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Immune regulation of human colonic electrolyte
transport in vitro

Abstract
The role of lamina propria cells in regulating human colonic ion transport was
investigated in vitro. Normal human
colonic mucosae were mounted in Ussing
chambers, and short circuit current
changes (ASCC) were monitored in
response to immune celi activation. Antihuman immunoglobulin E (anti-IgE) and
formyl - Methionyl - Leucyl - Phenylalanine
(fMLP) were used to stimulate mast cells
and phagocytes respectively. Anti-IgE
(100 ,g/ml) and fMLP (100 KM) evoked
rapid onset, inward ASCC (mean (SEM)
max ASCC 19-3 (2.8) and 29.4 (4.7)
piA/0*63 cm2 respectively). A pharmacological approach was used to identify the
charge carrying ion species and to characterise mediators involved in the SCC
response. Responses to each secretagogue
were
significantly
attenuated
by
bumetanide, indicating that the ASCC
was at least partly due to electrogenic
chloride secretion. Piroxicam reduced the
ASCC to mast cell and phagocyte activation by 91.1 (3.4)% and 48-2 (25.2)%
respectively, implicating eicosanoids as
mediators of the responses. Mepyramine
(100 KM) reduced the SCC responses to
anti-IgE by 79.6 (12.0)% but did not
significantly alter ASCC responses to
fMLP. Desensitisation to repeated antiIgE or fMLP stimulation, and cross
desensitisation between each of the stimuli, were features of immune cell activation. In summary, we have shown that
activation of immune cells can stimulate
electrogenic chloride secretion. Such
events in vivo will result in gradient driven
secretory diarrhoea, which may occur as a
protective response to enteric-dwelling
parasites, or as a feature of local bowel
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mast cells in vitro provokes electrogenic
chloride secretion. Such a sequence of events
in vivo will lead to secretory diarrhoea.2 A

similar potential involvement of phagocytes in
stimulating electrogenic chloride secretion has
been clearly established9 using tissues obtained
from experimental animals. However, much
less information is available on immunological
regulation of intestinal ion transport in man.
We investigated the role of elements of the
local immune system in regulating epithelial
ion transport in human colonic mucosa.
Anti-human IgE (anti-IgE) and a bacterial
derived tri-peptide, formyl-Methionyl-LeucylPhenylalanine (fMLP), were used to activate colonic mast cells and phagocytes
(neutrophils, eosinophils, and macrophages)
respectively." 12 Electrogenic ion transport
was observed in response to each of these stimuli. The loop blocking diuretic bumetanide
was used to investigate whether short circuit
current (SCC) responses were a consequence
of electrogenic chloride secretion. Putative
mediators were investigated using the histamine (HI) receptor antagonist mepyramine
and the cyclo-oxygenase inhibitor piroxicam.

Methods
Human colon was obtained at surgical resection for colonic carcinoma or diverticular
disease. Tissues from the margin of each
resection were immediately transferred to the
laboratory in pre-oxygenated Krebs-Henseleit
solution at 40C. The composition of this solution is (in mmol/l); 118 NaCl, 4.7 KCI, 2.5
CaCl2, 1.2 MgS04, 1.2 KH2PO4, 25
NaHCO3, and 11. 1 D-glucose. Right sided
colonic specimens were taken from the ascending colon and left sided specimens from the
distal sigmoid colon. The normal histological
appearance of tissues was confirmed by routine
inflammation.
pathological examination of samples obtained
(Gut 1995; 36: 395-400)
during dissection. The study was approved by
the St Vincent's Hospital Ethics Committee.
Keywords: colon, mast cell secretion, phagocyte
Mucosal sheets, stripped of their underlying
smooth muscle by blunt dissection, were
mounted in Ussing chambers (window
Diarrhoea is a feature of a number of diseases area=0.63 cm2). Tissues, bathed on either side
with an immunological basis, including condi- with 10 ml of Krebs-Henseleit solution, maintions associated with intestinal inflammation' 2 tained at 37°C and gassed with 95%/o 02/5%
and food allergies.3 In recent years gut associ- C02, were voltage clamped to zero potential
ated lymphoid tissue has been directly impli- difference using a DVC 1000 voltage clamp
cated in the regulation of intestinal electrolyte (World Precision Instruments, New Haven,
transport.45 Type 1 hypersensitivity reactions CT). The SCC was monitored continuously
in response to specific antigen(s) have been using an analogue to digital data acquisition
shown in a number of mammals other than system (MacLab). Up to four sheets of mucosa
man.6-8 Studies in both isolated animal colonic were obtained from a single patient. Drugs
mucosa9 and in colonic tumour derived cell were added to solutions bathing either the
lines10 have demonstrated that activation of basolateral side or the apical side of the
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TABLE I Basal parameters in tissues from left and right
sided colon (values, mean (SEM))
Right

