bstract. We have measured unidirectional
transmural fluxes of oxalate and neutral sugars across
rat ascending colon in vitro, under short-circuit condi-
tions, to characterize permeability barriers selective for
size and charge. Ionic oxalate appears to be transported
preferentially to sodium oxalate. Mucosal addition of
taurocholate (I mM), deoxycholate (I mM), or ricinole-
ate (1 mM) increased bidirectional oxalate fluxes, and
the ricinoleate effects were independent of medium
calcium. Bidirectional fluxes of uncharged sugar mole-
cules fell sharply at molecular weights above 76 (molec-
ular radius above 3 A), and oxalate transport was
retarded relative to that of uncharged molecules of
similar size, suggesting that there is both size and charge
permselectivity. Ricinoleate increased fluxes of all neutral
molecules tested but changed neither the exclusion
limits nor the cation selectivity of the epithelium. Bile
salts and ricinoleate increase oxalate transport, probably
by making more channels available, but do not alter
size and charge selectivity.

Introduction

Inflammatory disease or extensive resection of small bowel
may increase colon oxalate absorption and cause hyperoxaluria
with nephrolithiasis (1-7). Excessive amounts of bile salts and
fatty acids that reach the colon in these diseases could enhance
oxalate absorption by specifically increasing oxalate permeability
(8) or by altering the charge and size selectivity of the epithelium
in general. Fatty acids complex calcium and could reduce
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luminal ionic calcium concentration and thereby raise free
oxalate ion concentration favoring absorption (9). The present
studies characterize the permeability of normal ascending
colon to oxalate and to four neutral molecules of similar
dimensions, and the effects on permselectivity of bile salts and
ricinoleate. Colon epithelium seems to exclude molecules on
the basis of both size and charge. Bile salts and fatty acids
appear to increase access to the selectivity barrier but do not

alter its selective properties.

Methods

Animal preparation. Male Sherman rats weighing 150 g (Camm Research
Lab Animals, Wayne, NJ) were fed normal chow which contained
0.02% oxalate and were killed in the nonfasting state. Segments of
ascending colon (3 cm distal to cecum) were removed to measure
oxalate fluxes.

In vitro flux measurements. Adjacent segments of ascending colon
from the same animal were trimmed free of mesentery, rinsed in ice-
cold saline, and mounted in lucite hemichambers with an exposed
tissue area of 0.69 sq cm. Mucosal and serosal reservoirs were filled
with 10 ml of phosphate-buffered Krebs Ringer solution (37°C, pH
7.4) containing 140 mM NaCl, 13.5 uM Na oxalate, 0.125 mM CaCl,,
0.125 mM MgSO,, and 11 mM D-glucose, and gassed continuously
with 100% oxygen to provide adequate mixing. Unidirectional trans-
mural fluxes were measured on adjacent segments by a modification
of the technique of Ussing and Zerahn (10, 11), by the addition of
['*Cloxalate (as oxalic acid, specific activity 74 Ci/mol [Amersham,
Arlington Heights, IL]); ['“C]thiourea (specific activity 100 Ci/mol, 1
mM); [*H]mannitol (specific activity 17.1 Ci/mol, 2 mM); or
[*H]raffinose (specific activity 1.4 Ci/mol; 1 mM) to either mucosal or
serosal reservoirs. 1-ml aliquots were removed from the initially
unlabeled reservoir at 10-, 15-, or 20-min intervals, and radioactivity
was measured by beta liquid scintillation spectroscopy. Steady state
fluxes were calculated as previously described (12). Net flux (J,,),' the
difference between the absorptive mucosal-to-serosal flux (J,) and the

1. Abbreviations used in this paper: Gt, tissue conductance; Isc, short-
circuit current; J,,,, absorptive mucosal-to-serosal flux; J,., net flux;
Jim, secretory serosal-to-mucosal flux; P°*~ and P™ permeability
coefficients of oxalate and raffinose, respectively; P, flux/medium
concentration, mucosal to serosal; Py,, flux/medium concentration,

serosal to mucosal.
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secretory serosal-to-mucosal flux (J,,), was assigned a positive value
for net absorption.

