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Acute	T	cell–mediated	diarrhea	is	associated	with	increased	mucosal	expression	of	proinflammatory	cytokines,	
including	the	TNF	superfamily	members	TNF	and	LIGHT.	While	we	have	previously	shown	that	epithelial	
barrier	dysfunction	induced	by	myosin	light	chain	kinase	(MLCK)	is	required	for	the	development	of	diar-
rhea,	MLCK	inhibition	does	not	completely	restore	water	absorption.	In	contrast,	although	TNF-neutralizing	
antibodies	completely	restore	water	absorption	after	systemic	T	cell	activation,	barrier	function	is	only	par-
tially	corrected.	This	suggests	that,	while	barrier	dysfunction	is	critical,	other	processes	must	be	involved	in		
T	cell–mediated	diarrhea.	To	define	these	processes	in	vivo,	we	asked	whether	individual	cytokines	might	regu-
late	different	events	in	T	cell–mediated	diarrhea.	Both	TNF	and	LIGHT	caused	MLCK-dependent	barrier	dys-
function.	However,	while	TNF	caused	diarrhea,	LIGHT	enhanced	intestinal	water	absorption.	Moreover,	TNF,	
but	not	LIGHT,	inhibited	Na+	absorption	due	to	TNF-induced	internalization	of	the	brush	border	Na+/H+		
exchanger	NHE3.	LIGHT	did	not	cause	NHE3	internalization.	PKCa	activation	by	TNF	was	responsible	for	
NHE3	internalization,	and	pharmacological	or	genetic	PKCa	inhibition	prevented	NHE3	internalization,	Na+	
malabsorption,	and	diarrhea	despite	continued	barrier	dysfunction.	These	data	demonstrate	the	necessity	of	
coordinated	Na+	malabsorption	and	barrier	dysfunction	in	TNF-induced	diarrhea	and	provide	insight	into	
mechanisms	of	intestinal	water	transport.

Introduction
Diarrhea is a common feature of numerous intestinal diseases, 
including enteric infections, inflammatory bowel disease, and 
graft-versus-host disease. In the past, the development of diar-
rhea in many of these diseases has been attributed to alterations in 
epithelial ion transport; for example, increased Cl– efflux during 
Vibrio cholera infection (1) or decreased Na+ absorption in inflam-
matory bowel disease (2). These changes in ion transport disrupt 
the osmotic gradient that drives water absorption, leading to 
retention or secretion of excess fluid into the intestinal lumen. In 
many cases, these diseases are also accompanied by increased intes-
tinal paracellular permeability, although neither the mechanisms 
that cause this change nor the pathophysiological significance of 
increased permeability are well understood.

We have previously investigated the role of increased intestinal 
permeability in T cell–mediated acute diarrhea that follows admin-
istration of CD3-specific antibodies (3). In this disease model, 
anti-CD3 injection causes systemic cytokine release and acute 
TNF-dependent diarrhea (3–5). We found that anti-CD3–induced 
diarrhea was characterized by intestinal epithelial barrier dysfunc-
tion and that this was required for the net water secretion that 
defines diarrhea. While a role for active Cl– secretion has been 
excluded (3, 5), some data exist to suggest that other transcellular 
transport processes may contribute to this secretory process. For 

example, a general defect in Na+ absorption, Na+-glucose cotrans-
port, and inducible Cl– secretion occurs after anti-CD3 treatment, 
and Na+/K+-ATPase downregulation has been implicated as the 
underlying cause for these deficits (5). Our previous study showed 
that paracellular transport was also critical to diarrhea development; 
anti-CD3 treatment induced myosin light chain kinase–dependent 
(MLCK-dependent) tight junction barrier dysfunction, and either 
pharmacologic or genetic MLCK inhibition prevented diarrhea (3). 
However, although MLCK inhibition completely restored barrier 
function to levels seen in control animals and also prevented net 
water secretion after anti-CD3 injection, water absorption was not 
completely restored to the level in control animals (3). In contrast, 
while TNF-neutralizing antibodies did completely restore water 
absorption in anti-CD3–treated animals to the level in control 
animals, barrier function remained compromised. Thus, processes 
other than MLCK-mediated barrier dysfunction must be involved 
in the diarrhea induced by anti-CD3 treatment.

To better dissect this process, we chose to move away from the 
model of anti-CD3 injection, a relatively blunt tool that activates 
T cells and releases many cytokines, in favor of administration of 
individual cytokines. In particular, we focused on 3 cytokines that 
have been implicated in epithelial barrier dysfunction, diarrhea, or 
intestinal inflammatory disease: IFN-g, TNF, and the TNF super-
family member LIGHT (lymphotoxin-like inducible protein that 
competes with glycoprotein D for herpesvirus entry mediator on 
T cells) (6–11). However, the effects of these cytokines on intesti-
nal physiology in vivo have not been reported. Our data show that 
while injection with either TNF or LIGHT leads to intestinal epi-
thelial barrier dysfunction, only TNF causes diarrhea. We find that 
the ability of TNF to cause diarrhea requires both epithelial barrier 
dysfunction and PKCa-dependent inhibition of Na+/H+ exchanger 
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isoform 3–mediated (NHE3-mediated) Na+/H+ exchange. In con-
trast, LIGHT induces barrier dysfunction but does not activate 
PKCa or inhibit NHE3. These results indicate that both epithelial 
barrier dysfunction and Na+ malabsorption are necessary for this 
diarrhea to occur and thereby provide a unifying understanding of 
the pathophysiology that underlies immune-mediated diarrhea.

Results
TNF and LIGHT are involved in intestinal disease induced by systemic T 
cell activation. We have previously shown that MLCK activation is 
necessary for epithelial barrier dysfunction and the development 
of diarrhea after anti-CD3–mediated T cell activation in mice (3). 
This systemic T cell activation led to a significant increase in BSA 
flux from the blood stream into the jejunal lumen, reflecting a 
loss of intestinal epithelial barrier function (Figure 1A). Addition-
ally, T cell activation reversed the direction of water flow from 
absorption to net secretion (Figure 1B). Although the membrane-

permeant inhibitor of MLCK 
(PIK) completely prevented 
increased BSA flux (Figure 1A) 
and corrected the direction 
of water flow to net absorp-
tion (Figure 1B), quantita-
tive analysis showed that the 
magnitude of water absorp-
tion remained decreased rela-
tive to that in control animals  
(P < 0.01). This indicates that a 
second process may contribute 
to impaired water absorption 
after systemic T cell activation. 
To better understand this pro-
cess, we recognized that the 
systemic T cell activation that 
follows anti-CD3 injection is a 
global stimulus that triggers 
diverse processes including 
release of many cytokines. We 
reasoned that critical events 
necessary for the development 
of T cell–mediated diarrhea 
might be regulated by indi-
vidual cytokines. We therefore 
asked what roles individual 
cytokines played in develop-
ment of diarrhea after system-
ic T cell activation.

Previous studies have sug-
gested an important role for 
TNF in diarrhea caused by 
systemic T cell activation. 
We found that TNF-neutral-
izing antibodies restored 
net water absorption, both 
qualitatively and quantita-
tively (Figure 1B). However, 
TNF-neutralizing antibodies 
only partially corrected bar-
rier dysfunction, as indicated 
by persistently increased BSA 

flux (Figure 1A). Similarly, TNF-neutralizing antibodies only 
partly prevented anti-CD3–induced myosin II regulatory light 
chain (MLC) phosphorylation (3). We therefore asked which 
other cytokines are expressed at elevated levels in the jejunal 
mucosa after systemic T cell activation. We focused our atten-
tion on 3 cytokines reported to disrupt barrier function in cul-
tured epithelial monolayers: IFN-g, TNF, and the TNF super-
family member LIGHT (9, 12–14). All 3 of these cytokines were 
markedly upregulated in the intestinal mucosa following anti-
CD3–mediated T cell activation (Figure 1C). Consistent with a 
role for LIGHT, less extensive barrier dysfunction was caused by 
T cell activation in knockout mice lacking the lymphotoxin b 
receptor (LTbR), which mediates LIGHT but not TNF signaling 
(Figure 1A). Together with data showing that TNF neutraliza-
tion cannot completely correct barrier dysfunction, these data 
suggest that LIGHT may contribute to the loss of intestinal bar-
rier function that follows systemic T cell activation.

