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ABSTRACT
The in vitro everted sac method of Crane and Wilson as
modified by Lawrence was employed in the study of the basic
transport mechanisms for salt, water, and organic nutrients,
specifically glucose and 3-O-methyl glucose, in the anterior

intestine of the marine invertebrate, Crvtochiton stelleri.

The parameters measured were the sodium flux, sugar flux,
water flux, transmural potential, and pH. The experimental
conditions imposed upon the tissue included ion replacement,
in which one or more ions was replaced in the bathing medium,
and the use of inhibitors, particularly anaerobiosis and

1l x 10—6M ouabain.

The results of these experiments seem to indicate that
sodium ion is actively transported by the anterior chiten
gut, and that this transport is ouabain sensitive and is in-
hibited by anaerobic conditions. The movement of potassium,
chloride, and water is most likely passive. The active
transport of glucose and 3-O-methyl glucose is dependent upon
the presence of sodium. The negative potential across the
anterior gut appears to be the result of the active transport
of hydrogen ion from the serosal to the mucosal compartment.
This transport is ouabain insensitive but is inhibited by
anaerobic conditions. A model for the transport mechanisms
in the anterior chiton gut encompassing these observations

is proposed.
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INTRODUCTION

The intestinal mucosa represents an epithelial membrane
that brings about a net transfer of materials across an intact
cell layer. This transfer can involve simple diffusion, dif-
fusion through pores, pinocytosis, carrier mediated transport,
or any combination of these transport phenomena.

Carrier mediated transport involves a hypothetical car-
rier molecule and is characterized by a high Q107 stereospeci-
ficity, saturable kinetics, competitive inhibition, and in-
hibition by enzyme poisons. Carrier mediated transport can
be further divided into facilitated diffusion, exchange dif-
fusion, and active transport.

Active transport is unique in that it (1) involves a
movement against an apparent electrochemical gradient, (2)
requires metabolic energy, and (3) does not chemically change
the material being transported. It is through the process
of active transport that many animals obtain their nutritional
requirements and maintain their fluid and electrolyte balance.

Our knowledge of the active transport of organic nutrients
and ions is limited primarily to the vertebrate intestine,
where it has been found that the two are interrelated. 1In
order to approach the problem of transport in the invertebrate
gut, an area in which very little work has been done, the
current concepts of transport in the vertebrate intestine
should be thoroughly understood. Therefore, a review of the

transport mechanisms for ions, monosaccharides, and water



in the vertebrate intestine will be given.

The study of the intestinal absorption of ions, parti-
cularly sodium, potassium; and chloride, in the vertebrate
gut was significantly advanced by the work of Visscher in
1944, Extensive work has been done in the area since that
time, as reviewed by Wilson (157), Schultz and Curran (133),
Wiseman (159), and Fordtran and Inglefinger (94). That
sodium is actively transported in all regions of the verte-
brate intestine has been universally accepted. This active
sodium transport is from the mucosal or luminal side to the
serosal or plasma side in all regions of the intestinal tract.
However, present information suggests the existence of a
~gradient of sodium transport properties along the intestine;
and, therefore, each of the regions of the intestine can be
characterized as to its net sodium movement. The unidirect-
ional sodium fluxes are the greatest in the duodenum and
jejunum, the influx being approximately equal to the efflux
(20, 34, 35, 122, 154, 159). The result is a very small,
if any, net absorption of sodium. In the ileum, the sodium
fluxes into and out of the lumen are less than those in the
jejunum (20, 34, 159). However, the flux from lumen to
plasma exceeds the flux from plasma to lumen, and, hence,
there is a larger net absorption of sodium. The largest
net sodium absorption occurs in the colon, where the flux

of sodium from lumen to plasma greatly exceeds the flux in



the opposite direction. 1In the human, the colonic epithelium
absorbs about 90% of the sodium available in the lumen (159).

These variations in sodium behavior suggest different
functions for the various intestinal regions. Thus, it is
thought that the mucosa of the ducdenum and jejunum fulfills
the function of equilibrating its contents with the blood
and maintaining an isotonic sodium concentration in the
lumen by nearly equal and large movements of sodium and water
in both directions, while that of the ileum, and particularly
the colon, is fixed to serve in the net absorption of sodium
(35, 67, 122). The importance of these functional differences
will be realized when the active transport of monosaccharides
is discussed.

At present, all evidence indicates that the active
"pumps" responsible for the net sodium movement from the
mucosa to the serosa are located at the basal end or lateral
surface of the mucosal cell, since the net sodium flux is
inhibited by ouabain only at the serosal surface (57, 58,
109, 137) and most of the ATPase activity of the cell has
been found in the serosal membrane (127).

Thé situation for the transport of the chloride ion is
not well understood and by no means clear, since experimental
results vary, depending upon whether the technique employed
is in vitro or in vivo. However, the behavior of chloride

ion seems to be similar to that of sodium in that there
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exists a gradient of transport mechanisms down the intestinal
tract. In the duodenum and jejunum, there are, as with sodium,
large and equal fluxes of chloride in both directions across
the mucosal epithelium (159). The transport in the small
intestine appears to be primarily active. Some workers,
however, have presented evidence for the entirely passive
movement of chloride (36, 37). The ileum seems to be the
major site of absorption of chloride from the lumen (68, 122).
The transport of chloride in the colon appears to occur
passively (67).

The relation between sodium chloride transport and the
transmural potential difference, which results from the active
transport of ions by the intestinal epithelium, should be
commented on briefly. 1In most in vitro intestinal prepara-
tions bathed on both sides with identical solutions, the
orientation of the electrical potential can be attributed to
the active transport of sodium ion from the mucosa to the
serosa, the serosa being positive relative to the mucosa.

When active chloride transport accompanies that of sodium,
the resulting potential is the difference between the active
chloride and sodium flows, and in some instances, for example
in the jejunum, the potentials are close to zero or reversed,
that is, serosal side relatively negative. This occurs

frequently in in vivo studies (68).

Potassium ior moves with equal ease in both directions



across the gut wall. The efficiency of absorption of
potassium is dependent to a considerable extent on the sodium
content of the diet, the potassium ion appearing to be avail-
able as a means to regulating the cation concentration in the
lumen of the small intestine (21). All movement of potassium
appears to be passive (157, 159).

Hydrogen ion, another important cation, is actively
secreted into the lumen of the vertebrate stomach. Recent
work has also shown the presence of a gradient of hydrogen
ion secretion down the small intestine, the duodenum having
the lowest pH and the ileum the highest. Some workers have
suggested the presence of a hydrogen-sodium exchange nechanism
in the small intestine (122, 141, 149).

The active transport mechanism for monosaccharides has
also been well characterized in the vertebrate gut. Excel-
lent reviews on the subject have been given by Wilson (157),
Wiseman (159), Crane (38), Benson énd Rampone (18), and
Smyth (144). There are at present 14 sugars known to be
actively transported by the vertebrate gut. These sugars
are characterized by (1) a pyranose ring, (2) a methyl or
substituted methyl group at carbon number five, and (3) a
hydroxyl group on carbon number two. Since it has been found
that sodium is a specific requirement for the active transport
of hexoses, there is evidence for the presence of a sodium

activated hexose pump in the brush border of the mucosal



epithelial cell, at least in the jejunum where the greatest
active absorption of organic nutrients occurs (7, 25, 90).
The greatly enhanced transmural potential in the presence
of actively transported hexoses indicates a sodium involve-
ment in the carrier process (38). The sodium equilibration
function of the duodenum, that is, the net flux of sodium
into the lumen whenever its contents are hypotonic relative
to the blcocod, seems to provide for the most efficient and
maximal absorption of organic nutrients, since sodium is
necessary for their transport.

The mobile carrier hypothesis of Crane (39, 42) is cur-
rently the most accepted explanation of active hexose trans-
port. In this hypothesis, transport requires the formation
of a complex of the hexose, sodium ion, and the carriexr, a
lipo-protein with specific binding sites for the hexose and
sodium which has the ability to move these substances back
and forth across the membrane barrier. The sodium ion is
necessary for the carrier to have an increased affinity for
the sugar. The net movement of sugars into the cell is
determined by the sodium gradient between the medium and the
cell interior. That is, the apparent "uphill" accumulation
of sugar is attributed to a "downhill" sodium gradient main-
tained by the operation of an outwardly directed, energy-
dependent sodium pump, present at a different locus in the

membrane. The transport process is freely reversible and



is competitively inhibited by phlorizin (1, 2, 4, 5, 13, 111,
113, 116). All of the actively transported sugars in verte-
brates seem to share a common carrier (3, 43, 158). Once
inside the cell, the hexoses move along their concentration
gradient and are extruded at the basal membrane.

