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KININS STIMULATE NET CHLORIDE SECRETION BY THE
RAT COLON

ALAN W. CUTHBERT & HARRY S. MARGOLIUS
Department of Pharmacology, University of Cambridge, Cambridge CB2 2QD

1 Short circuit current (SCC), transepithelial conductance and ion fluxes were measured across the
isolated descending colon of the rat in response to bradykinin or kallidin.
2 Kinins added to the serosal bath caused immediate increases in SCC but were ineffective when
added to the mucosal bath. Increases in SCC were accompanied by significant increases in
transepithelial conductance. Threshold kinin concentration was 0.5 nM and maximal increases were
seen at 50-100 nM.
3 A rat glandular kallikrein (7 nM) or mellitin (2 pM) also increased SCC if added to the serosal
bath.
4 Responses to kinins were unaffected by mucosal amiloride (100 jM) but attenuated or blocked
by serosal frusemide (100 pM), indomethacin (11M) or mepacrine (50 1M).
5 Replacement of chloride ion in the serosal bath by gluconate and sulphate ions abolished
responses to kinins which reappeared after chloride re-addition.
6 Measurement of 36CI, 22Na and 86Rb fluxes across the tissue showed that the kinin-induced
increase in SCC resulted principally from increased net chloride secretion. Effects upon 22Na or 86Rb
flux were minimal and made no contribution to the current responses observed in this tissue.
7 The results prove that kinins stimulate net chloride secretion in the rat colon, most probably via a
prostaglandin-dependent pathway.

Introduction

The mammalian colon contains a kallikrein (E.C.
3.4.21.8) claimed to be similar to other glandular
kallikreins (Zeitlin, Singh, Lambeck & Theiler,
1976; Zimmerman, Geiger & Kortmann, 1979) de-
spite earlier evidence suggesting closer similarity to
plasma kallikrein (Seki, Nakajima & Erdos, 1972).
The activity of glandular kallikrein is increased by
sodium-retaining steroid hormones (Geller, Mar-
golius, Pisano & Keiser, 1972; Margolius, Horwitz,
Geller, Alexander, Gill, Pisano & Keiser, 1974; Nas-
jletti, McGiff & Colina-Chourio, 1978; Nishimura,
Alhenc-Gelas, White & Erdos, 1980). In addition,
the mammalian glandular enzyme and a kallikrein-
like enzymatic activity discovered in Bufo marinus
bladder and skin are inhibited by amiloride (Mar-
golius & Chao, 1980). This natriuretic and diuretic
drug blocks sodium entry into a transport process in
apical plasma membranes of tissues (renal distal nep-
hron, salivary duct, colon) which contain high con-
centrations of kallikrein (for reviews, see Schachter,
1979; Cuthbert, Fanelli & Scriabine, 1979). Recent-
ly, it was shown that inhibitors of glandular kallik-
reins also inhibit sodium reabsorption across the tight
epithelium of Bufo marinus bladder (Orce, Castillo &
Margolius, 1980; 1981). This collection of evidence
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suggests that the kinin products of kallikreins might
have significant effects upon ion transport, most con-
ceivably sodium or potassium, across epithelial mem-
branes.
Some indirect evidence relating to this notion has

been gathered previously but understanding of the
role of kinins in ion transport across any epithelial
surface is limited. In the present work, we measured
the effects of bradykinin or kallidin on some ion
transporting properties of the rat descending colon,
an accessible, aldosterone-sensitive, kallikrein-
containing tissue. The results prove that, in this tis-
sue, the principle effect of kinins is to promote net
chloride secretion with concomitantly minimal ef-
fects upon sodium or potassium transport.

Methods

Male Sprague-Dawley rats (200- 500 g) were used in
all experiments. The descending colon was opened
longitudinally along the mesenteric border, washed
free of contents in oxygenated Krebs-Henseleit solu-
tion and pinned, mucosal side down, in a dissecting
tray. The serosa and as much muscle as possible were
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dissected away under a microscope to give a stripped
epithelium, similar to that described previously for
the rabbit colon (Frizzell, Koch & Schultz, 1976).