Figure 1
Administration of TNF and LIGHT induces barrier dysfunction similar to that caused by anti-CD3 injec-
tion, but only TNF causes net water secretion. (A) In vivo perfusion assays show that anti-CD3 causes a 
large increase in BSA flux (P < 0.0001 versus control). The MLCK inhibitor PIK completely prevented this 
increased BSA flux, which was also attenuated by anti-TNF or use of LTbR–/– mice. (B) Anti-CD3 injection 
reverses water movement, from net water absorption in control animals to net water secretion (P < 0.0001). 
PIK restored water flow to net absorption, although absorption was still significantly less than in control ani-
mals. Anti-TNF completely restored water absorption after anti-CD3 injection. No significant water absorption 
or secretion was observed in LTbR–/– animals treated with anti-CD3 (P < 0.001). (C) Two hours following 
anti-CD3 injection, TNF, LIGHT, and IFN-g mRNA were assessed in intestinal mucosa using quantitative 
real-time PCR. Anti-CD3 caused significant increases in transcripts for all 3 cytokines (P < 0.001). (D) Either 
TNF or LIGHT, but not IFN-g, causes significant increases in BSA flux, though not as large as that caused by 
anti-CD3. Simultaneous injection of TNF and LIGHT led to a larger increase in BSA flux that resembled the 
increase following anti-CD3 injection. (E) While IFN-g does not alter water movement, TNF reverses water 
movement from net water absorption to net water secretion in a manner similar to anti-CD3. In contrast, 
LIGHT caused an increase in water absorption (P = 0.03). Simultaneous TNF and LIGHT treatment caused 
water secretion similar to that caused by treatment with TNF alone.



research article

2684	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 116   Number 10   October 2006

To better characterize the effects of IFN-g, TNF, or LIGHT on 
intestinal barrier function and water transport, we treated mice 
with each cytokine. IFN-g had no effect on either barrier function 
or water transport. In contrast, both TNF and LIGHT caused bar-
rier dysfunction when injected 1 hour before the beginning of in 
vivo perfusion (Figure 1D). These decreases in barrier function 
were confirmed by Üssing chamber analyses of [3H]mannitol flux, 
which was significantly increased in tissues from TNF- or LIGHT-
treated animals (Table 1; P < 0.005 for each).

Injection of TNF or LIGHT individually increased BSA flux by 
0.17 ± 0.03 mg/cm/h and 0.17 ± 0.01 mg/cm/h, respectively. These 
values were both less than the 0.36 ± 0.04 mg/cm/h increase in BSA 
flux induced by anti-CD3–mediated T cell activation (P < 0.05), but 
were similar to the 0.18 ± 0.01 mg/cm/h and 0.17 ± 0.02 mg/cm/h  
increases caused by combined anti-CD3 and anti-TNF treatment 
or by anti-CD3 treatment of LTbR-knockout mice, respectively. 
These data show that neutralization of either TNF, with anti-TNF 
antibodies, or LIGHT, by use of LTbR-knockout mice, is only able 
to prevent half of the barrier defect induced by anti-CD3–medi-
ated T cell activation. Moreover, the data suggest that the entire 
effect of anti-CD3–mediated T cell activation on barrier function 
might be the result of the 2 cytokines TNF and LIGHT. To test 
this possibility, TNF and LIGHT were coadministered to wild-type 
mice (Figure 1D). This combined treatment increased BSA flux by  
0.33 ± 0.03 mg/cm/h, showing that the effects of TNF and LIGHT 
on jejunal barrier function are additive and that the combined 
effect is similar to that of anti-CD3–mediated T cell activation. 
These data therefore show that both TNF and LIGHT cause epi-
thelial barrier dysfunction in vivo and, together with the data 
from studies using TNF-neutralizing antibodies or LTbR-knock-
out mice, suggest that both are involved in the barrier dysfunction 
induced after systemic T cell activation.

Remarkably, while TNF induced net water secretion similar to 
that following systemic T cell activation, LIGHT did not induce 
net water secretion; water absorption actually increased after 
LIGHT injection (Figure 1E). Simultaneous administration of 
TNF and LIGHT caused net water secretion indistinguishable 
from that induced by TNF alone, suggesting that LIGHT does 
not activate events that favor water absorption but rather fails 
to activate events that cause net water secretion. Moreover, these 
data indicate that barrier dysfunction alone may not be sufficient 
to induce diarrhea.

TNF and LIGHT disrupt epithelial barrier function via MLCK signaling. 
To characterize the opposite effects of TNF and LIGHT on intesti-
nal water transport despite similar effects on barrier function, we 
first asked whether TNF and LIGHT induced barrier dysfunction 

by different mechanisms. As we have reported 
that barrier dysfunction induced by systemic 
T cell activation requires MLCK-mediated 
MLC phosphorylation and is accompanied by 
internalization of the transmembrane tight 
junction protein occludin (3), we first asked 
whether a similar series of events is initiated 
by TNF or LIGHT administration. Both TNF 
and LIGHT caused increases in intestinal epi-
thelial MLC phosphorylation (Figure 2A). The 
specific MLCK inhibitor PIK prevented this, 
indicating that MLCK mediates these increas-
es in MLC phosphorylation. PIK was also able 
to completely correct barrier dysfunction 

induced by TNF or LIGHT administration (Figure 2B). Thus, TNF 
and LIGHT induce similar epithelial barrier dysfunction, which in 
both cases is mediated by MLCK-mediated MLC phosphorylation. 
PIK also prevented the net water secretion caused by TNF injec-
tion, although a significant defect in water absorption remained 
(Figure 2C). This is similar to the effect of PIK on water movement 
after systemic T cell activation (Figure 1B). In the case of LIGHT-
treated animals, PIK prevented the observed enhancement of water 
absorption. Morphological examination showed that occludin, 
which is normally localized specifically to the tight junction, was 
redistributed to vesicular cytoplasmic structures after either TNF 
or LIGHT treatment (Figure 2D). PIK also prevented internaliza-
tion of occludin into vesicular cytoplasmic structures after TNF 
or LIGHT treatment (Figure 2E). These data show that TNF and 
LIGHT both cause barrier dysfunction via MLCK activation and 
that the morphological and functional effects of these cytokines on 
tight junction integrity are similar. The data also indicate that this 
MLCK-dependent tight junction dysfunction is involved in both 
the net water secretion and increased water absorption induced by 
TNF and LIGHT, respectively. Therefore, differences in the mecha-
nisms of tight junction dysfunction cannot account for the striking 
differences in effects of TNF and LIGHT on water transport.

