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INTRODUCTION

Most mucosal surfaces are lined by a single layer of colum-
nar epithelial cells that provide the necessary absorptive 
and secretory processes required for organ-specific func-
tion while also serving as a physical barrier that prevents 
free passage of particles from the lumen. Such particles can 
range from inhaled pollutants, toxins, and bacteria in the 
lung to the complex milieu of nutrients, waste products, 
microbiota, and microbial products in the intestine. Of all 
columnar epithelia, barrier function has been the best stud-
ied in the intestine, reflecting the recognized importance 
of the intestinal barrier to health. Thus, the intestine will 
be used as the primary example throughout this chapter. 
Although it is certain that differences in epithelial barrier 
function exist between tissues (e.g., lung, kidney, and intes-
tine), most of the general principles addressed are applica-
ble across organ systems.

STRUCTURAL ORGANIZATION OF THE 
INTESTINE

Different regions of the gastrointestinal tract exhibit distinct 
structural characteristics that are unique to the specialized 
function of the tissue. This chapter will focus on the sim-
ple columnar epithelium that lines the small intestine and 
colon. Anatomically, the small intestine can be divided into 
the duodenum, jejunum, and ileum, and although the small 
intestine is the primary site of nutrient absorption, the spe-
cific nutrients absorbed differ between these regions. For 
example, the duodenum is the primary site of absorption 
for fatty acids and water-soluble vitamins, the jejunum for 
glucose and amino acids, and the ileum for bile salts and 
vitamin B12. To maximize nutrient absorption, the small 
intestine is arranged into mucosal folds (Figure 1(a)) and 
finger-like villi (Figure 1(b)), which increase surface area 
3- and 10-fold, respectively. In contrast, although mucosal 
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folds are present in the colon, the mucosal surface lacks villi 
(Figure 1(c)).

INTESTINAL EPITHELIAL CELL TYPES

The epithelial cells that cover each small intestinal vil-
lus are derived from progenitors (i.e., stem cells) within 
the crypt (Potten and Loeffler, 1990; Barker et al., 2007). 
Relatively undifferentiated, secretory epithelial cells exit 
the crypt base and proliferate within a region termed the 
transit amplifying zone. As they continue to migrate lumi-
nally, the epithelial cells lose the ability to proliferate and 
begin to mature into highly specialized absorptive entero-
cytes (Figure 2). This differentiation includes assembly of 
a dense microvillus brush border, which increases the sur-
face area 20-fold, and expression of a new complement 
of transport and barrier proteins (Figure 3). These cells 
are ultimately shed into the lumen, which allows for con-
tinual epithelial turnover and renewal of the entire epi-
thelium every 3–5 days (Figure 2). This simple anatomic 
organization has made the small intestine a favorite model 
system for analyses of stem cell regulation, epithelial dif-
ferentiation, and programmed cell turnover (van der Flier 
and Clevers, 2009).

In addition to generating absorptive enterocytes, intesti-
nal epithelial stem cells also give rise to other terminally dif-
ferentiated cell types, such as enteroendocrine, Paneth, and 
goblet cells (Cheng et al., 1969; Merzel and Leblond, 1969). 
Enteroendocrine cells are found in the crypt and throughout 
the villus. These cells secrete gastrointestinal hormones, such 
as somatostatin, and can be recognized by their fine basolat-
erally oriented granules (Figure 4(a)). Enteroendocrine cells 
are also the cell of origin for gastrointestinal neuroendocrine 
carcinomas, which are most common in the small intestine.

Paneth cells are found exclusively within the crypt 
base. The apical cytoplasm of these cells is filled with large 

(a) (b) (c)

FIGURE 1  Organization of intestinal architecture. Absorption of nutrients and water is maximized by increasing epithelial surface area. This is achieved 
through the organization of (a) mucosal folds, scale bar = 1 mm and (b) villi in the human small intestine and (c) colonic crypts, scale bar = 100 μm.