Short circuit current recording

Stripped epithelium was lightly clamped between the
two halves of perspex Ussing-type chambers. Ad-
joining chamber halves were coated with yellow soft
paraffin to minimize edge damage. Chambers with
two different window sizes were used; 0.6 cm2, circu-
lar and 4.24 cm2, obloid. With the smaller chambers
several preparations were obtainable from a single
colon. The large chambers were used exclusively for
flux studies and each preparation required a single
colon. Transepithelial potential was recorded by
means of polyethylene electrodes filled with Krebs-
Henseleit solution, while current was passed across
the epithelium via bridges filled with KCl-agar. Fine
pins fixed to one half chamber served both to hold the
tissue and locate the two half chambers together on
assembly. The half-chambers were connected to
water jacketed reservoirs maintained at 37°C.
Bathing solutions were circulated through the cham-
bers by using a 95% 02:5% CO2 mixture to operate
an air lift. The volume of solution bathing each side of
the epithelium was 10 or 20 ml. The tissues were
voltage clamped (W-P Instruments Dual Voltage
Clamp, New Haven, Conn., U.S.A.) at zero potential
(short circuited) automatically with compensation
for solution resistance between the potential elec-
trodes and the tissue surface. To measure the trans-
epithelial conductance the voltage was clamped au-
tomatically and periodically at 1 to 5 mV above and
below zero. The current required to do this was
displayed on a pen recorder, as was the short circuit
current (SCC).

Flux measurements

Unidirectional fluxes of chloride, sodium and potas-
sium were measured using 36C1, 22Na and 86Rb. Flux-
es from the serosal to mucosal bathing solution (JsM)
and in the opposite direction (JMs) were measured in
separate experiments. These fluxes are referred to as
outward fluxes or effluxes and inward fluxes or in-
fluxes respectively. The procedures for all three
isotopes were similar and as follows. Preparations
(4.24 cm2) were allowed to equilibrate for 20 min
after which the isotope under study was added
(-~ 10 pCi) either to the serosal or mucosal bathing
solution. A further equilibration period was allowed
for the isotope flux to become steady, 20 min for 36Cl
and 22Na and 30 min for 86Rb. The volume on either
side of the tissue was 10 ml. Sixteen samples (0.1 ml)
were taken at 2 min intervals, with fluid replacement,
for a period 0-30 min from the side opposite to

which the isotope was added. At 30 min, kallidin
(1 ILM) was added to the serosal solution and a further
16 samples taken during the period 32-62 min.
Isotope concentration was measured in triplicate in
the fluid to which it had been added at 0, 30 and 60
min and did not change during the experiments.
Throughout the tissues were short-circuited. 36Cl and
22Na in the samples were measured by liquid scintilla-
tion spectrometry and 86Rb was measured using
Cerenkov radiation. The total amount of isotope
moved across the epithelium in 30 min was calculated
by applying linear regression analysis to cumulative
totals for the 16 samples collected in either the 30
min control period or the 30 min period during which
kallidin was present. In all instances regression co-
efficients were highly significant and the correlation
coefficients close to 1, usually in excess of 0.97. The
method developed here to measure fluxes was de-
signed to detect small changes in unidirectional flux
caused by kallidin against a background of a large
leak flux characteristic of this tissue (Edmonds &
Marriott, 1968). The values are the mean±s.e. and
significance of the results was evaluated using a
paired one-tailed Student's t test.

Solutions and chemicals

Krebs-Henseleit solution of the following composi-
tion was used (mM): NaCl117, KCl4.7, CaCl22.5,
MgSO4 1.2, NaHCO3 24.8, KH2PO4 1.2 and glucose
11.1. To make chloride-free bathing solution, NaCl
and KCl were replaced with Na and K gluconate and
CaCl2 replaced with CaSO4. Solutions were equilib-
rated with 95% 02:5% CO2 to a pH of 7.3-7.4.

Amiloride hydrochloride and indomethacin
(sodium salt) were gifts from the Merck Institute for
Thereapeutic Research (West Point, Pa., U.S.A.).
Bradykinin triacetate, lysyl-bradykinin, mellitin,
frusemide and mepacrine hydrochloride were ob-
tained from the usual suppliers. Radioisotopes were
purchased from The Radiochemical Centre, Amer-
sham. Rat urinary kallikrein B was purified to
homogeneity as described previously (Chao & Mar-
golius, 1979) and lyophylized. It was dissolved in
sterile distilled water in a 100 pM stock solution
before use.