Left

62-5 (3.8) (n=37)
150-4 (9.6) (n=35)
9-3 (0.7) (n=35)

53-4 (3.2) (n=91)*
145-8 (5.2) (n=90)
7-7 (0-5) (n=89)*

54-1 (6.0) (n=31)

57 0 (2.9) (n=89)

SCC=short circuit current; TER=transepithelial resistance;
PD= potential difference.
Resting SCC and PD values were significantly lower in left
colon than right (p<0 05 in each case). TER values and SCC
responses to carbachol (100 p.M) were not different.

,ASCC TO IMMUNE CELL ACTIVATION

Anti-IgE (100 ,ug/ml) evoked a rapid onset,
transient, inward ASCC when added to the
basolateral side of the tissue (Fig 1A).
preparation. Tissues were allowed to establish Basolateral addition of fMLP (100 ,uM) also
a stable SCC before any procedure was carried caused a rapid onset, transient inward ASCC
out. Transepithelial resistance (TER) mea- (Figure B). ASCC responses to anti-IgE or to
surements were made by transient changes of fMLP were not significantly different in prepamembrane voltage over the range ±4 mV and rations obtained from left or right colon.
Apical application of anti-IgE evoked a qualitaapplication of the Ohmic relationship.
Polyclonal antibody raised in goats against tively similar but smaller ASCC (Table II).
human IgE (anti-IgE), was obtained from Apical side challenge with fMLP also evoked
Nordic
Laboratories, a smaller ASCC than when basolaterally
Immunological
Maidenhead, Berks, UK and fMLP from applied, but this was not statistically significant
Sigma Chemical Co, Poole, Dorset, UK. (Table II). In separate experiments, pretreatfMLP was dissolved in dimethyl-sulphoxide ment with apical fMLP, which evoked a ASCC
(BDH, Poole, Dorset, UK), divided into of 18.2 (4.8) pA, attenuated the capacity of the
aliquots, stored at -200C, and thawed before tissue to respond to subsequent basolateral
addition to the Ussing chambers. Vehicle challenge with fMLP (8-7 (4. 1) pA compared
control experiments were performed in tandem. Responses (ASCC) were determined as
the difference between the basal and the peak
A
SCC observed after the addition of secreta20
gogues. Preliminary concentration and effect
studies showed a maximal response to anti-IgE
(100 [.g/ml) in Krebs-Henseleit solution and
to fMLP at a concentration of 100 ,uM, and
these concentrations were used throughout the U 10 study. At the end of each experiment, carba- C',
chol (100 ,uM) was applied to the basolateral
side of the mucosa to confirm tissue viability.
0
Piroxicam, bumetanide, carbachol, prosta10 min
glandin E2, and mepyramine were obtained
from Sigma Chemical Co, Poole, Dorset, UK.
Results are expressed for the SCC as
anti-lgE
,uiA/0.63 cm2, for transepithelial resistance
(TER) as (1.0.63 cm2, and for potential difference (PD) as mV/0.63 cm2. All statistical
analyses were performed on original data and
are presented as mean (SEM). Statistically
significant differences between mean values
were assessed by means of Mann-Whitney
(unpaired) or Wilcoxon's (paired) tests as
appropriate. The Pearson method was used to
=L
0
determine correlations.
*p<0.05.

