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Abstract
Platelet-activating factor (PAF) is a phospholipid inter- and intracellular mediator implicated in
intestinal injury primarily via induction of an inflammatory cascade. We find that PAF also has direct
pathological effects on intestinal epithelial cells (IEC). PAF induces Cl− channel activation, which
is associated with intracellular acidosis and apoptosis. Using the rat small IEC line IEC-6,
electrophysiological experiments demonstrated that PAF induces Cl− channel activation. This PAF-
activated Cl− current was inhibited by Ca2+ chelation and a calcium calmodulin kinase II inhibitor,
suggesting PAF activation of a Ca2+-activated Cl− channel. To determine the pathological
consequences of Cl− channel activation, microfluorimetry experiments were performed, which
revealed PAF-induced intracellular acidosis, which is also inhibited by the Cl− channel inhibitor 4,4′
diisothiocyanostilbene-2,2′disulfonic acid and Ca2+ chelation. PAF-induced intracellular acidosis is
associated with caspase 3 activation and DNA fragmentation. PAF-induced caspase activation was
abolished in cells transfected with a pH compensatory Na/H exchanger construct to enhance H+

extruding ability and prevent intracellular acidosis. As ClC-3 is a known intestinal Cl− channel
dependent on both Ca2+ and calcium calmodulin kinase II phosphor-ylation, we generated ClC-3
knockdown cells using short hairpin RNA. PAF induced Cl− current; acidosis and apoptosis were
all significantly decreased in ClC-3 knockdown cells. Our data suggest a novel mechanism of PAF-
induced injury by which PAF induces intracellular acidosis via activation of the Ca2+-dependent
Cl− channel ClC-3, resulting in apoptosis of IEC.
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PLATELET-ACTIVATING FACTOR (PAF) is a phospholipid inter- and intracellular
mediator that has been implicated in the pathology of inflammatory bowel disease (IBD).
However, the mechanism of PAF-induced intestinal injury is incompletely understood. It is

Address for reprint requests and other correspondence: E. Claud, Dept. of Pediatrics, Univ. of Chicago, 5841 S. Maryland Ave. MC 6060,
Chicago, IL 60637 (e-mail: E-mail: eclaud@peds.bsd.uchicago.edu)..

NIH Public Access
Author Manuscript
Am J Physiol Gastrointest Liver Physiol. Author manuscript; available in PMC 2009 April 30.

Published in final edited form as:
Am J Physiol Gastrointest Liver Physiol. 2008 May ; 294(5): G1191–G1200. doi:10.1152/ajpgi.00318.2007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



known that tissue and/or serum PAF levels are elevated in patients with Crohn's disease,
ulcerative colitis, and neonatal necrotizing enterocolitis (NEC), and levels appear to correlate
with disease severity (13,26,39,45). In animal models of NEC, PAF receptor blockade or
administration of the PAF-degrading enzyme PAF acetylhydrolase reduced the incidence of
experimental NEC (7,9). Moreover, in human studies of NEC, PAF has been shown to rise
several days before the onset of clinical symptoms in some patients (38), suggesting that this
is a critical and possibly initiating factor in the development of the disease.

Regulation begins at the receptor level where PAF acts through binding to a seven-
transmembrane domain G protein-coupled receptor. Both high- and low-affinity PAF receptors
have been identified (22). Multiple signaling cascades are then linked to the PAF receptor.
Depending on the route of administration and the animal model used, PAF can induce a variety
of effects including platelet aggregation, hypotension, increased vascular permeability,
vasoconstriction, intestinal ischemia, neutrophil recruitment, and production of reactive
oxygen species (18). In the intestine it is thought that PAF, once activated, initiates production
of other inflammatory mediators such as tumor necrosis factor-α (TNF-α), prostaglandins,
thromboxane, and complement that then lead to the clinical signs and symptoms of IBD (8,
19,52).

Several lines of evidence suggest that the pathological consequences of elevated PAF levels
in the intestine are not only the result of the initiation of an inflammatory cascade, but that PAF
itself might have a direct effect on intestinal epithelial cells (IEC). Studies of PAF on tissue
explants have shown that PAF alters intestinal ion transport, a primary function of the intestine.
A study on isolated rat jejunum revealed that PAF induced Cl− secretion (15), whereas studies
on rabbit colon have described that PAF stimulated Cl− and bicarbonate secretion (51). We
have previously shown that this PAF-stimulated Cl− secretion occurs via the opening of a
mucosal Cl− channel after activation of a mucosal PAF receptor; however, the pathological
significance of this effect is unclear (12). Subsequently, it was shown that PAF induces
apoptosis in a rat small IEC line (IEC-6), via a mechanism that involves mitochondrial
depolarization (30). It is unknown whether there is any connection between the regulation of
ion transport and apoptosis by PAF in epithelial cells.

Specific Cl− channels have been studied in the intestinal epithelium. Both the cystic fibrosis
transmembrane conductance regulator (CFTR) in the duodenum and the outwardly rectifying
chloride channel (ORCC) in the T84 human colonic adenocarcinoma cell line have been shown
to conduct bicarbonate in addition to Cl− (11,47). Bicarbonate secretion can lead to intracellular
acidosis. Thus PAF-induced Cl− channel activation could alter the intracellular pH of IEC.

