLe 1
Grain Density Measurements for Ouabain-3H Radioautographs

Relative grain densities™

Animal Quabain (medium} Medium$ Cell Brush berder
OBG-1§ 100 10023 0014 X+ 0 004 0.17 4+ 0 02
OBG-1 3 X 107 M 10 % 0.20 0 011 =+ 0.003 020 + 0.03
OBG-2 (Fig. 4) 1078 m 1.0 £ 0.25 0.17 &+ 0,04

* Reported values are averages of 10 individual measurements == SD, an individual measurement is based
on 100 or more grains per structure.

{ The medium grain density was arbitrarily set at 1.0; the standard deviations of these measurerents are a
measure of the precision of the technigue

§ Same animal as in Fig. 2; however, measuremenls were made on radicautographs of lower grain densi-
ties. Radiocautographs at higher medium concentrations arc not shown.

Taere IT

Tracer Analysis of Ouabain-"H and Tnulin-"*C Distribution Spaces*
wm Frverted Sacs and Mucasal Sheets

Sacs} distribution spaces§ Sheets{ duisaribution spaccs§

Animal Quabawn (medm) Iowhn-%C  QOuabain 8 Inwin % Ouabmn-’H
ml/g ml/g

0AG-1 18w 0.042 0.037 0.149 0.283

QAG-1 3% 1071w 0.042 0 047 0 198 0 186

OAG-2 1078 n 0.048 0 044 0.220 0.965

OAG2 5K Irtm 0.045 0 039 0.205 0.217

* Clalculated as specific radiolabel (¢, 3H) per gram of blotted tissue divided by
specific radiclabel per milliliter of incubation medium.

1 Incubated for 30 min in 100 mg% inulin-*C and above concentrations of ouabain-
H

H.

§ Averages of three individual measurements {rom adjacent segments of distal ileum.

medium. DLquilibration, however, between the
extracellular space of the villi and the incubation
medium, even afier 30 min, 15 still far from com-
plete. Because of this poor penetration of the serosal
compartment, further cxperiments were conducted
. mucosal sheets in which the heavy muscle layers
are ahsent. With this preparation, 30-min incuba-
tions gave almost complete equilibration between
villar core and medium {(Fig. 4).

The most striking feature of radicautographs
prepared from either rings or nwucosal sheets incu-
bated in 10~§ u ouabain (Figs. 3, 4, and 3) is the
large accumulation of grains either along or in
close proximity to the boundaries of the intercellu-
lar spaces. This is especially evident in Fig. 3,
where many of the grains appear in clusters over
the cytoplasmic filaments penctrating the inter-
cellular spaces. QOccasionally, a few grains are
found over the central areas of the cells; whether
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these grains truly represent intracellular cuabain
is not clear. Because the sections are from 1 to 2
o thick and the cells 5 to 7 g in eross-section, the
possibility that these cellular areas include a sroall
amount of lateral membrane cannot be excluded
In any case, the rareness of grains over the central
cellular areas indicates that the lateral membranes
of the epithelium are just as impermeable to oua-
bain as the brush border membranes.

Binding of ouabain to the lateral membrancs of
the intercellular channels was further examined by
subjecting mucosal sheets which had been incu-
bated in 107% u ouabain te a subsequent 30 min
incubation in ouabain-free medium This wash
treatment had littde effect on hound ouabain, as
Figs. 4 5 and 5 show, the accumulation of grains
over the intercellular spaces is just as great as that
in the unwashed tissue. The primary effect of the
ouabain-free medium is to enhance the radioauto-
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Frouer 4  (2) Ouabas-®H radicautograph of a mucosal sheet taken from another animal (0BG-2),
incubation was for 80 num at 107° i, With removal of the muscle cont, the oubain concentration of the
villar core 13 nearly equal to that of the mediam. The grain density over the medum as compared with
that of Figs. 2 and 4 is due to a shorter radioantographic exposure. As in the previous experiment (Fig 3),
there is a distinet accurnulation of ouabain over the intercellular spaces (I}. The grain density of the
brush horder band (8) is clearly less than that of the medium (M). The occurrence of silver grains over
the cpithclum which is not in close proxtmity to intercellular spaces is quite rare. Similarly, goblat.
{00 and interstitial cells (J€) are relatively Iice of ouabain; eapillaries ('), however, appear to be quite
permeable to ouahain Seale: 5 p. X 2500. (b) Bame animal and experimental conditions as in Fig. 4 a
except that the inenbation in ouahain-*H was followed by a 30 miu incubation in ouabain-{ree medium.
The medium {&f), brush boirder (B), and villar core (F{} are nearly ouabain-free. The intercellular spaces
(I}, however, have lost little if any of their original activity, clearly indieating a tight binding of glyeo-
side in this region. Note again the very {ew silver grains over the epithelial cells Scale: 5 . X 1200,