Electrical neutrality across the tissue was maintained with the
short-circuiting technique of Field et al. (13). Transmural potential
difference was abolished by automatic voltage clamps (Bioengineering
Division, University of Iowa College of Medicine, lowa City, lowa)
which passed a short-circuit current (Isc) across the mounted tissue
after correction for the resistance of buffer between the agar bridges
and tissue surface. Open-circuited transmural potential difference and
tissue conductance (Gt) were obtained periodically by briefly interrupting
the short-circuit current. Steady state fluxes from each animal were
used only when the Gt of the paired tissues agreed within 30%.

The concentrations of ionic oxalate and oxalate complexes in the
buffer were calculated with a computer program (14) from the concen-
trations of the buffer constituents and the association and dissociation
constants for the complexes that may form at pH 7.4 (Table I). Since
ionic oxalate cannot be measured directly, the validity of the computer
program was assessed by measurement of ionic calcium in the buffer
as calcium concentration was varied, by the use of a calcium-selective
electrode (Space Stat 20; Orion Research, Inc., Cambridge, MA).
Calculated and measured ionic calcium were highly correlated (r
=0.982, n = 6) over the range of 0.125 to 0.5 mM total calcium, in
which our transport studies were performed. Throughout the range of
oxalate used, the product of oxalate ion and ionized calcium was
below the solubility product of 2.1 X 10~° M2 (14).

Experimental protocols. In experiment 1, oxalate time course data
were obtained at 8.26 uM ionic oxalate to determine when steady state
was reached. In experiment 2, NaCl was replaced with equimolar
concentrations of choline chloride, and oxalate was held constant at
13.5 uM in order to vary the ratio of free ionic oxalate-to-Na oxalate
concentration (Table I). In experiment 3, unidirectional fluxes of
[**C]thiourea, [“Clerythritol, [*H]mannitol, and [*H]raffinose were
determined. In experiment 4, oxalate concentration was varied from
1.35 uM to 27 uM to determine whether transport was saturable. In
experiment 5, fluxes of oxalate and four neutral molecules of experiment
3 were measured during a control period for 45 min; then ricinoleate
(1 mM), sodium taurocholate (1 mM), or sodium deoxycholate (1
mM) was added to the mucosal reservoirs, and fluxes of oxalate and
the neutral molecules were measured for an additional 45 min.
Ricinoleate effects were measured with and without calcium in the
buffer. The calcium removed was not replaced with another cation.

Statistical analysis. The t test was used to determine the significance

Table I. Calculated Forms of Oxalate in Krebs-Phosphate Buffer

Sodium concentration (mM)

Constituent 140 70 35

Total oxalate 13.5 (100)* 13.5 (100) 13.5 (100)

Ionic oxalate 8.26 (61) 9.87 (73) 11.04 (82)

Complexed oxalate (39) 27 (18)
NaOx 4.70 (35) 297 (22) 1.72 (13)
MgOx 0.22 (1.6) 0.26 (1.9) 0.28 (2.0)
CaOx 0.15 (1.1) 0.18 (1.3) 0.25 (1.8)
KOx 0.16 (1.1) 0.21 (1.5) 0.24 (1.8)

* Values are micromolar; numbers in parentheses are percentage of
total buffer oxalate.
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of differences between J,, and J,, on adjacent segments from the
same animal or between fluxes within or between two groups. Variance
within groups was not assumed to be equal. Analysis of variance was
used when means of more than two groups were compared. Regression
analysis was performed by the method of least squares. All analyses
were performed by conventional computer techniques (BMDP; Uni-
versity of California, Los Angeles).

Results

Experiment 1: steady-state oxalate fluxes. ['*Cloxalate appeared
in the initially unlabeled reservoirs within 10 min after addition
to either the mucosal or serosal reservoirs that bathed ascending
colon segments (Fig. 1). By 40 min, oxalate J,; and J,,
became constant, so steady state fluxes were calculated from
data obtained after 40 min.