TNF and LIGHT have different effects on Na+ absorption. The data pre-
sented above show that LIGHT is sufficient to induce MLCK-medi-
ated barrier dysfunction but that this barrier dysfunction is not 
sufficient to cause diarrhea. We therefore asked whether LIGHT-
induced barrier dysfunction was able to cause diarrhea in conjunc-
tion with altered epithelial ion transport. We and others have pre-
viously determined that chloride secretion is not responsible for T 
cell activation–induced diarrhea; however, Na+ malabsorption has 
been implicated in this process (3, 5). Thus, we artificially induced 
Na+ malabsorption by replacing Na+ in the in vivo perfusion assay 
solution with N-methyl-d-glucamine. Na+ malabsorption had no 
effect on the epithelial barrier dysfunction caused by either TNF 
or LIGHT (Figure 3A). However, Na+ replacement had profound 
effects on water flux (Figure 3B). In control animals, Na+ malab-
sorption resulted in a significant decrease in water absorption. In 
contrast, elimination of Na+ from the perfusate had no effect on 
net water secretion induced by TNF. In the case of LIGHT-treated 
animals, elimination of Na+ from the perfusate completely abol-
ished water absorption. Thus, we were able to partially recapitulate 
the net water secretion observed after TNF treatment by coupling 
LIGHT-mediated barrier dysfunction with Na+ malabsorption. 
These data suggest that Na+ malabsorption may contribute to diar-
rhea following TNF injection and explain the differences between 
effects of TNF and LIGHT on water movement.

Table 1
TNF, but not LIGHT, reduces Na+ absorption

Treatment	 Na+	flux,	m→s		 Na+	flux,	s→m		 Na+	flux,	net		 Mannitol	flux		 n
	 (mEq/cm2/h)	 (mEq/cm2/h)	 (mEq/cm2/h)	 (mmol/cm2/h)
Control 18.0 ± 2.1 10.7 ± 1.1 7.3 ± 2.4 0.28 ± 0.03 4
Control + S3226 11.7 ± 0.7 10.6 ± 0.7 1.1 ± 1.0 0.30 ± 0.03 5
TNF 11.1 ± 0.9 10.3 ± 1.0 0.8 ± 1.3 0.69 ± 0.09 4
TNF + S3226 11.2 ± 0.6 10.8 ± 0.5 0.4 ± 0.8 0.77 ± 0.11 4
LIGHT 19.6 ± 1.8 12.1 ± 1.4 7.4 ± 2.3 0.83 ± 0.09 4
LIGHT + S3226 12.1 ± 0.7 10.4 ± 0.7 1.7 ± 1.0 0.79 ± 0.06 5

m→s, mucosal-to-serosal.
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TNF, but not LIGHT, causes Na+ malabsorption via NHE3 downregu-
lation. To determine whether TNF does cause Na+ malabsorption, 
we measured bidirectional 22Na+ flux in Üssing chambers (Table 
1). In control animals, substantial net 22Na+ absorption, from the 
mucosal to the serosal chamber, occurred. Addition of the specific 
NHE3 inhibitor S3226 to the mucosal chamber eliminated 85% 
of net Na+ movement, indicating that NHE3 is largely responsible 
for this net Na+ absorption (P = 0.003). Similarly, LIGHT-treated 
tissue demonstrated robust Na+ absorption that was reduced 78% 
by the addition of S3226. However, TNF-treated tissue demon-
strated greatly reduced net Na+ absorption (P = 0.001), which was 
similar to net Na+ flux after S3226 treatment. Thus, TNF treat-
ment caused a substantial drop in Na+ absorption by eliminating 
the NHE3-mediated component of mucosal-to-serosal Na+ flux.

NHE3 inhibition coupled with LIGHT-mediated epithelial barrier dys-
function leads to net water secretion. To determine whether NHE3 
inhibition in combination with LIGHT treatment could recapitu-
late TNF-induced net water secretion, S3226 was included in the 
in vivo perfusion of control and LIGHT-treated animals. NHE3 
inhibition had no effect on epithelial barrier function in control or 
LIGHT-treated animals (Figure 4A), but S3226 reduced net water 
absorption in control animals to levels similar to those seen with 
Na+-free perfusate (Figure 4B and Figure 3B). In animals treated 
with LIGHT, S3226 reversed net water absorption to cause net 
water secretion (Figure 4B). Similarly, PMA, a stimulus known to 
cause NHE3 downregulation via PKC activation, had no effect on 
epithelial barrier function (Figure 4A) but decreased water absorp-
tion when given alone and led to net water secretion when given 

Figure 2
TNF and LIGHT mediate epithelial barrier dysfunction via MLCK activity. (A) Either TNF or LIGHT treatment increases MLC phosphorylation in 
jejunal epithelia. PIK prevented TNF- and LIGHT-mediated increases in MLC phosphorylation. (B) Either TNF or LIGHT causes increased BSA 
flux. PIK prevented increases in BSA flux after TNF or LIGHT treatment, indicating that epithelial barrier dysfunction after TNF or LIGHT treatment 
requires MLCK. (C) TNF causes net water secretion, while LIGHT increases net water absorption. PIK restored net absorption after TNF treat-
ment, although a significant quantitative defect remained (P = 0.01). PIK reduced normal water absorption to control levels in animals treated with 
LIGHT. MLCK-mediated barrier dysfunction is therefore responsible for the changes in water flux due to LIGHT but does not completely account 
for changes due to TNF. (D) Immunofluorescent localization of occludin (red), F-actin (green), and nuclei (blue) in the jejunal epithelium shows that 
in control mice (top panels), occludin was localized to apical cell-cell junctions. After either TNF or LIGHT injection (middle and bottom panels), 
intracellular occludin inclusions were also present (white arrows). Scale bar: 5 mm. (E) Immunofluorescent localization of occludin (red), F-actin 
(green), and nuclei (blue) in the jejunal epithelium of mice treated with the MLCK inhibitor PIK demonstrates that occludin was localized exclusively 
at apical cell-cell junctions, indicating that PIK treatment prevented TNF- and LIGHT-mediated occludin internalization. Scale bar: 5 mm.
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in conjunction with LIGHT (Figure 4B). To confirm that these 
effects were in fact due to NHE3, we also treated NHE3-knockout 
mice with TNF or LIGHT. In this assay, NHE3+/– mice performed 
identically to wild-type animals; injection of either TNF or LIGHT 
caused an increase in BSA flux into the intestinal lumen (Figure 
4C), while only TNF treatment caused net water secretion (Figure 
4D). Barrier dysfunction was also induced by TNF or LIGHT in 
NHE3–/– mice (Figure 4C). Under control conditions, the NHE3–/– 
mice displayed a significant decrease in net water absorption, con-
sistent with the mild malabsorptive diarrhea previously reported 
in these animals (15) and similar to the effects of S3226 or Na+-free 
perfusate (Figure 3B and Figure 4, B and D). TNF administration 
led to net water secretion in NHE3–/– mice that was similar to that 
seen in NHE3+/– and wild-type animals. LIGHT also induced net 
water secretion in NHE3–/– mice, and this was quantitatively indis-
tinguishable from that induced by TNF. Thus, inhibition of NHE3 
using pharmacologic or genetic means, coupled with LIGHT-
induced barrier dysfunction, replicates the net water secretion 
observed in animals treated with TNF. Together with the results 
of the analysis of Na+ transport (Table 1), these data suggest that 
NHE3 downregulation may be the crucial difference that explains 
why TNF induces net water secretion but LIGHT does not.