Diets

In some experiments, colons were taken from rats fed
for 10 days to 3 weeks on low sodium diet. The diet
was formulated and supplied by BP Nutrition (With-
am, Essex) and by calculated analysis contained
0.05% Na, whereas the identically formulated nor-
mal sodium diet contained 0.3% Na. Rats eating
these diets drank distilled water ad libitum.
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Figure 1 Effect of kallidin on rat colon short-circuit current (SCC). (a) Typical effects of kallidin (LBK), added
cumulatively to serosal bath of an Ussing-type chamber, on SCC. Added amounts of amiloride (up to 111 pM
cumulative added to the mucosa) did not affect basal SCC in this or 9 other experiments. The SCC response to kinins
was generally transient for unknown reasons. (b) Dose-response relation of kallidin on SCC. Numbers in
parentheses indicate number of separate tissues at each dose. Not more than 2 descending colon segments came from
a single rat. The EC510 for kallidin on SCC in the colon is - 3 nM.

Results

Short circuit current responses to kinins, kallikrein and
mellitin

Typical effects of kinins, kallikrein and mellitin are

shown in Figures la and 2. Even in the presence of
high concentrations of mucosal amiloride (100 iM),
previously shown to have no effect on SCC in the
normal rat colon (Will, Lebowitz & Hopfer, 1980),
either bradykinin or kallidin caused a prompt and
rapid increase in SCC when added to the serosal bath.
Both bradykinin and kallidin were ineffective in

changing SCC when added to the mucosal bath in
concentrations up to 10 pM. The presence of mucosal
amiloride 100 pM did not affect the short circuit
current response to serosal kinin. Figure lb shows
that the threshold kinin concentration is about
500 pM and maximal responses were seen with
50-100 nM kinin. Kinin responses were transient for
unknown reasons. We showed it was unnecessary to
wash out the previous dose before a subsequent
exposure to kinin was made.
A purified rat urinary kallikrein (Chao & Mar-

golius, 1979) or mellitin, a bee venom polypeptide
shown previously to be the most potent activator of
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Figure 2 Effect of purified rat urinary kallikrein (Kal) (Chao & Margolius, 1979) or mellitin (Mell) on SCC.
Responses relative to kallidin (LBK) in the same preparation are shown. Addition of kallikrein, mellitin or kallidin
to the mucosal bath never affected SCC, although kallikrein concentrations tested never reached the LM range.

plasma membrane-bound kallikrein (Nishimura et
al., 1980), were also potent stimuli to SCC but only if
added to the serosal bath (Figure 2).

Kallidin and transepithelial conductance

though to only a fractional degree (+ 13.2%) of basal
conductance in this leaky epithelium.

Effects ofchloride replacement and drugs on kallidin
responses

In nine descending col1
tance and SCC response
concentration (1 tiM) (
(Table 1). In each pr
creased and the chang4

Table 1 Effect of kalli
ductance and short circi

Control
Kallidin (1 MM)
A

Results (mean ± s.e.) i

separate descending co

in chambers in the usual
allowed to equilibrate tc
measurements were m

stable control SCC, th
current pulses resulting
across the tissue at fron

ons, transepithelial conduc- When serosal medium chloride was substituted, kalli-
es to a supramaximal serosal din did not increase SCC when added to the serosal
of kallidin were measured bath (Figure 3). Subsequent replacement of chloride-
-eparation, conductance in- containing medium was accompanied by a return of
e was highly significant, al- SCC responses to kallidin.

The possibility that kallidin was affecting chloride

idin on transepithelial con- transport was increased by studies with frusemide.
uit current (SCC) Serosal frusemide (100 pM) significantly attenuated

the SCC response to kallidin. Basal SCC usually was

SCC Conductance decreased slightly by this dose of frusemide (Figure
CM-2) -2 4). In 9 preparations the response to kallidin

(IiAc ) (mmhocm ) (0.1ltM) was 58.9±15.1jAcmM2 before and
21.9± 5.3 12.1 ± 2.7 19.8 ±6.2 IAcm2 after frusemide (100 fM). The
62.3 ± 14.0 13.6 ± 2.8 difference was significant at P< 0.05.
40.4± 10.3* 1.6 ± 0.3** Indomethacin (50 pM) or mepacrine (10 pM)

added to the serosal bath abolished or attenuated
were obtained using nine SCC responses to kallidin (10 pM) (Figure 5). Subse-
Ion preparations mounted quent increases in SCC in response to prostaglandin