Experiment 2: species of oxalate transported. Sodium oxalate
accounted for 90% of complexed oxalate at a medium Na
level of 140 mM and a total oxalate level of 13.5 uM (Table
I). Reduction of Na from 140 to 35 mM by the replacement
of NaCl with choline chloride increased ionic oxalate from
8.26 to 11.04 uM and increased ionic oxalate J,,s and Jy,
without changing J,, (Table II). The apparent permeability
coefficients for ionic oxalate J,s and J,,, were calculated from
the equations:

Jiso = [OX7]ia0* Pi + [NaOx] 40+ Pc  and )
Jis = [OX7]ss+ Pi+ [NaOx]ss - Pc, ?)

where Jy4 and J3s are the J,,s fluxes of total oxalate (13.5 uM
in medium) at 140 mM Na (J,4 = 108+15 pmol-cm™2-h™';
n = 5) and 35 mM Na (J5s = 168+7 pmol-cm™2-h™'; n = 5);
[Ox™)140, [OX7 135, [NaOX],40, and [NaOx];s are medium ionic
oxalate and sodium oxalate concentrations at 140 and 35 mM
Na (Table I); and P; and P, are the apparent permeability
coefficients (P = flux/medium concentration) for ionic J:~
and for the complex JY2*, respectively. The two simultaneous
equations were solved for each of the five individual measure-
ments of Jns; P, =23.7+74 (P<0.0009 vs. 0) and P.
= —9.8+5.7 cm-h™'- 10 (P, not significant vs. 0), respectively,
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Figure 1. Unidirectional transmural fluxes of ionic oxalate across
ascending colon. Values are mean+SEM for eight pairs of tissues.
Medium ionic oxalate is 8.26 uM.



Table I1. Effects of Medium Sodium Reduction on Bidirectional Fluxes of Ionic Oxalate

Sodium

concentration n e Jom et Gt Isc

mM pmol-cm2-h~! pmol-cm™ - h™! pmo-cm™2-h~! mQ.cm? ud-cm=2

140 5 70+8* 58+6% 12+11 11.1+£0.7 37.1+3.3
70 7 1108 93+8 17+3 12.740.7 38.7£2.3
35 7 138+6 12249 16+5 12.3+0.4 33.2+3.5

Values are mean+SEM for n rats. Calculations of fluxes used the concentration of ionic oxalate listed in Table I. Gt and Isc values were not

different for all fluxes.

with no overlapping data points. The P; for ionic oxalate is
significantly different from no permeability, and the perme-
ability of the NaOx complex, P., is not different from zero
permeability. P, and P. were significantly different from each
other, P < 0.005. Biological and technical variation contributed
to intragroup variance, which was 35% of the mean, so some
movement of NaOx may have occurred. However, the calcu-
lated difference between P. and P, is consistent with the
concept that all of the radioisotopic movement of oxalate can
be accounted for by the flux of ionic oxalate.

Experiment 3: permselectivity of colon to neutral molecules.
Since molecular size and charge may influence the transport
of oxalate across ascending colon, the bidirectional fluxes of
the nonelectrolytes ['“Cjthiourea, ['“Clerythritol, [*H]mannitol,
and [*H]raffinose were measured under electrochemical neu-
trality. Steady state rates of transfer were reached by 30-45
min for all molecules, and mean steady state values are shown

Table I1I. Effects of Ricinoleate on Oxalate and Neutral Sugar
Steady State Unidirectional Fluxes Across Ascending Colon

Compound e o Joa
Oxalate + Ricin 90+14 11711 —-27+14
173+18* 164+9* 9+20
Thiourea + Ricin 27+3 2543 244
40+2* 34+3 6+4
Erythritol + Ricin 9+1 71+0.5 2+1
1942+ 15+1* 4+2
Mannitol + Ricin 24+2 19+1 5+2
44+3* 33+3* 114
Raffinose + Ricin 7+1 8+1 —1%1
11£1* 12+1* —1%2

Values are mean+SEM for six to eight rats per group. Ricin is mu-
cosal addition of 1.0 mM ricinoleate; fluxes are picomoles per centi-
meter squared per hour for oxalate and nanomoles per centimeter
squared per hour for all others. Medium total oxalate concentration
is 13.5 uM (ionic oxalate concentration is 8.26 uM).