FIGURE 2  The intestinal epithelium undergoes continuous renewal. 
Stem cells located near the base of the crypt give rise to all four lineages of 
gastrointestinal cells. As undifferentiated secretory epithelial cells migrate 
up the crypt–villus axis in the small intestine, proliferation occurs in the 
transit amplifying zone, after which cells cease dividing and undergo dif-
ferentiation. Migration continues until cells reach the villus where they 
undergo apoptosis and are shed into the lumen. Enterocytes along the 
crypt–villus axis undergo anoikis and are shed into the lumen through an 
unknown mechanism (Watson et al., 2005a).
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secretory granules (Figure 4(b)) containing antimicrobial 
defensin peptides (see Chapter 16) and other molecules 
that promote innate defense, such as RegIIIγ (Vaishnava 
et al., 2011). Therefore, Paneth cells can be considered to 
be innate immune cells. Although Paneth cells are abundant 
throughout the small intestine, they are normally found only 
in the right side of the colon (i.e., proximal to the splenic 
flexure). However, Paneth cells can be found in the left 
colon in the context of chronic injury (e.g., inflammatory 
bowel disease (IBD); Yoshimoto et al., 2013). The signifi-
cance of this Paneth cell metaplasia is not known, but it may 
represent an adaptive response to ongoing mucosal damage 
and microbial contamination.

Goblet cells are located throughout the upper crypt and 
entire villus and can be recognized by a large apical mucin 
vacuole (Figure 4(c)). This vacuole displaces the cytoplasm 
and can impart an appearance reminiscent of a goblet, or 
chalice. Mucin is released from these cells constitutively, 

thus giving rise to the layers of mucin that overlie the 
epithelium throughout the small intestine and colon (see 
Chapter 14). Goblet cells may also be induced to secrete 
mucin in response to inflammatory stimuli. It can be dif-
ficult to recognize goblet cells after the mucin vacuole has 
been expelled; therefore, many inflammatory conditions 
are associated with an apparent loss of goblet cells, termed 
mucin depletion. Such goblet cell loss may also reflect an 
increased rate of cell turnover and incomplete differentia-
tion in disease.

The intestine contains the largest mass of lymphoid tis-
sue in the body (May et al., 1993). The gut-resident immune 
cells in the lamina propria are physically separated from the 
intraepithelial compartment by the basement membrane. 
One subset of dendritic cells (CX3CR1+) located in the ter-
minal ileum extends processes across the basement mem-
brane and through the epithelial monolayer, where they 
may sample luminal antigens (see Chapter 26). However, 

(a) (b)

FIGURE 3  Enterocytes are highly specialized absorptive cells with a microvillus brush border. These differentiated epithelial cells are polarized 
to form an apical and basolateral membrane to promote epithelial transport. (a) The tightly packed microvilli form the brush border (boxed area). Scale 
bar = 10 μm. (b) Scanning electron micrograph of microvilli. Scale bar = 0.5 μm. Scanning electron micrograph courtesy of S. Crawley, Tyska Laboratory, 
Vanderbilt University.

*

(a) (b) (c) (d)

FIGURE 4  Terminally differentiated cells of the intestinal epithelium. In addition to enterocytes, intestinal stem cells give rise to secretory cells and 
M cells located in Peyer’s patches: (a) enteroendocrine cell, (b) Paneth cell, (c) goblet cell, and (d) M cell (asterisk) with a lymphocyte pocket (arrow). 
Scale bar 10 μm.
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the primary sites of antigen sampling in the ileum occur 
in specialized lymphoid structures called Peyer’s patches. 
Epithelial microfold (M) cells, which are present at the sur-
faces of Peyer’s patches and isolated lymphoid follicles, 
can internalize luminal microorganisms and macromol-
ecules (Figure 4(d)). These antigens may simply be trans-
cytosed, or released at the basolateral surface, or processed 
and presented to lymphocytes. In this manner, M cells can 
be characterized as epithelial antigen-presenting cells (see 
Chapter 28).

EPITHELIAL POLARITY

Epithelial cells are uniquely positioned at the interface 
where self and non-self meets. In the lung, epithelial cells 
must separate the airways, and potential harmful materi-
als within them, from the blood stream while allowing 
the free diffusion of oxygen and carbon dioxide. The 
intestine is an even more challenging environment, for 
in addition to preventing luminal toxins, microbiota, and 
microbial products from accessing deeper tissues, the 
intestinal epithelium must support vectorial, or direc-
tional, transport of nutrients, ions, and water. The devel-
opment of epithelial polarity requires accurate delivery 
of specific transport proteins to either the apical surface 
(i.e., the surface in contact with the lumen) or the basolat-
eral surface, which interfaces with the interstitium. These 
transporters are not only critical for promoting active 
transcellular transport, but also establish transepithelial 
gradients that provide the driving force for passive para-
cellular transport.