I fashion (see Methods) and El also could be attenuated by frusemide. This latter

30 ming-1 h before control effect is similar to that described by Frizzell &
e height of 20 consecutive Heintze (1979) using prostaglandin E2 (PGE2)- In-
from clamping the voltage domethacin (50 p.M) usually reduced SCC to zero in

n 1-5 mV above and below these preparations (Figure 5a).
zero alternately every min, was measured. Then
the peak SCC response to 1 pM kallidin was re-

corded and the height of the 20 subsequent and
consecutive current pulses was also measured.
Total conductance was measured as the ratio of the
size of the current pulses to the size of the com-

mand voltages. In every instance mean trans-
epithelial conductance increased after kallidin.
*P< 0.005; * *P< 0.001 using a paired one-tailed
Student's t test.

Kallidin and ion fluxes

The large leak fluxes present in colonic epithelia
together with the possibility that the changes in ion
flux caused by a kinin might be rather small required
that the methodology used to measure ion fluxes be
modified from that in preceding parts of this study.
Ussing-type cells with an obloid window were used to
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Figure 3 Effect of serosal kallidin on SCC in the absence (left) and after replacement (right) of serosal gluconate
and sulphate with chloride. The result is typical of experiments in 3 animals. Throughout the mucosal solution was
normal.

increase exposed tissue area to 4.24 cm2. As a result,
only one preparation was available from each animal.
A supramaximal concentration (1 Mm) of kallidin was
used so that a maximal and sustained increase in
current was obtained for the duration of the flux
measurement. In every instance the change in ionic
flux caused by kallidin was compared to the change in
SCC in the same experiment.

(a) Effects on chloride fluxes The effects of kallidin
on chloride fluxes are shown in Table 2. In the
absence of kallidin there was net chloride movement
from mucosa to serosa corresponding to
4.32 pEqcm-2 h- l. The control values of JsM and JMs
for chloride were significantly different (P <0.05).

The mean current in these tissues before kallidin was
25.2 ± 6.1 1AcmA 2 (n = 14), which would corres-
pond to a net outward, that is towards the lumen,
chloride movement of 0.94 tLEq cm-2 h-. It is clear,
therefore, that the resting current cannot be equated
to chloride movement. It is probable that most, if not
all, of the chloride absorption is electrically silent,
probably absorbed in exchange for bicarbonate
(Phillips & Schmalz, 1970). Kallidin (1 Mm) reduces
net chloride absorption to only 0.23 pEq cm-2 h- ,
this value being not significantly different from zero.
The change in chloride movement caused by the
kinin amounts to 4.09 AEq cm-2 h-1, which is equi-
valent to - 137% of the current change caused by the
kinin (or alternatively, if kinins influence only
chloride movement through electrogenic pathways,
the movement would be more than adequate to

Table 2 Effects of kallidin on chloride fluxes

Kallidin
JSM (0-30) JSM (32-62) AJSM

16.95 ± 1.35 19.08 ± 1.57 2.13 ± 0.41
P < 0.0025

Kallidin
JMS (0-30) JMS (32-62) AJMS

21.27 ± 1.36 19.31 ± 1.64 -1.96 ± 0.57
P< 0.05

0
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0.1(M
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Time (min)
40 50

Figure 4 Effect of frusemide on the responses to kalli-
din. The responses illustrated are typical of 9 separate
experiments. Note frusemide itself causes a reduction in
SCC as well as inhibiting responses to kallidin.