In other cell lines, intracellular acidosis has specifically been linked to apoptosis. Szabo et al.
(46) showed that activation of ORCC in Jurkat T lymphocytes resulted in intracellular acidosis,
leading to apoptosis, whereas Gottlieb and Dosanjh (14) studied mouse mammary epithelial
cells and found that cells with mutated CFTR channels were unable to secrete bicarbonate, did
not become acidotic, and did not undergo apoptosis.

A link between intracellular acidosis and apoptosis has not been previously demonstrated in
IEC. To better understand the mechanism of PAF injury directly on IEC, we hypothesized that
PAF-induced Cl− channel activation could lead to intra-cellular acidosis, resulting in
accelerated apoptosis in IEC. In these studies we further define the previously described PAF-
activated Cl− conductance and demonstrate that it represents activation of a Ca2+-dependent
Cl− channel inhibited by 1,2-bis(oaminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA)
and a calcium calmodulin kinase II inhibitor. This Cl− channel activation is associated with
intracellular acidosis inhibited by the Cl− channel inhibitor 4,4′diisothiocyanostilbene-2,2′
disulfonic acid (DIDS) and Ca2+ chelation. PAF-induced acidosis is associated with caspase
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3 activation and DNA fragmentation characteristic of apoptosis. PAF-induced Cl− conductance
and apoptosis is significantly decreased in ClC-3 knockdown cells, suggesting that this is that
PAF-activated Cl− channel. Thus PAF directly damages IEC by activation of the Ca2+-
dependent Cl− channel ClC-3, leading to intracellular acidosis and apoptosis.

MATERIALS AND METHODS
Epithelial Cell Culture

IEC-6 cells, a well-described immortalized nontransformed rat small IEC line, were used
(36,37). IEC-6 cells were grown in Dulbecco's Modified Eagle Media with 5% fetal bovine
serum, 4 mM L-glutamine, 50 U/500 ml insulin, 50 U/ml penicillin, and 50 μg/ml streptomycin
at 37°C in a 5% CO2 atmosphere. In addition, H4 cells, a human fetal nontransformed primary
IEC line, was used (42). H4 cells were cultured in DMEM with 10% heat-inactivated fetal calf
serum, 1% glutamine, 1% sodium pyruvate, 1% amino acids, 1% HEPES, penicillin (50 units/
ml), streptomycin (50 μg/ml), and insulin (0.2 units/ml) under standard conditions.

Measurement of pH
IEC on coverslips were loaded for 1 h with the pH-sensitive fluores-cent dye BCECF-AM
(Molecular Probes, Eugene, OR) in HEPES buffered solution (116 mM NaCl, 5.4 mM K
acetate, .4 mM MgSO4, 5.5 mM Glucose, 1.8 mM CaSO4, 0.9 mM NaH2PO4, 1 mM HEPES
hemisodium, and 4.9 mM Na pyruvate adjusted to pH 7.4). Using a spectrofluorometer, cells
were exposed to a light source that alternated between excitation at the pH-sensitive wavelength
495 nm and the pH-insensitive wavelength 450 or 440 nm, depending on cell type. Ratio data
was then recorded. At the completion of each experiment, pH values were calibrated by
sequentially replacing the buffer with a series of high potassium buffers of known pH
concentration, which contained the ionophore nigericin. Nigericin permeabilized the cell
membrane allowing calibration of the intracellular pH with the known extracellular pH. Ratio
data was then converted to pH data.

To measure pH chance in individual cells, cells were plated on glass coverslips at a density of
5,000 cells/coverslip. Two days after plating, cells were incubated for 1 h with the pH-sensitive
dye 5-(and-6)-carboxy SNARF-1 acetoxymethyl ester (SNARF) (Molecular Probes).
Intracellular pH was measured by microfluorimetry with a fluorescence digital imaging system
excited at 480 nm with dual emission values recorded at 580 and 640 nm. Ratio data was
converted to linear pH again using calibration data obtained by the K+/nigericin method, which
allowed equilibration of intracellular pH with the known extracellular pH when cells were
sequentially suspended in calibration buffer containing 75 mM K+ and 10 μM nigericin at pH
values ranging from 6.2−8.5.

Measurement of [Ca2+]i
Intracellular calcium concentration ([Ca2+]i) was measured with Fura-2 (Kd 224 nm) loaded
as AM esters for 1 h. After being loaded, cultures were washed in  buffered saline for at
least 15 min to ensure complete hydrolysis of the AM ester. The Fura dye was sequentially
excited by using 10-nm bands of light centered on 340 and 380 nm, and a 40-nm-wide band
of fluorescence centered on 535 nm was imaged using a fluorescence digital imaging system
(31).

Electrophysiological Studies
Chloride channel activation was assessed by whole cell patch clamp. Chloride currents were
elicited during a series of 200-ms test pulses delivered at 2-s intervals from −110 to +110 mV
in 10-mV increments from a holding potential of −40 mV. The extracellular solution contained
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(in mM) 140 N-methyl D-glucamine (NMDG)-Cl, 1 MgCl2, 2 CaCl2, and 10 HEPES at a pH
of 7.4. The intracellular recording solution contained (in mM) 40 NMDG-Cl, 100 NMDG-Glu,
2 MgCl2, 0.2 Ca (37 nM free), 5 Mg-ATP, 1 EGTA, and 10 HEPES (20).

Overexpression of NHE1
Na/H exchanger 1 (NHE1)-overexpressing IEC-6 cells were generated by transfecting IEC-6
cells with a pCN1/NHE1 plasmid-encoding full length NHE1 using Lipofectamine 2000
reagent. Selection in neomycin allowed establishment of a clone-expressing NHE1 at high
levels maintained by selection in G418.