Frevae 5 Radioautograph of a mucosal sheet from a third animal (OBG-3); experimental conditions
were the same as in Fig. 4 b: 80 min incubalbion in 1078 » cuabain-*H followed by 80 min incubation in
ouabain-free media. As in the previous experiment (Fig. 4 b), nearly all of the ouabain has been washed
out of the medium and villar core, leaving only that bound to the lateral membranes of the iniercellular
spaces. In some cages the grains form a line (L) tracing the eourse of the intercellular channel to its origin

at the junctional complex. Scale: 5 u. X 1800.

graphic contrast (Figs 4 & and 5) by washing out
most of the activity in the incubation medium and
extracellular space of the villi. The virtual absence
of grains over the brush border is even stronger
evidence that brush border membranes do not
bind ouabain

If indeed the accumulation of grains in the prox-
imity of the intercellular spaces arises from ouabain
binding to a limited number of lateral membrane
sites, then raising the concentration by addition of
unlabeled ouabain should, through competition,
greatly atienuate this accumulation, To test this
hypothesis control mucosal strips were incubated
30 min in 107% 3 ouabain-*fI and washed 30 min
in ouabain-free medium (Fig. 5). An adjacent
strip of mucosa was treated identically except that
the concentration of the mediwmm was raised to
5 X 107# m with unlabeled ocuabain (Fig. 6).
Radioautographs were prepared from both washed
and unwashed tissue. The control tissue exhibited
the usual heavy accumulation of grains along the
intercellular spaces; however, there was Iittle if
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any accumulation in either the unwashed (Fig. 6)
or washed tissue (not shown) incubated at the
higher concentration.

The grain density pattern in the high ouabain
tissue is remarkably similar to that of tissue incu-
bated 30 min in inulin®*H (Fig. 7). The rareness
of grains over the intercellular spaces in both tissues
(Figs. 6 and 7) indicates that compounds which
enter the villar core via the serosal pathway do not
readily equilibrate with the fluid of the intercellu-
lar spaces. The lack of equilibration may very well
be caused by a flow of fluid out of these channels,
as proposed in the Introduction (Fig. 1). Most
importantly, these experiments (Figs 6 and 7)
show that the accumulation of grains along the
channels at low ounabain concentrations cannot be
accounted for by equilibration between intercellu-
lar and villar extracellular fluids.

Finally, one would predict from these radioauto-
graphic observations that mucosal strips incubated
in low concentrations of ouabain-*F1 (high specific
activity) and inulin-"C would have, as a result of
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Frouer 6 Mucosal sheet from same animal (OBG-3) in Fig. 5 incubated 30 min in ouabain-*H whose
concentration was raised to 5 X 107 ¥ with unlaheled ouabain. Although there is ample entry of ouabain
irito the villar core, there 18 litlle indication of accumulation over the intercellular spaces. The light region
(F} adjacent to the brush border 1s a freezing fracture. Scale: 5 . X 1700,

Freuge 7 Mucosal sheet from a fourth anial, which was incubated 80 min in nulin-3I1 (1 mg/ml) The
imulin activities of the medium and willar core are ncarly idenlical. As expected, there are very few grains
over the epithelial cells. Most noteworthy, however, is the absence of grains over the interccllular spaces.
Scale: 5 u. X 1700,

Cuarrms E. Srrtane  Ouabein-*H Binding in Rabbit Infestine
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lateral membrane binding, a ouabain distnbution
space significantly larger than that of inulin, and
that raising the concentration with unlabeled oua-
bain would reduce this space to that of inulin. As
the tracer analysis data of Table IT show, precisely
this result was obtained. A 30 min exposure to 1078
M ouabain-*H and inulin-#Cl gave a distribution
space 2—4 times that of inulin, while a similar expo-
sure at b X 10~ y (low specific activity) gave a
distribution space equivalent to that of inulia.
Therefore, these dillerent methods of evaluating
binding give consistent resuls.

DISCUSSION

IL is apparent from the resulis of this study that
lateral membranes of the small intestinal epitheli-
um possess a limited number of sites that bind
ouabain with a high affinity. The question of pri-
mary importance is whether or not the binding is
mostly to sodiwun pump sites rather than non-
specific sites of the membrane. Several lines of
evidence support the argument for specific binding.