TNF downregulates NHE3 activity via internalization. NHE3 down-
regulation can occur either by decreasing transport activity at 
the membrane or by endocytic removal of NHE3 from the brush 
border (16–18). These mechanisms can be distinguished based on 
morphologically evident changes in NHE3 distribution. In jejunal 
epithelia of control mice, NHE3 is concentrated within the brush 
border (Figure 5A). NHE3 colocalizes with the actin cores of the 
brush border microvilli that are visible as wisps of F-actin pro-
truding apically from the bright perijunctional actomyosin ring 
(Figure 5A). This was confirmed by quantitative line scan analysis 
(Figure 5B). Using the perijunctional actomyosin ring as a land-
mark to align the fluorescence intensities across multiple scans, 
we found that NHE3 intensity peaked at a location just apical to 
the F-actin peak of the perijunctional actomyosin ring, consistent 

with its localization at the brush border (Figure 5B). In contrast to 
what we observed in control mice, much of the brush border NHE3 
staining was lost in jejunal epithelia from TNF-treated mice, and 
NHE3 was detected within the apical cytoplasm (Figure 5C). This 
was confirmed in line scan analyses (Figure 5D), where the peak of 
NHE3 apical to the perijunctional actomyosin ring was lost and a 
new accumulation of NHE3 within the apical cytoplasm, beneath 
the perijunctional actomyosin ring, was present. In jejunal epithe-
lia from LIGHT-treated mice, NHE3 remained primarily localized 
to the brush border, similar to what was observed in control mice 
(Figure 5E). This is also confirmed by line scan analyses (Figure 
5F). Thus, while LIGHT treatment had no effect on NHE3 localiza-
tion, TNF treatment caused NHE3 to be redistributed away from 
the brush border. This suggests that endocytic removal of NHE3 is 
the mechanism of TNF-induced Na+ malabsorption.

cAMP signaling is not responsible for NHE3 downregulation. Although 
many diverse stimuli are known to acutely downregulate NHE3 
activity, most of these stimuli mediate NHE3 inhibition via 2 dis-
tinct pathways: cAMP signaling or PKC signaling (19). To deter-
mine whether cAMP signaling is involved in TNF-mediated NHE3 
downregulation, we first assessed intestinal epithelial cAMP lev-
els after cytokine injection. No increases in epithelial cAMP were 
detected after treatment with TNF or LIGHT, either 30 minutes 
or 60 minutes after injection, suggesting that cAMP signaling is 
not involved in TNF-mediated NHE3 downregulation (Figure 6A). 
However, a small, localized increase in cAMP could potentially 
downregulate NHE3 without causing a measurable increase in 
total epithelial cAMP. To exclude this possibility, we added inhibi-
tors of PKA, the mediator of cAMP-induced NHE3 downregula-
tion (20, 21), to in vivo perfusion assays in an attempt to block 
TNF-mediated NHE3 downregulation. A cocktail of PKA inhibi-
tors was unable to prevent TNF-mediated barrier dysfunction 
(Figure 6B) or net water secretion (Figure 6C). Thus, the NHE3 
downregulation observed after TNF treatment was not due to a 
signaling pathway involving cAMP and PKA.

PKC signaling mediates TNF-induced NHE3 downregulation and 
internalization. We next assessed the contribution of the other 
major route for NHE3 downregulation, PKC signaling. PKC 
activation can be determined by measuring translocation of 
PKC to the site of activity, in this case the plasma membrane 
(22, 23). Membrane fractions were isolated from intestinal epi-
thelial cells of control and TNF- or LIGHT-treated animals and 
immunoblotted for PKCa, an isoform of PKC known to regulate 
NHE3 (23, 24) (Figure 7A). TNF injection caused a significant 
increase in PKCa expression within the membrane fractions, 

Figure 3
Induction of Na+ malabsorption reverses water flux in LIGHT-treated 
animals. (A) Mice were injected with TNF, LIGHT, or vehicle and then 
perfused with solution containing Na+ or the Na+ substitute N-methyl-
d-glucamine where indicated. Both TNF and LIGHT treatment caused 
a significant increase in BSA flux compared with control, and perfusion 
with Na+-free perfusate had no effect on the barrier dysfunction elicited 
by TNF or LIGHT. (B) When perfused with solution lacking Na+, control 
animals demonstrated a reduction in net water absorption (P = 0.03). 
TNF injection caused net water secretion regardless of the presence of 
Na+ in the perfusate. After LIGHT injection, perfusion with solution con-
taining Na+ resulted in an increase in water absorption compared with 
that in control animals (P = 0.02), while perfusion with solution lacking 
Na+ led to complete ablation of water absorption (P = 0.008).
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consistent with PKCa activation. In contrast, LIGHT did not 
cause an increase in membrane-associated PKCa.

Given that PKC activation is able to cause net water secretion 
with LIGHT (Figure 4B), and PKC activation occurs after TNF 
treatment (Figure 7A), we hypothesized that PKC inhibition 
might prevent TNF-mediated diarrhea. To test this hypothesis, we 
first asked whether a PKC inhibitor cocktail could prevent TNF-
induced NHE3 internalization. This cocktail did not alter NHE3 
distribution in control mice (Figure 7, B and C). However, in TNF-
treated mice, PKC inhibition largely prevented NHE3 removal 
from the brush border (Figure 7, B and C). Thus, PKC inhibitors 
prevented TNF-mediated NHE3 internalization. To determine 
whether PKC inhibitors also prevented downregulation of NHE3-
mediated Na+ transport by TNF, we examined the effects of PKC 
inhibition on 22Na+ flux in jejunum from control and TNF-treated 
mice (Figure 7D). Again, jejunum from control mice demonstrated 
robust Na+ transport that was sensitive to S3226, demonstrating 
that it was mediated by NHE3, and TNF caused a significant drop 
in this NHE3-mediated Na+ transport (Figure 7D). PKC inhibitors 
alone had no effect on Na+ transport, but these inhibitors com-
pletely prevented TNF-induced inhibition of NHE3-mediated Na+ 
transport (Figure 7D). Thus, PKC inhibitors prevent TNF-induced 
downregulation of NHE3-mediated Na+ transport.

PKCa-dependent NHE3 downregulation is necessary for TNF-mediated 
diarrhea. Given that PKC inhibition prevents both morphological 

and functional evidence of TNF-mediated NHE3 downregulation, 
we asked whether PKC inhibition could also prevent the water 
secretion induced by TNF. To test this, we added a general PKC 
inhibitor cocktail or the PKCa-specific inhibitor Gö6976 to the 
perfusate of control and TNF-treated mice. These PKC inhibitors 
did not alter BSA flux in the perfused loop of intestine in con-
trol or TNF-treated mice, demonstrating that PKC isoforms do 
not play a role in TNF-induced barrier dysfunction (Figure 8A). 
However, both the PKC inhibitor cocktail and Gö6976 prevented 
TNF-mediated net water secretion (Figure 8B), suggesting that 
PKCa-mediated NHE3 downregulation is the critical event that 
combines with barrier dysfunction to cause TNF-induced diar-
rhea. To confirm the specific role of PKCa, we treated PKCa–/– 
mice with TNF and performed in vivo intestinal transport assays. 
PKCa–/– mice demonstrated TNF-induced barrier dysfunction 
similar to that in wild-type mice (Figure 8C). However, TNF did 
not induce net water secretion in PKCa–/– mice (Figure 8D). These 
data clearly show that PKCa is critical for NHE3 downregulation 
and TNF-induced diarrhea.

