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SUMMARY

Rat distai colon epithelium is frequently employed
to assess the effect of natural and synthetic chemi-
cals on chloride secretion. Inhibition of chloride
secretion is often reported as the loop diuretic-
sensitive portion of short-circuit current (I ). The
present work challenges the hypothesis thataloop
diuretic alone is able to fully abolish chioride se-
cretion. Isolated mucosa preparations were
mounted in an Ussing chamber. The effects on
short-circuit current of replacement of normal
Ringer by a low (2.5 mmol/L} Cl solution and of
blockers of basolateral Na,K,2 Cl symport
{bumetanide), apical Ci channels (diphenylamine-
2-carboxylate, DPC), and anion exchange (4~
acetamido-4’-isothiocyanatostilbene-2,2’-disulfonic
acid, SIT8) alone and combined were assessed.
Low Ci reversibly decreased | _ by 76 %. In normal
Ringer, bumetanide decreased I__ by 85 %. SITS
also had a significant effect at the serosal side,
but not at the apical side, where DPC caused a 40
% decrease. Chioride replacement, bumetanide
and DPC, but not SITS, increased epithelial resis-
tivity. Combined blockade of Na,K, 2 CI symport
and apical Cl channels, of Na,K, 2 Cl symport and
anion antiport, or of anion antiport and apical Cl
channels was needed o achieve reduction of short
circuit current to the same extent seen with chlo-
tide replacement. Present results indicate that 1
of the unstimulated epithetium is mostly due to
chloride secretion, and at least two blockers are
required to abolish it. This fact should be taken
into account in studies of chloride secretion-stimu-
lating agents.

Index: Bumetanide, chloride secretion, dipheny-
lamine-2-carboxylate, rat distal coton, short-circuit
current, stilbene, Ussing chamber.
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INTRODUCTION

The ionic transport properties of rat distal colon have
been frequently studied. The rat distal colon is also a
common mode! for probing the effects of
neurotransmitters, hormones, autacoids and synthetic
chemicals. It is known that, unlike human and rabbit
distal coli, short circuit current (1) in the rat distal co-
lon is insensitive to amiloride. This reflects the fact that
in the absence of increased aldosterone levels rat distal
colon does not express functional amiloride sensitive
sodium channels; most Na absorption takes place
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through an electroneutral mechanism involving apical
coupled Na/H and CI/HCO, exchanges @, However, rat
distal colon epithelium generates a | of 60 to
120?A.cm2, corresponding to a net electrogenic ion
transport of about 2.25 to 5 7Eq.h'.cm?.

There is evidence suggesting that this basat l_ is mainly
due to chloride secretion in mucosa-submucosa
preparations mounted in Ussing chambers. Both chloride
replacement by poorly permeant anions & 1629 and
addition of drugs that lower net chloride secretion 9 1¢
result in decreases in basal | .

According to the currently accepted modei of chloride
secretion - 1%'8 the anion is transporied through the
basolateral membrane by a Na,K, 2 Cl symport sensi-
tive to furosemide, bumetanide and other loap diuret-
ics. This is a secondary active transport, energized by
the sodium electrochemical gradient generated by the
basolateral Na,K-ATPase. Chloride then leaves the cell
through channels present at the apical membrane, down
its electrochemical gradient. These channels are sen-
sitive to blockers like 5-nitro-2-(phéenylpropylamino)-ben-
zoate (NPPB) or diphenylamine-2-carboxylate (DPC)
(8.25)

Although bumetanide inhibition of | has been employed
as a measure of chloride secretion ® % , and both
bumetanide and chloride channel blockers have been
used to block chioride secretory responses induced by
secretagogues ©. 121262830 we are not aware of inves-
tigations assessing the combined effects of both types
of chloride secretion inhibitors. Consequently, the
present study compared the effect of chloride substitu-
tion with that of inhibitors of chloride transport , added
either as single agents or sequentially to the isolated
mucosa of rat distal colon in vitro.

The present study assessed the chloride-dependence
of basal | through ion substitution experiments and
the use of blockers. It was found that chloride secretion
accounts for about 75 % of basal rat distal colon 1_.

MATERIAL AND METHODS

Animals. Adult male Wistar-Hokkaido rats (BW 250-
350 g) were housed and managed according to the Labo-
ratory Animal Care guidefines of our Medical School
keptwith a 12 h:12 h photoperiod. They drank tap water
ad libitum and were fed with normal rat chow (Cargill}
containing NaCi 0.43 % w/w. Mean daily sodium chlo-
ride ingestion was about 360 mg/kg BW.