Epithelial polarity depends on several components, 
including (1) partitioning of the plasma membrane into sep-
arate apical and basolateral compartments; (2) appropriate 
specialization of these membrane domains (e.g., with apical 
microvilli (in the intestine), lateral desmosomes, and basal 
focal adhesions); (3) coordinated organization of intracel-
lular compartments according to cell polarization; and (4) 
processes that ensure delivery of newly synthesized pro-
teins and lipids to the correct plasma membrane domain as 
well as retrieval of incorrectly trafficked proteins and lipids. 
Many of these processes have been defined in detail and 
depend on several protein complexes that begin to segregate 
and establish separate domains as soon as two cells make 
contact (Shin et al., 2006; Schluter and Margolis, 2009).

The apical junctional complex is formed by the tight 
and adherens junctions and is closely associated with a 
ring of actin and myosin that forms a belt at the level of the 
epithelial apical junction complex. As discussed below, 
this perijunctional actomyosin ring is a critical regula-
tor of paracellular barrier function. Since the tight junc-
tion is positioned where apical and basolateral domains 
meet, it was proposed that tight junctions had gate and 
fence functions, with the former referring to regulation of 

flux across the paracellular pathway and the latter refer-
ring to the ability to prevent mixing of membrane compo-
nents (Mandel et al., 1993). However, more recent studies 
demonstrate that an intact tight junction is not required for 
the polarized distribution of membrane proteins (Umeda 
et al., 2006).

The adherens junction, which depends on homo-
philic E-cadherin-mediated intercellular interactions, is 
also linked to the perijunctional actomyosin ring. Loss of 
adherens junction function interferes with several cellu-
lar functions, including cell–cell and cell-matrix contacts, 
intercellular communication, and normal cellular polariza-
tion and differentiation. Furthermore, in the absence of the 
adherens junction, tight junction assembly and maintenance 
is disrupted, leading to profound paracellular barrier defects 
(Hermiston and Gordon, 1995a; Rajasekaran et  al., 1996; 
Wu et al., 1998). Mice expressing a dominant-negative cad-
herin protein that disrupts the adherens junction not only 
demonstrate a loss of barrier integrity but also develop 
enteritis and epithelial dysplasia (Hermiston and Gordon, 
1995b).

THE PARACELLULAR BARRIER

Although each cell within the epithelial monolayer forms a 
local barrier, the paracellular space between adjacent epi-
thelial cells must also be sealed. This paracellular barrier 
function is regulated by the tight junction that is located 
at the most apical aspect of the basolateral membrane  
(Figure 5(a)). Transmission electron microscopy shows 
the tight junction as a site of very close apposition of adja-
cent cell membranes, whereas freeze-fracture electron 
microscopy shows a more dramatic view dominated by 
anastomosing strands arranged in series (Figure 5(b) and 
(c)). These strands are formed by tight junction transmem-
brane proteins and correspond to tight junction barrier 
properties. This is evident by the logarithmic relationship 
between the number of strands and paracellular perme-
ability in different tissues. For example, tight junctions in 
the urinary bladder epithelium allow very little to cross 
the paracellular pathway, have transepithelial electrical 
resistances (TERs) of over 12,000 Ω ·cm2, and typically 
include at least nine strands. In contrast, the more per-
meable tight junctions of the proximal renal tubule and 
small intestine have only ∼2 and ∼5 strands and electri-
cal resistances of 10 and 120 Ω ·cm2, respectively (Claude, 
1978; Marcial et  al., 1984). The stark differences in the 
paracellular permeability of tight junctions within differ-
ent tissues directly reflect organ physiology, but they also 
have important experimental implications. Under most 
conditions, changes in TER primarily reflect altered tight 
junction permeability in “leaky” epithelia (e.g., proxi-
mal tubule and small intestine) because the vast major-
ity of transepithelial ion flux is paracellular. In contrast, a 
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smaller fraction of transepithelial ion flux is paracellular 
in “tight” epithelia (e.g., bladder), and TER reflects a com-
bination of transcellular and paracellular ion flux. As dis-
cussed in greater detail below, tight junction permeability 
may also be characterized in terms of the relative perme-
ability of materials of different sizes and charges, or size- 
and charge-selectivity. These properties vary between 
tissues and within different regions of individual tissues, 
such as the villus and crypt in the small intestine (Marcial 
et al., 1984). Insight into the molecular determinants and 
regulation of these properties has evolved rapidly over the 
last decade and will be discussed below.