ASCC

3.20 ± 0.40

ASCC

2.73 ± 0.56

All values are given as pEq cm- 2 h- 1. Each meas-
urement is the mean value (± s.e.) for seven deter-
minations. P values were obtained using a one-
tailed paired t test. JSM and JMS refer, respectively,
to the serosal to mucosal and to the mucosal to
serosal unidirectional chloride flux. Kallidin (1 pM)
was present in the serosal bathing solution during
the period 32-62 min, while 0-30 min was the
control period. The A values refer to the changes in
flux or in SCC caused by kallidin.
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Figure 5 Effect of prostaglandin synthesis inhibition on kinin-induced SCC responses. (a) Indomethacin (Ind),
50 pM, abolishes the response to kallidin (LBK), 10 nM, as well as reducing basal SCC to zero. The subsequent
response to prostaglandin E (PGE1), 2 AM, is attenuated by frusemide (Frus), 100 pM. Tracing is typical of 4
preparations from 4 rats. (b) Mepacrine (Mep), 10 pM, reduces SCC and attenuates the SCC response to kallidin
(LBK), 10 nm. PGE1 produces the expected increase in SCC. Typical of 3 preparations from 3 rats.
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Figure 6 Results of a single chloride flux experiment measuring JSM. The current record is shown. The actual
outward fluxes of chloride in the serosal to mucosal direction in pEq min 1 are shown below the current record. The
area enclosed by the dotted line shows the increment in current due to the addition of kallidin to the serosal bath. The
coulombic equivalent of this area was 6.9 pgEq in 30 min The increased outward flux was equivalent to 5.6 jiEq in 30
min. This value was calculated from the increase in unidirectional flux (1.07-0.88) pEq min- 1 multiplied by the
duration of the response (30 min).

account for the current changes). The effects of kalli-
din are both to reduce chloride movement inwards
from the lumen and to increase chloride efflux to
similar extents.
The average values given in Table 2 obscure the

variability which existed amongst different tissues.
This is illustrated in extreme examples shown in
Figures 6 and 7. In the experiment illustrated in
Figure 6 the unidirectional chloride flux was meas-
ured in the serosal to mucosal (outward) direction.
During the control period JsMCl was almost 10 times
the current equivalent. JsMCI increased - 22% in the
presence of kallidin (1 pM) and returned to control
values when frusemide (100 pM) was added to the
serosal bath. The extra current caused by kallidin
(6.9.uEq 30 min 1) was somewhat larger than the
increment in JsMCl (5.6 pEq 30min l). Thus, 81%
of the current increase in this experiment might be
explained on the basis of an augmented serosal to

mucosal chloride flux. Further, the augmented JsMCl
and SCC induced by kallidin were returned to control
levels by frusemide, 100 pM. Figure 7 illustrates the
opposite extreme and shows that all of the increment
in current caused by kallidin can result from a de-
crease in JMSCl (from -1.81 to -1.67 pLEq min' ).

(b) Effects on sodium fluxes The results are shown in
Table 3. In unstimulated colons, there was a differ-
ence amounting to 2.67 pEq cm- 2 h-' between
JsMNa and JMsNa suggesting a small net inward flux.
However, the values of JSM and JMS were not signific-
antly different. The serosal positive nature of the
transepithelial potential suggests that in the unstimu-
lated state there is net transfer of positive charge
inwards across the tissue. In the 10 preparations used
in this study the resting SCC was 38.9 ± 15.1 pA cm-2
corresponding to a transfer of univalent positive ions
inwards at a rate of 1.45 pEq cm-2 h- .

LBK
0

Flux -1.8lpEq min1
Current >0.005 p Eq min-

Flux increment -4.26pAEq3Omin
Current increment 4.23pEq30min 1

Flux -1.67piEq min-1

30 32
Time (min)

Figure 7 Results of a single chloride flux experiment measuring JMS. The actual current record is shown. The actual
inward fluxes of chloride from mucosal to serosal baths are given as pEq min-' below the record and are given as
negative values (see Figure 6). The area enclosed by the dotted line shows the increment in current due to the
addition of kallidin to the serosal side. The coulombic equivalent of this area was - 4.23 pEq in 30 min. The reduced
inward flux was calculated from the decrease in unidirectional flux -(1.81-1.67)pEq min1 multiplied by the
duration of the response (30 min).
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Table 3 Effects of kallidin on sodium fluxes Table 4 Effect of kallidin on rubidium fluxes

Kallidin
JSM (0-30) JSM (32-62)

13.70 ± 1.58 12.55 ± 1.32
P< 0.05

AJSM ASCC

1.13±0.50 5.74±1.50

Kallidin
JSM (0-30) JSM (32-62) AJSM

0.48 ± 0.06 0.58 ± 0.04 0.10± 0.02
P <0.0125

Kallidin
JMS (0-30) JMS (32-62) AJMS ASCC

16.37 ± 0.53 14.64 ± 0.74 -1.70± 0.53 5.40± 1.20
P < 0.025

All values are given as jiEq cm-2 h- l. Each meas-

urement is the mean value (± s.e.) for five determi-
nations. P values were obtained using a one-tailed
paired t test. JMS and JSM have the same meaning as

in Table 2. Kallidin (1 pM) was present in the
serosal solution during the 32-62 min period. The
A values refer to the changes in flux or SCC caused
by kallidin.