* Greater than control, P < 0.05.

* Jons (140) < Jiug (70) < Jius (35); P < 0.02.  § Jo (140) < Jimm (70) < Jp (35); P < 0.03.

in Table III. J,,, and J,, were not different and there was no
net movement for any molecule. Polar nonelectrolytes with
Stokes radii > 3 A all share similar values for P, and P,
(Fig. 2, open symbols), whereas molecules with radii < 3 A
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Figure 2. Apparent permeability coefficients of oxalate (0), thiourea
(D), erythritol (a), mannitol (¢) and raffinose (V) in the absence (open
symbols) and presence (solid symbols) of 1.0 mM mucosal ricinoleate
for the movement from mucosa to serosa (P, 0p) and serosa to
mucosa (P,,, bottom). Values are mean+SEM for six to eight paired
tissues per condition.
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have greater mean values for both. Although ionic oxalate has
a Stokes radius of 2.2 A, oxalate P, mucosal to serosal (P..s)
and P, serosal to mucosal (P,,) are less than that of thiourea
(Stokes radius of 2.5 A), suggesting that its charge reduces its
permability.

Experiment 4: kinetic studies. Steady state oxalate Jy,s and
Jsm rOSE linearly as medium ionic oxalate was increased from
0.8 to 16.5 uM (corresponding to total oxalate of 1.35 to 27
uM) without a tendency to plateau (Fig. 3). Over the 20-fold
range of medium oxalate concentration employed, the flux
ratios (Jms/Jsm) Were consistently >1.0, ranging from 1.06 to
1.25, but significant net absorption (Jms > Jim) Was reached
only at a medium ionic oxalate level of 8.26 uM (13.5 uM
total). Because this oxalate concentration also most closely
approximated oxalate concentration in blood (14a, 14b), it
was used in subsequent experiments.

The transepithelial oxalate apparent permeability coefficient
(P°*") was determined for each unidirectional flux from: P°*=

T in the presence of medium ionic oxalate that varied
16 from 0.8 uM to 16.5 uM. Values are mean+SEM for
seven rats for J,s (0) and J;, (@).

= JO*=/[oxalate] where oxalate is the ionic concentration.
From the experiments in which medium ionic oxalate varied
from 0.8 to 16.5 uM, ascending colon PS:~ varied from
9.6+1.9 to 8.5+0.6 cm-h™'- 103. P2*~ declined insignificantly,
from 9.1+2.4 to 7.5+0.6. It appears, then, that the permeability
of the pathway to ionic oxalate is not concentration dependent.

Experiment 5: effects of bile salts and ricinoleate. Under
short-circuited conditions, the mucosal addition of 1.0 mM
taurocholate increased both oxalate J,, and J;, and caused no
change in net oxalate movement (Table 1V). Steady state was
reached by 45 min in the absence and presence of taurocholate.
Exposure of the mucosal surface to 1.0 mM deoxycholate
raised both J;, and Jn,s but did not change J,... Both salts also
increased raffinose Ji,s and J,, without changing J,,. P°*~ and
the permeability coefficient of raffinose (P™) were well corre-
lated in the absorptive and secretory directions in the absence
and presence of deoxycholate (Fig. 4). Taurocholate also
increased bidirectional oxalate and raffinose permeability coef-

Table 1V. Effects of Taurocholate and Deoxycholate on Oxalate and Raffinose Fluxes in Ascending Colon

Ionic oxalate Raffinose
Condition n s Juea Joer s Jin Joer
Control 8 105+13 92+13 13+21 5+0.5 61 —1%1
Taurocholate 8 176+16* 160+16* 1623 9+1* 9+1* 01
Control 9 97+14 101£11 —4+16 6x1 5+0.5 1+1
Deoxycholate 9 187+28* 204+23* —17+39 11+1* 10+1* 1+1