Discussion
Diarrhea is a common symptom of many inflammatory diseases 
of the intestine, such as graft-versus-host disease and inflam-
matory bowel disease. While elevated levels of proinflammatory 
cytokines, including TNF family members, appear to be critical 

Figure 4
NHE3 inhibition coupled with LIGHT injection leads to net water secretion. (A) LIGHT increases BSA flux into the perfused jejunal segment during 
in vivo perfusion assays regardless of treatment with S3226 or PMA. (B) LIGHT increases water absorption compared with that seen in control 
animals. Ten micromolar S3226 reduces water absorption in control animals (P = 0.02) and allows net water secretion in animals injected with 
LIGHT (P = 0.003). PMA also caused water malabsorption in control animals (P = 0.03) and net water secretion after LIGHT injection (P = 0.003). 
(C) Assay of NHE3+/– (+/–) and NHE3–/– (–/–) mice shows that both TNF and LIGHT cause increased BSA flux regardless of the presence of 
NHE3. (D) While NHE3+/– mice display normal water absorption, NHE3–/– mice have a significant quantitative defect (P = 0.02). TNF treatment of 
NHE3+/– or NHE3–/– mice caused net water loss similar to that in wild-type animals. LIGHT caused a nonsignificant increase in water absorption 
in NHE3+/– mice but induced net water secretion in NHE3–/– mice (P = 0.0003).
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to the development of these diseases, the mechanisms by which 
these cytokines cause acute diarrhea remain unclear. Previously, 
we found that systemic T cell activation produced a TNF-depen-
dent diarrhea that required epithelial barrier dysfunction medi-
ated by MLCK activation (3). However, MLCK-mediated bar-
rier dysfunction could not account for the entire loss of water 
absorption induced by systemic T cell activation, and TNF could 
not account for all of the epithelial barrier dysfunction observed. 
Therefore, our aim was to define the epithelial processes regu-
lated by specific cytokines released after T cell activation. We 
found that IFN-g, TNF, and LIGHT were all upregulated in the 
intestinal mucosa after in vivo T cell activation. Moreover, barrier 
dysfunction was attenuated in mice lacking the LIGHT receptor 
LTbR, suggesting that LIGHT might play a role in T cell–mediat-
ed diarrhea. Thus, it was surprising that direct injection of recom-
binant TNF caused diarrhea but LIGHT did not. More remark-
able was the observation that TNF and LIGHT induced identical 
MLCK-dependent increases in intestinal epithelial permeability 
and tight junction disruption. This difference was explained by 
the ability of TNF, but not LIGHT, to inhibit NHE3-mediated 
Na+ transport via PKCa-dependent NHE3 internalization. Thus,  
T cell–mediated diarrhea requires synergy between barrier dys-
function and Na+ malabsorption.

Previous studies have shown that 
NHE3 can be downregulated by chronic 
IFN-g treatment (25). However, the lack 
of an effect of IFN-g alone on either water 
absorption or barrier function suggests 
that it does not play a role in the acute 
T cell–dependent diarrhea modeled here. 
While no previous studies have reported 
TNF-dependent NHE3 inhibition, either 
in vitro or in vivo, our data clearly show 
that TNF abolishes NHE3-mediated 
Na+ absorption. Furthermore, although 
numerous other Na+-absorptive path-
ways, such as Na+-glucose cotransport, 
exist, the ability of targeted NHE3 inhi-
bition to cause net water secretion when 
coupled with LIGHT-induced barrier 
dysfunction is consistent with the con-
clusion that NHE3 downregulation is 
the critical transcellular transport pro-
cess inhibited by TNF. We therefore 
investigated the mechanism of this TNF-
induced NHE3 inhibition. It was not sec-
ondary to TNF-induced MLCK activa-
tion, as MLCK inhibition did not restore 
the NHE3-dependent component of 
water absorption. Thus, we asked wheth-
er either of the 2 principal mechanisms of 
NHE3 inhibition, downregulation within 
or endocytic removal from the brush bor-
der, was involved in TNF-induced NHE3 
inhibition. The morphometric analyses 
clearly show that TNF causes NHE3 to 
be translocated from the brush border 
to an apical cytoplasmic pool, consis-
tent with endocytic removal. While such 
regulation has been reported to be trig-

gered by cAMP signaling (26, 27), we found no evidence for TNF-
induced increases in epithelial cAMP, and PKA inhibition failed 
to alter TNF-induced diarrhea. In contrast, PKCa, which can also 
effect NHE3 endocytosis (23, 24), was activated in intestinal epi-
thelia after TNF, but not LIGHT, treatment. Consistent with the 
notion that PKCa activation is the mechanism of TNF-induced 
NHE3 internalization, PKC inhibition prevented NHE3 internal-
ization and Na+ malabsorption. Moreover, in TNF-treated mice, 
either pharmacological or genetic PKCa inhibition prevented 
TNF-induced water malabsorption. This is perhaps more remark-
able when one considers that neither pharmacological nor genetic 
PKCa inhibition prevented TNF-induced epithelial barrier dys-
function. Thus, the MLCK-dependent barrier dysfunction induced 
by TNF and LIGHT occurs independently of PKCa. Moreover, the 
observations that coadministration of TNF and LIGHT causes 
barrier defects that are additive and similar to those induced by 
anti-CD3 and that anti-CD3 also induces greater epithelial MLC 
phosphorylation than TNF or LIGHT alone suggest that, despite 
their use of entirely different surface receptors (28), intracellular 
signals generated by TNF and LIGHT are additive.

The data suggest that TNF, but not LIGHT, causes diarrhea 
because it is uniquely able to activate MLCK and PKCa, leading to 
barrier dysfunction and NHE3 inhibition, respectively. In addition 

Figure 5
NHE3 is internalized after TNF treatment. Immunofluorescent detection of NHE3 (red), F-actin 
(green), and nuclei (blue) in the jejunal epithelium 1 hour after injection of vehicle (A), 5 mg TNF 
(C), or 5 mg LIGHT (E) demonstrates that NHE3 is predominantly found in the epithelial brush 
border in both control and LIGHT-treated mice. After TNF treatment, much of this brush border 
staining was absent. Quantification of pixel intensities of multiple immunofluorescent images 
from control (B), TNF- (D), and LIGHT-treated (F) mice was performed. F-actin fluorescence 
(green) peaked at the perijunctional actomyosin ring in each set of images. NHE3 intensity (red) 
peaked just apical to the perijunctional actomyosin ring in controls and after LIGHT treatment, 
but this peak was abolished after TNF treatment, indicating that TNF leads to a significant loss 
of brush border NHE3. Scale bars: 5 mm.
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to providing significant new understanding of the means by which 
these TNF family members regulate epithelial physiology and cause 
diarrhea, these data indicate activation of overlapping but distinct 
signaling pathways by TNF and LIGHT. Only TNF activates PKCa, 
while both TNF and LIGHT activate MLCK. This may be explained 
by the fact that TNF and LIGHT activate separate receptors (28). 
While the signaling intermediates that lead to activation of MLCK 
or PKCa in response to these cytokines remain to be defined, it is 
worth noting that both MLCK and PKCa can be activated through 
Ca2+-dependent processes. Although some in vitro data suggest 
that TNF does not increase cytoplasmic free Ca2+ in intestinal epi-
thelia (29), it has been shown that TNF increases cytoplasmic free 
Ca2+ expression in lung epithelial cells (30); thus, it may be appro-
priate to revisit this question in the future. It is also worth noting 
that we have not yet been able to characterize the endocytic process 
that effects NHE3 internalization in jejunal enterocytes after TNF 
stimulation. Previous work in Chinese hamster ovary cells and iso-
lated rabbit intestine suggests that NHE3 can be internalized by 
both clathrin- and caveolae-mediated processes (17, 31).

In addition to revealing the specific effects of TNF and LIGHT 
signaling pathways in the intestinal epithelium, these data more 

broadly define the critical interaction between barrier dysfunction 
and absorptive processes in the development of diarrhea. We have 
proposed a model to explain the synergy between these 2 processes 
(Figure 9). Under normal conditions, NHE3-mediated Na+ trans-
port establishes an osmotic gradient that provides a driving force 
for transepithelial water absorption. In the presence of a barrier 
defect only, such as that induced by LIGHT, NHE3-mediated Na+ 
transport is intact, and thus the osmotic gradient across the intes-
tinal epithelium still favors water absorption. Indeed, the data sug-
gest that the quantity of water absorbed in this case may actually 
increase. This suggests that the permeability increases are selec-
tive for specific molecules, as more paracellular channels may be 
available for transepithelial water movement, but the Na+ gradient 
remains at least partially intact. This is consistent with our obser-
vation that passive serosal-to-mucosal Na+ flux was not increased 
by TNF, but mannitol flux increased more than 2-fold.