Kallidin caused a small but significant reduction in
both JsMNa and JMsNa. Thus, at most, kallidin re-

duces net sodium influx by only 0.57 lEqcm-2 h-
Clearly, changes in sodium transport can have little
importance for the effects of kallidin on SCC, which
in this series of experiments produced a charge trans-
fer equivalent to 5.57 pEq cm-2 h- l. The direction of
the changes would reduce by - 10% the discrepancy
between net chloride flux and SCC.

(c) Effects of rubidium (potassium) fluxes Fluxes of
rubidium through colonic epithelium were very small
and approximately equal in the M-*S and S+M
direction (Table 4). In this series the colons were

particularly sensitive to kallidin with increments in
current equivalent to a mean value of 7.70 pEq cm-2

Kallidin
JMS (0-30) JMS (32-62) AJMS ASCC

0.50± 0.06 0.54 ± 0.08 0.04 ± 0.06 7.22 ± 1.08

All values are given as pEq cm - 2 h- l. Each meas-

urement is the mean value (± s.e.) for five determi-
nations. P value was obtained using a single tailed
paired t test. JMS and JSM have the same meaning as

in Table 2. Kallidin (1 piM) was present in the
serosal bathing solution during the 32-62 min
period. The values refer to the changes in flux or
SCC caused by kallidin.

h- 1 of monovalent ion. It is clear that potassium
cannot contribute to this current significantly. Kalli-
din did cause a significant, although small, increase in
flux in the S+M direction The possibility cannot be
excluded that this flux represents shedding of a few
epithelial cells loaded with rubidium into the mucosal
bathing fluid under the influence of kallidin.

Amiloride and kallidin effects in rats eating low
sodium diet

In each of 8 experiments in normal rat colons, mucos-
al amiloride 50nM to 100l M, was completely in-
effective in reducing basal SCC (see Figure la as

typical). In contrast, Figure 8 shows that a colon
removed from a rat eating low sodium diet for 14
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Figure 8 SCC record from colon taken from animal fed low sodium diet. Note high basal SCC (compare Figure la)
and sensitivity to amiloride (added to the mucosal bath). At high concentration the SCC is reversed by amiloride
Note too the responses to kallidin are smaller than with control tissues (Figure la).
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Figure 9(a) Concentration-response curves to kallidin in eight colons from low sodium animals (0) and eight from
normal rats (0). Mean values are given; vertical lines show s.e.mean. (b) Concentration-response curve for
amiloride in low sodium colons. 100% inhibition corresponds to total amiloride sensitive SCC (170 UM miloride).
Mean values (n = 7) are given; vertical lines show s.e.mean. Mean initial SCC was 88 ± 19 pA 0.6 cm Maximal
inhibition by amiloride was 1 12 ± 20 piA 0.6 cm2.

days was highly sensitive to mucosal amiloride, con-

firming the observation of Will et al. (1980).
Colons from rats eating low sodium diet for 14 to

40 days were compared with a group eating normal
diet for the same period. A composite concentration-
response curve for amiloride derived from results
with seven preparations of low sodium colons is
shown in Figure 9b. The concentration of amiloride
causing 50% inhibition of the inhibitor sensitive cur-

rent is approximately 1 pM. The responses of both
low sodium and normal colons to kallidin in the
presence of amiloride (10-4 M) are compared in Fig-
ure 9a. In low sodium colons the response curve is
shifted to the right and down with a threshold of
5 -10 nM and with the SCC response reduced to 30%
of normal at 100-500 nM kallidin. Immediately after
setting up these preparations the SCC was

243.8 ± 39.6 piA 0.6 cm-2 and the open circuit poten-
tial was 11.21 ± 1.51 mV (serosal positive) (n = 8) in
low sodium colons compared to values of
75.8 ± 19.2 piA 0.6cm and 1.95 ± 0.31 mV (n = 8)
for normal colons. Both current and potential values
were significantly different (P <0.005) for the two
groups. It is clear that the insensitivity to kallidin in
low sodium colons is not due to failure of transporting
capacity in these tissues.