The movement of water in the vertebrate gut seems to be
entirely passive, responding to an osmotic gradient created
by the active transport of sodium. In Curran's "Double
Membrane Theory" (66) the transport of water is explained
in terms of two membranes arranged in series, the first of
which is permeable to water only, and a second which is per-
meable to water and salt. Sodium ion is actively transported
across the first membrane and water follows along its osmotic
gradient. Both water and sodium move through the second
membrane along a hydrostatic pressure gradient. Diamond (73)
has applied Curran's theory to the intestinal epithelial cell
in his "standing gradient osmotic flow" theory. In it, sodium
enters the cell at the brush border either by leakage or
associated with a sugar pump and is actively pumped out of the
cell and into the spaces between adjacent epithelial cells.
Water ié freely diffusable through the membrane and moves
along its osmotic gradient. This represents Curran's first
membrane. The sodium and water then move down the open channel
along their concentration gradients into the serosal compart-

ment. The open channel corresponds to the central compartment



proposed by Curran. Diamond's theory has been well substanti-
ated by electron microscopy.

It is apparent, then, that considerable information is
available concerning the transport mechanisms for salt,
water, and organic nutrients in the vertebrate gut. There
is an active sodium-requiring hexose pump at the mucosal
border responsible for the net accumulation of at least
fourteen different hexoses in the cell. The sodium is ex-
truded at the sides of the cell or at the basal membrane,
resulting in the net movement of sodium and the production
of a transmural potential. Water follows its osmotic
gradient.

Absorption in the nonvertebrate gut, however, is by no
means clear. Research in the area has been scant and for the
most part ignored completely. Those studies which have in-
volved the active transport of monosaccharides in the in-
vertebrate gut have been restricted to two classes of
Echinodermata, one class of Arthropods, and two classes of
Mollusca.

Lawrence and Lawrence (104) studied active monosaccharide
absorption in the molluscan gut of the amphineuron, Crypto-

chiton stelleri. The tissue of this particular animal was

chosen for study because (1) the primitive nature of the

chiton might allow the determination of transport character-



istics which are masked in more advanced forms; (2) the

in vitro technigue which was employed is not too different

from the in vivo situation due to the open-closed nature of

the chiton circulatory system; (3) the thin muscle layers of
the chiton gut allow diffusion to occur more freely and cause
a reduction of back diffusion; (4) the chiton gut is viable
for approximately twelve hours after its removal from the
animal and ranges in length from two to three feet; (5) the
anterior and posterior segments of the gut are clearly dis-
cernible from one another both in appearance and in function;
and (6) these animals are so far removed from the chordate
branch of evolution that any information obtained would be
of value from the aspect of comparative and membrane physio-
logy.

It was established in these studies that the active
transport of organic nutrients does indeed occur in the gut

of Cryptochiton stelleri and that this transport is apparent-

ly associated with the movement of ions, as indicated by the
presence of a potential difference across the gut tissue (106).
A pecularity of the potential across the chiton gut, however,
is the opposite polarity in the anterior gut as compared to
the posterior gut. In the vertebrate gut using in vitro
preparations, the serosal surface is positive with respect

to the mucosal. The negative serosal polarity in the anterior

intestine of the chiton seems to indicate a transport mechanism
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different from the posterior intestine and from the vertebrate
gut as well.

Also of interest is the difference in the types of nutri-
ents absorbed by the two gut regions. D-glucose and 3-0-
methyl-D-glucose are actively transported in the anterior gut,
as are the purines and pyrimidines thymine, guanine, and uracil
(91). In the posterior gut, D-galactose (104), those amino
acids which have been tested (129), and the purines and
pyrimidines thymine, guanine, and hypoxanthine (91) are
actively transported. The previously mentioned negative
serosal potential in the anterior intestine has been shown
to be dependent upon the presence of a metabolizable sugar
(Puddy, unpublished).

It was the purpose of this investigation, then, to
characterized the basic transport mechanisms for salt and

water in the anterior intestine of Cryptochiton stelleri and

to determine what interrelationships, if any, exist among

the transport systems for salts, water, and sugars.
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METHODS AND MATERIALS

Animals

Adult chitons (Cryptochiton stelleri) of both sexes

weighing at least 600 grams were obtained commercially from
the Pacific Ocean near Monterey, California. The animals
were maintained in the laboratory at 15°C in aerated sea
water for at least one week before they were used.

In vitro method

The procedure used for the in vitro study of sugar trans-
port was a modification of the method described by Crane and
Wilson (53).

The apparatus consisted of a glass tube with an enlarged
top and a two holed rubber stopper with a glass cannula
(Figure 1) . A hypodermic needle was forced through the
stopper at a slight angle and a length of polyethylene tubing
was attached to the needle.

The anterior and posterior intestine and the associated
digestive gland were removed from the animal and placed in
chiton Ringer solution, the composition of which is shown in
Table 1. The anterior intestine was then isolated, everted
over a glass rod, and rinsed with cold Ringer solution. Two
to three segments, each approximately three-five cm in length,
were used from each anterior intestine (Figure 2). One end
of the everted segment was tied to the glass cannula and the

other to a glass weight. The cannula with the everted seg-
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ment was placed in the glass chamber which contained 32 ml

0of chiton Ringer solution of known composition. The cannula
was adjusted so that the whole segment was immersed. The glass
tube containing the intestinal preparation was placed in a
constant temperature water bath at 15°C. Atmospheric air

or other gases was passed through the solution, entering by
way of the hypodermic needle and leaving by way of the hole
in the stopper. After a preliminary incubation period of

30 minutes, a known volume (0.6-1.5 ml) of a second chiton
Ringer soluticn, whose composition was identical to the solu-
tion contained by the glass tube except for the presence of
radioactive label, was pipetted into the gut sac. The solu-
tion contained in the everted segment and the cannula will be
referred to as the serosal solution, and that contained by
the glass tube as the mucosal solution. Both solutions con-
tained luM/ml glucose or 3-O-methyl glucose.

Initial samples of the mucosal and serosal solutions
were obtained for the determination of the various parameters.
At the end of a three hour period, referred to as the first
control period, the serosal solution‘was removed and its
volume fecorded. Final mucosal and serosal samples were
collected. The sac and cannula were transferred to a second
tube containing fresh mucosal solution. A second serosal
solution, again whose composition was identical to the mucosal

solution except for the presence of radiocactive lable, was



FIGURE 1 APPARATUS USED IN THE IN VITRO METHOD
FOR THE STUDY OF INTESTINAL ABSORPTION
IN THE CHITON

glass cannula

hypodermic needle

hole through which gas escapes

two-holed rubber stopper

everted intestinal sac

glass test tube

polyethylene tubing

glass weight
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FIGURE 2 ISOLATED C. stelleri GUT

sphincter

C S

6?
S

Regions of the gut are as follows:

A-B: anterior

C-D: posterior



TABLE 1

COMPOSITION OF RINGER SOLUTIONS USED IN INVERTEBRATE

COMPOUND

NaCl
KC1l

NaHCO3

Na2804

Sucrose

Choline
chloride
CaCl

2H,0

2°772

2.6H20

Glucose

MgC1l

MgSO

TRANSPORT STUDIES

STANDARD

RINGER

0.462M
0.0121M
0.00238M
X

X

X

0.01135M
0.00983M
0.00243M

luM/ml

SODIUM
_FREE_

X
0.0121M
0.00238M4
X

X

0.462M

0.01135M
0.00983M
0.00243M

1uM/ml

CHLORIDE POTASSIUM
FREE FREE
X 0.462M
0.0121M X
0.00238M 0.00238M
0.231M X
0.231M X
x X
0.01135M 0.01135M
0.00983M 0.00983M
0.00243M 0.00243M
luM/ml luM/ml

15
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added to the gut sac. These solutions were, however, different
from those used in the first control period in all experiments
except those with anaerobic conditions, in which the solutions
in all periods were the same. The second period, which will
be referred to as the experimental period, was terminated in
the same manner as the first. Because of the viability of

the chiton gut, a third period of three hours, referred to as
the second control period, was performed so that the results
obtained from the experimental period could not be attributed
to time effects. The second control period was identical to
the first.

Analytical Methods, Radiocactivity Determination, and Trans-
mural Potential Measurement

After the initial and final mucosal and serosal solutions
had been collected, duplicate aliquots of ten X were dissclved
in five ml of doubly deionized water for the determination of
sodium and potassium concentrations by flame photometry
(Eppendorf) and chloride by the Cotlove chloridometer (Buchler).
Duplicate aliquots of approximately 15 X were used to deter-
mine the pH of the samples in an ultramicro pH meter (Instru-
mentation Laboratories). The amount of total carkohydrate
was determined by the phenol method of Dubois et al. (75).