Measurement Of Caspase Activity
Caspase 3 activity was measured by quantifying cleavage of the fluorogenic peptide substrate
Ac-DEVD-AFC (BioVision, Mountain-view, CA). Cells were treated as indicated and then
harvested and lysed in cell lysis buffer (10 mM Tris·HCl, pH 7.5, 10 mM NaH2PO4, pH 7.5,
130 mM NaCl, 1% Triton X-100, and 10 mM Na pyrophosphate). After centrifugation at
10,000 g for 10 min, supernatants were collected and mixed with substrate (Ac-DEVD-AFC)
or substrate plus inhibitor (Ac-DEVD-CHO) for 1 h, and fluorescence was measured at 400-
nm excitation and 505-nm emission. Specific caspase activity was calculated by subtracting
the fluorescence intensity measured in the presence of substrate plus inhibitor from the
fluorescence observed by incubating with substrate alone. Sample fluorescence intensities were
normalized to the intensity of untreated cells and are expressed as percentage of control (30).

shRNA Knockdown of ClC-3
RNAi—Two RNA interference (RNAi) target sequences (19 bp) in the rat ClC-3 cDNA
(NM053363) were identified using an algorithm previously described (40). Oligonucleotides
based on these target sequences, which incorporate the hairpin loop and restriction sites for
cloning, were synthesized, phosphorylated, annealed, and cloned into a lentiviral transfer
vector, pLentiLox3.7. This transfer vector contains self-inactivating long terminal repeat, a
mouse U6 promoter for expression of the short hairpin RNA (shRNA), and green fluorescent
protein (GFP) expressed from a cytomegalovirus (CMV) promoter (41). All constructs were
verified by sequencing. A control shRNA construct was designed that has at least three base
pair mismatches with rat genes in the GenBank database.

Lentivirus production—Replication-defective pseudotyped lentiviral particles were
generated by transiently transfecting 3 × 106 HEK293T cells with the following combination
of plasmids: 1) 20 μg of the transfer vector containing the cDNA or shRNA of interest; 2) 15
μg of a second generation packaging vector, psPax2 (a generous gift from Didier Trono); and
3) 6 μg of the VSV-G envelope protein vector, pHCMV-G (a generous gift from Garry Nolan,
Stanford University) or an ecotropic envelope protein vector, pEnvEco (a generous gift from
Toshio Kitamura, Tokyo, Japan) (34,44), using standard CaPO4 precipitation or liposomal
methods. The medium containing lentivirus was harvested 48 h posttransfection and filtered
to remove cell debris. The viral supernatant was stored at −80°C.

Viral transduction—The titer of the resulting viral supernatant was determined using serial
dilutions (1:10) to infect NIH 3T3 cells. Successfully transduced cells were identified by the
expression of GFP detected by fluorescence microscopy. The percentage of GFP-positive cells
was determined by manual counting and normalized to the total number of cells present in a
low powered field. Titration experiments were performed on IEC-6 cells to determine the
minimum multiplicity of infection to achieve >90% transduction on the basis of visual
inspection using fluorescence microscopy. IEC-6 cells were incubated with the viral
supernatant for4hat 33°C in 5% CO2. After this initial infection period, cultures were
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maintained at 37°C in 5% CO2. Transduced cells were identified 48 h postinfection by GFP
expression with fluorescence microscopy. Medium from transduced IEC-6 cells was used to
verify replication incompetence. Selection by flow cytometry for GFP fluorescence allowed
establishment of a stable clone of ClC-3 knockdown IEC-6 cells.

RT-PCR Protocol
RNA isolation—Total RNA was isolated from the ClC-3-KD cells and control-KD cells
using TRIzol method (Invitrogen, Carlsbad, CA). The concentration and purity of RNA was
determined with a spectrophotometer (NanoDrop, Wilmington, DE). Samples were normalized
to 1 μg of RNA per sample. Residual DNA was removed by ribonuclease-free
deoxyribonuclease (DNase) I treatment (Invitrogen).

RT-PCR—1 μg of total RNA was then reverse transcribed to cDNA with a SuperScript II
First-Strand cDNA Synthesis System (Invitrogen) in accordance with the manufacturer's
protocol. RNA was preincubated with 0.5 μg (1 μl) oligo-dT12−18 (Invitrogen) and 10 mM (1
μl) dNTP mix (Invitrogen) at 65° for 5 min. After being chilled on ice, 4 μl of 5 × first strand
buffer, 2 μl of 0.1 M DTT, and 40 units (1 μl) of RNaseOUT were added to each sample, and
the samples were incubated for 2 min at 42°C, followed by the addition of 200 units (1 μl) of
Superscript II reverse transcriptase (Invitrogen) and incubation for 50 min. Reverse
transcriptase activity was terminated by incubation at 70°C for 15 min, and samples were stored
at −80°C until use.

The first-strand cDNA was further amplified by PCR. The reaction was carried out in a DNA
thermal cycler (PTC-100 Programmable thermal controller; MJ Research, Waltham, MA).
PCR was started by a 3-min denaturation at 95°C, followed by 35 cycles of 30-s denaturation
at 95°C, 45-s annealing at 46°C and 45-s extension at 72°C, with a final 10-min extension at
72°C.