Discussion

The results prove that kallidin stimulates net chloride
secretion in the isolated descending colon of the rat.
This conclusion is supported by the following find-

ings. First, the tissue is extremely sensitive in re-

sponding to kinins with large increases in SCC. This
response is consistent with the previously observed
kinin-induced increase in serosal-positive trans-
epithelial potential difference (Hardcastle, Hard-
castle, Flower & Sanford, 1978) and, as they noted,
could be due to either an increased JMS for cation, JsM
for anion or both. The insensitivity of the normal rat
colon to amiloride (the present results, Will et al.,
1980) and the lack of effect of this agent on the
kinin-induced increases in SCC suggests that the SCC
change does not occur as a result of increased JmsNa
through amiloride-sensitive sodium channels.
Nevertheless, the consistent increase in transepitheli-
al conductance seen with the kinin shows that there is
a significant increase in tissue ionic permeability.
Second, the lack of kinin effect on SCC when serosal
chloride is replaced with other anions, and attenua-
tion of the kinin effect on SCC by serosal frusemide
are consistent with the possibility that augmented
chloride secretion is responsible, at least in part, for
the observed changes in SCC and conductance.
Third, the attenuation or blockade of the SCC re-

sponse to kinin by indomethacin or mepacrine also
suggests chloride secretion is being stimulated. Hard-
castle et al. (1978) also noted that indomethacin
reduced the effects of bradykinin to increase trans-
mural potential differences in jejunum or colon. In-
domethacin or mepacrine inhibit prostaglandin
synthesis subsequent to cyclooxygenase or phos-
pholipase inhibition at many sites including the gas-
trointestinal mucosa (Kimberg, Field, Gershon &
Henderson, 1974). Prostaglandins of the E series are
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known to increase SCC across rat colon, an effect
secondary to electrogenic chloride secretion and
blocked by frusemide (Frizzell & Heintze, 1979).
Fourth and finally, the direct measurements of ion
flux across the stripped rat colon in response to
kallidin establish without doubt that the principal
event responsible for the observed changes in SCC is
net chloride secretion. This results from a combina-
tion of significantly reduced JMsCl and increased
JSMCl.
The notion that an endogenous glandular or gas-

trointestinal kallikrein-kinin system has a role in
solute and water transporting events is not new
(Schacter, 1979). Some studies of this possibility
have assessed the effects of heterologous kallikreins
upon the concentrations of hexoses, amino acids or
ions on either side of small or large intestinal seg-
ments. Results have been conflicting. Moriwaki,
Moriya, Yamaguchi, Kizuki & Fujimori (1972),
Moriwaki & Fujimori (1981) and Meng& Haberland
(1972) suggested that hog pancreatic kallikrein in-
creases valine or glucose absorption but Caspary &
Creutzfeldt (1972) showed that the same kallikrein
had no effect on the transport of either these or other
substances including calcium, a bile salt and other
amino acids and sugars. Dennhardt & Haberich
(1972) measured the effects of a hog pancreatic
kallikrein perfused through the colonic lumen in situ
of normal rats and showed inhibited water and
sodium reabsorption. However, the enzyme stimu-
lated reabsorption in rats with pancreatic ducts li-
gated. Reasonably comprehensive studies of the ef-
fects of homologous kallikreins upon intestinal ion
transport are not available. Our preliminary results
(Figure 2) show that a pure rat glandular kallikrein,
added to the serosal bath, increases SCC and that
mellitin, a 26-amino acid basic polypeptide from bee
venom, does likewise. The latter effect is of interest
since it was shown that mellitin is the most potent
activator of membrane-bound kallikrein (Nishimura
et al, 1980). The similarity of effect and potency of
kallikrein and mellitin on SCC might signify interest-
ing relations amongst an inactive gastrointestinal
membrane-bound kallikrein and ion transport. On
the other hand, mellitin is well known to perturb
many membrane-bound enzyme systems (Haber-
mann, 1972) and its effects upon SCC, while of
interest, may not be related to kallikrein.
Perhaps one of the more interesting aspects of

bradykinin or kallidin-induced net chloride secretion
is the potency of the peptides. Amongst the agents
thought to stimulate this process, kinins appear to be
more potent than PGE2 (Frizzell & Heintze, 1979) or
PGEl (Kimberg et al., 1974), 5-hydroxytryptamine
(Dharmsathaphorn, Racusen & Dobbins, 1980),
acetylcholine (Hardcastle & Eggenton, 1973), the
calcium ionophore A23187 or cyclic 3',5' AMP