0

U),

Results
BASAL PARAMETERS

After an equilibration period of at least 30
minutes, during which transients of basal
electrical parameters were observed, all values
stabilised (Table I). Carbachol (100 ,uM) was
used as a standard secretagogue at the end of
each experiment to confirm tissue viability and
as a quantitative marker of functional integrity.
Responses to carbachol were not different
for left and right side sources of tissue.
Furthermore, there was no correlation

A

-10

10 min

1-

fMLP
Composite short circuit current (SCC) versus time curves
are shown to illustrate (A) ion transport responses to
anti-human immunoglobulin E (anti-IgE) (100 ,g/ml;
basolaterally) added to left (open circles; n=34) and right
(closed circles; n= 15) voltage clamped colonic mucosae.
The Figure (B) shows similar data for ion transport
responses to formyl-Methionyl-Leucyl-Phenylalanine
(fMLP) (100 LM; basolaterally) added to left (open
circles; n= 29) and right (closed circles; n= 14) voltage
clamped colonic mucosae.
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SCC (,iA)
TER (Qi)
PD (mV)
Response to
carbachol (jiA)

between TER values and SCC responses to
carbachol (correlation coefficient=0.37).
Since responses to carbachol were similar in
left and right colons, and with the limited
amount of human tissue available, specimens
from both sides were used to investigate the
nature of immunological stimulation of ion
transport.
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TABLE II Ion transport responses to anti-human
immunoglobulin E (anti-IgE) and fMLP in relation to site
of application (values, mean (SEM))
Response to antiIgE (100 pg/lmi)
ASCC (puA)

Response to
fMLP (100 PM)
ASCC (pA)

Apical
Basolateral

5-4 (2.4) (n=5)
20-3 (4.6) (n=5)*

18-2 (4.8) (n=5)
27-1 (6.9) (n=5)

fMLP=formyl-Methionyl-Leucyl-Phenylalanine; ASCC=short
circuit current response.
Peak ASCC responses to anti-IgE and fMLP are compared
with regard to apical or basolateral side application of each
stimulus. Challenge was made first apically followed by
basolateral additions. Separate tissues were used to investigate
each of the secretagogues.
*p<0.05.

with 27.1 (6.9)

p<0005, n=5).

[LA in paired,

control tissues;

IDENTIFICATION OF THE CHARGE CARRYING
ION

Bumetanide (100 KuM), a loop blocking
diuretic which inhibits the basolateral Na/K/Cl
cotransporter necessary for chloride secretion13 added to the basolateral side of the tissue
significantly reduced ASCC responses to antiIgE by 72.3 (10-5)%, and to £MLP by 56.2
(12.8)% (Table III). Ion transport responses to
100 ,uM carbachol (50-2 pA (10.2); n=7) were
significantly reduced by pretreatment with 100
,uM bumetanide (5-8 (1-8) ,A; p<001).
DESENSITISATION AND CROSS DESENSITISATION
BETWEEN STIMULI ARE FEATURES OF IMMUNE
CELL ACTIVATION

In a single series of experiments, basolateral
addition of anti-IgE (100 ,ug/ml) produced a
peak ASCC of 26-1 (10.9) ,A (n=5). When
the SCC had returned to baseline, tissues were
subjected to a second basolateral challenge
with anti-IgE. The ASCC was 1 1 (0.4) [LA, a
93.4 (3 1)% reduction in the response
(p<0 005). In separate experiments using a
similar design, basolateral fMLP (100 KuM)
caused a 81.9 (14.7)% reduction in ASCC to a
second addition (lst addition 34.9 (13.6) ,uA;
2nd addition (6.1 (5.5) ,A; n=5, p<0 05). To
determine if cross desensitisation occurs
between anti-IgE and fMLP, tissues were
basolaterally stimulated with anti-IgE followed
by fMLP or in the opposite order. In fMLP
pretreated tissues, ASCC responses to anti-IgE
were significantly reduced by 50.1 (12.9)%
(n=6; p<0 05) compared with control, and for
anti-IgE pretreated tissues, responses to fMLP
were reduced by 39.7 (11 5)% compared
TABLE InI Effect of bumetanide on short circuit current
responses (ASCC) to anti-IgE andfMLP (values, mean