In each PCR reaction, 0.5 μM primers of ClC-3, 5′-CCTCTTTCCAAAGTATAGCAC-3′
(sense), 5′-TTACTGGCATTCATGTCATTTC-3′ (antisense), were added. Primers (0.5 μM)
of GAPDH were added as internal control: 5′-TAAAGGGCATCCTGGGCTACACT-3′
(sense); 5′-TTACTCCTTGGAGGCCATGTAGG-3′ (antisense).

Amplicons were electrophoresed through 1% agarose gels, stained with ethidium bromide, and
visualized on a UV transilluminator.

Measurement of Apoptosis
20,000 cells/well were seeded on a 96-well plate and incubated overnight. Cells were then
treated with or without 3 μM PAF. DNA fragmentation in all cell lines was analyzed using an
ELISA kit (Roche, Indianapolis, IN) according to the manufacturer's instructions. Briefly, cell
lysates were obtained and placed in a streptavidin-coated plate. Anti-histone-biotin-antibody
was added to bind the histone component of nucleosomes to the plate. Additionally anti-DNA-
peroxidase antibody was added to bind the DNA component of the nucleosomes and allow
quantitative determination of the amount of nucleosomes photometrically with the addition of
a peroxidase substrate. Absorbance at 405 nm was measured intermittently in 5-min intervals
until absorbance values obtained from the sample representing cells were at least 0.2 optical
density (OD) unit above the substrate blanks. Absorbance of blanks was subtracted, and OD
values were normalized to the mean of OD values representing the samples of untreated cells
and expressed as percentage of controls.
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Pharmacological Agents
Carbamyl-PAF was obtained from Biomol (Plymouth Meeting, PA). For all experiments cells
were treated with μM doses of PAF consistent with higher dosing previously shown to be
necessary for effectiveness in epithelial cells (4,48). BAPTA and DIDS were obtained from
Sigma Chemical (St. Louis, MO). Autoinhibitory peptide (AIP) was obtained from Biomol
Research. SNARF and Fura-2 were obtained from Molecular Probes.

Statistics
All data are presented as mean values ± SE. Differences were considered significant at P <
0.05 by Student's t-test or ANOVA for multiple variables (GraphPad Prism, San Diego, CA).

RESULTS
PAF induces Cl− channel-dependent intracellular acidification of IEC

Previous studies have demonstrated PAF induced Cl− secretion in tissue explants and colonic
epithelial cell lines. The pathological consequences of this Cl− secretion are unknown;
however, Cl− channel activation in other cell lines leads to nonspecific secretion of other anions
such as , resulting in intracellular acidosis. To test the hypothesis that PAF-induced
Cl− channel activation leads to intracellular acidosis, intracellular pH was measured in both
the human fetal IEC line H4 and the rat small IEC line IEC-6, plated on coverslips using the
pH-sensitive dye BCECF and pH measurement by spectrofluorometry. PAF decreased pH in
H4 cells from 7.78 ± .08 to 7.37 ± .05 and in IEC-6 cells from 7.51 ± .08 to 7.29 ± .13 (Fig. 1,
A and B).

Since spectrofluorometry represented an average pH across an entire population of cells, results
were repeated using the pH-sensitive dye SNARF and microfluorimetry with a fluorescence
digital imaging system, which allows pH measurement of individual cells. IEC-6 cells were
treated with .75, 1, 3, or 6 μM PAF (n ≥ 3 separate experiments of minimum 10 cells/experiment
for each dose). PAF induced a dose-dependent reduction in intracellular pH of 0.2 ± .02 for
the lowest dose tested to maximal decrease in pH of 0.5 ± .03 when treated with PAF 6 μM
(Fig. 1, C and D). A decrease in pH of 0.2−0.3 has previously been shown to be sufficient to
induce apoptosis (3, 14). As our hypothesis linked PAF-induced intracellular acidosis and
apoptosis, and 3 μM PAF induced a decrease in pH of 0.3 ± 0.1, this dose was used for further
experiments.

To determine whether this PAF-induced acidification was mediated by Cl− channel activation,
measurements were repeated in the presence of Cl− channel inhibitors. Cells treated with 3
μM PAF had a reduction in pH to a nadir of 7.07 ± .05 (Fig. 2A). PAF-induced acidosis was
specifically blocked by the Cl− channel inhibitor DIDS (Fig. 2B), suggesting a link between
Cl− channel activation and altered pH. Acidosis was not blocked by the two other tested Cl−
channel inhibitors glybenclamide or 2,2′iminodibenzoic acid (DPC) (data not shown),
suggesting that the activated channel is not the CFTR.

DIDS can inhibit both the  exchanger and Cl− channels on IEC. As a Cl− channel
inhibitor, DIDS generally blocks Ca2+-dependent anion conductances (17,24). To determine
an association between [Ca2+]i and intracellular pH, microfluorimetry experiments using the
pH-sensitive dye SNARF were repeated with PAF in the presence of the Ca2+ chelator BAPTA.
PAF-induced acidosis was blocked by BAPTA (Fig. 3) in addition to the previously
demonstrated Cl− channel blocker DIDS, linking [Ca2+]i, Cl−, and pH.
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PAF increases [Ca2+]i in IEC
Since [Ca2+]i was potentially involved in PAF-induced Cl− channel activation and PAF has
been shown to increase free [Ca2+]i in other cell lines (1,28), the effect of PAF on free
[Ca2+]i in IEC was investigated. The addition of 3 μM PAF induced a fourfold increase in
[Ca2+]i as measured by Fura fluorescence (Fig. 4).

