
slice of dry cellulose sponge, and the 
mixture is kneaded thoroughly into the 
sponge with a pair of forceps. A sec- 
tion of uncoated cellulose sponge is 
seen in Fig. 1A. The appearance of a 
sponge immediately after impregnation 
with collagen is seen in Fig. 1B. The 
sponges are placed in petri dishes and 
dried overnight at 381C. As the col- 
lagen-dispersing medium evaporates, the 
fibers coalesce, deposit on, and adhere 
firmly to the cellulose trabeculae as 
thin sheets of collagen (Fig. 1C). The 
coated sponges are then washed for 
12 to 24 hours in 50 percent methanol 
containing 0.5 percent ammonium hy- 
droxide, followed by two 1-hour wash- 
es in sterile distilled water. The spong- 
es are washed for 1 hour in Hanks's 
balanced salt solution and then stored 
in fresh Hanks's solution, pH 6.8, at 
40C until ready for use. 

The difference in growth of Walker 
tumor 256 has been studied in three 
different matrices-cellulose sponge 
only, collagen sponge (Ethicon) only, 
and collagen-coated cellulose sponge. 

A dense population of the tissue-cul- 
ture line of Walker tumor 256 (Pgh 
No. 63-79) growing on the flat sur- 
face of a glass culture tube (5) was 
scraped loose in 9 ml of fresh medium 
(30 percent calf serum and Eagle's 
minimal essential medium, in Hanks's 
balanced salt solution). The suspension 
was divided equally among three large, 
flat culture tubes, each containing four 
pieces of one of the types of sponge. 
Each piece of sponge measured 12 by 
6 by 1 mm. The suspension of cells 
was thoroughly irrigated through each 
piece of sponge. The recipient tubes 
were stoppered and incubated at 350C 
on a stationary rack for 1 day. Sub- 
sequently they were placed on a rock- 
ing platform in the incubator and fed 
appropriate, increasing volumes of nu- 
trient depending on the changes in pH 
produced in the medium by the growing 
cells. 

In the first experiment one sponge 
in each group was fixed in Bouin's 
after 2 days, and the remaining three 
were fixed after 6 days. In the second 
experiment prepared in the same way, 
two sponges in each group were fixed 
after 8 days and two after 13 days. 

Both experiments gave similar results. 
Adhesion of the cells on the bare cellu- 
lose trabeculae was meager, whereas 
collagen-matrix surfaces-either colla- 
gen-coated cellulose or collagen sponge 
alone-were covered with adherent pro- 
liferating cells. The difference was strik- 
ing in less than a week. The results 
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observed in the sponges fixed only 6 
days after inoculation are illustrated 
in Fig. 2, A-C. As growth proceed- 
ed in sponges made of collagen 
alone, the mass of each sponge pro- 
gressively decreased to less than half 
of its original size during a 2-week 
period of cultivation. Histopathologic 
examination of such older cultures re- 
vealed the surface of the sponge, the 
part in immediate contact with the 
medium to be covered with viable cells, 
but the remainder of the matrix con- 
sisted of frayed, collapsed trabeculae 
of collagen and of necrotic cells. In 
contrast, during the same period the 
collagen-coated cellulose sponge re- 
tained its shape, including the pattern 
of its open alveolae. Medium permeated 
the sponge through these connected 
spaces permitting vigorous growth 
throughout the matrix. 

Collagen-coated cellulose sponge as a 
matrix for supporting three-dimensional 
growth in vitro eliminated the major 
problems of the combined plasma clot 
and sponge and of collagen sponge 
alone. It retains the best features of 
each. The cellulose matrix allows the 
interstices in the sponge to remain 
open. The lining of the trabeculae by 
collagen provides a surface on which 
a variety of cells adhere. In the inter- 
stices of the sponge, lacunae of vary- 
ing sizes provide foci where groups 

of cells may more readily retain in 
their microenvironment the products 
of their metabolism. 

Using several kinds of inocula we 
have recently observed that collagen- 
coated cellulose sponge provides an ex- 
cellent matrix for three-dimensional 
growth. These include suspensions of 
HeLa cells and of rodent ascites hepa- 
tomas, as well as explants of chick 
embryonic heart and liver. 

This method facilitates the study of 
organized growth of cell populations 
under conditions that permit the cor- 
relation of observations in vitro with 
histopathologic examination of mate- 
rial in vivo. 
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D-Glucose: Preferential Binding to Brush Borders 

Disrupted with Tris(hydroxymethyl)aminomethane 

Abstract. The actively transported sugar D-glucose binds to brush borders 
disrupted with tris(hydroxymethyl)aminomnethane in preference to D-mannose 
and L-glUcose, which are not actively transported. This preferential binding of 
D-glucose is not dependent on either added Na + or adenosine triphosphatase 
activity stimulated by Na+ with K+ and Mg2+, but it is temperature-dependent 
and is completely inhibited by 0.1 millimolar phlorizin and 1 millimolar mercuric 
chloride. 