Values are mean+SEM. Fluxes are picomoles per centimeter squared per hour for oxalate, nanomoles per centimeter squared per hour for
raffinose. Medium ionic oxalate concentration is 8.26 uM and medium raffinose concentration is 1 mM. Positive values for J, are net absorp-

tion. * Differs from control, P < 0.02.
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Figure 4. The apparent permeability coefficients of the oxalate and
raffinose fluxes across ascending colon before (open symbols) and
after (solid symbols) the mucosal addition of 1.0 mM deoxycholate.
Circles indicate P, and squares indicate P,,. For PQ:" vs. P2,
predeoxycholate vs. postdeoxycholate, slope = 1.9+0.4 vs. 2.07+0.5;
r = 0.89 vs. 0.81; P, not significant. For P}~ vs. P2, predeoxycho-
late vs. postdeoxycholate, slope = 1.85+1.2 vs. 2.6+1.1; r = 0.5 vs.
0.66; P, not significant. For pooled P%:~ vs. P, slope = 2.01+0.2, F
ratio = 62.0, P < 0.0001, n = 17. For pooled P}~ vs. P, slope

= 2.35+0.4, F ratio = 36.3, P < 0.0001, n = 17. The pooled slopes
were not different.

ficients without changing the regression slope for PO} vs. PR,
The bidirectional apparent permeability coefficients were well
correlated in the absence and presence of taurocholate and so
were pooled. For P&~ vs. P, slope = 2.24+0.4, r = 0.89, n
= 16, P < 0.001; for P2~ vs. P2 slope = 2.03+0.02, r = 0.83,
n =16, P < 0.0001. Regression slopes did not differ.

The removal of buffer calcium decreased oxalate and

raffinose Jn. and J,, but did not alter net oxalate or raffinose
fluxes (Table V). The mucosal addition of 1.0 mM ricinoleate
increased oxalate, Jps, Jem, and Jy in the presence and absence
of buffer calcium (Table V). Ricinoleate also increased raffinose
fluxes (Table V), but not raffinose J,., independent of buffer
calcium. Ricinoleate increased Gt; removal of calcium increased
Isc but not Gt (Table V).

The mucosal addition of 1.0 mM ricinoleate increased Jps
and J,, (Table ) and Py, and P, (Fig. 2, solid symbols) for
oxalate and all of the polar nonelectrolytes without changing
their relationship to each other. There was no net movement
of the compounds under basal conditions or after the addition
of mucosal ricinoleate, and the agent caused no change in the
time required to reach steady state (30—45 min).

Discussion

Studied in vitro, ascending colon behaves as if it possesses
transport sites that can exclude molecules on the basis of both
radius and charge. Neutral sugar permeability increases as the
molecular radius falls below 3 A. Oxalate, which possesses two
negative charges at pH 7.4 (14), has a lower permeability than
thiourea, which has a larger radius but no net charge. Charge
selective channels are well described in Necturus gallbladder
(15) and other epithelia (16), and the molecular size at which
neutral molecules were retarded by rat colon is similar to that
for rabbit gallbladder (17). Like gallbladder, colon generates
low transepithelial potential (18), its basal sodium transport is
not affected by amiloride (19), and transepithelial sodium flux
is mainly electrically neutral (20). These typical characteristics
of a leaky epithelium apply to gallbladder and colon.

Our studies suggest that oxalate is transported as an ion
rather than a neutral uncharged complex. About 39% of
medium oxalate existed as a complex in the phosphate buffer
we used, and 90% of the complex was NaOx. The molecular
weight of this complex is 134, large enough to be partially
excluded from epithelial transport. Calculated permeabilities

Table V. Effects of Ricinoleate and Medium Calcium on Oxalate and Raffinose Fluxes Across Ascending Colon

Ionic oxalate Raffinose
Condition [Ca) n s Jom Jaat e Jom Jaa Gt Isc
Control 0.125 6 90+14 117+11% 2714 7+1.0 8+1.0% -1x£1.0 14.9+0.8 25.6+2.6
Ricinoleate 0.125 6 173£18* 164+9*¢ 9+20 11£1.0* 12+1.0*% -1+1.0 17.9+0.9* 22.5+2.6
Control 0 9 715 70+6 1+5 5+0.4 4+0.3 1+0.4 15.1£0.6 41.3+3.9"
Ricinoleate 0 9 147+10* 121+9* 26x11 10+1.0* 8+0.5* 2+1.0 19.9+0.8*§ 38.8+3.8§"