PAF activates a Ca2+-dependent Cl− channel
Our data suggest PAF induced intracellular acidosis associated with activation of a Ca2+-
dependent Cl− channel. To better define the PAF-activated Cl− channel in IEC, whole-cell
current recordings were obtained from IEC-6 cells. To clearly identify Cl− current activation,
experiments were performed using solutions without permeant cations, where Cl− was the only
permeant species. Basal current was determined following whole-cell configuration and was
negligible (Fig. 5A). Test pulses of +110 mV resulted in a maximal current density of 47.8 ±
5.5 pA/pF (n = 13) following perfusion of IEC-6 cells with PAF (2 μM) containing media. The
current-voltage (I-V) relationship of ICl,PAF was outwardly rectifying, with a reversal potential
of approximately −8.4 mV (Fig. 5B).

To confirm that the induced current was activated by Ca2+, we added the Ca2+ chelator BAPTA
(10 mM, n = 3) to the pipette solution along with PAF. The presence of BAPTA completely
blocked the activation of PAF-induced currents. There are many Cl− channels on the intestinal
epithelium. In addition to the well described CFTR and ORCC Cl− channels, other Cl− channels
found in intestinal epithelium specifically require a rise in [Ca2+]i of 0.2−5 μM that can come
from either [Ca2+]i influx or a release of [Ca2+]i from intracellular stores. These calcium-
activated chloride channels are also known to be fairly nonselective in terms of ion
conductance. The ClC family of Cl− channels includes ClC-3 an apical, Ca2+-dependent Cl−
conductance described in many cell types including IEC (20). ClC-3 current activation is
dependent on a Ca2+/calmodulin-dependent protein kinase II (CaMKII)-dependent
phosphorylation step (20). To test the possibility that the PAF-induced Cl− channel requires
CaMKII, we added AIP (2 μM, n = 3), a specific CaMKII inhibitor (23), to the pipette solution
along with PAF. The presence of AIP significantly blocked PAF-activated currents (Fig. 5C).

To more definitively determine whether ClC-3 is the specific PAF-activated Ca2+-dependent
Cl− channel, shRNA was used to create a clone of ClC-3 knockdown IEC-6 cells as shown in
Fig. 5D. As shown in Fig. 5E, PAF-induced Cl− current was significantly decreased in these
cells to 13.6 ± 10.7 compared with control transfected cells (67.4 ± 13.6) even with higher dose
PAF (6 μM), demonstrating that ClC-3 is the PAF-activated Cl− channel.

PAF-induced caspase 3 activation is inhibited by NHE1 overexpression
Previous studies have demonstrated PAF-induced mitochondrial-dependent apoptosis leading
to DNA fragmentation via caspase 3 activation (30). To determine the importance of PAF-
induced intracellular acidosis on PAF-induced caspase 3 activation, it was necessary to inhibit
the acidosis. In IEC, pH is regulated by an acid-extruding baso-lateral amiloride-sensitive
Na+/H+ exchanger, a stilbene-sensitive  exchanger, and a  cotransporter
(6,53). Since there is no commercially available molecule to directly buffer intracellular pH,
increasing the pH compensation capacity of cells via increased Na+/H+ exchanger activity by
transfection has been used as a tool to prevent intracellular acidification in other studies (2).
NHE1 was transfected into IEC-6 cells to increase the acid-extruding capacity of the cell and
block the induced acidosis. Selection in neomycin and G418 allowed establishment of a clone
expressing NHE1 at high levels as demonstrated by immunoblot in Fig. 6A. Caspase 3 activity
was then measured by quantifying cleavage of the fluorogenic peptide substrate Ac-DEVD-
AFC (BioVision) in response to PAF under baseline conditions and under conditions of
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inhibited acidosis by NHE1 transfection. PAF-induced caspase 3 activation was inhibited by
inhibiting acidosis with NHE1 overexpression (Fig. 6B).

Since acidosis is important in PAF-induced caspase activation, and our hypothesis was that
PAF-induced acidosis was associated with Cl− channel activation, which by
electrophysiological studies appeared to be ClC-3, we wondered whether ClC-3 was associated
with PAF-induced acidosis. ClC-3 knockdown cells were loaded with the pH-sensitive dye
SNARF before treatment with 3 μM PAF and pH measurement by microfluorimetry. In contrast
to the PAF-induced acidosis noted in control cells (Figs. 1 and 2), PAF did not induce acidosis
in ClC-3 knockdown cells (Fig. 6C).

PAF induces DNA fragmentation. To next confirm a link between apoptosis and PAF activation
of ClC-3-associated intracellular acidosis, a quantitative ELISA for histone-associated
cytoplasmic DNA fragments was used to measure apoptosis in ClC-3 knockdown and control
cells. As shown in Fig. 7, 3 μM PAF induced apoptosis by 171 ± 10% of control (0 PAF) in
nontransfected cells and by 188 ± 19% of control in knockdown control cells. Consistent with
our hypothesis, in ClC-3 knockdown cells there was significantly less induced apoptosis of
only 112 ± 8% of control, suggesting that PAF-induced acidosis via ClC-3 is important for
PAF-induced apoptosis.

DISCUSSION
The central findings of this work are that PAF-induced Cl− channel activation leads to a
decrease in pH of 0.2−0.3 units in IEC and that this acidification is associated with caspase
activation and apoptosis. Cl− channel activation has not been previously associated with IEC
apoptosis. This may be one mechanism behind the link between PAF and IBD.