Dissection. Under ether anesthesia, the entire colon
was removed, and isolated mucosa preparations were
obtained from the late descending colon as previously
described ¥ Only one preparation was obtained from
each animal.

Electrical measurements. Isolated mucosa prepara-
tions were mounted in an Ussing chamber (opening = 1
cm?) thermostated at 37.0 = 0.5 °C. Transepithelial

potential difference (PD) was recorded with calomet elec- -

trodes connected to the chamber with 3 % Agar-in-Ringer
bridges. Ag-AgC| electrodes allowed current to be
passed to clamp PD at Q mV, with correction for bridge
asymmetry and compensation for solution resistance.
Tissue preparations were studied under short-circuit
conditions; the current clamp was released every 5 min
to altow open circuit PD to be measured and resistivity
{Rt) calculated according to Ohm’s law.

Solutions. The composition of the solutions is shown
in Takle |. For the low chloride solution, chloride was
almost completely replaced by sulfate, adding manni-
tol to compensate the difference in osmolality 79 . The
pH of both solutions was 7.40 when gassed with 95 %
0,-5 % CO, . The bicarbonate-free solution had a pH of
7.40 when gassed with 100 % O,. The osmolality of all
three solutions was 280 mOsm/kg H,0.

Drugs. Except for ouabain, drugs were freshly prepared
for each experiment. Bumetanide was dissolved in dim-
ethylsulfoxide and added to the serosal side of the
Ussing chamber for a final concentration of 0.1 mmol/

Table 1. Composition of the solutions employed in the present siudy. All values are expressed in mmol/L.
Component Ringer Low Chioride Bicarbonate-free
Na+ ' 132.80 136.60 145.3
K- 4.50 450 4.50
Ca+ 1.25 1.25 1.25
Mg2+ 1.00 1.00 1.00
Ci- 114.00 2.50 131.30
HCO3- 24.00 24.00 0.00
HPO42- 0.80 1.60 8.00
Hz2PO4- 0.20 0.40 2.00
S042- 1.00 58.10 1.00
D(+) glucose 10.00 10.00 10.00
D(+) mannitol 0.00 93.4 0.00
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L. DPC was dissolved in absolute ethano! and added to
the apical side for a final concentration of 1 mmol/L.. 4-
Acetamido-4’-isothiocyanatostitbenea-2,2"-disulfonic acid
(SITS) was dissolved in Ringer for a final concentration
of 1 mmol/L. in the apical or serosal sides . Ouabain
was dissolved in isotonic NaCl as a stock solution and
serosally added for a final concentration of 1 mmol/L
@2, All drugs were purchased from Sigma except for
diphenyl-2-carboxylate (ICN).
Experimental procedures. After mounting the prepa-
rations, 90 min were allowed for equilibration before
carrying out solution replacement or addition of drugs.
A group of tissues was submitted to replacement of
Ringer with the chloride-poor solution, and after a stable
“Isc was reached, the latter was replaced again with

Ringer . Sham substitutions - i.e, simply replacing the

normal Ringer solution bathing the tissue with fresh
Ringer solution at the same temperature — were per-
formed in several experiments to rule out an effect of
the replacement procedure iiself. In some experiments
a single drug was tried, while in others several blockers
were added. When more than a drug was added, before
addition of a second drug a period of stabilization of 20
to 30 min was allowed after the first drug was applied.
At the end of all experiments ouabain was added to the
serosal side of the chamber.

Statistics. Statistical analysis was performed using a
standard commercial software (Prism 2.0; GraphPad
Software Inc., San Diego, Califernia, USA) by Student’s
Hest or one~-way analysis of variance followed by Tukey's
HSD test, as indicated. Results are reported as mean
= SEM. Values of P < 0.05 were considered significant.

RESULTS

A typical t__trace from an actual experiment replacing
normal Ringer solution by the low (2.5 mmol/L) chloride
solution is shown in Figure 1. Mean = SEM of the
change in |_, PD and Rt are presented in Table Il. In
about 20 min I fell to 24 % of controt value while Rt
was increased by 32 %. The effects were reversible upon
switching back to normal Ringer solution. The differ-
ence in |_ before and after low-chloride {(which did not
reach statistical significance) is readily explained by
the time-dependent |__ decay . Sham substitutions had
no effecton!_, whichwas 103.0x2.5 ?A.cm® before
and 102.8 = 2.7 ?A.cm* after solution replacement (n =
5; P=0.847).