Values are mean+SEM. Ricinoleate concentration in mucosal reservoir is 1.0 mM. [Ca] is medium calcium concentration (millimolar). Me-
dium ionic oxalate is 8.26 uM; raffinose is 1.0 mM. Ionic oxalate fluxes are picomoles per centimeter squared per hour; raffinose fluxes are
nanomoles per centimeter squared per hour. Gt is in 1/milliohms per centimeter squared; Isc is in microamperes per centimeter squared. Fluxes

for control 0.125 Ca and ricinoleate 0.125 Ca are identical to values for the experiment in Table III.

* Differs from control, P < 0.05. % Dif-

fers from 0 [Ca], P < 0.01. § Differs from control 0.125 [Ca], P < 0.02. " Differs from 0.125 [Ca], P < 0.01.
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indicate that all of the oxalate transported at 140 and 35 mM
medium sodium can be accounted for by the movement of
ionic oxalate. One assumption contained in the calculation of
ionic P2~ and P$*" is that changing medium sodium does
not alter membrane permeability. This is supported by previous
studies (21, 22) in which we observed no change in calcium
or mannitol J,, or Ji, across ascending colon in which
medium sodium varied from 140 mM to zero. Also, ionic
oxalate fluxes increased when medium ionic oxalate was
increased by the replacement of medium sodium with choline.
Other assumptions concern constants and equilibria (14). Our
conclusion is based upon indirect evidence, and so definitive
evidence for the preferred transport of ionic oxalate must
await the development of an oxalate-specific ion electrode.

Mucosal taurocholate, deoxycholate, or ricinoleate increased
bidirectional oxalate fluxes and permeability to raffinose. If
driving forces for absorption were present, as they are in vivo,
net absorption would increase. Ricinoleate increased perme-
ability to oxalate and all four neutral molecules, but the Stokes
radius at which the molecules were excluded was unaltered,
and the relative retardation of oxalate transport persisted.
These observations suggest that ricinoleate increased access to
an aqueous channel by creating more pores through the
epithelium or by increasing the number of tight junctional or
brush border sites available for transport. An increase in the
size of each pore would increase the size at which molecules
were relatively excluded, which did not occur.

The effects of bile salts and ricinoleate we observed would
explain previous reports of increased urea, EDTA, and inulin
absorption by perfused rat colon (8, 23, 24). Dobbins and
Binder (8) have described reduced water absorption or net
water secretion by rat colon perfused with bile salts or fatty
acids, which could be the result of reduced active sodium
absorption. These studies plus our observations make it unlikely
that increased bidirectional oxalate transport was secondary to
convective flow or solvent drag. Given ileal resection, jejunal
bypass surgery, or severe ileal disease (1-7, 25, 26), fatty acids
and bile salts are delivered to the colon in excessive concen-
trations (27) and could cause oxalate overabsorption by raising
permeability (8, 28, 29). A low fat diet reduces their delivery
and the degree of hyperoxaluria (7, 9). Our experiments do
not support the hypothesis that ricinoleate acts by binding
luminal calcium, as ricinoleate was active in the absence of
calcium.

Removal of medium calcium increased Isc in the present
study, increased Gt in rabbit ileum (30), and did not alter Isc
or Gt in rat colon when calcium was replaced with magnesium
(31). These apparent differences may be related to species or
intestinal segmental differences, or to other constituents in the
low calcium medium, such as magnesium.

The precise mechanisms of oxalate transport are not re-
solved completely by our present data. The lack of saturability
is compatible with passive movement, as previously suggested
(32, 33); however, we cannot exclude coupled movement to
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other ions, such as sodium or chloride, which may be more
vigorous in vivo than in the static environment of the Ussing
chamber. For example, secondary active transport as a result
of chloride or bicarbonate movement (34, 35) might not be
noted here, as our medium was bicarbonate free, and chloride
concentrations were equal on both sides.
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