The potential difference across the gut wall was measured
hourly during the course of each control and experimental

period using a high impedence electrometer (Keithly) with
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calomel reference electrodes and 3% agar-invertebrate Ringer
salt bridges.
The radiocactivity of 50 A aliquots of the initial and

final samples containing uniformly labeled 14C D-glucose or

3—0-14CH3—D—glucose, 3H20’ and 22Na was measured in a liquid
scintillation counter (Beckman) with automatic gquench cor-

3H, 14C/3H, and 32P/14C (22Na) isosets for

rection using the
the three channel windows. Counting was done to 2% standard
error. A toluene cocktail containing 7g/1 PPO, 100ml/1

Biosolve, and 30 ml/l water was employed.

Calculations

The equal unidirectional fluxes of 22Na and 3H20 were

determined by the method of Berger (22). The equation used

was: -ln(@A_eB)
Flux in = Flux out = (OAO—OBO)
Nal Na2 Nan

where %2 is the specific activity of the serosal compartment
at time = tn' %8 is the specific activity of the mucosal
compartment at time = tn’ %20 is the intial specific activity
of the serosal side, OBO is the initial specific activity of
the mucosal side, Na is the (initial volume-sample volumes)
times the ion concentration, and t is the time. The sodium

concentration did not change significantly in either compart-

ment during the course of the experiments.
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The net flux of sugar was determined by the initial
sugar concentration times the initial volume minus the final
sugar concentration times the final volume divided by the time.
The S/M ratios were calculated by dividing the terminal serosal
sugar concentration by the terminal mucosal sugar concentration
for each control and experimental period.

The means of the parameters obtained from the first
control period were compared with those of the experimental
period by the paired T test for the determination of signifi-
cance, The means of parameters obtained from the first and
second control periods were also compared by the paired T test
to show that there was no significant variation between these
two periods.

Experimental Design

There were several experimental approaches employed in
this investigation, each experiment involving two control
periods, one before and one after the experimental period.
One experimental approach involved ion replacement studies,
in which one or more ions was replaced in the mucosal and
serosal solutions during the experimental period. For
example, a series of experiments was performed using experi-
mental solutions of various sodium concentrations, that is,
sodium free, quarter sodium, half sodium, and three-quarter
sodium Ringer solutions. Other experimental solutions in-

cluded isosmotic sucrose, potassium free, and chloride free
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Ringer solutions. Another experimental approach involved
ion replacement experiments in which each serosal solution

was labeled with 14C glucose or 3—0—14CH3 glucose, 3H 0, and

2
22Na. The mucosal solutions were not labeled. The third
experimental approach used in this investigation involved the
use of inhibitors, specifically anaerobic conditions and
ouabain. In these studies, the experimental period was
identical to the first control period except that 1.0 x lO-6 M
ouabain was present in the mucosal compartment only, in the
serosal compartment only, or in both compartments simultaneous-
ly. Anaerobic conditions were established during the experi-

mental period by bubbling nitrocen through the mucosal solu-

tion.



RESULTS

The results of the initial ion replacement ekperiments
on the transmural potential can be seen in Tables 2 through
8. In all of the partial sodium experiments, that is;
sodium free (Table 2), one-quarter sodium (Table 3), one-
half sodium (Table 4), and three-guarter sodium (Table 5)
chiton Ringer solutions, the potentials significantly
increased (P < .05) in magnitude four to five fold during
the experimental period. A two fold increase in the magni-
tude of the potential (P < .05) is observed when the
experimental solution consisted of a potassium free Ringer
solution (Table 6). A very large increase (thirty-eight
fold) in potential occured with isosmotic sucrose (Table 7).
The potential significantly decreased to 50% of the control
valve with a chloride free Ringer solution (Table 8).

In addition to potential measurements, ion replacement
studies using a label allowed the determination of the fluxes
of sodium, water, and sugar. Since there was no significant
net accumulation of sodium or water in either the serosal
or mucosal compartments, the unidirectional fluxes of sodium
and water were equal within the experimental error. The
sugar flux was considered a net: flux from the mucosal to the

14

serosal compartment because less than 5% of the serosal C

entered the mucosal compartment and there was no change
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TABLE 2

EFFECT OF A SODIUM FREE RINGER SOLUTION ON ELECTRICAL
POTENTIALS ACROSS THE ANTERIOR INTESTINE OF C. stelleri

TIME OF NUMBER OF
OBSERVATION OBSERVATIONS mv + SEM
HOUR 1 4 -2.55 0.53
2 4 -2.06 0.44
3 4 -1.47 0.38
4 4 -1.36 0.25
5 4 -1.29 0.21
5 + 1 min. 4 ~-5.50% 0.58
5 + 2 min. 4 -4.,57 0.78
5 + 3 min. 4 -3.77 0.68
5 + 30 min. 4 -1.80 0.41
6 4 -2.85 0.41

ELECTRICAL POTENTIAL MEASUREMENTS WERE MADE FOR SIX CONSE-
CUTIVE HOURS AFTER THE GUT SEGMENT WAS MOUNTED. VALUES
REPRESENT MEANS (mV) + (SEM) FOR THE INDICATED NUMBER OF
OBSERVATIONS. -

* INDICATES A VALUE THAT IS SIGNIFICANTLY DIFFERENT FROM
THE PRECEEDING VALUE AT THE 5 PERCENT LEVEL.
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TABLE 3

EFFECT OF A 0.116M NaCl RINGER SOLUTION (ONE-FOURTH SODIUM)
ON ELECTRICAL POTENTIALS ACROSS THE ANTERIOR INTESTINE OF
- C. stelleri

TIME OF NUMBER OF
OBSERVATION OBSERVATIONS mv + SEM
HOUR 1 4 -1.27 0.08
2 4 -0.99 0.12
3 4 -0.86 0.14
4 4 -0.79 0.14
5 4 -0.82 0.15
5 4+ 1 min. 4 -3.17* 0.30
5 + 2 min. 4 -2.85 0.18
5 + 3 min. 4 -2.70 0.18
5 + 30 min. 4 -2.16 0.15
6 4 -1.92 0.24

ELECTRICAL POTENTIAL MEASUREMENTS WERE MADE FOR SIX CONSECU-
TIVE HOURS AFTER THE GUT SEGMENT WAS MOUNTED. VALUES RE-
PRESENT MEANS (mV) + (SEM) FOR THE INDICATED NUMBER OF
OBSERVATIONS. -

* TINDICATES A VALUE THAT IS SIGNIFICANTLY DIFFERENT FROM
THE PRECEEDING VALUE AT THE 5 PERCENT LEVEL.
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TABLE 4

EFFECT OF A 0.232M NaCl RINGER SOLUTION (ONE-HALF SODIUM)
ON ELECTRICAL POTENTIALS ACROSS THE ANTERIOR INTESTINE OF
C. stelleri

TIME OF NUMBER OF

OBSERVATION OBSERVATIONS mvV + SEM

HOUR 1 4 -1.46 0.15
2 4 -0.97 0.11
3 4 -0.93 0.16
4 4 -1.12 0.09
5 4 -1.25 0.14
5 4+ 1 min. 4 -6.16% 0.86
5 + 2 min. 4 -5.92 0.77
5 + 3 min. 4 -5.77 0.68
5 + 30 min. 4 -3.52 0.51
6 4 -2.47 0.21

ELECTRICAL POTENTIAL MEASUREMENTS WERE MADE FOR SIX CONSE-
CUTIVE HOURS AFTER THE GUT SEGMENT WAS MOUNTED. VALUES RE-
PRESENT MEANS (mV) + (SEM) FOR THE INDICATED NUMBER OF
OBSERVATIONS. -

* INDICATES A VALUE THAT IS SIGNIFICANTLY DIFFERENT FROM
THE PRECEEDING VALUE AT THE 5 PERCENT LEVEL.
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TABLE 5

EFFECT OF A 0.348M NaCl RINGER SOLUTION
(THREE~-FOURTH SODIUM) ON ELECTRICAL POTENTIALS ACROSS THE
ANTERIOR INTESTINE OF C. stelleri

TiIME OF NUMBER OF

OBSERVATION OBSERVATIONS mv + SEM

HOUR 1 4 -1.69 0.46
2 4 -1.23 0.17
3 4 -1.31 0.13
4 4 -1.27 0.32
5 4 -1.25 0.31
5 + 1 min, 4 -4.36% 0.39
5 + 2 min. 4 -4.21 0.37
5 4+ 3 min. 4 -3.86 0.33
5 + 30 min. 4 -3.27 0.26
6 4 -2.38 0.13