It is currently thought that the mech- 
anism of active transport of sugar by the 
small intestine comprises two steps: 
(i) an energy-independent, Na+-de- 
pendent binding of the sugar to a 
"carrier" and (ii) an energy- and Na+- 
dependent process which results in the 
dissociation of the "sugar-Na+-car- 
rier" complex, causing the sugar to be 
accumulated against its own concentra- 
tion gradient (1). Furthermore, it has 
been proposed that a polyvalent or 
polyfunctional "carrier" with multiple 
binding sites may represent an integral 
portion of the membranes of the mi- 

crovilli or brush borders of the mucosal 
cell (2) which is responsible for active 
sugar transport (3), rather than a spe- 
cialized molecule shuttling back and 
forth within the membrane barrier. 
Phlorizin can competitively inhibit sugar 
transport, perhaps by virtue ot its 
greater affinity for a site on the "car- 
rier" within the brush-border mem- 
brane (4). In addition, data of auto- 
radiographic studies suggest that phlor- 
izin is bound to the mucosal micro- 
villi and does not penetrate the mu- 
cosal cell (5). 

We determined if the actively trans- 

1261 



0 

o+50l 

.1 

* I 

o o 

00 
Z +0 
300 

z +J0 
0 

LU C 

a. 
1C H 0 No(tO5.8 mM) PHLORIZIN HIC12 H20 

2 Ke (30.0 mM) 0.1 mM I mM (23C) 
+~2(6 mM) 21 ) 

UP (6 mM) 

Fig. 1. Percentage change in the DPM ratio of D-mannose-l-H' to uniformly labeled 
D-gluCose-C1 in the supernatant from tris-disrupted brush borders under various 
conditions at 370 C, unless noted otherwise. In experiments involving preferential 
binding of D-glucose to tris-disrupted brush borders in the presence of H20, a final 
Na' concentration of 0.27 mmole/liter was measured with a Beckman DU flame 
photometer from nitric acid preparations. The Na+ concentration present under these 
conditions can be attributed to bound Na+ within the brush border membrane and 
to a small amount Qf contamination from the washing solution, disodium EDTA. 
However, the low Na+ concentration in these experiments is still much greater than 
the concentration of either D-mannose-1-H' (10-' mM) or D-glucose-C" (10-' mM). 
Each bar point represents the mean of at least four experiments. The vertical lines 
represent one standard error of mean above and below the bar points. 

ported sugar D-glucose is bound to 
isolated brush-border membranes in 
preference to D-mannose or L-glucose, 
which are not actively transported but 
which are similar to D-glucose with 
respect to molecular configuration. 
Since preferential binding of D-glucose 
was established, we studied the nature 
of this binding in relation to factors 
relevant to the first step in the active 
transport of this sugar by the small 
intestine. 

The following procedures were per- 
formed in the cold (20C) unless noted 
otherwise. The mucosal epithelium 
was scraped, with a glass microscope 
slide, from jejunums of young ham- 
sters (70 to 80 g). We used a modifica- 
tion of the methods of Miller and 
Crane (6) and Harrison and Webster 
(7) to isolate the epithelial brush- 
border membranes or microvilli. These 
methods yielded a substantially purified 
preparation of brush borders. We placed 
the chilled mucosa from each animal in 
45 ml of cold 5 mM disodium ethylene- 
diaminetetraacetate (EDTA) at pH 7.0. 
A total of 8 to 12 hamsters were used 
each day. After the mucosa from every 
two animals were collected, the sus- 
pensions were combined and homog- 
enized in a Sorvall Omni-Mixer for 
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30 seconds at a low speed (control 
position four). The homogenate was 
then passed through No. 9 bolting cloth 
(Dufour-Anchor Brand, 97 meshes per 
linear inch) and next through No. 25 
bolting cloth (200 meshes per linear 
inch). Finally, the filtered homogenate 
was passed through glass wool to 
remove any nuclei that might be present 
(7). The final filtrate was centrifuged 
at 600g for 10 minutes in 1 00-ml 
plastic centrifuge tubes. The super- 
natant was removed, and the precipi- 
tated brush borders were washed three 
times with 5 mM EDTA. After the 
last wash, in which the brush borders 
were transferred to glass, conical, 15- 
ml graduated centrifuge tubes, the 
supernatant was carefully removed with 
a dropper pipette, and a volume of 
cold IM tris(hydroxymethyl)aminome- 
thane (tris) (pH 8.2 at 20C), exactly 
four times the volume of the brush 
borders, was added. This treatment 
with tris causes dissociation of the 
brush borders isolated from the epithe- 
lial cells of hamster jejunum (8). In a 
few cases, we substituted cold distilled 
water for tris to maintain intact brush 
borders. The microvilli suspended in 
either tris or distilled water were stirred 
for 3 minutes at a moderate speed 