(SEM))

Stimulus

Control
ASCC pXA

Bumetanide
(100 pM)
ASCC pAA

Anti-IgE (100 ,ug/ml; n=6)
fMLP (100 ,uM; n=8)

24-1 (9.2)
24-9 (5.6)

7-12 (2.8)*
14-6 (5.9)*

ASCC responses to anti-IgE and fMLP in bumetanide
pretreated tissues are compared with paired controls. In each
case, bumetanide significantly attenuated the ion transport
response.

*p<0.05.

Stimulus

Piroxicam
Control
ASCC (pXA) ASCC (pAA)

Anti-IgE (100 ,ug/ml; n=5)
fMLP (100 ,M; n=7)
Prostaglandin E2 (10 ,M; n=7)

16-0 (3.0)
24-5 (6.5)
15-2 (7.2)

1-7 (0.9)**
10-4 (5.2)*
54-6 (10.4)**

ASCC responses to anti-IgE, fMLP, and prostaglandin E2 in
piroxicam pretreated tissues are compared with paired
controls. Piroxicam significantly attenuated responses to
anti-IgE and fMLP but enhanced responses to PGE2.
*p<0.05; **p<0.005.

with control (p<0 05; n=6). After challenge
with anti-IgE or fMLP tissue responsiveness to
carbachol was not impaired indicating that the
desensitisation observed was not a general
phenomenon.
PHARMACOLOGICAL CHARACTERISATION OF
MEDIATORS NEWLY SYNTHESISED OR RELEASED
IN RESPONSE TO IMMUNE CELL ACTIVATION

Antagonists were added 10 minutes before
immune cell activation with anti-IgE or
fMLP. Piroxicam (10 ,uM), a cyclo-oxygenase
inhibitor, was applied to the basolateral side of
the tissues and significantly reduced basal SCC
by 124 (36) uA (n= 12; p<005 compared
with untreated controls). In paired tissues,
piroxicam reduced anti-IgE stimulated ASCC
by 91.1 (3-4)% (p<0005; n=5) and the fMLP
stimulated ASCC response by 48-2 (25.2)%
(p<0 05; n=7; Table IV). In contrast, pretreatment with piroxicam (10 pgM) significantly enhanced the ASCC response to
exogenous prostaglandin E2 (PGE2) (10 pLM,
p<0005, n=6; Table IV). Piroxicam did not
alter SCC responses to carbachol (100 pgM)
added to the basolateral side of tissues at the
end of each experiment (ASCC control 53A4
(7.3) 1.sA; ASCC piroxicam pretreated 59.8
(76) ,A;n=12).
To investigate if histamine is a mediator
of immune cell-dependent ion transport
responses, tissues were pretreated with the HI
receptor antagonist mepyramine before antiIgE challenge. Mepyramine (100,M) reduced
the basal SCC when compared with untreated
controls (ASCC mepyramine pretreated
-10.1 (3A4) puA; ASCC control -22 (1.6) [LA;
p<005, n=12) and reduced the ASCC
response to anti-IgE by 79.6 (12.0)% (Table
V). Mepyramine (50 ,uM) had no significant
effect on SCC responses to fMLP when compared with values obtained in paired controls.
As mepyramine has anticholinergic properties,
tissues were stimulated with carbachol (100
,uM) at the end of each experiment
Mepyramine (100 ,uM) did not effect SCC
responses to carbachol, which were 98.3
(17i1)% of responses obtained in non-pretreated, paired controls.
Discussion
The tissues used in this investigation were
obtained from left or right colons at the time of
surgical resection. Samples from the histologically normal margin were employed for ion
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application