Distinct Pathways across the Tight  
Junction Barrier

In the intestine, size selectivity of the tight junction varies 
along the crypt–villus axis (Fihn et al., 2000; Marcial et al., 
1984). The upper portion of the villus allows solutes with 
radii up to ∼6 Å to pass, whereas molecules with radii up 
to ∼10 Å may cross tight junctions within the lower villus 
(Fihn et al., 2000). Permeability for even larger molecules 
with radii up to ∼60 Å has been observed within the crypt 
(Fihn et al., 2000). This gradient of size selectivity corre-
lates with the number of tight junction strands along the 
crypt–villus axis (Marcial et al., 1984).

Paracellular charge and size selectivity can be recapit-
ulated in cell culture models by expressing different tight 
junction proteins or by treatment with different cytokines. 
For example, in vitro treatment of cultured intestinal epithe-
lia with interferon-γ (IFNγ) or tumor necrosis factor (TNF) 
increases paracellular flux of large molecules (Weber et al., 
2010; Watson et al., 2005b). Similar changes occur in the 
small intestine in vivo after acute systemic administration 
of recombinant TNF (Clayburgh et al., 2006). In contrast, 
interleukin (IL)-13 only increases paracellular flux of 
small cations and uncharged molecules in vitro and in vivo 
(Weber et al., 2010). On the basis of these characteristics of 
charge and size selectivity, a model was developed describ-
ing two distinct routes of trans-tight junction paracellular 
transport—the pore and leak pathways (Figure 5(d); Turner, 
2009; Anderson and Van Itallie, 2009). The pore pathway 
is a high-capacity, charge-selective route that allows flux 
of a small, charged and uncharged molecules with radii 
less approximately 4 Å. The leak pathway is a low-capac-
ity pathway that is relatively size and charge nonselective 
(Shen et al., 2011).

TRANSEPITHELIAL TRANSPORT

Transport across the epithelial monolayer is referred to as 
transepithelial transport. This can occur by transcellular or 

FIGURE 5  Epithelial junctional complexes. (a) Intercellular communication occurs at various junctional complexes between adjacent epithelial  
cells. The tight junction is made of several anastomosing strands containing transmembrane proteins that form the functional paracellular barrier.  
(b) Transmission electron micrograph. Scale bar = 250 nm. TJ, tight junction; AJ, adherens junction; DS, desmosome; MV, microvilli. Scale bar = 250 nm. 
(c) Freeze fracture electron micrograph of tight junction strands. Scale bar = 125 nm. (d) Pore and leak model of trans-tight junction paracellular transport.
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paracellular pathways, with the sum of these representing 
total transepithelial transport.

Transcellular Transport

As noted above, vectorial transport across the single cell 
layer of the intestinal epithelium is dependent on the 
expression of specific transporters within the apical or 
basolateral membrane domains. This requires all cells 
within the epithelial layer to be polarized in the same 
direction. Nutrient absorption provides one example of 
the importance of polarized transport in the intestinal epi-
thelium. Glucose within the intestinal lumen is initially 
transported across the apical membrane by the sodium 
glucose cotransporter (SGLT1), the genetic deficiency of 
which results in congenital glucose-galactose malabsorp-
tion (Wright, 1993). The driving force for this absorption 
is provided by the lumen to cytoplasm Na+ gradient, in 
which two Na+ molecules are absorbed for each glucose 
molecule transported (Figure 6(a)). Glucose then crosses 
the basolateral membrane via the facilitated transport 
protein (GLUT2) to allow bidirectional equilibration of 
glucose according to the concentration gradient. Na+ is 
actively transported across the basolateral membrane by 
the Na+/K+-ATPase, the ultimate energy source for the 
entire process. If epithelial cells were randomly polar-
ized with SGLT1, with GLUT2 and Na+/K+-ATPase 
delivered to the luminal surface of some cells and the 
basolateral surface of others, then individual cells would 
transport glucose in opposing directions. The net result 
would depend on the relative proportions of cells polar-
ized in each direction and could potentially result in net 
glucose secretion into the lumen.