It has been proposed that the injury in IBD results from an inappropriate immune response to
commensal bacteria. A breach in the intestinal mucosal barrier, leading to bacterial
translocation across the epithelium and exacerbation of an inflammatory cascade, can
aggravate this response. A breach could be caused by disruption of the tight junctions between
epithelial cells, or by destruction of the cells themselves. One means of cell destruction is
apoptosis, or programmed cell death.

Apoptosis is a well-ordered process of removing damaged cells in which the cell membrane
remains intact without induction of an inflammatory reaction. Unlike necrosis, which involves
many cells, apoptosis can occur in a single cell surrounded by healthy cells. It is characterized
by cell shrinkage, chromatin condensation, and DNA fragmentation (33). Caspase proteases
are executors of apoptotic cell death. Caspase activation regulates endonuclease activation,
resulting in cleavage of internucleosomal DNA and cell death (32,50). Although apoptosis is
a normal aspect of enterocyte turnover and renewal, accelerated apoptosis can lead to a breach
in the intestinal mucosal barrier.

In isolated IEC lines and an animal model of the IBD necrotizing enterocolitis, PAF has been
shown to induce apoptosis, but the mechanism of this effect is not fully known (25,30). A
caspase-dependent apoptosis pathway has been demonstrated in IEC in which PAF stimulation
leads to Bax translocation to the mitochondria and mitochondrial membrane potential collapse
after 1 h, followed by caspase 3 activation and DNA fragmentation (30). However, it is
unknown what early PAF-induced signaling leads to mitochondrial initiated apoptosis.

Our data suggest a novel link between PAF-induced Cl− channel activation, intracellular
acidosis, and apoptosis. Using whole-cell patch-clamp techniques, a PAF-induced Cl− current
was confirmed in individual IEC-6 cells. To identify this anion conductance
electrophysiologically, we used solutions that ensured that Cl− was the primary charge carrier.
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Glybenclamide and DPC did not inhibit PAF-induced acidosis, suggesting that the responsible
channel is not CFTR. Instead PAF-induced acidosis was inhibited by DIDS, suggesting an
effect on either the  exchanger or a Ca2+-dependent Cl− channel. Since the

 exchanger is not Ca2+ sensitive and the Ca2+ chelator BAPTA also inhibited PAF-
induced acidosis, our data suggest a link between a Ca2+-dependent Cl− channel and PAF-
induced acidosis. Interestingly, measurements of pH in BAPTA-treated control IEC-6 cells not
only did not become acidotic with PAF treatment, but also there was a small, transient, self-
limited alkalosis. This is consistent with known effects of PAF in other cell types. PAF has
been shown to induce intracellular alkalosis in neutrophils via activation of NHE1 (16,43).

Electrophysiological studies also demonstrated that the PAF-activated Cl− current was
inhibited by BAPTA, again indicating that the Cl− channel is Ca2+ dependent. There are only
two known Ca2+-dependent DIDS-sensitive Cl− channels on intestinal epithelium, ClC-3 and
bestrophins. The inhibition of the outwardly rectifying PAF-induced conductance by the
specific CAMKII inhibitor AIP suggested activation of ClC-3, the only reported CaMKII-
activated conductance (20). The current was not completely inhibited by AIP, suggesting
incomplete inhibition of phosphorylation by AIP or perhaps an additional role for Ca2+-
dependent Cl− channels such as bestrophins, which do not require a phosphorylation step.
Studies using shRNA-generated ClC-3 knockdown cells confirm this data. PAF generates
minimal current even at high doses in ClC-3 knockdown cells. The presence of some current
may be due to incomplete knockdown of ClC-3 in the cells or, as noted above, the role of direct
Ca2+-activated Cl− channels acting in compensation for the lack of ClC-3.

Many Cl− channels are relatively nonspecific and when activated can conduct bicarbonate in
addition to Cl−, leading to intracellular acidosis. Our data demonstrate PAF-induced
intracellular acidosis by 0.2−0.3 pH units. We overexpressed NHE1 in IEC to enhance recovery
from an acidification insult. As caspase activation precedes DNA fragmentation and caspase
3 is one of the principal effector caspases of apoptosis, we measured the effect NHE1
overexpression on PAF-induced caspase 3 activity. NHE1 overexpression significantly
decreased PAF-induced caspase 3 activity. Thus PAF-induced intracellular acidosis appears
important for PAF-induced caspase activation and apoptosis in IEC. This is consistent with
data from other cell lines in which intracellular acidosis has also been shown to trigger apoptosis
both through enhanced activation of caspases and through activation of pH-sensitive
endonucleases (3,35).

To link our findings to PAF activation of ClC-3 we examined intracellular pH of PAF-treated
ClC-3 knockdown cells. In contrast to control cells, PAF did not induce acidosis in ClC-3
knockdown cells. Correspondingly, there was a significant reduction in PAF-induced apoptosis
in ClC-3 knockdown cells compared with control cells, linking PAF-induced ClC-3 activation,
intracellular acidosis, and apoptosis. This validates our hypothesis that PAF-induced Cl−
channel activation leads to intracellular acidosis, resulting in accelerated apoptosis in IEC.

Our data also demonstrate that PAF increases intracellular calcium levels in IEC. Since
apoptosis can be triggered by a variety of physiological and pathological stimuli including
sustained calcium increases, which act through activation of a Ca2+/Mg2+ endonuclease, it is
possible that PAF-induced apoptosis is associated with calcium increase rather than induced
intracellular acidosis. Although PAF-altered Ca2+ levels likely also affect cellular processes
and would be an interesting separate line of investigation, again our data demonstrating
inhibition of PAF-induced caspase 3 activation with NHE1 overexpression suggest a role for
the specific effect of PAF-induced acidification in apoptosis.