TABLE IV Effect ofpiroxicam pretreatment (10 MM) on
short circuit current responses (ASCC) to anti-IgE, fMLP,
and prostaglandin E2 (values mean (SEM))
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applied apically produced a change in ion
transport which was equivalent to 67% of
responses obtained with a basolateral side
Control
Mepyramine
Stimulus
aSCC (MA)
Ascc (pA.) challenge. Such a finding may result from
fMLP acting on distinct (apical and baso4 2 (2.2)*
24-1 (9.2)
Anti-IgE (100 ,ug/ml; n=6)
fMLP (100 pM; n=7)
26-0 (9.7)
22-1 (7.2)
lateral) populations of phagocytes or, alternaCarbachol (100 ,uM; n=19)
57-4 (9-7)
43-8 (5.7)
tively, fMLP applied to the apical domain will
influence
lamina propria cells by crossing the
ASCC responses to anti-IgE, fMLP and carbachol in
mepyramine pretreated tissues compared with paired controls.
epithelial barrier. Although mast cells or
Mepyramine significantly reduced responses to anti-IgE but
phagocytes are not generally present in the
not to fMLP or to carbachol.
*p<0.05.
lumen of normal human colon,24 the apical
surface of epithelial cells lining the colonic
transport studies to investigate indirect stimu- crypts are exposed to large numbers of neutrolation of electrogenic ion transport. In Ussing phils and their secreted products during
chambers, after a typical stabilisation period,'4 inflammation.25 Madara et a126 27 have shown
basal parameters were stable and comparable that provision of activated neutrophils to the
with values obtained in other studies on apical domain of cultured monolayers of
human colon. 15-19 Differences in basal or colonic cells stimulated electrogenic chloride
stimulated ion transport have been reported secretion. However, we found apical challenge
when results obtained from tissues from with fMLP attenuated subsequent responses to
ascending or descending colons were com- basolateral challenge, presumably by desensitipared,20 although it is possible that the nutri- sation of a single exhaustable population of
tional status of the tissue at time of resection immunocytes which is influenced by the apical
contributes to these variations.2' Our findings or basolateral addition of fMLP. This hypoindicate modest variation between tissues thesis is further supported by the observation
obtained from different segments of the colon that the magnitude of the SCC response to
in terms of basal parameters and responses to basolateral challenge was equivalent to the sum
stimulation with directly acting secretagogues, of the SCC responses to apical followed by
for example, carbachol. However, SCC basolateral challenge.
Lamina propria immune cells seemed to be
responses to activation of immunocytes were
much more variable. This probably reflects desensitised after the stimuli employed in our
variation in size and relative proportion of experiments since significantly reduced SCC
immune cell populations in the lamina propria responses to repeated stimulation with antifrom each donor. We therefore designed IgE or fMLP were observed, although the
experiments using paired tissues from adjacent capacity of the epithelial cells to respond
sites in order to have internal controls through- to cholinomimetics was unimpaired. These
out. Furthermore, statistical analyses were findings may be explained as a consequence
of depletion or exhaustion of immune cellperformed using non-parametric tests.
Previous experiments using human colonic derived mediators. Cross desensitisation was
mucosae mounted on Ussing chambers have also observed between each of the stimuli. It is
implicated neural and hormonal factors in possible to conclude that neither anti-IgE nor
modulating human intestinal ion trans- fMLP activated mast cells or phagocytes excluport.'16-9 22 To study the influence of cells of sively. Eosinophils, have low affinity28 and high
the immune system on transepithelial elec- affinity29 receptors for anti-IgE and eosinophil
trolyte movements we have used anti-human derived factors stimulate electrogenic chloride
IgE and fMLP to activate mast cells and secretion across monolayers of human colonic
phagocytes respectively in isolated voltage epithelial cells.30 Although mast cells do not
clamped segments of human colon. Anti-IgE seem to respond to fMLP,'1 activating factors
and fMLP evoked an increased or inward, for mast cells are released during stimulation
rapid onset, monophasic ASCC in voltage of phagocytes.3' Thus, fMLP, by indirectly
activating mast cells, may result in mast cells
clamped human colon.
The /SCC in response to anti-IgE and being refractory to further stimulation with
fMLP was, in each case, significantly attenu- anti-IgE.
Eicosanoids, including prostaglandins,
ated by the loop blocking diuretic
bumetanide,13 indicating that the SCC induce chloride secretion in both animal
response to activation of mast cells and phago- colon32 and epithelial monolayers,33 and are
cytes is partly due to electrogenic chloride also locally synthesised in diseases associated
secretion. This supports the finding of Crowe with intestinal inflammation.34 Piroxicam,
and Perdue,23 who showed that anti-IgE which inhibits mucosal prostaglandin synthestimulation of human colon was substantially sis, reduced the resting SCC, suggesting that
reduced in chloride-free bathing solutions. basal generation of cyclo-oxygenase products
Bumetanide also reduced ion transport may contribute to stimulation of the inward
responses to carbachol which have been shown current in otherwise unstimulated preparations. Piroxicam also reduced the SCC
to be accounted for by chloride secretion.19
Basolateral anti-IgE was much more effec- response to each of the immunological stimuli
tive in stimulating ion transport than apical employed. The concentration of piroxicam
application which produced only a modest used had no effect on SCC responses to carbachange in SCC, an observation consistent with chol. Responses to PGE2 in the presence of
the stimulus having access to Fce-bearing cells piroxicam were significantly enhanced when
within the lamina propria. However, fMLP compared with controls, which agrees with the