In contrast to Na+, Cl− ions are secreted into the lumen. 
In this case, transport across the basolateral membrane is 
dependent on cotransport by the Na+/K+/Cl− cotransporter 
1 (NKCC1, or SLC12A2), primarily expressed in crypt epi-
thelium. This electroneutral transporter moves one Na+ ion, 
one K+ ion, and two Cl− ions into the cell and relies on the 
Na+ gradient created by the basolateral Na+/K+-ATPase. This 
increases the intracellular Cl− concentration and, when apical 
anion channels such as the cAMP-dependent cystic fibrosis 
transmembrane rectifier (CFTR) are opened, it allows Cl− to 
flow into the lumen (Figure 6(c)). Less well-characterized 
calcium-activated apical chloride channels also exist. Water 
follows the transepithelial Cl− gradient, and this secretion 
is necessary for hydration of luminal contents and diges-
tion. Therefore, impaired secretion explains the presence of 
viscous airway mucus and increased frequency of intestinal 
obstruction in cystic fibrosis patients, who exhibit reduced 
CFTR function. Conversely, excessive CFTR activation 
results in massive water secretion, as occurs in cholera.

Unlike ions and nutrients, transcellular transport of large 
macromolecules does not depend on transmembrane chan-
nels. The well-studied example of this is immunoglobulin 
(Ig)-A transport, in which the IgA dimer produced by lamina 
propria plasma cells is bound at the basolateral surface by the 
polymeric Ig receptor, which directs endocytosis and vesicu-
lar trafficking of IgA to the apical surface. Proteolytic cleav-
age of the receptor allows release of secretory IgA into the 
lumen, where it can then bind to microbes or toxins to prevent 
pathogen-epithelial interactions (Kaetzel et al., 2014; Russell 
et al., 1981). However, data suggest that at some mucosal 
surfaces, pathogens can co-opt this machinery to transport 
from the lumen to the lamina propria (Zhang et al., 2000). 
The transport of IgG back to the lamina propria also occurs 
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lular glucose and water absorption. (c) Transcellular chloride transport promotes paracellular water secretion in small intestinal and colonic crypts.
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via the neonatal Fc receptor, which facilitates absorption of 
maternal antibodies from breast milk (see Chapter 20).

Paracellular Transport

Paracellular transport refers to the passage of molecules 
between adjacent epithelial cells. The rate-limiting step in this 
process is transport across the tight junction. This makes the 
tight junction the primary determinant of paracellular perme-
ability. However, two important qualifiers must be added to 
this simple statement. First, an immutable characteristic of 
paracellular transport is that it is passive; therefore, it depends 
entirely on local concentration gradients. Second, as discussed 
in greater detail below, processes independent of tight junction 
regulation can affect mucosal permeability. The most obvious 
of these is epithelial damage, including erosion or ulceration. 
In this case, epithelial cells have been lost and, as a result, 
neither tight junctions nor a functional epithelial barrier are 
present. Although this may be self-evident, it is important to 
keep this in mind when interpreting data because an alarming 
number of publications incorrectly attribute epithelial damage-
associated barrier loss to tight junction regulation.

Regulation of epithelial tight junction permeability plays 
an important role in physiologic and pathologic transport at 
many mucosal surfaces. These have been characterized in the 
greatest detail within intestinal epithelia, which will serve as 
the primary example throughout the remainder of this chapter.

Physiological Integration of Transcellular  
and Paracellular Absorption

The first, and still best understood, example of integration 
between transcellular and paracellular transport is that trig-
gered by intestinal Na+-glucose cotransport. As described 
previously, Na+-glucose cotransport across the apical brush 
border membrane is mediated by SGLT1. In addition to initiat-
ing transcellular nutrient absorption, this activates long myo-
sin light chain kinase (MLCK), the MLCK isoform expressed 
in epithelial cells. Long MLCK then phosphorylates myosin 
II regulatory light chain to increase contractile activity of the 
perijunctional actomyosin ring (Turner et  al., 1997; Madara 
and Pappenheimer, 1987), driving a size-selective increase in 
paracellular permeability that facilitates paracellular water flux 
(Turner et al., 1997; Meddings and Westergaard, 1989; Fihn 
et al., 2000). Na+-glucose cotransport-dependent barrier regu-
lation may also explain the observation that luminal glucose 
markedly enhances the response of sensitized animals to oral 
antigen challenge (Zhang and Castro, 1992).