ELECTRICAL POTENTIAL MEASUREMENTS WERE MADE FOR SIX CONSE-
CUTIVE HOURS AFTER THE GUT SEGMENT WAS MOUNTED. VALUES
REPRESENT MEANS (mV) + (SEM) FOR THE INDICATED NUMBER OF
OBSERVATIONS. -

* TINDICATES A VALUE THAT IS SIGNIFICANTLY DIFFERENT FROM
THE PRECEEDING VALUE AT THE 5 PERCENT LEVEL.
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TABLE 6

EFFECT OF A POTASSIUM FREE RINGER SOLUTION ON ELECTRICAL
POTENTIALS ACROSS THE ANTERIOR INTESTINE C. stelleri

TIME OF NUMBER OF

OBSERVATION OBSERVATIONS mV + SEM

HOUR 1 4 -1.70 0.30
2 4 ~-1.47 0.26
3 4 -1.56 0.22
4 4 -1.52 0.17
5 4 -1.31 0.17
5 + 1 min, 4 -2.20% 0.14
5 + 2 min, 4 -2.20 0.14
5 + 3 min. 4 -2.12 0.20
5 + 30 min. 4 -0.87 0.21
6 4 -1.40 0.25

ELECTRICAL POTENTIAL MEASUREMENTS WERE !IADE FOR SIX CONSE-
CUTIVE HOURS AFTER THE GUT SEGMENT WAS MOUNTED. VALULS
REPRESENT MEANS (mV) +(SEM) FOR THE INDICATED NUMBER OF
OBSERVATIONS. -

* INDICATES A VALUE THAT IS SIGNIFICANTLY DIFFERENT FROM
THE PRECEEDING VALUE AT THE 5 PERCENT LEVEL,
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TABLE 7

EFFECT OF AN ISOSMOTIC SUCROSE SOLUTION ON ELECTRICAL
POTENTIALS ACROSS THE ANTERIOR INTESTINE OF C. stelleri

TIME OF NUMBER OF

OBSERVATION OBSERVATIONS mv + SEM

HOUR 1 4 ~0.81 0.09
2 4 -0.63 0.07
3 4 -0.66 0.06
4 4 -0.83 0.07
5 4 -0.78 0.15
5 + 1 min. 4 -29.7% 6.6
5 + 2 min. 4 -31.5 5.4
5 + 3 min. 4 -27.0 4.3
5 + 30 min. 4 -27.7 1.1
6 4 -28.0 1.47

ELECTRICAL POTENTIAL MEASUREMENTS WERE MADE FOR SIX CONSE-
CUTIVE HOURS AFTER THE GUT SEGMENT WAS MOUNTED. VALUES
REPRESENT MEANS (mV) + (SEM) FOR THE INDICATED NUMBER OF
OBSERVATIONS. o

* INDICATES A VALUE THAT IS SIGNIFICANTLY DIFFERENT FROM
THE PRECEEDING VALUE AT THE 5 PERCENT LEVEL.
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TABLE 8

EFFECT OF A CHLORIDE FREE RINGER SOLUTION ON ELECTRICAL
POTENTIALS ACROSS THE ANTERIOR INTESTINE OF C. stelleri

TIME OF NUMBER OF
OBSERVATION OBSERVATIONS mvV + SEM
HOUR 1 4 -3.20 1.00
2 4 -2.68 N.77
3 4 -2.52 0.50
4 4 -2.48 0.55
5 4 -2.18 0.46
5 + 1 min. 4 -1.35%* 0.58
5 + 2 min. 4 -1.37 0.36
5 4+ 3 min. 4 -1.72 0.31
5 + 30 min. 4 -1.15 0.18
6 4 -0.72 0.22

ELECTRICAL POTENTIAL MEASUREMENTS WERE MADE FOR SIX CONSE-
CUTIVE HOURS AFTER THE GUT SEGMENT WAS MOUNTED. VALUES
REPRESENT MEANS (mV) + (SEM) FOR THE INDICATED NUMBER OF
OBSERVATIONS. -

* INDICATES A VALUE THAT IS SIGNIFICANTLY DIFFERENT FROM
THE PRECEEDING VALUE AT THE 5 PERCENT LEVEL.
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in total carbohydrate concentration in the mucosal compart-
ment during the course of the experiments. However, this
does not eliminate the fact that a tissue accumulation of
the 14C label occurred.

The results of these studies using either glucose or
3-0O-methyl glucose were gqualitatively similar although
quantitatively different and can be seen in Figures 3
through 22. The parameters presented are the sodium flux,
sugar flux, pH, transmural potential, and the S/M ratio.

The pH reported is for the serosal compartment only,
since there was no apparent pH change during the course of
the experiments in the mucosal compartment. The potential
represents the transmural potential between the mucosal and
serosal compartments, the mucosal side being considered as
the reference at OmVv.

Figure 3 illustrates the results of experiments per-
formed with a sodium free chiton Ringer solution. During
the experimental period, the data indicate that the sodium
flux decreased to 1/15 of the control value (P < .05) and
the sugar flux changed significantly from a net accumulation
to a net disappearance (P < .05). This change from an
accumulation of the sugar (positive net flux) to a dis-
appearance of the sugar (negative net flux) is probably dge

to blockage of the sugar flux into the serosal compartment
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by the experimental condition inflicted upon the tissue, in
this case, a sodium free Ringer solution, and an uptake of

the sugar by the gut tissue, resulting in a net sugar dis-
appearance. The pH increased by 0.29 pH units (P < .05),

i.e. became more alkaline, and the potential increased two
fold in absolute magnitude ( P < .05 ), i.e. became more
electronegative. Figures 4 through 9 illustrate the results
of the same experiment performed with one-guarter sodium,
one-half sodium, and three-quarter sodium Ringer solutions,
respectively, using either glucose or 3-O-methyl glucose in
the medium. With one-quarter sodium Ringer solution, the
sodium flux decreased to 1/3 of the control value (P < .05)
and the sugar flux changed from a net accumulation to a net
disappearance ( P < .05), but the pH increased bv 0.37 pH
units (P < .05) and the potential increased by 60% in absolute
magnitude (P < .05) using glucoce as the sugar (Figure 4).
With 3-0-methyl glucose in the medium (Figure 5), the sodium
flux decreased to 1/2 of the control (P < .05) and the sugar
flux changed from net accumulation to net disappearance (P < .05),
while the pH increased by 0.28 pH units (P < .05) and the
potentiél increased three fold in magnitude (P < .05). A
one-half sodium Ringer solution resulted in a decrease in

the sodium flux to 50% of the control (P < .05), a change from
net accumulation to net disappearance in the sugar flux (P < .05),

a 0.25 pH unit increase in the pH (P < .05), and a three fold
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FIGURE 3 THE EFFECT OF A SODIUM FREE RINGER SOLUTION
CONTAINING luM/ML GLUCOSE ON THE SODIUM FLUX, SUGAR FLUX,
pH, TRANSMURAL POTENTIAL, AND FINAL S/M RATIO OF SUGAR
CONCENTRATION. _

% INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
1 INDICATES pH IN STANDARD pH UNITS.
g7 INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

rg# INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR FOUR
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 4 THE EFFECT OF A 0.116M NaCl RINGER SOLUTION
(ONE-QUARTER SODIUM) CONTAINING luM/ML GLUCOSE ON THE SODIUM
FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL S/M RATIO
OF SUGAR CONCENTRATIOV.

25 INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE
INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
INDICATES pH IN STANDARD pH UNITS,.
INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

Vo INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR FOUR
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 5 THE EFFECT OF A 0.116 M NaCl RINGER SOLUTION
(ONE~QUARTER SODIUM) CONTAINING luM/ML 3-O-METHYL GLUCOSE
ON THE SODIUM FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL,
AND FINAL S/M RATIO OF SUGAR CONCENTRATION.

BE¥  INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.

NN INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.

 o— INDICATES pH IN STANDARD pH UNITS.
INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

Y4 INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR THREE
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.