TABLE V Effect of the H1 antagonist mepyramine on short
circuit current responses (ASCC) (values mean (SEM)
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species.9
Histamine (acting through H1 receptors)
stimulates chloride secretion in mammalian
colon.36 37 The HI receptor antagonist,
mepyramine, which reduced SCC responses to
histamine in human colon,38 attenuated the
SCC response to anti-IgE but not to fMLP.
Although high concentrations of mepyramine
were used, these were without effect on SCC
responses to carbachol (100 ,uM). Presumably,
anti-IgE cross links cell-surface IgE to activate
mast cells which release histamine in quantities
sufficient to stimulate chloride secretion.
In summary, we have used human tissues to
show that electrogenic ion transport responses,
at least partly due to chloride secretion, may be
produced by both mast cell and phagocyte
stimulation. Activated mast cells produce an
array of mediators39 which can provoke intestinal chloride secretion when applied individually to animal colonic mucosa or epithelial
monolayers mounted in Ussing chambers.2 5
In man, mast cells are thought to play an
important role in the pathogenesis of a number
of conditions in which diarrhoea may be a
prominent feature. These include food allergies,2 systemic mastocytosis,40 and idiopathic
inflammatory bowel diseases such as Crohn's
disease and ulcerative colitis.41 42 Mucosal
infiltration with phagocytes (neutrophils,
eosinophils, and macrophages), is a feature of
several intestinal inflammatory diseases of
which diarrhoea may be a symptom. Our findings are in keeping with data obtained using
rabbit colonic mucosae which have shown that
fMLP-activated phagocytes evoked electrogenic chloride secretion partly mediated by
eicosanoid production, and amplified through
local enteric nerves.9 Studies using a human
colonic epithelial cell line have shown that
products of activated neutrophils may directly
induce chloride secretion.26 27
Immunophysiological regulation of intestinal function is a rapidly growing area of interest.43 44 This study provides important
evidence that immune cells may regulate
human colonic epithelial ion transport. Future
investigations may elucidate mechanisms by
which populations of intestinal immune cells
interact with each other and the local enteric
nervous system in the regulation of ion transport, in both normal and disease states. A
better understanding of this cell to cell interaction may lead to newer strategies for the
treatment of diarrhoeal disease.
We thank the members of the Surgery and Pathology
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