The effects of SITS, bumeianide and DPC alone are
presented in Table lil. SITS added to the apical side of
the epithelium had ne noticeable effect. In contrast, when
added to the basolateral side it caused a 46 % reduc-

tion in Isc without a significant change in Rt. DPC added
to the apical side reduced I_ and PD by 42 % and 32
%, respectively, with 11 % incredse in Rt. Bumetanide

- added to the serosal hemichamber reduced i_ and PD

by 85 % and 54 %, respectively, and caused a 27 %
increase in Rt. Sequential addition of bumetanide and
DPC or viceversa caused successive decreases ini_
as shownin Figure 2. In Table IV mean decreases in|_
and PD and increases in Rt with bumetanide and DPC
are shown. Since the final | values attained by the
combined use of bumetanide and DPC did not differ
according to the sequence, pooled results are also
shown. The effect of the combined basolateral-apical
chloride secretion blockade on | was larger than that
caused by each individual agent, but less than the sum
of both, that is, parially additive. The same was found
after sequential addition of burnetanide and SITS to the
serosal side of the Ussing chamber, as shown in Fig. 3.
The effects of adding bumetanide and SITS to the sero-
sal side or PPC and SITS to the mucosal side of the
chamber are presented in Table V.

In bicarbonate-free solution, bumetanide and PPC de-
creased i and PD when added respectively to the se-
rosal and mucosal sides (Table V). SITS added to the
serosal side caused a fall of both |_ and PD, some-
times preceded hy a transient increase. Addition of
bumetanide plus SITS to the serosal hemichamber in
the bicarbonate-free solution caused a fractional de-
crease in |__ equal to that produced by these agents in
normat Ringer, by bumetanide plus DPC and by re-
placement of normal Ringer by low-chloride solution (Fig.
4). In some experiments bumetanide and DPC were
added after chloride removal; no additional effects on 1
or Rt were observed. Addition of ouabain after chloride
removal or the addition of bumetanide and DPC abol-
ished residual I__ {data not shown).

Figure 1. Typical time conrse of short-circuit current (1)
upon replacement by low-chloride sofution and back to
normal Ringer to rat distal colon isolated mucosa.
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Table ll: Effect of replacement of normal Ringer ({CF} = 114 mmol/L) with low-chloride sofution ({CFl = 2.5
mmol/.} and back to normal Ringer (N = 6). Forl,_and PDAorCvs. BP <0.001; Rt Avs. BP <0.007; B
vs C P < 0.01. Differences between A and C did not reach statistical significance

Solution Isc PD Rt
(LA.cm2) (mVv) (Q.cm2)
«A. Normal Ringer 1152+ 6.8 98+08 852 +59
B. Low Chloride 276+22 3.1+03 112.6 + 6.5
C. Normal Ringer 957+ 5.8 9.1+07 95.1+6.0

Table HI. Effect of bumetanide (0.1 mmol/L), SITS (1 mmol/L) and DPC (T mmol/L.} in the isolated mucosa
in Ringer solution. Only one drug was tested in each tissue sample. * P < 0.01 and” P < 0.05 compared with

basefine.
Isc PD Rt
(LA.c2) (mV) {€2.om2)
Bumetanide :
Ringer 9.0+64 8.8+ 0.6 98.0+39
+ bumetanide (n=12) 321+35" 4.0 + 0.6* 1246 +5.2*
SITS
Ringer 103.4+4.8 12.2 +.1.9 107.2+12.9
+ serasal SITS (n=9) 63.2+66" 6.8 +1.5* 102.0+ 155
Ringer 949+7.8 10.3+0.9 1101+ 7.1
+ apical SITS (n=12) 98.9 + 8.9 10.2+1.0 110.2+ 8.6
pPC
Ringer 113.5+9.3 100+ 1.2 925+ 5.5
+DPC(n= 9) £66.3 +7.0* 6.8 + 097 1025+5.9*
Bumetanide
100+ é
& 754
E DPC
: ¥
< 50-
3
254
D_
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Figure 2: A trace from a typical experfment showile the
effect of successive addition of bumetanide (0.1 mmol/L}
and dyphenylamine-2-carboxylate (DPC, I mmol/L) to the
serosal and mucosal sides of the Ussing chamber,
respectively. DPC causes a further reduction of short-circuit
current (1 ) after bumetanide effect has plaicaued.
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0.05 compared with baseline.