with a Vortex stirrer and then placed 
on ice for 45 minutes. Exactly 1 ml 
of the suspension of intact or dis- 
rupted brush borders was used for each 
experiment, which consisted of the fol- 
lowing procedure. To a glass test tube 
was added 1.0 ml of the suspension of 
intact or disrupted brush borders, 2.2 
ml of either plain distilled water or 
distilled water in which was dissolved 
various substances, and 0.1 ml of a 
radioactive sugar mixture containing 
D-mannose labeled with tritium and an 
enantiomorph of glucose labeled with 
C14. The concentration of D-mannose- 
1-H3 in the total of 3.3 ml was 10-5 
mmole/liter and for either uniformly 
labeled D-glucose-C14 or for L-glu- 
cose-1-C14, 10-3 mmole/liter. The spe- 
cific activities of these purified labeled 
hexoses were 700, 3.47, and 4.33 
mc/mmole, respectively. The test tubes 
containing a final volume of 3.3 ml 
were then incubated for 1 hour at 
either 371C or, in a few cases, at 
23 0C (room temperature). After incu- 
bation, they were centrifuged at top 
speed in an International clinical cen- 
trifuge for 5 minutes at room tempera- 
ture. 

Precisely 0.1 ml of the supernatant 
was added to 15 ml of liquid scintilla- 
tion fluid-5 g of PPO, 2,5-diphen- 
yloxazole, 0.2 g of POPOP, 1,4-bis- 
[2-(5-phenyloxazolyl]-benzene, and 100 
g of naphthalene dissolved in a liter 
of spectroquality p-dioxane-in vials. 
The tritium-labeled D-mannose and 
the C'4-labeled D-glucose or L-glucose 
were counted with a Nuclear-Chicago 
liquid scintillation system, Series 720, 
and the disintegrations per minute 
(DPM) for each hexose was calculated. 
The ratios of the DPM for H3 to 
that for C14 were obtained for the con- 
trols without the brush borders and 
for experimental under various con- 
ditions with the membranes. An in- 
crease in this ratio indicates a pref- 
erential binding of the C14-labeled 
sugars. 

Experiments on intact brush borders 
suspended in distilled water, or in 
Na+ (105.8 mM) and K0 (30.0 mM), 
or Na+ (105.8 mM) with K+ (30.0 
mM), Mg2+ (6.0 mM), adenosine tri- 
phosphate (ATP) (6 mM) and either 
D-mannose-1-H3 and uniformly labeled 
D-glucose-C14 or D-mannose-1-H3 and 
L-glucose-1-C'4 at 370C demonstrated 
that no change in the DPM ratios 
had occurred. Consequently, no pref- 
erential binding of any of these sug- 
ars was evident under these conditions. 

SCIENCE, VOL. 155 



However, with tris-disrupted brush 
borders incubated at 370C in the pres- 
ence of these labeled sugars and un- 
der these same conditions, there was 
almost a 50 percent increase in the 
DPM ratio of D-mannose-1-H3 to D- 

glucose-C14 and no change in the DPM 
ratio of D-mannose-1-H3 to L-glu- 
cose-1-C14. This, of course, indicated 
a stereoispecificity for this binding, 
since the actively transported sugar, D- 

glucose, was being preferentially bound 
to the preparation of tris-disrupted 
brush border membranes. Incidentally, 
when the tris-brush border suspension 
was kept on ice for a period longer 
or shorter than 45 minutes, less binding 
of D-glucose occurred. 