The enhanced paracellular water flow induced by Na+-
glucose cotransport-dependent tight junction regulation is 
determined by the osmotic gradient created by transcellular 
Na+ and glucose transport. This combination of paracellular 
water absorption and increased paracellular permeability  
also allows increased absorption of molecules with radii 
less than ∼4 Ǻ, such as glucose (Turner et al., 1997, 2000; 

Fihn et al., 2000). These small, nutrient-sized molecules are 
carried passively as solutes within water (i.e., the solvent); 
therefore, the process has been termed solvent drag (Atisook 
et  al., 1990). In this manner, solvent drag allows for para-
cellular amplification of transcellular transport and likely 
explains the inability of excess luminal glucose to saturate 
intestinal absorption (Meddings and Westergaard, 1989).

In addition to enhancing paracellular permeability, Na+-
glucose cotransport also activates a mitogen-activated pro-
tein kinase-dependent signal transduction pathway in which 
MAPKAPK-2 phosphorylates p38 MAPK, which, in turn, 
activates Akt2 (Shiue et al., 2005). Akt2-mediated phosphor-
ylation of the cytoskeletal linker protein ezrin then triggers 
vesicular trafficking of the apical Na+-H+ exchanger (NHE3) 
to the brush border (Zhao et  al., 2004; Figure 6(b)). This 
increases transcellular Na+ absorption that further enhances 
paracellular water absorption (Clayburgh et  al., 2006; Lin 
et  al., 2010). Thus, in addition to mediating transcellular 
Na+-glucose cotransport, SGLT1-mediated transport initiates 
a series of signaling events that also increase transcellular 
Na+ absorption and paracellular water and glucose absorp-
tion (Figure 6(b)). These mechanisms likely contribute to the 
clinical efficacy of Na+- and carbohydrate-based oral rehy-
dration solutions (Ramakrishna et al., 2000).

For the many Na+-dependent intestinal absorptive mech-
anisms to proceed normally, large quantities of luminal Na+ 
must be absorbed each day. However, the normal diet does 
not contain nearly enough Na+ to support these processes. 
The recycling of absorbed Na+ likely occurs in the proximal 
small intestine, where HCO3

− undergoes active transcellular 
secretion and is followed by passive paracellular Na+ and 
water and secretion. This paracellular Na+ transport requires 
the tight junction proteins claudin-2 or claudin-15 (Wada 
et al., 2013), which, as discussed in the next section, form 
trans-tight junction Na+ channels (Amasheh et  al., 2002; 
Colegio et al., 2002). It is interesting to note that intestinal 
epithelial claudin-2 expression is high at birth but is then 
markedly reduced, whereas claudin-15 expression is low at 
birth and only increases later (Holmes et al., 2006). Thus, 
although adult claudin-2-deficient mice are phenotypically 
normal, claudin-15-knockout mice display Na+ deficiency 
and glucose malabsorption in adulthood (Tamura et  al., 
2011). Mice lacking claudin-2 and claudin-15 die of mal-
absorption in the early perinatal period (Wada et al., 2013). 
This essential physiology may provide insight into the 
marked claudin-2 upregulation present in many intestinal 
diseases, as discussed in the next section.

Cytokines Co-Opt Physiological Mechanisms 
to Modulate Transcellular and Paracellular 
Transport

Many diseases can be simply explained as defects in nor-
mal regulatory processes, and immune-mediated diarrheal 
disease is no different. For example, in a manner similar 
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to Na+-glucose cotransport-dependent barrier regulation, 
long MLCK-dependent myosin II regulatory light chain 
phosphorylation is required for acute, TNF-induced 
tight junction permeability increases as well as diarrhea  
(Figure 7; Clayburgh et al., 2005; Zolotarevsky et al., 2002). 
Likewise, IL-1β and lymphotoxin-like inducible protein 
that competes with glycoprotein D for herpes virus entry 
mediator on T cells (LIGHT) are also able to drive acute, 
MLCK-dependent increases in tight junction permeability 
(Schwarz et al., 2007; Al-Sadi et al., 2010). However, unlike 
acute, systemic administration of TNF, LIGHT administra-
tion does not cause diarrhea (Clayburgh et al., 2006). This 
difference between LIGHT and TNF can be explained by 
the observation that, in addition to activating MLCK, TNF 
triggers protein kinase Cα-dependent endocytosis of the 
apical NHE3. This inhibits NHE3-dependent transcellular 
Na+ absorption and reduces the transepithelial Na+ gradi-
ent, which provides the driving force for paracellular water 
absorption. In the absence of this gradient, water moves in 
the opposite direction, or into the lumen. In contrast to TNF, 
LIGHT does not inhibit NHE3. This allows maintenance 
of the transepithelial Na+ gradient under conditions of 
increased tight junction permeability and explains the slight 
increase in intestinal water absorption induced by systemic 
LIGHT administration (Clayburgh et al., 2006). This differ-
ence also suggests that the bulk of intestinal transepithelial 
water absorption occurs by the paracellular route. This is 
different from transporting epithelia, such as the kidney and 
salivary gland, where transcellular water transport requires 
expression of aquaporins, a family of transmembrane water 
channels.