Isolated NHE3 downregulation with normal barrier function, as 
can be induced pharmacologically by S3226 or PMA or genetically 
in the NHE3–/– mouse, clearly reduces water absorption, resulting 
in excess water retention within the intestinal lumen. This is pre-
sumably because of inhibition of NHE3-mediated Na+ absorption, 
a major driving force for water absorption. This absence of NHE3-
mediated Na+ absorption may also result in loss of villous hyperos-
molality, which is thought to support water absorption (32). Howev-
er, it is important to note that NHE3 inhibition alone is insufficient 
to cause the reversal of net water movement that is necessary for 
large-volume diarrhea to occur. Thus, NHE3 inhibition only causes 
a mild diarrhea, such as that reported in NHE3–/– mice (15).

Net water secretion only occurs when both Na+ malabsorption 
and barrier dysfunction are present together. This occurs after 
TNF injection, and we have modeled this situation artificially by 
LIGHT injection in conjunction with S3226 or PMA treatment or 
in NHE3–/– mice. Our data suggest that loss of the osmotic gradi-
ent favoring water absorption — due to inhibition of NHE3-medi-
ated Na+ absorption — synergizes with increased tight junction 
permeability to allow paracellular water flux and large volume 
diarrhea. While the route of intestinal transepithelial water trans-
port, either transcellular or paracellular, remains controversial, 
these data suggest that the paracellular route is critically impor-
tant and perhaps necessary for diarrhea to occur. This is supported 
by the observation that MLCK inhibition, which prevents increases 
in paracellular permeability, prevents water secretion but does not 
restore NHE3-dependent water absorption after TNF or anti-CD3 
treatment. This is also consistent with the observations that water 
absorption is enhanced when paracellular permeability is increased 

Figure 6
cAMP signaling is not involved in TNF-mediated water secretion. (A) 
Measurement of cAMP levels in the jejunal epithelium of mice 30 or 
60 minutes after injection with either TNF or LIGHT shows that neither 
treatment increases epithelial cAMP. Cholera toxin is shown as a pos-
itive control. (B) BSA flux was measured in control animals, after the 
addition of 20 mM forskolin to the perfusion solution or after injection 
of 5 mg TNF. The PKA inhibitors KT5720 (500 nM) and myristoylated 
PKI (1 mM) were added to the perfusion solution as indicated. TNF, 
but not forskolin, significantly increased BSA flux. PKA inhibitors had 
no effect on BSA flux. (C) Both forskolin and TNF treatment resulted 
in net water secretion. PKA inhibitors restored net water absorption 
to control levels after forskolin treatment but had no effect on TNF-
induced net water secretion, indicating that cAMP signaling is not 
involved in TNF-mediated water secretion.
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without NHE3 inhibition, i.e., by LIGHT, and that the effect of 
LIGHT on water absorption can be reversed by MLCK inhibition. 
Thus, these data suggest that barrier dysfunction allows increases 
in passive paracellular water movement and that the direction of 
this movement is defined by active transepithelial ion transport.

This new understanding of the synergy between regulation of 
paracellular transport by the epithelial barrier and transcellular 
ion transport necessitates a change in our understanding of the 
pathophysiology of diarrheal disease and may also explain existing 
observations related to diarrhea as well as oral rehydration thera-
py. For example, it is clear that inclusion of Na+ and glucose in oral 
rehydration solutions greatly enhances intestinal water absorp-
tion (33, 34). While this observation has long been interpreted 
to indicate that the osmotic gradient generated by Na+-glucose 
cotransport drives water absorption, there has been no agreement 
on the route of such water movement. In fact, some authors have 

suggested that the Na+-glucose cotransporter itself carries water 
across the brush border membrane (35). However, it is also clear 
that Na+-glucose cotransport causes MLCK-dependent increases 
in paracellular, i.e., tight junction, permeability (36–38). Moreover, 
Na+-glucose cotransport has been reported to activate NHE3 in 
vitro (39). Thus, it may be that Na+- and glucose-containing oral 
rehydration solutions augment paracellular water absorption 
through coordinated increases in paracellular permeability and 
NHE3-mediated Na+ absorption.

Our observations showing that effects on both transcellular 
and paracellular transport are necessary for TNF-mediated diar-
rhea raise the possibility that similar coordinated effects on both 
pathways may be necessary for some infectious diarrheal dis-
eases. Consistent with this hypothesis, in vitro studies of Vibrio 
cholera, enteropathogenic E. coli, and Giardia lamblia have shown 
that each organism causes MLCK-dependent barrier dysfunction 

Figure 7
PKCa activation occurs after TNF treatment and is responsible for Na+ malabsorption and NHE3 internalization. (A) Membrane fractions were 
isolated from jejunal epithelia 1 hour after injection of vehicle, TNF, or LIGHT and immunoblotted for PKCa. TNF, but not LIGHT, increased PKCa 
expression in the membrane fraction, indicating that only TNF activates PKCa. (B) Immunofluorescent detection of NHE3 (red), F-actin (green), 
and nuclei (blue) in jejunal epithelia of control or TNF-treated mice perfused with the PKC inhibitors chelerythrine (10 mM) and bisindolylmaelimide 
(400 nM) demonstrates that the inhibitors do not change NHE3 localization in control animals. TNF caused internalization of brush border NHE3, but 
the PKC inhibitors prevented NHE3 loss after TNF treatment. (C) Line scan quantification of multiple immunofluorescent images confirms that PKC 
inhibitors alone do not alter NHE3 localization but that the inhibitors do preserve brush border NHE after TNF treatment. Thus, PKC is responsible 
for TNF-mediated NHE3 internalization. Scale bars: 5 mm. (D) Net mucosal-to-serosal Na+ flux was measured in Üssing chambers. Control animals 
demonstrated robust S3226-sensitive Na+ absorption. TNF reduced the S3226-sensitive component of net Na+ flux (P = 0.003). PKC inhibitors pre-
vented TNF-mediated loss of S3226-sensitive Na+ absorption, indicating that PKC activity is necessary for TNF-mediated NHE3 downregulation.
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as well as disturbances of transcellular ion transport (40–49). 
Definitive conclusions regarding interactions between paracel-
lular and transcellular transport in specific infectious diseases 
will require further study.

In summary, we have shown that TNF causes both increased 
paracellular permeability and reduced transcellular Na+ absorption 
in vivo and that both of these events are required for large volume 
diarrhea to occur. We have also defined the signal transduction 
pathways that regulate each of these transport processes. These 
data demonstrate the necessity of coordinated ion transport inhi-
bition and epithelial barrier dysfunction in immune-mediated 
diarrhea and also provide a new model with which to understand 
intestinal water handling in health and disease.