Clertainly, the high alfinily and specificity of
ouabain for the sodium pump (13, 29) is consist-
ent with binding specifically to sodmm pump sites
Reagenls which bind indiscriminately to common
chemical groups of the membrane are character-
istically nonspccific inhibitors of membrane per-
meability (25). Recent studies of ouabain binding
in the erythrocyte (10, 14, 15) have indicated that
as much as 509, of the total binding may be to
sites other than the sodium pump. Values this
large, however, are probably peculiar o the
erythrocyte because of the small number of pump
sites (100 or less per cell). In tissucs known to have
considerably higher sodium pumping rates than
that of the erythrocyte, cstimates of sodium pump
site densities (i, 21) based on ouabain binding are
100 or more times higher than estimates for the
erythracyte (10, 11, 14, 15). As the rate of sodium
transport in the small intestine is also large, it is
rcasonable to assume that the fraction of non-
specatfic hinding is negligible,

Even more compelling evidence for specific
binding is the differential pattern of ouabain bind-
ing obscrved in this study. If ouabain binds pre-
dominantly to sodium pump sites, then one should
predict binding to lateral cell membranes but
not to brush border membranes, because this gly-
coside is inhibitory only when it has access to the
serosal side of the intestine (6, 29). A similar con-
clusion may be reached from estimates of intestinal
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sodium electrochemical potenuals {12, 24, 26, 28,
29, 38), for these indicate that the basal but not
the brush border cell membrane requires a sodium
pump to effect net absorption. Perhaps it should
be emphasized that while these arguments support
the hypothesis of specific binding, they do not
constitute its proof. Brush border and basal cell
membranes diflfer in other properties (e.g., en-
zymatic activily), and therefore they could con-
ceivably possess a similar differential distribution
of nonspecific binding sites.

Active pumping of sodium across lateral mem-
branes into intercellular spaces (Fig. 1) is a key
requirement of the “double membrane” model
(7) of salt and water transport in epithelia and its
corollary the “standing gracient” hypothesis (8).
Except for the report of a hyperosmotic absorbate
in the intercellular channels of Periplaneia rectal
pads (36), and ihe several observations of inter-
cellular precipitates of sodium pyroaniimonate in
various other epithelia (8, 16), most of the evidence
supporting these hypotheses has been indirect
(18, 31, 35). The evidence from this study that
onabain binds predominately to sodium pump
sites of the lateral membranes of the small intes-
tinal epithelium constitutes a direct critical support
for these hypotheses.

Analysis (9) of a right cylinder analog of the
intercellular channels suggests that for the absorb-
ate to emerge isosmotic to the luminal fluid as
generally occurs in the intestine (4, 20), the mem-
branc density of sodium pump sites should be
greatest in the most apical, or junctional, complex
region of the channel. No such asymmetry was
obvious in the ouabain radicautographs. However,
the number of grains along a single channel is so
small that the large variation arising from the
random nature of nuclear decay would most Lkely
obscure variations in density along the space less
than a factor of two hetween apical and basal re-
gions. Tn addition, estimates of binding per unit
length of intercellular space in light microscope
radioautographs are subject to further uncertain-
ties because of the poorly defined limits of these
SpACCs.

In view of the recent reports of (Na™-KT)-
stimulated ATPase activity in the isolated brush
border fraction of the small intestine (2, 23, 34),
the differential pattern of ouabain binding merits
additional comment. If brush border membranes
do possess 2 (Na™-KH)-stmulated ATPase, the
absence of ouabain binding would be unexpected,
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for it {s generally believed that the ouabalin inhib-
tory sites of this ATPasc and the sodium pump are
identical (evidence for this hvpothesis has been
recently reviewed by Glynn, 13). The brush border
membranes may indeed possess ouabain-binding
sites, hut either so few or of such low aflinity that
binamg could not be detected by the methods of
this study Alihough highly speculative, a possible
explanation for the disparity is that the ouabain-
binding sites of the purported brush border (Nat-
Kt)-stimulated ATPase arc oriented loward the
intracellular face of the membrane in contrast to
their usnally extracellular orientation. A more
probable explanation {23) iz that the (Na™-K™)-
stimulated activity of the brush border preparation
is due to contamination Lateral membrane tags
attached to the junctional complex are quite evi-
dent in electron micrographs of the isolated brush
border (22, 23). Whether or not this cantaminauen
can account for all of the obscrved activity Is un-
known.

In conclusion, it should be noted that the prescnt
radioautographic method has provided the unique
opportunity of directly viewing the cellular loca-
tion of sodium pump sites The demonstrarion that
these sites appear only along the lateral membranes
clearly emphasizes the dependence of tissue fune-
tion on cellular structure and membrane special-
ization.

Radioautography has not yielded quaniitative
estimates of lateral membrane binding. Therefore
it has not been possible to cstimate the number of
sodium pump sites per cell and thence their turn-
over rates. Quantitative problems of this nature
are best solved by methods of tracer analysis and
must be forthcoming if a more complete under-
standing of intestinal sodiwm absorption is to be
achieved.

This study was supported by United States Public
Ilealth Sexvice grant AM 13182 and the University
of Washington, GSRF 171

Recrived for publication 14 Scptember 1971, and wn vevised
Sform If February 1972.
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