Table IV: Effect of serosal bumetanide (0.1 mmolL) and apical DPC {1 mmol/L) in the isolated mucosa
in normal Ringer solution. Drugs were sequentially added to the appropriate side. . * P < 0.01 and* P <

Isc {(LA.cm?) PD (MmV) Rt ({:cm?)
Sequence DPC + Bumetanide
Baseline (n = 6) - 113.5+4.2 10.6 + 0.6 023457
DPC 66.3 + 4.4* 7.2+ 0.4 108.9 £ 6.0"
+ Bumetanide 302+24 39+02 127.7+71
Sequence Bumetanide + DPC
Baseline (n = 6) 117.0+ 3.9 10.9+0.9 93.3+6.5
Bumetanide 495 + 4.1* 56+ 0.5% 1127 +.7.1
+ DPC 31.0+33 3.9+05 125.8 + 8.5
Pooled data (n = 12)
Baseline 1152+28 10.7 + 0.3 928+4.3
Bumetanide + DPC 30.6 £1.97 3.9+02 126.7.+ 5.5

Bumetanide

100+ 47

& i
e % Serosal SITS
< ¥
<L 504
r
254
04

T T )

90 105 120 135 150
Time {min}

Figure 3: A representative experiinent of the time course
of short-circuit current (1_) of the isolated mucosa when
bumetanide (0.1 mmol/L)} and 4-acctamido-4’-

rsothivcyanatostilbene-2,2°-disulfornuc acrd (8175, 1

mmolk/L) are successively added fo the serosal side of the
Ussing chamber. STTS causes an additional depression of

1 affer the effect of bumetanide has reached a steady

level

Table V: The combined effect of SITS (1 mmell.) and bumeianide {0.1 mmol/L) added fo the serosal
side or SITS and DPC (1 mmol/L) added to the mucosal side in the indicated sequences. Isolated
mucosa in normal Ringer. * P < 0.001 vs. Baseline; ¥ P < 0.01 versus the two previous rows.

fsc (uA.cm?) PD (mV) Rt (Q.cm?)
Sequence serosal SITS + Bumetanide ®
Baseline (n = 6) 875+ 65 7.8+07 90.1 +8.0
SITS 49.0 + 3.5 44+03 90.7 + 9.0
+ Bumetanide 18.8 + 4.1 1.8+02 99.6+11.3
(C N°3- Agosto, 2003 123
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tsc (uA.cm®) PD (mV) Rt {Q.cm?)
Sequence Bumetanide + serosal SITS ' :
Baseline (n = 6) 90.1+3.9 90+1.2 1033+ 16.6
Bumetanide 429+ 7.8* 4.6 +0.3" 114.5 +22.1
+SITS 224427 20+02 922 +14.8
Sequence mucosal SITS + DPC
Baseline 88.2+5.9 8.4+08 945+ 35
SITS 90.0+46 8B3+07 927+43
SITS + DPC 42.2 + 3.1 4.8+ 0.3 115.8+6.2

Table VI: The effects of SITS (1 mmol/L) bumetanide (0.1 mmol/l.} added to the serosal side or SITS
and DPC (1 mmol/L) added o the mucosal side in the indicated sequences to the isolated mucosa in
bicarbonate-free solution. * P < 0.001 and * P < 0.01 versus the respective baseline.

Isc (mA.cm?) PD (mV) Rt Q.cm?)
Serosal SITS
Baseline (n = 6) 90.5+4.6 83+05 6+43
SITS 83.5+45 58405 2+4.2
Serosal Bumetanide + SITS
Baseline (n = 6) 885+ 3.8 8.7+0.7 97.7 + 5.1
Bumetanide 222+ 186 25+0.3 108.3 + 8.2*
Mucosal DPC
Baseline (n = 6) 89.1+3.3 88+07 97.6+48
445+ 2.5 4.8 + 0.4* 1081 +4.3
BPC
Figure 4: Comparison of the porcentual change in I cansed
100~ by low-chloride solution (N = 6, serosal bumcf{zmdc (017
: mmol/L) plus apical dyphenylamine-2-carboxylate (DPC,
T ! [ wmol/L) in normal Ringer (N = 12), and bumetanide
T ] plus STTS in normal Rigger (N = 12) and in bicarbonate-
2 * fiee solution (N = 6). No statistically signrficant difference
It was found by one-way analysis of variance (P = (1.9239).
3 504
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DISCUSSION

Certainly a large number of studies in rat distal colon
show that secretagogue-induced I, increase is sup-
pressed or reduced in chioride-free media *'3% and by
loop diuretics which inhibit the-Na K, 2 CI symporter
present on the basolateral side of the epithelium 5152
3 Addition of epithelial chloride channel blockers like
DPC or NPPB, also have been shown to reduce | re-
sponse to several secretagogues 27, These data plus
additional evidence unequivocally show that many agents
are able to stimulate electrogenic chioride secretion.
However, most of these pharmacological studies report
the change in |, without mentioning whether the block-
ade affects basat | . On the other hand, in some cases
stimulated chloride secretion is not completely abol-
ished by loops diuretics ¢4 ¥ 23 or chloride channel
blockers 117,