Together our data suggest a pathological consequence of PAF-induced Cl− channel activation
as a mechanism for initiating or enhancing signaling leading to apoptosis in IEC. This may
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lead to alterations in intestinal barrier function and contribute to the link between PAF and
IBD. However, as our studies were performed in isolated cells, further studies in whole
intestinal tissue are necessary to determine the clinical pathological consequences of PAF-
induced acidosis. Interestingly, PAF has been shown to inhibit apoptosis in immune cells
(49). The combined effects of IEC destruction and immune cell preservation may explain the
potent role of PAF in intestinal injury.

The PAF doses used in these studies are higher than those commonly used in other studies of
the effects of PAF on immune cells. Previously published reports on PAF-mediated changes
in various cell types demonstrate two very distinct ranges of dose responses. Effective doses
in the 1−100-μM range have been observed primarily in epithelial tissues, i.e., rat intestine and
bronchial epithelial cells (4,48), whereas endometrial cells, T and B lymphocytes, and Chinese
hamster ovary cells transfected with the PAF receptor and macrophages exhibit several orders
of magnitude higher sensitivity to PAF in the 10−500-nM range (5,21,29). Reasons for the
lower affinity of PAF receptor in epithelial cells are not known; however, experimental
evidence suggests that the affinity of PAF to its receptor can be modified by the interaction of
PAF with G proteins, or with membrane lipids (10,27). When the receptor is bound to
heterotrimeric G proteins, it exhibits high PAF affinity, but this affinity is reduced when the
G proteins dissociate (10). Also, the treatment of PAF receptor-expressing cells with
polyunsaturated fatty acids that altered the lipid composition of extracted membranes also
changed the binding affinity of PAF to PAF receptor (27). These findings suggest that the
affinity of ligand to PAF receptor could be modified by G proteins or by the physico-chemical
properties of the surrounding lipid domain. For the intestine, although the exact concentrations
of PAF at the IEC surface are unknown, this lower sensitivity is likely appropriate for a cell
potentially exposed to high levels of PAF at the interface between IEC and the intestinal
microflora.

It is interesting that other calcium-dependent chloride secretagogues have not been shown to
induce apoptosis in IEC and that activation of other Cl− channels, which similarly conduct
bicarbonate, do not lead to acidosis. Ion transport is a complex process requiring simultaneous
regulation not only of transporters, but also of basolateral loading mechanisms. Thus the
difference between PAF and other secretagogues likely relates to simultaneous regulation of
other transporters, or the lack of it. If the basolateral loading mechanisms are stimulated as
well, the result is transepithelial transport, and if they are not, the result is net loss of Cl− and/
or bicarbonate.