33

increase in the absolute magnitude of the potential (P < .05)
using glucose (Figure 6), while the same experiment performed
with 3-0O-methyl gluccse (Figure 7) also resulted in a decrease
in the sodium flux to 50% of the control (P < .05), a change
in the sugar flux from net accumulation to net disappearance
(P < .05), a 0.41 pH unit increase in pH (P < .05), and a six
fold increase in the potential (P < .05). With a three-quarter
sodium Ringer solution, the sodium flux decreased 25% (P > .05),
the sugar flux changed from net accumulation to net disappearance
(P > .05), the pH increased by 0.19 pH units (P > .05), and
the potential increased three fold (P < .05) with glucose
(Figure 8); and with 3-O-methyl glucose (Figure 9), the sodium
flux decreased to 1/2 of the control (P < .05), the sugar flux
changed from net accumulation to net disappearance (P < ,05),
the pH increased by 0.31 pH units (P < .05), and the potential
increased three fold in magnitude (P < .05).

As can be seen, all of the results using a partial
sodium Ringer solution were similar; that is, the sodium and
sugar fluxes significantly decreased while the pH and potential
increased significantly during the experimental period.
Figure 10 indicates the relationship between the sodium flux
and sodium concentration obtained from data from the partial
sodium experiments using either glucose or 3-O-methyl glucose.
The relationship between sodium concentration and sugar flux,

from data also obtained in the partial sodium experiments,
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FIGURE 6 THE EFFECT OF A 0.232 M NaCl RINGER SOLUTION
(ONE-HALF SODIUM) CONTAINING luM/ML GLUCOSE ON THE SODIUM
FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL
S/M RATIO OF SUGAR CONCENTRATION.

s INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.

\\V " INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.

—3 INDICATES pH IN STANDARD pH UNITS.
' INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

ro4 INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR FOUR
OBSERVATIONS. *INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.




.

el

!|Illlllllllllllll

f
f

A O

*

{

LA EETTER

CONTROL  EXPERIMENTAL  CONTROL |

FIGURE 7 THE EFFECT OF A 0.232 M NaCl RINGER SOLUTION
(ONE-HALF SODIUM) CONTAINING luM/ML 3-O-METHYL GLUCOSE
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ON THE SODIUM FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL,

AND FINAL S/M RATIO OF SUGAR CONCENTRATION.

e INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
INDICATES pH IN STANDARD pH UNITS.

INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

/4 INDICATES S/M RATIO.

LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR THREE
OBSERVATIONS. *INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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CONTROL

FIGURE 8 THE EFFECT OF A 0.348M NaCl RINGER SOLUTION

(THREE-QUARTER SODIUM) CONTAINING luM/ML GLUCOSE ON THE
- SODIUM FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND

FINAL S/M RATIO OF SUGAR CONCENTRATION.

2 INDICATES
\\\ INDICATES
3] INDICATES
o INDICATES
Y /4 INDICATES

SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
SUGAR FLUX IN MICROMOLES/MINUTE.

pH IN STANDARD pH UNITS.

TRANSMURAL POTENTIAL IN mVOLTS.

S/M RATIO.

LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR TWO

OBSERVATIONS,

DIFFERENT FROM THE CONTROL VALUE AT THE

*INDICATES A VALUE THAT IS SIGNIFICANTLY
5% LEVEL.
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FIGURE 9 THE EFFECT OF A 0.348M NaCl RINGER SOLUTION
(THREE-QUARTER SODIUM) CONTAINING luM/ML 3-O-METHYL GLUCOSE
ON THE SODIUM FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL S/M

RATIO OF SUGAR CONCENTRATION
: INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.

‘Q‘ INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
E:: INDICATES pH IN STANDARD pH UNITS.
5 INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

V-// INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR THREE

OBSERVATIONS. *INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 10 THE RELATIONSHIP BETWEEN SODIUM FLUX AND SODIUM
CONCENTRATION USING 1luM/ML OF EITHER GLUCOSE OR 3-0-METHYL
GLUCOSE. EACH POINT REPRESENTS THE MEAN OF FOUR EXPERIMENTS.
SODIUM FLUX REPRESENTS THE MEAN OF THE DIFFERENCE
BETWEEN THE SODIUM FLUX IN THE CONTROL PERIOD AND THE SODIUM
FLUX IN THE EXPERIMENTAL PERIOD. THE NEGATIVE VALUE
REPRESENTS A DECREASE IN THE FLUX DURING THE EXPERIMENTAL
PERIOD. ---- REPRESENTS RESULTS USING GLUCOSE AND
REPRESENTS RESULTS USING 3-0-METHYL GLUCOSE. THE CURVES
WERE DRAWN BY EYE. VERTICAL LINES REPRESENT THE SEM VALUES.
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FIGURE 11 THE RELATIONSHIP BETWEEN SUGAR FLUX AND SODIUM
CONCENTRATION USING luM/ML OF EITHER GLUCOSE OR 3-O-METHYL
GLUCOSE. EACH POINT REPRESENTS THE MEAN OF FOUR EXPERIMENTS.

SUGAR FLUX REPRESENTS THE MEAN OF THE DIFFERENCE
BETWEEN THE SUGAR FLUX IN THE CONTROL PERIOD AND THE SUGAR
FLUX IN THE EXPERIMENTAL PERIOD. THE NEGATIVE VALUE REPRESENTS
A DECREASE IN THE FLUX DURING THE EXPERIMENTAL PERIOD.

————— REPRESENTS RESULTS USING GLUCOSE AND ——— REPRESENTS
RESULTS WITH 3-O-METHYL GLUCOSE. THE CURVES WERE DRAWN BY EYE.
VERTICAL LINES REPRESENT THE SEM VALUES.
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FIGURE 12 THE RELATIONSHIP BETWEEN SUGAR FLUX AND SODIUM
FLUX USING luM/ML OF EITHER GLUCOSE OR 3-O-METHYL GLUCOSE.
EACH POINT REPRESENTS THE MEAN OF FOUR EXPERIMENTS. &

SUGAR FLUX AND £M SODIUM FLUX REPRESENT THE MEANS OF THE
DIFFERENCES BETWEEN THE RESPECTIVE FLUXES IN THE CONTROL
PERIODS AND IN THE EXPERIMENTAL PERIODS. THE NEGATIVE

VALUE REPRESENTS A DECREASE IN THE FLUX DURING THE EXPERIMENT-
AL PERIOD. ---- REPRESENTS RESULTS USING GLUCOSE AND
REPRESENTS RESULTS USING 3-O-METHYL GLUCOSE. THE CURVES WERE
DRAWN BY EYE. VERTICAL LINES REPRESENT THE SEM VALUES.
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can be seen in Figure 1ll. Figure 12 represents a combination
of Figures 10 and 11 and indicates a linear relationship be-
tween the sodium and sugar fluxes.

The results of a potassium free Ringer solution can
be seen in Figures 13 and 14. Using glucose as the sugar
(Figure 13), the sodium flux decreased to one third of the
control (P > ,05), the sugar flux decreased to 1/3 of the
control value (P > .05), the pH increased 0.14 pH units
(p > ,05), and the potential increased two fold in absolute
magnitude (P < .,05). With 3-0O-methyl glucose (Figure 14),
the sodium flux decreased 35% (P < .05), the sugar flux
changed from net accumulation to net disappearance (P < .05),
the pH increased 0.30 pH units (P < .05), and the potential
increased two fold (P < ,05). Here again, then, the sodium
and sugar fluxes both decreased, while the pH and potential
increased.

Figures 15 and 16 illustrate the effects of anaerobic
conditions upon the various parameters during the experimental
period. Again, except for magnitude effects, the results
were equivalent with glucose and 3-O-methyl glucose. In these
experiménts, the sodium flux decreased to 1/3 of the control
value (P < .05), the sugar flux changed from net accumulation
to net disappearance (P < 05), the pH decreased 0.12 pH
units (P < ,05), and the potential decreased 40% in magnitude

(P < .05) using glucose as the sugar (Figure 15), while the



N 4
DIRAREENUBNNUANERUNNNENRRNDS

CONTROL

FIGURE 13 THE EFFEC
CONTAINING luM/ML GL
pH, TRANSMURAL POTEN

CONCENTRATION.
.- INDICATES
NN INDICATES
— INDICATES
il INDICATES
V// INDICATES

LINES INDICATE THE S

42

[4

;éllllIlllllllllllllllllllilllIllllllllllllIllllllllllllllllllllllllllllllllllllllllllllllllllllllll!l

pragraes

EXPERIMENTAL CONTROL

T OF A POTASSIUM FREE RINGER SOLUTION
UCOSE ON THE SODIUM FLUX, SUGAR FLUX,
TIAL, AND FINAL S/M RATIO OF SUGAR

SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
SUGAR FLUX IN MICROMOLES/MINUTE.

pH IN STANDARD pH UNITS.

TRANSMURAL POTENTIAL IN mVOLTS.

S/M RATIO.