(Frizzell et al., 1976; Frizzell, 1977), bile salts (Bin-
der & Rawlins, 1973) and long-chain and hydroxy
fatty acids (Ammon & Phillips, 1973; Bright-Asare
& Binder, 1973).
As noted above, previous workers (Hardcastle et

al, 1978) have predicted the possibility of kinin-
induced intestinal secretion based upon their studies
of kinin effects upon transintestinal potential differ-
ence. However, earlier experiments by Crocker &
Willavoys (1975), who used everted sacs of rat je-
junum and measured sodium and water leaving the
surrounding nutrient media, showed that bradykinin
might either stimulate or inhibit transfer, depending
upon basal transfer rates. Stimulation of transfer out
of the surrounding mucosal medium occurred when
control transfer rates were low and inhibition when
rates were high. Although it is difficult to understand
the possible relations between their findings and
ours, the potency of kinins in both studies are com-
parable and along with the known high intestinal
concentration of enzyme(s) responsible for their pro-
duction provides some plausible rationale for further
study.
There are other issues which if understood might

also provide clues to the role of the kallikrein-kinin
system in membrane transport events. Previous his-
tochemical evidence has led to the suggestion that
glandular kallikrein, at least in the kidney and some
salivary glands, might be principally localized to lu-
menal plasma membranes (0rstavik Nustad,
Brandtzaeg & Pierce, 1976; Simson, Spicer, Chao,
Grimm & Margolius, 1979). This conclusion now
seems premature, as pointed out by Nishimura et al.
(1980), and since the concentration of bradykinin
required to produce even a slight effect upon recov-
ery of 22Na from the lumen of microinjected rat distal
nephron segments is 500,000 times higher (Kauker,
1980) than that required upon an antelumenal sur-
face in our studies to affect an ion flux at another site
of system localization. It seems more likely that
receptors for kinins will be found at basolateral or
perhaps intracellular sites than at apical ones Even
this suggestion is confounded by data which show
that amiloride is an effective inhibitor of mammalian
kallikreins and an amphibian kallikrein-like enzyme
(Margolius & Chao, 1980) and that glandular kallik-
rein inhibitors decrease Na reabsorption by an action
at apical plasma membrane sites in the amphibian
urinary bladder (Orce et al., 1980; 1981). Thus,
kallikrein inhibition is associated with decreased Na
reabsorption at some sites, but the kinin peptide
products stimulate chloride secretion at another.

It seems possible that important information might
be obtained by further study of kinin effects on
colonic ion transport in rats eating a low Na+ diet. In
the present study, we have confirmed the striking
findings of Will et al. (1980) who demonstrated that



KININS AND CHLORIDE SECRETION 597

the normal rat colons' complete amiloride insensitivi-
ty and low basal SCC are converted to extreme
sensitivity and high basal SCC by 10 days of low
sodium diet. In addition, we have shown that SCC
responses to serosal kinin are reduced by this dietary
manoeuvre. It is known that low sodium intake con-
sistently increases kallikrein activity and quantity in
the kidney (Crosswell, Shimamoto, Chao, Westbury,
Powell & Margolius, 1979). Frankish & Zeitlin
(1980) have shown that after rats are fed for 60 h with
an isotonic glucose solution alone, distal colon
kininogenase activity doubles while proximal colonic
levels remain unchanged. Because amiloride can in-
hibit kallikrein enzymatic activity, as well as SCC via
a reduced Na transport at apical membranes, it be-
comes pertinent to ask whether the conversion of a
leaky, amiloride-insensitive colonic epithelium to a
tight, amiloride-sensitive one by a low sodium diet
involves alterations in the activity of the epithelium's

endogenous kallikrein-kinin system or ion flux re-
sponses to exogenous kinins.
These questions, as well as others including the

implied role of prostaglandins in the maintenance of
basal SCC (Figure 5), remains to be answered.
Nevertheless, the possibility that the glandular
kallikrein-kinin system is involved intimately in
membrane ion transport events seems strengthened
by proving that a kinin can stimulate net chloride
secretion, most likely via a prostaglandin-dependent
mechanism.
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