In a paper addressing immune systemn control of co-
lonic electrolyte ion transport, it was found that basal |
of rat colon was chloride-dependent, "probably repre-
senting some level of basal electrogenic Cl secretion”
@, Areduction in basal | of about 60 % has been found
when chloride is replaced with gluconate %2V, Bu-
tyrate (25 mM) reduced basat | by 64 %, an effect at-
tributable to a decrease in unidirecticnal serosa-to-mu-
cosa chloride flux, i.e., in chloride secietion 7, Actu-
ally according to the present results basal [ is high
(680-120 ?A.cm?) and largely (> 75 %) chioride-depen-
dent. Furthermore, it cannot be completely inhibited by

loop diurstics alone.

Our results show that an amount of [ inhibition equiva-
lent to that found in low chloride solution may be ob-
tained with a loop diuretic (hbumetanide) plus a chloride-
channel blocker {DPC) or, alternatively, a ioop diuretic
pius SITS. SITS is known to inhibit bicarbonate secre-
tion in rat distal coton % and in rat colonic crypts, bi-
carbonate secretion is dependent on chloride secretion
112} However, when added to the basolateral side SITS
caused the same reduction in Isc in normal Ringer and
bicarbonate-free solution. In this connection it is worth
noting that in human colon, a related stilbene (DIDS)
has been reported to decrease cAMP-dependent chio-
tide secretion by inhibition of a basclateral HCO, /ClI
exchanger. Either a chloride-free solution or bumetanide
plus DIDS were required to suppress cAMP-dependent
chloride secretion @28 | |t is possible that a similar
mechanism is operative in rat distal colon epithelium,
and might help to explain why inhibition of the basolateral
Na,K,Cl symport does not always tead to complete block
of chioride secretion.

In summary, both experiments with chloride-replacement
experiments and with chloride secretion blockers sug-
gest that chloride secretion accounts for about 75 % of
basal short-circuit current. In our experiments, in nor-
mal Ringer at least two blockers were needed tc abol-
ish short-circuit current to the level cbserved in low-chio-
ride solution. This fact should be taken into account
when the chloride-dependence of secretagogue action
is pharmacologically assessed.

La mucosa del colon distal de rata es un epitelic modelo que se emplea frecuentemente para
evaluar el efecto sobre la secrecién de cloruro de sustancias naturales y sintéticas. La inhibicion de
la secrecion de clorure a menudo se informa como la porcién de la corriente de cortocircuito (1)
que es sensible a diuréticos de asa como furosemida o bumetanida. El presente trabajo cuestiona
la hipdtesis de que un diurético de asa solo sea capaz de abolir completamente la secrecion de
cloruro. Preparaciones de mucosa aislada se montaron en una camara de Ussing. Se estudiaron
comparativamente ios efectos sobre la | del reemplazo de la solucion Ringer normal {114 mmol/
L de Cl) por una de bajo cloruro (2.5 mmol/L} y de blogueantes del cotransporte basolateral Na, K,
2CI {(bumetanida; 0.1 mmol/L), de canales apicales de Cl (difenilamina-2-carboxilato, DPC; 1 mmo¥
L}y det intercambio anidnico (acido 4-acetamido-4'-isotiocianatostilbeno-2,2*-disuifonico, SITS; 1
mmol/L} solos y combinados. La solucion pobre en Cl redujo reversiblemente la | en 76 %. En
Ringer normal, fa bumetanida disminuyé la 1 _en 65 %. EI SITS tuvo también un efecto significativo
aplicado del lado basolateral, pero no det lado apical, donde por su parte el DPC caus6 una reduccion
de 40 %. La reduccién del Cl extracelular, la bumetanida y el DPC, pero no el SITS, aumentaron la
resistividad transepitelial. Se requirié blogueo combinado del cotransporte Na, K, 2 Cly los canales
apicales de Cl, o del cotransporte y el intercambiador aniénico basolaterat para reducir la | en la
misma medida que en medio pobre en cloruro. Los resultados presentes ratifican que la | de Ia
mucosa no estimulada del colon distal de rata es debida principalmente a secrecion de clorwo, y
demuestra que se requieren dos blogueantes para abolirla. Este hecho debe tenerse en cuenta en
- estudios que emplean el blogueo farmacotégico como forma de evaluar el efecto de sustancias que
presuntamente promueven la secrecion de cloruro.
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