TANDARD ERROR OF THE MEAN FOR TWO

OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 14 THE EFFECT OF A POTASSIUM FREE RINGER SOLUTION
CONTAINING luM/ML 3-0-METHYL GLUCOSE ON THE SODIUM FLUX,
SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL S/M RATIO
OF SUGAR CONCENTRATION.

S INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.

\\’ INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
 — INDICATES pH IN STANDARD pH UNITS.
: ; INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

¥/ /] INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR THREE
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 15 THE EFFECT OF ANAEROBIC CONDITIONS USING 1luM/ML
GLUCOSE ON THE SODIUM FLUX, SUGAR FLUX, pH, TRANSMURAL
POTENTIAL, AND FINAL S/M RATIO OF SUGAR CONCENTRATION.
% INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
RN - INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.

[] INDICATES pH IN STANDARD pH UNITS.

#3334 INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

¥4 INDICATES S/M RATIO.

LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR FOUR
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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CONTROL EXPERIMENTAL CONTROL
FIGURE 16 THE EFFECT OF ANAEROBIC CONDITIONS USING luM/ML
3-0-METHYL GLUCOSE ON THE SODIUM FLUX, SUGAR FLUX, pH,

TRANSMURAL POTENTIAL, AND FINAL S/M RATIO OF SUGAR CONCEN-

INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
INDICATES pH IN STANDARD pH UNITS.

INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

V-t INDICATES S/M RATIO.

LINES INDICATE THE STANDARD ERROR ON THE MEAN FOR SIX
OBSERVATIONS. *INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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sodium flux decreased 22¢ (P < .05), the sugar flux again
changed from net accumulation to net disappearance (P < .05),
the pH decreased 0.33 pH units (P < .05), and the potential
decreased in magnitude to 1/4 of the control (P < .05) using
3-O-methyl glucose (Figure 16). Here, then, in addition to
a decrease in the sodium and sugar fluxes, the pH decreased,
i.e. became more acidic, and the potential decreased, i.e.
became less negative.

The results of experiments using 1 x 10_6M ouabain on
the muccsal side only, on thne serosal side only, and in both
compartments simultaneously with either glucose or 3-O-methyl
glucose are seen in Figures 17 through 22. The results of all
three experimental conditions were the same. Table 9 sum-
marizes the experimental changes observed using ouabain in the
experimental solutions and illustrates the differences between
results obtained with ouabain present on the mucosal side only,
on the serosal side only, and on both sides simultaneously.
Although the results of experiments using glucose as the
sugar are not significant due to the low number of observa-
tions, a definite pattern is apparent. The magnitude of the
effect éf ouabain was greatest when ouabain was present on
the serosal surface only. The next largest effect upon the
parameters occurred with ouabain present in both the mucosal
and serosal compartments simultaneously, the results probably

being due to the inhibitory effects of ouabain upon the serosal
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surface only. It follows, then, that the least effect of
ouabain upon the magnitude of the experimental parameters
occurred with ouabain present on the mucosal surface only.

If the results of experiments with ouabain on the serosal
side only are grouped with results of experiments with ouabain
on both the mucosal and serosal surfaces simultaneously, the
differences are significant to the 5% level. If a similar
grouping is made with the results of experiments with ouabain
present on the mucosal surface only, the differences remain
insignificant., Table 9 also illustrates that the major
effect of ouabain was on the sodium and sugar fluxes, with

a lesser and indirect effect upon the potential and pH.
Although the addition of ouabain to the serosal compartment
caused a very marked initial increase in the magnitude of the
potential across the gut tissue, the potential returned to
its control value within an hour, and, hence, the effect of
ouabain on the potential was insignificaht (P » ,05) when

considered over the entire three hour experimental period.
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FIGURE 17 THE EFFECT OF 1.0 X 10 °M OUABAIN IN THE MUCOSAL

COMPARTMENT ONLY USING luM/ML GLUCOSE ON THE SODIUM FLUX,

SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL S/M RATIO

OF SUGAR CONCENTRATION.

/7] INDICATES S/M RATIO.

LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR TWO
OBSERVATIONS. *INDICATES A VALUE THAT IS SIGNIFICANTLY

DIFFERENT FROM THE CONTROL VALUE AT THE 5%

LEVEL.

INDICATES SODIUM FLUX IN MILLIEQUIVALENTS/MINUTE.
INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.

INDICATES pH IN STANDARD pH UNITS.
INDICATES TRANSMURAL POTENTIAL IN mVOLTS.
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FIGURE 18 THE EFFECT OF 1.0 X 10_6M OUABAIN IN THE MUCOSAL

COMPARTMENT ONLY USING luM/ML 3-0-METHYL GLUCOSE ON THE
SODIUM FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND
FINAL S/M RATIO OF SUGAR CONCENTRATION.

INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
INDICATES pH IN STANDARD pH UNITS.

INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

/S INDICATES S/M RATIO.

LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR SIX
OBSERVATIONS. *INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL,
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FIGURE 19 THE EFFECT OF 1.0 X lO—GM OUABAIN IN THE SEROSAL

COMPARTMENT ONLY USING luM/ML GLUCOSE ON THE SODIUM FLUX,
SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL S/M RATIO
OF SUGAR CONCENTRATION.

BES INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
N INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
[ INDICATES pH IN STANDARD pH UNITS.
i INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

¥ INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR TWO
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 20 THE EFFECT OF 1.0 X 10_6M OUABAIN IN THE SEROSAL
COMPARTMENT ONLY USING 3-0-METHYL GLUCOSE ON THE SODIUM
FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL s/M

RATIO OF SUGAR CONCENTRATION.
INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.

INDICATES SUGAR FLUX IN MICROMOLES/MINUTES.
INDICATES pH IN STANDARD pH UNITS.
Lo INDICATES TRANSMURAL POTENTIAL IN mVOLTS.

/7 | INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR THREE
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 21 THE EFFECT OF 1.0 X 10_6M OUABAIN IN THE MUCOSAL

AND SEROSAL COMPARTMENTS USING luM/ML GLUCOSE ON THE SODIUM
FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL, AND FINAL S/M
RATIO OF SUGAR CONCENTRATION.

B INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
INDICATES pH IN STANDARD pH UNITS.

INDICATES TRANSMURAL POTENTIAL IN mVOLTS.
INDICATES S/M RATIO.

LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR TWO
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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FIGURE 22 THE EFFECTS OF 1.0 X 10 6M OUABAIN IN THE MUCOSAL
AND SEROSAL COMPARTMENTS USING luM/ML 3-O-METHYL GLUCOSE
ON THE SODIUM FLUX, SUGAR FLUX, pH, TRANSMURAL POTENTIAL,
AND FINAL S/M RATIO OF SUGAR CONCENTRATION.
R INDICATES SODIUM FLUX IN MICROEQUIVALENTS/MINUTE.
LN\ INDICATES SUGAR FLUX IN MICROMOLES/MINUTE.
INDICATES pH IN STANDARD pH UNITS.
+2:  INDICATES TRANSMURAL POTENTIAL IN mVOLTS.
/4 INDICATES S/M RATIO.
LINES INDICATE THE STANDARD ERROR OF THE MEAN FOR THREE
OBSERVATIONS. * INDICATES A VALUE THAT IS SIGNIFICANTLY
DIFFERENT FROM THE CONTROL VALUE AT THE 5% LEVEL.
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TABLE 9

THE MAGNITUDE OF EFFECTS OF 1.0 X 10-6M OUABAIN IN THE MUCOSAL
COMPARTMENT ONLY, IN THE SEROSAL COMPARTMENT ONLY, AND IN BOTH
COMPARTMENTS SIMULTANEOUSLY ON THE SODIUM FLUX, SUGAR FLUX,
pH, AND TRANSMURAL POTENTIAL USING EITHER GLUCOSE OR 3-0-
METHYL GLUCOSE. < REPRESENTS THE MEAN OF THE DIFFERENCE
BETWEEN THE CONTROL VALUE AND THE EXPERIMENTAL VALUE. A
NEGATIVE VALUE REPRESENTS A DECREASE IN MAGNITUDE AND A POSI-
TIVE VALUE INDICATES AN INCREASE. * INDICATES A VALUE THAT

IS SIGNIFICANTLY DIFFERENT FROM THE CONTROL AT THE 5% LEVEL.