Clinical studies suggest that stool PAF levels can correlate with patients at risk for IBD and
disease severity and that serum PAF levels can correlate with disease severity in NEC (38,
39,45). If PAF is a critical molecule in the pathogenesis of IBD, and if an early effect is induced
intracellular acidosis, inhibition of this effect may lead to a potential therapy for a subset of
patients at risk for IBD due to elevated PAF levels. Further understanding of the direct effects
of PAF on IEC separate from an induced inflammatory response will improve our
understanding of the pathology of IBD. An improved understanding of factors relating
intracellular pH to apoptosis in IEC has the potential to influence not only understanding of
IBDs but also of intestinal malignancies.
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Fig. 1.
Platelet-activating factor (PAF) induces dose-dependent intracellular acidification of intestinal
epithelial cells (IEC). A: representative tracing of pH measurements in H4 cells by
spectrofluorometry and the pH-sensitive dye BCECF. A stable baseline was obtained followed
by the addition of PAF and calibration with buffers of known pH concentrations. Cells were
transferred from standard media to HEPES buffered solutions before loading with BCECF,
which accounts for the high baseline pH value. Data are representative of 3 separate
experiments, all with similar results. B: summary bar graph of PAF-induced pH change in H4
and IEC-6 cells. Asterisk indicates significant PAF-induced pH change from baseline P < 0.05.
C: summary curves representing data from >7 individual cells/dose for IEC-6 cells treated with
0, .75, 1, 3, or 6 μM PAF and pH measured by time-lapse imaging using the pH-sensitive
fluorescent dye 5-(and-6)-carboxy SNARF-1 acetoxymethyl ester (SNARF). D: summary bar
graph of PAF-induced change in pH. Single asterisk indicates statistically significant difference
at P < 0.05 compared with 0.75 μM PAF dose. Double asterisk indicates statistical significance
at P < 0.05 compared with 3 μM PAF dose.
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Fig. 2.
PAF-induced intracellular acidification of IEC-6 cells is inhibited by Cl− channel inhibition.
A: representative tracing of pH measurements in individual IEC-6 cells by time-lapse imaging
using the pH-sensitive fluores-cent dye SNARF. Data are representative of n > 3 separate
experiments, each representing minimum 7 cells/experiment all with similar results. Based on
previous calibration with buffers of known pH concentrations, 3 μM PAF induced a decrease
in pH from a baseline of 7.39 ± .01 to 7.07 ± .05. B: summary data from separate experiments
with measurements taken from >7 cells/experiment. Asterisk indicates statistical significance
at P < 0.05 compared with baseline conditions. C: PAF-induced pH change was inhibited by
the Cl− channel inhibitor 4,4′diisothiocyanostilbene-2,2′ disulfonic acid (DIDS). Data shown
are representative of n > 3 separate experiments, each representing minimum 7 cells/
experiment all with similar results. D: summary data from separate experiments with
measurements taken from >7 cells/experiment indicating no PAF-induced change in pH in the
presence of DIDS.
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Fig. 3.
PAF-induced intracellular acidification of IEC is inhibited by Ca2+ chelation. A: representative
tracing of pH measurements in IEC-6 cells by microfluorimetry using the pH-sensitive
fluorescence dye SNARF. Cells were loaded with BAPTA 5 μM before treatment with PAF 3
μM. In contrast to control cells (Fig. 1), no acidosis is seen in n > 3 separate experiments, each
representing minimum 7 cells/experiment all with similar results. B: summary data from
separate experiments with measurements taken from >7 cells/experiment indicating no PAF-
induced acidosis in the presence of BAPTA. Asterisk indicates statistical significance at P <
0.05 compared with baseline conditions.
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Fig. 4.
PAF increases intracellular calcium concentration ([Ca2+]i) in IEC-6 cells. A: representative
tracing of [Ca2+]i measurements in IEC-6 cells by microfluorimetry using the Ca2+-sensitive
fluorescence dye fura-2 acetoxymethyl ester (Fura-2). Cells were excited alternately between
340 and 380 with emission measured at 542. The addition of 3 μM PAF caused increased
[Ca2+]i,in n > 3 separate experiments, each representing minimum 7 cells/experiment all with
similar results. B: summary data from separate experiments with measurements taken from >7
cells/experiment. AU, arbitrary units. Asterisk indicates statistical significance at P < 0.05
compared with baseline conditions.
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Fig. 5.
PAF activates a Ca2+-dependent Cl− current in IEC. A: representative voltage-clamp recording
of IEC-6 cells immediately following establishment of whole-cell configuration (basal) and
following peak current activation of PAF 2 μM into the cell. Currents were elicited during a
series of test pulses from −110 to +110 in 10-mV increments from a holding potential of −40
mV. B: averaged current-voltage (I-V) relationship shows significant outward rectification,
with the reversal potential about −8.4. C: summary of pharmacology of the PAF-activated
current. PAF elicited a maximal current density of 47.8 ± 5.5 pA/pF. BAPTA completely
inhibited the PAF-induced current (n = 3 cells). Autoinhibitory peptide (AIP), a specific
Ca2+/calmodulin-dependent protein kinase II (CaMKII) inhibitor significantly inhibited the
PAF-induced current as well (n = 3 cells). Single asterisk indicates a statistically significant
increase in current in response to PAF compared with basal conditions at P < 0.05. Double
asterisk indicates a statistically significant inhibition of PAF-induced Cl− current by both
BAPTA and AIP compared with PAF alone. Based on bathing solutions used, results are
consistent with a Cl−-specific current. D: RT-PCR demonstrating significant ClC-3 mRNA
(552 bp) knockdown (KD) in ClC-3 KD cell line (lane 3) compared with control KD cell line
(lane 2). GAPDH was used as control with gene product expected length of 200 bp. E: summary
of PAF-activated current in control and ClC-3 short hairpin RNA (shRNA)-transfected cells.
There is significantly less PAF-activated current in ClC-3 knockdown cells even at higher PAF
dosing (6 μM) compared with control cells. Number of cells examined as indicated above
respective bar. Asterisk indicates statistical significance at P < 0.05.
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Fig. 6.
PAF-induced caspase 3 activity in IEC-6 cells is inhibited by Na/H exchanger 1 (NHE1)
overexpression. A: immunoblot demonstrating overexpression of NHE1 in IEC-6 cells. B:
caspase activity was determined in IEC-6 cells from cell lysates representing equal amounts
of cellular protein using a fluorometric caspase 3 substrate in response to 1) basal conditions
(no treatment), 2) PAF, 3) NHE1 transfection and 4) NHE1 transfection + PAF. Caspase
activity was normalized to activity in untreated IEC-6 cells. The asterisk depicts statistical
significance at P < 0.05 compared with basal conditions. C: representative tracing of pH
measurements in ClC-3 knockdown IEC-6 cells by microfluorimetry using the pH-sensitive
fluorescence dye SNARF and treatment with PAF 3 μM. In contrast to control cells (Figs. 1
and 2), no acidosis is seen in n > 3 separate experiments each representing minimum 7 cells/
experiment, all with similar results. D: summary data from separate experiments with
measurements taken from >7 cells/experiment indicating no PAF-induced acidosis in ClC-3
KD cells.
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Fig. 7.
ClC-3 is important for PAF-induced apoptosis. A quantitative ELISA for histone-associated
cytoplasmic DNA fragments was used to measure apoptosis in IEC-6 cells, ClC-3 shRNA-
transfected IEC-6 cells, and control shRNA-transfected IEC-6 cells treated with 3 μM PAF or
vehicle control (C). Each experiment was run in quadruplicate (4 wells/experiment, n = 3
separate experiments), and the mean of the 4 control values was used to standardize values
within each experiment as percent of control with control being assigned a value of 100%.
Asterisk denotes statistical significance at P < 0.05 compared with control. As shown, PAF
induces significant apoptosis in both native and control shRNA-transfected IEC-6 cells but
does not induce significant apoptosis in ClC-3 knockdown cells.
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