The percentage change in the DPM 
ratio of D-mannose- 1-H3 to D-glucose- 
C14 in the presence of tris-disrupted 
brush borders under various experimen- 
tal conditions is shown in Fig. 1. It 
can be seen that binding of D-glu- 
cose in plain distilled water is similar 
to that in Na+ (105.8 mM) with 
K+ (30.0 mM), Mg2+ (6 mM) and 
ATP (6 mM), which Faust and Wu (9) 
have shown to stimulate mucosal 
adenosine triphosphatase activity. Ad- 
ditional experiments also have in- 
dicated that the preferential binding 
of D-glucose under these conditions 
is unaffected by 0.1 mM ouabain, an 
inhibitor of !adenosine triphosphatase 
activity stimulated by Na+ and K+ 
in hamster mucosal homogenates (9). 
These data suggest that neither added 
Na+ ions nor adenosine triphospha- 
tase activity stimulated by Na+ with 
K+ and Mg2+ 'are required for this 
binding. However, the concentration 
of Na + in the experiments in which 
Na+ is not added is still greater than 
the concentration of uniformly labeled 
D-glucose-C14 (Fig. 1). Some of these 
Na+ ions may be closely associated 
with glucose binding sites. Therefore, 
it is impossible to test the Na+-depen- 
dency hypothesis for D-glucose binding 
in these experiments, although it is ob- 
vious that an increase in the Na+ con- 
centration does not produce an increase 
in D-glucose binding. However 0.1 
mM phlorizin completely inhibits the 
binding of D-glucose, presumably by 
competing with D-glucose for binding 
sites within the tris-disrupted mem- 
branes (Fig. 1). The complete inhibi- 
tion of D-glucose binding in the pres- 
ence of 1 mM H~gCl2 suggests that 
perhaps protein and sulfhydryl groups 
(10) within the disrupted microvilli 
preparation are involved in this process. 
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Binding of D-glUCOse at 230C instead 
of 370C in plain distilled water is re- 
duced by approximately 70 percent, 
indicating a temperature dependency 
(temperature coefficient, Q10, of 2.4) 
for this phenomenon (Fig. 1). 

We find that D-glucose is preferen- 
tially bound to isolated and disrupted 
brush borders of epithelial cells from 
hamster jejunum. The properties of 
this binding are compatible with the 
initial step in the proposed mechanism 
of active sugar transport by the small 
intestine. 
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Crayfish Muscle: Permeability to Sodium Induced by 

Calcium Depletion 

Abstract. Membrane of crayfish muscle fibers becomes selectively permeable 

to sodium when the calcium concentration of the bathing medium is reduced. 

Removal of calcium or its reduction below 1 or 2 millimole per liter causes large 

transient depolarizations up to 70 millivolts in amplitude. They resemble pro- 

longed action potentials and occur only in the presence of sodium. The responses 

are abolished when tris(hydroxymethyl)aminomethane or lithium is substituted 

for sodium, and are blocked by tetrodotoxin even in the presence of sodium. 

In general the gradedly responsive ar- 
thropod muscle fibers derive their de- 
polarizing electrogenesis from the in- 
ward electrochemical gradient for Ca 
(1) or Mg (2, 3). The fibers can de- 
velop spikes in Na-free media with an 
increase in the concentration of alka- 
line earth cations or by treatment with 
procaine or tetraethylammonium ion 
(TEA). Tetrodotoxin (TTX) does not 
affect these spikes (3, 4), whereas it 
abolishes spikes that require the pres- 
ence of Na (5, 6). We have observed 
a depolarizing response of crayfish mus- 
cle fibers that is induced by removal 
of Ca, is dependent on the presence 
of Na, and is blocked by TTX. 

Single fibers were isolated (7) from 
the flexor in the meropodite of the 
walking legs of crayfish of the genus 
Orconectes sp. They were equilibrated 
in various media, the standard saline 
being that of Van Harreveld (8). The 
basic experimental variable was a 
change in the concentration of Ca; in 
the experiments illustrated, the muscles 
were challenged with a Ca-free medi- 
um. In some (Fig. 1), all the Na was 
substituted stoichiometrically with Li 

or tris (hydroxymethyl) aminomethane 
(tris HCO). In others, the control medi- 
um was free of K (Fig. 2). In still an- 
other series the medium for equilibra- 
tion was free of Cl, the latter being 
substituted stoichiometrically by propi- 
onate, to which the muscle fibers are 
effectively impermeable (9); in these 
experiments (Fig. 3) the medium was 
also free of calcium, and ethylenedi- 
aminetetraacetate (EDTA) was added 
in amounts between 1.0 and 0.01 
mmole per liter. In certain experiments 
of each series, TTX (5 X 10-7 g/ml) 
was added. The muscle fiber was held 
in a lucite chamber which had a vol- 
uLme of 1.5 ml. The solution was 
changed at a rate of 3 to 4 ml/sec, 
and the flushing was continued for at 
least 2 seconds. 

The changes in membrane potential 
when the bathing medium was changed 
were recorded with an intracellular 
microelectrode. In some experiments 
a second microelectrode was also in- 
troduced into the fiber to apply polariz- 
ing currents for resistance measure- 
ments (Fig. IC). The electrophysio- 
logical equipment was standard for the 
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