SUGAR: Glucose

OUABAIN A NA &\ SUGAR
IOCATION . FLUX  + SEM  FLUX  + SEM ApH + SEM APOTENTIAL + SEM
M&s -.44 .06 -.13 .02 .39 .12 .12 .04
M -.22 .08 -.03 .01 .37 .10 .07 .04
S -.59 120 =029 .05 .38 .09 .13 .03
S+ M&S  -.51% 12 =21 .05 .38* .08 .12 .05

SUGAR: 3-O-methyl glucose

OUABAIN ANA A SUGAR
LOCATION FLUX + SEM FLUX  + SEM &pH + SEM APOIENTIAL + SEM
M&sS - -.16% .03 -.10% .01 .28% .06 .33 .18
M -.11 .06 -.09 .05 .25 .12 .38 .20
S -.96* .16 -.08* .03 J24% .05 .35 .18

S + M&S -.56* L1 -.14% .02 .26%* .06 .34 .19
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DISCUSSION

Cryptochiton stelleri is a marine member of one of the

most primitive classes of the phylum Mollusca. The mollusc
gut had hitherto been considered little more than a semi-
permeable membrane with respect to nutrient absorption, and
in the case of the chiton, absorption had been attributed

to the digestive gland (85). The initial finding by Lawrence
and Mailman (106) of a potential difference across the chiton
gut was indicative of ion transport, and other studies by
Lawrence and Lawrence (104) revealed that active nutrient
absorption occurred in the anterior gut of this animal.

With these initial studies in mind, the ion replacement
experiments were performed in order to obtain an overall look
at the effect of various ionic environments upon the potential
difference across the anterior chiton gut to determine which
ions were responsible for the potential. The observed effects
of ion replacement could be the result of two processes,

1) the effect upon active transport mechanisms and 2) trans-
cellular diffusion potentials. Ignoring active transport
mechanisms for the time being and considering the high per-
meability of the chiton intestinal tissue to sodium and water
at both the luminal and contraluminal surfaces (155), any
net effect of ion replacement at both surfaces could be due

to a large diffusion potential imposed across the tissue,
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giving rise to a net potential. This idea is supported by

a sodium ion removal resulting in an increase in the magni-
tude of the potential, which is inconsistent if a trans-
cellular sodium pump is involved but is consistent with a
slightly greater permeability of the luminal membrane to
sodium., Likewise, the mucosal surface would seem to be more
permeable to chloride and potassium ions, since their removal
results in a decrease in the magnitude of the potential with
a chloride free Ringer solution and an increase with a potas-
sium free Ringer solution. Thus the mucosal surface appears
to be more permeable to all three of the ions under consider-
ation. This fact is further substantiated by the total re-
placement of all ions by isosmotic sucrose, which resulted in
an extremely large increase in the magnitude of the potential,
indicating also that there is a great deal of shunting of the
current due to the movement of all three ions. Figure 23
seems to be consistent with the observed data and the high
permeability of the chiton gut.

Following the ion replacement studies, specific experi-
ments were designed to further elucidate the results of
sodium,.chloride, and potassium ion repacement by examining
the fluxes of sodium, sugar, and water using labeled com-
pounds in order to propose a mechanism of transport for salt,
water, and organic nutrients in the anterior chiton intestine.

That sodium ion is actively transported by the intestinal
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MUCOSA TRANSMURAL POTENTIAL SEROSA
(+) (=)

ION EFFECT ON
REMOVED POTENTIAL -53mVv

Na -1.26 S i\\

< { N O + ------------ --,.
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FIGURE 23 A MODEL OF THE CHITON ANTERIOR INTESTINAL
EPITHELIAL CELL ILLUSTRATING THE INCREASED PERMEABILITY
OF THE MUCOSAL SURFACE TO SODIUM, POTASSIUM, AND CHLORIDE
WHEN THESE IONS ARE ABSENT FROM THE BATHING MEDIUM. THE

RESULTING EFFECT OF ION REMOVAL UPON THE TRANSMURAL POTENTIAL
IS ALSO SHOWN.
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epithelium in all species studied to date is well docu-
mented and has been noted by almost every worker in the area
of intestinal transport. The hypothetical "pump" responsi-
ble for net sodium movement into the serosal compartment
and a serosal positive potential is postulated to be located
at the basal membrane of the epithelial cell, since ouabain,
a known ATPase inhibitor, strongly inhibits the flux of
sodium and hence decreases the potential difference across
the tissue only when placed on the serosal side (57, 58, 109,
137).

Data from this study indicates that sodium ions are also
actively transported in the anterior chiton gut. This trans-
port is probably from the mucosal to the serosal compartment,
with a simultaneous and equal passive movement in the op-
posite direction. However, due to the negative serosal
potential in the anterior chiton gut, the sodium flux from
the mucosa to the serosa is in the direction of the electro-
chemical potential and cannot be considered active in the
absence of a net flux. Indeed, the serosa to mucosa flux
would more likely seem to be active, since it is against an
electroéhemical gradient. The difficulty in determining
the active flux is due to the high permeability of the chiton
gut tissue.

The evidence for an active sodium transport in the chiton

gut is a strong inhibition of the sodium flux at the serosal
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surface and a simultaneous increase in the negativity of

the potential difference with ouabain in the serosal com-
partment and a nonsignificant change in sodium flux with
ouabain in the mucosal compartment. The sodium flux is also
strongly inhibited during anaerobic conditions. Decreasing
the sodium concentration caused a linear decrease in the
sodium flux (Figure 10). A linear relationship between
sodium concentration and sodium flux is consistent with
either passive diffusion or a transport system which is well
below saturation. Considering the effects of anaerobiosis
and ouabain, the latter is more likely.

Because of the aforementioned negative serosal potential
in the anterior chiton gut, the situation is quite different
from the vertebrate gut, where the active movement of sodium
into the serosal compartment gives rise to a positive serosal
potential. In the chiton, the active transport of sodium
could not be responsible for the negativity of the serosal
surface. The increase in negativity of the potential in the
serosal compartment during the partial sodium and ouabain
experiments, however, indicates that sodium ion does contri-
bute to the potential difference across the tissue, probably
by being pumped into the serosal compartment and making the
potential less negative. The unidirectional sodium flux from
the mucosa to the serosa (and serosa to mucosa), then, de-

creases despite an increase in negativity at the serosal
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surface, indicating that the sodium flux is not completely
dependent upon the electrochemical gradient and supporting
evidence for a mucosa to serosa directed sodium "pump".

The negative serosal potential in the anterior chiton
gut results from a large active movement of another cation
in the opposite direction of sodium ion movement, that is,
from the serosa to the mucosa, or of an anion in the same
direction as sodium ion movement. There is, however, no
evidence of any net movement of either potassium or chloride
ions. Since the lumen of the chiton anterior gut is acidic
with an average pH of 5.0 (85), and because the serosal
compartment became basic with an average pH of 7.8 during
each control period, there is some evidence for an active
movement of hydrogen ions from the serosal to the mucosal
compartment. Also, in non-everted gut segments, the gut
sac contents, in this case the mucosal compartment, became
more acidic (pH 6.4), the more proximal anterior intestinal
segments attaining a lower pH than those more distally
located. Other apparent evidence for such a hydrogen "pump"
is the following:

l). In the partial sodium experiments, the pH increased
(became more alkaline) in the serosal compartment
and the potential increased in negativity.

2) Under anaerobic conditions, the pH decreased

(became more acidic) in the serosal compartment and
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the potential decreased in negativity.

3) VUsing ouabain, whether on the serosal side, the
mucosal side, or on both sides simultaneously, the
result was that the pH increased (became more
alkaline) in the serosal compartment and the
potential increased in negativity.

The above suggests that there is an energy requiring
but ouabain insensitive "pump" which moves hydrogen ions
from the serosal to the mucosal compartment, giving rise to
a negative serosal potential. The magnitude of this poten-
tial is opposed by the movement of sodium ions in the oppo-
site direction, but because of the nearly equal unidirection-
al fluxes of sodium, that is, an active flux from mucosa to
serosa and a passive flux in the opposite direction, and the
shorting effect of potassium and chloride ion movement, as
opposed to the net flux of hydrogen ions into the mucosal
compartment, the resulting negative serosal potential is
maintained. A possible explanation of the increase in pH
using ouabain and partial sodium is that either more ATE
is available for the movement of hydrogen ions or there is
a hydrogen-cation exchange mechanism which is stimulated
by an inhibition of the sodium flux. The relative decrease
in pH during anaerobic conditions could be due to a de-

creased pumping of hydrogen icns out of the serosal compart-
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ment resulting in their accumulation and, thus, a decreased
pH in relation to control. Also possibly reinforcing the
results is the presence of the Pasteur effect (104).