Methods
Animals. Seven- to 10-week-old wild-type, NHE3+/– and NHE3–/– (15), or 
PKCa–/– (50) mice were used; wild-type, NHE3+/–, and NHE3–/– mice were 
C57BL/6. PKCa–/– mice and controls for those studies were S129. Mice 
were injected with either 5 mg TNF or 5 mg LIGHT in 250 ml PBS or with 
PBS alone. Preliminary studies showed that these doses achieved near 

maximal effects on barrier function and water movement. After injection, 
mice were used for in vivo perfusion assays or sacrificed for tissue har-
vesting. Harvested tissue was mounted in Üssing chambers, snap-frozen 
in OCT for immunofluorescence, homogenized in TRIzol (Invitrogen) 
for real-time PCR analysis, or used for epithelial cell isolation. All animal 
experiments were carried out in accordance with NIH guidelines under 
protocols approved by the Institutional Animal Care and Use Committee 
of the University of Chicago.

In vivo perfusion assay. Intestinal permeability and water flux were mea-
sured as previously described (3). Mice were injected with 5 mg TNF, 5 mg 
LIGHT, or PBS and anesthetized 30 minutes later with ketamine (75 mg/kg, 
i.p. injection; Fort Dodge Animal Health; Wyeth) and xylazine (25 mg/kg,  

Figure 8
PKC inhibition prevents TNF-mediated net water secre-
tion. (A) TNF increases BSA flux into the intestine dur-
ing intestinal perfusion relative to that in control animals, 
and this is not affected by the general PKC inhibitors 
chelerythrine and bisindolylmaelimide or the PKCa 
inhibitor Gö6976 (10 mM). (B) TNF causes net water 
secretion. Either chelerythrine and bisindolylmaelimide 
or Gö6976 blocked TNF-mediated water secretion and 
restored net water absorption. (C) BSA flux is increased 
by TNF in PKCa-knockout mice (P = 0.005). (D) While 
TNF causes net water secretion in wild-type animals, 
net water absorption is maintained in PKCa–/– mice 
after TNF treatment.

Figure 9
A model of TNF-induced diarrhea. Under normal conditions, most of 
the Na+ that enters the intestine is absorbed by the intestinal epitheli-
um, producing an osmotic gradient that drives water absorption. When 
a small paracellular barrier defect is introduced, such as that occurring 
after LIGHT injection, water is still absorbed, as the osmotic gradi-
ent produced by Na+ transport remains intact; in fact, the increase in 
paracellular permeability may actually increase the amount of water 
absorbed. Alternatively, when Na+ transport alone is impaired, as 
occurs after NHE3 inhibition, water absorption is reduced, leading to 
mild malabsorptive diarrhea. When epithelial barrier dysfunction and 
Na+ malabsorption occur simultaneously, not only is water retained in 
the lumen, but additional water may egress through the paracellular 
spaces, contributing to a larger volume of diarrhea than occurs when 
a barrier defect is not present.
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i.p. injection; Lloyd Laboratories Inc.). Mice were injected i.v. with 250 ml 
of 1 mg/ml Alexa Fluor 488–conjugated BSA (Invitrogen). The abdomen 
was opened by a midline incision, and an approximately 5-cm loop of jeju-
num was cannulated at the proximal and distal ends with 0.76-mm inter-
nal diameter polyethylene tubing. Flushing solution (140 mM NaCl, 10 
mM HEPES, pH 7.4) warmed to 37°C was first perfused through the jeju-
nal loop at 1 ml/min for 10 minutes using a Peristaltic Pump (Bio-Rad). 
This was followed by perfusion of 5 ml test solution (50 mM NaCl, 5 mM 
HEPES, 2 mM sodium ferrocyanide, 2.5 mM KCl, 20 mM glucose, pH 7.4) 
in a recirculating manner at 1 ml/min for 2 hours, beginning 60 minutes 
after initial injection. The abdominal cavity was covered with moistened 
gauze, and body temperature, measured via rectal thermometer, was main-
tained at 37°C using a heating lamp. Inhibitors were added to the perfus-
ate when required, including PIK (250 mM) (51), S3226 (10 mM) (52), chel-
erythrine (10 mM; EMD Biosciences), bisindolylmaleimide (400 nM; EMD 
Biosciences), Gö6976 (10 nM; EMD Biosciences), KT5720 (500 nM; EMD 
Biosciences), myristoylated PKI (0.1 mM; EMD Biosciences), forskolin (20 
mM; EMD Biosciences), or phorbol-12-myristate-13-acetate (PMA, 10 mM; 
EMD Biosciences) (Table 2). For treatment with all PKC and PKA inhibi-
tors, mice were first anesthetized and cannulated, then TNF, LIGHT, or 
PBS was applied to the peritoneum. These animals were perfused for 60 
minutes with flushing solution containing inhibitor followed by test solu-
tion containing inhibitor for 2 hours.

After perfusion, the animal was sacrificed, the perfused jejunal seg-
ment excised, and the length measured. The excised intestinal loop was 
then snap-frozen in OCT or used for epithelial cell isolation. One-mil-
liliter aliquots of test solution were removed at the beginning and end 
of the perfusion. Ferrocyanide concentration in the perfusate was mea-
sured using a previously described colorimetric assay (53). Alexa Fluor 
488–conjugated BSA concentration was measured using a microplate 
reader (Synergy HT; BioTek) using an excitation wavelength of 485 nm 
and an emission wavelength of 528 nm. Probe clearance was calculated as:  
Cprobe = (CiVi – CfVf)/(Cavgtl); water flux was calculated as: (Vi – Vf)/(tl). In 
these equations, Ci is the measured initial probe concentration; Cf is the 
measured final probe concentration; Vi is the measured initial perfusate 
volume; Vf was calculated as Vi([ferrocyanide]i/[ferrocyanide]f); Cavg was 
calculated as (Ci – Cf)/ln(Ci/Cf); t is hours of perfusion; and l is the length 
of the perfused jejunal section in centimeters.

Quantitative real-time PCR. Cytokine mRNA was detected in small pieces 
of intestine (~3 mm3) that were placed in TRIzol and briefly sonicated. 
RNA was extracted with chloroform, precipitated with isopropanol, and 
resuspended in diethylpyrocarbonate-treated water. RNA was further 
purified using an RNeasy Mini Kit (QIAGEN). cDNA was generated from  
2 mg RNA using ThermoScript Reverse Transcriptase (Invitrogen) and ran-
dom hexamer primers in a 25-ml reaction. mRNA levels of TNF and LIGHT 
were determined by SYBR green real-time PCR using the MyiQ Real-Time 

PCR Detection System (Bio-Rad) through 50 
cycles. GAPDH was measured as a reference. 
We used primers 5′-TCAAGTGGCATAGAT-
GTGGAAGAA-3′ and 5′-TGGCTCTGCAG-
GATTTTCATG-3′ for detection of TNF;  
5′-CATCTTCTCAAAATTCGAGTGACAA-3′ 
and 5′-TGGGAGTAGACAAGGTACAACCC-3′  
for detection of IFN-g ;  5′-GATTTCG-
GCTTTCTGGGTTTTGAG-3′ and 5′-AAT-
GCAGCGGATGGATGGGAGAG-3 ′  for 
detection of LIGHT; and 5′-CTTCACCACCAT-
GGAGAAGGC-3′ and 5′-GGCATGGACTGTG-
GTCATGAG-3′ for detection of GAPDH.

Epithelial isolation. Intestinal epithelial cells 
were purified using our previously reported approach (3). Briefly, a fresh 
section of intestine was opened lengthwise and washed in 4°C Ca2+- and 
Mg+-free HBSS (CMF-HBSS). The tissue was then transferred to CMF-
HBSS containing 10 mM dithiothreitol and 50 nM calyculin A (EMD Bio-
sciences) and incubated for 30 minutes at 4°C. After incubation, the tube 
was shaken briefly and the tissue transferred to a fresh tube containing 
CMF-HBSS with 1 mM EDTA and 50 nM calyculin A. After incubation at 
4°C for 1 hour, epithelial cells were dislodged by vigorous shaking. Large 
pieces of tissue were removed from the tube and discarded, and epithelial 
cells were harvested by centrifugation at 500 g for 10 minutes.

Membrane fraction isolation. Isolated intestinal epithelial cells were sus-
pended in 10 ml of 20-mM Tris (pH 7.5), 0.5 mM EDTA, and 0.5 mM 
EGTA, then lysed using a dounce homogenizer. The lysates were cen-
trifuged at 800 g for 5 minutes and the pelleted material discarded. The 
remaining lysate was then centrifuged at 100,000 g for 30 minutes. The 
pellet was resuspended in 8 ml of 20 mM Tris (pH 7.5), 0.5 mM EDTA,  
0.5 mM EGTA, and 0.5% Triton-X and then centrifuged at 100,000 g for 30 
minutes. The supernatant was saved as the membrane fraction. Membrane 
fractions as well as reserved total lysates were combined with SDS sample 
buffer and boiled at 100°C for 5 minutes before use in immunoblots.

Immunoblotting. Isolated intestinal epithelial cells were lysed in SDS 
sample buffer, sonicated on ice, and boiled for 5 minutes. Alternatively, 
SDS sample buffer was added to isolated membrane fractions, and these 
were boiled for 5 minutes. They were separated by SDS-PAGE, trans-
ferred to PVDF, and probed using primary antibodies against total MLC, 
phosphorylated MLC (38), or PKCa (Cell Signaling Technologies). Follow-
ing incubation with appropriate HRP-conjugated secondary antibodies, 
signal was detected by chemiluminescence.

cAMP assay. Samples of jejunum from sham-, TNF-, or LIGHT-treated 
animals were harvested 1 hour after injection and used for epithelial cell 
isolation. Alternatively, as a positive control, mice were anesthetized with 
ketamine and xylazine, the peritoneum opened, and a 6- to 8-cm loop of 
jejunum ligated at each end. This closed loop was then filled with 5 mM 
cholera toxin in PBS or an equivalent volume of PBS. After a 20-minute 
incubation, the mice were sacrificed and the closed loop used for epithelial 
cell isolation. During epithelial cell isolation, 1 mM 3-isobutyl-1-methyl-
xanthine was added to all solutions. At the end of the epithelial cell isola-
tion, samples were lysed in 0.1 N HCl, sonicated briefly, then centrifuged 
at 700 g for 10 minutes at 4°C. The supernatant was then aliquoted and 
stored at –80°C until needed. cAMP concentration in the epithelial sam-
ples was measured using a direct cAMP colorimetric assay (Assay Designs). 
Total protein concentration of the epithelial samples was also determined 
using the DC protein assay (Bio-Rad), and the epithelial cAMP concentra-
tion was reported as picomoles cAMP per milligram total protein.

Immunofluorescence. Immunostaining was performed as previously 
described (38). Briefly, 5-mm frozen sections were collected on coated 

Table 2
Pharmacological inhibitors

Inhibitor	 Target	 Concentration	 Target	 IC50	(for		 Ref.
	 	 used	 molecule	IC50	 alternative	target)
PIK MLCK 250 mM 29 mM >>5 mM (PKA) 56
S3226 NHE3 10 mM 0.2 mM 80 mM (NHE2) 52
KT5720 PKA 500 nM 60 nM >2 mM (PKC) 57
PKI PKA 0.1 mM 36 nM >2 mM (PKC) 58
Chelerythrine PKC 10 mM 0.7 mM >100 mM (PKA) 59
Bisindolylmaleimide PKC 400 nM 10 nM 2 mM (PKA) 60
Gö6976 PKCa 10 nM 2.3 nM >100 mM (PKCd) 61
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slides, fixed in 1% paraformaldehyde, washed thrice with PBS, and nonspe-
cific binding blocked with 1% normal goat serum in PBS. After incubation 
with affinity-purified rabbit anti-NHE3 antibody (10 mg/ml) (54) or rabbit 
anti-occludin antibody (5 mg/ml; Zymed), sections were washed and incu-
bated with Alexa Fluor 594–conjugated goat anti-rabbit immunoglobu-
lin antisera, Alexa Fluor 488–conjugated phalloidin, and Hoechst 33342 
(Invitrogen). Sections were imaged using a Leica DM4000 epifluorescence 
microscope equipped with DAPI, Endow GFP, and Texas red zero pixel 
shift filter sets (Chroma Technology Corp.) and a CoolSNAP HQ camera 
(Roper Scientific) controlled by MetaMorph 6 (Universal Imaging Corp.).

Quantitation of NHE3 fluorescence. Within each treatment group, 15–20 
separate images of jejunal NHE3 immunofluorescence were analyzed 
using MetaMorph 6. In each image, 2–3 areas of well-oriented enterocytes 
were selected. Using the line scan feature of MetaMorph, average pixel 
intensities for both NHE3 and F-actin fluorescence were determined 
along a 20-pixel-wide strip centered on a line drawn from the intestinal 
lumen to the perinuclear cytoplasm of an enterocyte within each well-ori-
ented area. Fluorescence intensities were normalized such that the maxi-
mum F-actin intensity was assigned a value of 1. All line scans from a 
given treatment group were then spatially aligned using the F-actin peak 
of the perijunctional actomyosin ring as a reference point. The average 
NHE3 and F-actin fluorescence intensity and the SE at each point along 
the line scan were then calculated.

Electrophysiology, Na+ flux, and mannitol flux measurements. Animals were 
injected with 5 mg TNF or LIGHT or vehicle. One hour after injection, the 
animals were euthanized, and 2 segments of unstripped proximal jeju-
num per animal were mounted in Üssing chambers. Alternatively, for flux 
measurements following PKC inhibitor treatment, animals were anesthe-
tized with ketamine and xylazine. The peritoneum was opened, and a 6- to  
8-cm section of jejunum was ligated at each end. The lumen of this closed 
loop was then filled with buffered saline solution (140 mM NaCl, 10 mM 
HEPES, pH 7.4), containing 10 mM chelerythrine and 400 mM bisindolyl-
maelimide where indicated, and 5 mg TNF or an equal volume of vehicle 
was then applied to the peritoneal cavity. After 1 hour, the mouse was 
euthanized, and the closed loop was divided into segments, of which 2 
were mounted in Üssing chambers. The full-thickness, unstripped intesti-

nal segments were bathed on both mucosal and serosal sides with 5 ml of 
Krebs-Ringer solution (114 mM NaCl, 5 mM KCl, 25 mM NaHCO3, 1.25 
mM CaCl2, 1.25 MgCl2, 1.65 mM Na2HPO4, and 0.3 mM NaH2PO4) and 
gassed with 95% O2 and 5% CO2 to achieve pH 7.4. In addition, the serosal 
bathing solution contained 10 mM glucose, and the mucosal bathing solu-
tion contained 10 mM mannitol. Where indicated, 10 mM chelerythrine 
(EMD Biosciences), 400 mM bisindolylmaelimide (EMD Biosciences), or  
10 mM S3226 (52) was added to the mucosal bath. To determine transepi-
thelial flux of mannitol and Na+, 1 mCi/ml 22Na+ and 3 mCi/ml [3H]mannitol 
were added to either the mucosal or serosal bath. After an initial 5-minute 
equilibration period, flux was assessed over 2 consecutive 30-minute inter-
vals, and flux rates were determined from aliquots taken at the beginning 
and end of each interval. Radioactivity was measured via liquid scintilla-
tion counting, and flux was calculated as previously described (55).

Statistics. Data are presented as mean ± SEM. P values were determined 
by 2-tailed Student’s t test, and values of 0.05 or less were considered 
to be significant.
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