Parsons and McHardy (122), Swallow and Code (150), and
Sladen and Dawson (142) have suggested a hydrogen-sodium ion
exchange in the anterior vertebrate intestine, resulting in
a slightly acidic mucosal solution in the jejunum due to the
secretion of hydrogen ions. This ability to secrete hydrogen
ions diminishes aborally along the small intestine, the rise
in pH causing a marked increase in the net absorption rate
of water and electrolytes in the ileum (32, 150). Indeed,
such a decreasing gradient of hydrogen ions along the intesti-
nal tract of the chiton has been observed (85). However,
the chiton is apparently in osmotic equilibrium with its
environment (155) and the gut is not operational for the net
absorption of water and electrolytes. Electrolyte balance
has been shown to be a function of the gills in marine
cephlapods (155), and it would be interesting to speculate
that a similar function exists in the chiton.

Also of interest here is that the anterior chiton gut
is not clearly delineated from the stomach by a spincter
(85, 93, 156) as is the case in the vertebrate intestinal
tract. Further, the epithelial tissue of the anterior

chiton gut is histologically similar to that of the stomach
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(85) and apparently is operational like that of the verte-
brate stomach for the secretion of hydrogen ions into the
intestinal lumen, providing an optimal environment for the
function of digestive enzymes and for the preparation for
nutrient absorption. Indeed; the chiton anterior intestine
should possibly be considered as a specialized region of the
stomach.

It is of interest also to note that although D-glucose,
3-0-methyl D-glucose, and the purines and pyrimidines
thymine, guanine, and uracil (91) are actively transported
in the anterior chiton gut, most absorption of organic
nutrients, including D-galactose (104), those amino acids
which have been tested (129), and some purines and pyrimi-
dines, particularly thymine, guanine, and hypoxanthine (91),
occurs in the posterior intestine, which is separated from
the anterior by a sphincter. The differences in the types
of nutrients absorbed may be a result of the differences in
the mucosal ionic environments of the two gut regions.

The fluxes of sodium were in all cases greater in magni-
tude by a factor of almost two in the anterior intestine as
opposed'to the posterior intestine (unpublished data). These
large and nearly equal fluxes of sodium across the anterior
chiton gut suggest a function similar to that observed in
the anterior vertebrate intestine by Visscher (154), Parsons
and McHardy (122), and Code and Hindle (35). That is, the

jejunum is unfitted for the net absorption of sodium and
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rather serves the "equilibrating" function of maintaining
the contents of the lumen in an isotonic state necessary
for optimal sugar absorption.

Lawrence and Lawrence (104) established that the active
transport of D-glucose and 3-O-methyl-D-glucose did indeed
occur in the anterior intestine of the chiton, resulting in
a net flux of sugar from the mucosal to the serosal compart-
ment. The criteria for this active sugar transport was as
follows:

1) The accumulation of the sugar occurs against a

concentration gradient; i.e., S/M ratios > 1.

2) The transport depends upon metabolic energy; i.e.,
is inhibited by anoxia and low temperature.

3) Transport is inhibited by phlorizin, a known com-
petitive inhibitor of actively transported sugars
(unpublished data).

4) Transport is specific in that, of those sugars
studied, only D-glucose and 3-O-methyl-D-glucose
are actively transported.

The studies contained herein have shown that this
active sugar transport in the anterior chiton gut is
dependent upon the presence of sodium ion. 3-O-methyl-D-
glucose, which is transported but not metabolized, behaved
similarly to glucose except for a difference in magnitude

which is probably due to either glucose metabolism or the
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relative affinity of glucose to the carrier molecule. The
evidence for the sodium dependent sugar transport is sum-
marized as follows:

1) A decrease in sodium ion concentration (partial
sodium experiments) caused a linear decrease in net
sugar flux with both glucose and 3-O-methyl-glucose
{(see Figure 10).

2) A decrease in net sodium flux (partial sodium ex-
periments) was correlated in a linear fashion with
a decrease in net sugar flux with both glucose and
3-0-methyl-~glucose (see Figure 12).

3) Ouabain, an inhibitor of active sodium transport,
caused a corresponding significant decrease in the
net flux of sugar.

Also indicative of a sodium requirement for sugar move-
ment is that during anaerobic conditions, which causes de-
creased metabolic activity and thus inhibits the sodium
"pump", there was a simultaneous significant decrease in the
sugar flux.

This information seems to support a model for sugar
transport similar to that proposed for the vertebrate intesti-
nal tissue, which is the two stage mobile carrier hypothesis
of Crane, consisting of 1) a phlorizin sensitive, sodium
dependent energy independent entry into the epithelial cell

and 2) an oxygen dependent energy dependent accumulation
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step (39, 42).

In this model, the "uphill" movement of sugar into the
cell depends upon the inward "downhill" gradient of sodium,
which is effective because the rate of carrier movement is
dependent upon the interaction with sodium. Once inside the
cell, the sugar and sodium dissociate from the carrier. The
sodium asymmetry is maintained by its removal by the sodium
"pump" either at the luminal surface and/or at the basal
membrane, where it results in an increase in potential.
Intracellular potassium would be expected to interfere with
the sodium interaction for outward movement of the carrier,
decreasing the carriers affinity for the sugar and resulting
in a greater rate of accumulation of sugar within the cell.

In the vertebrate intestine, the active absorption of
sugars occurs only at the mucosal surface, specifically in
the brush border. Recent work with the brush border has
revealed a highly differentiated subcellular organelle with
well developed digestive as well as absorptive functions
(45, 46, 47, 51, 52, 82, 117, 153). Sixty i knob-like struc-
tures have been found to protrude luminally from hamster
brush border and to contain maltase and sucrase activity (90).
Hexoses released from mucosal membrane digestion, then, are
probably absorbed at or near the site of hydrolysis. Semen:za
et al. (140) have reported that sodium ion is also a require-

ment for optimal sucrase activity and provides a further ad-
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vantage to the equilibrating function of the anterior
intestine. The current model of intestinal sugar transport
as given by Crane (39; 42) is summarized in Figure 24.
Data obtained in the experiments described herein seem to
suggest that a similar model for active carbohydrate trans-
port exists in the anterior chiton gut since the presence of
sodium ion is required for active sugar movement in these
animals. However, instead of mucosal surface digestion, as
in the vertebrate, the chiton possesses a specialized gland,
the sugar gland, which releases carbohydrases into the eso-
phagus (93, 156). These enzymes function optimally at a pH
of 5.0 - 5.2, which is the observed pH of the anterior in-
testine, and result in the formation of glucose for the
anterior absorption. Here, then, is an absorptive system
which is basically similar to that in the vertebrate intest-
ine and yet is unique to these animals.

The movement of other ions, particularly potassium and
chloride, and water appears to be entirely passive in the
anterior chiton gut. Similar results have been found in
vertebrate tissue (157, 159). However, as previously
mentionéd, the anterior chiton gut is operational for the
early digestion of nutrients and is not fitted for the net
absorption of electrolytes and water. In fact, sodium

chloride is in equilibrium across chiton epithelial tissue
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(155). Hence, the fluxes of water were equal in bqth direct-
ions across the gut tissue. Alsqe, there was not net accumu-
lation of potassium or chloride in either the serosal or
mucosal compartment during any experimental period. The use
of potassium free Ringer solution caused the potential to
increase in negativity, indicating that potassium ion may

1) move oppositely to hydrogen ion, possibly in an exchange
process, or 2) leak from the cell along its concentration
gradient, creating a diffusion potential. Potassium free
solution may also inhibit the sodium "pump", which is the
case 1n vertebrate intestinal tissue (133). Chloride free
Ringers caused the potential to decrease in negativity,
suggesting that chloride might 1) move passively with the
active transport of sodium from the mucosa to the serosa,
since the same result is obtained by using sodium sulfate

as a substitute in the vertebrate gut, the sulfate not being
transported to the serosa along with the sodium and giving
rise to a more positive (less negative) serosal potential,
or 2) leak from the cell, creating a diffusion potential.

In conclusion, the results of these experiments can be
seen grabhically in Figure 25. In this proposed model for
salt, water, and sugar transport in the anterior chiton
intestine, the following points are indicated:

1) Sodium ion is actively transported from the mucosa to the

serosa. This transport occurs at the basal membrane, is
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ouabain sensitive, and is inhibited by anaerobic conditions.
The movement of potassium, chloride, and water is most
likely passive.,

The active transport of D-glucose and 3-O-methyl-D-

glucose is dependent upon the presence of sodium ion.

The negative serosal potential across the anterior chiton
gut and the acidic pH in the lumen appear to be the

result of the active transport of hydrogen ion from the
serosal to the mucosal compartment. The transport
mechanism is ouabain insensitive but is inhibited by

anaerobic conditions.
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