MOLECULAR ARCHITECTURE OF TIGHT 
JUNCTIONS

More than 60 integral and peripheral membrane pro-
teins are concentrated at the tight junction (Raleigh et al., 
2010; Anderson et  al., 2004; Van Itallie and Anderson, 
2006; Furuse et  al., 1993, 1998a; Ikenouchi et  al., 2005;  
Stevenson et  al., 1986). Analyses of the multiple interac-
tions between these proteins led to the hypothesis that 
extensive protein cross-linking would result in the for-
mation of a large, but static, tight junction complex (Itoh 
et al., 1999; Fanning et al., 1998, 2007a,b; Nomme et al.,  
2011; Piontek et al., 2011; Sasaki et al., 2003). However, 
studies analyzing the mobility of fluorescently tagged tight 
junction proteins demonstrated that the binding interac-
tions between different tight junction proteins were highly 
dynamic, even at steady state (Shen et al., 2008). These and 
other data have resulted in new models of tight junction 
structure, in which regulation of binding affinities between 
different tight junction proteins defines paracellular perme-
ability (Shen et  al., 2011; Raleigh et  al., 2011; Yu et  al., 
2010; Van Itallie et al., 2012; Piontek et al., 2008).

Claudins as Determinants of Paracellular  
Ion Flux

One main component of tight junction strands includes 
members of the claudin family (Furuse et  al., 1998a,b; 
Mineta et al., 2011). Although 27 claudin genes have been 
identified (Mineta et  al., 2011), only a few are expressed 
in any individual tissue. Claudin expression is modified 
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normally during development and in response to pathogenic  
stimuli (Holmes et  al., 2006; Weber et  al., 2008, 2010;  
Zeissig et  al., 2007; Heller et  al., 2005; Tamagawa et  al., 
2003; Kitajiri et  al., 2004b; Krause et  al., 2008). As 
described below, these changes directly affect paracellular 
flux of ions and small molecules.

Structurally, claudins have a tetraspanning structure in 
which the transmembrane regions and extracellular loops 
are highly conserved. In contrast, the short amino and 
carboxy terminal cytoplasmic tails are divergent. Despite 
this divergence, the carboxy terminus of most claudins 
includes a PDZ-binding motif that interacts with the first 
PDZ domain of zonula occludens-1 (ZO-1). The extracel-
lular loop closest to the carboxy terminus, the second extra-
cellular loop, is also thought to contribute to interprotein 
interactions, including those with claudins on adjacent cells 
(Piehl et al., 2010; Blasig et al., 2006; Krause et al., 2009; 
Robertson et al., 2010).

The amino terminal first extracellular loop of claudin 
proteins defines paracellular charge selectivity. The best 
characterized in this regard is claudin-2, which forms a 
channel that allows paracellular flux of small cations, pri-
marily Na+ and K+ (Angelow and Yu, 2009; Yu et al., 2009). 
It is also clear that reversal of charge at specific residues 
within the first extracellular loop can change paracellu-
lar permeability from cation to anion selective and vice 
versa (Colegio et  al., 2003, 2002). However, much about 
the molecular function of claudin proteins remains to be 
defined. For example, although it is clear that claudins must 
be present on both adjacent cells, the manner in which they 
join to form a paracellular pore, or even the stoichiometry 
of this interaction, remains unknown.

Most studies exploring claudin function have relied 
on knockout mice or cultured cell lines after transgenic 
expression or small interfering RNA knockdown of spe-
cific wild-type or mutant claudin proteins (Table 1). These 
experiments may be misleading since they interpret global 
changes in epithelial resistance or charge selectivity as an 
indication of individual claudin function. For example,  
claudin-4 expression is known to reduce paracellular Na+ 
conductance, which has led some to speculate that rather 
than forming channels, claudin-4 forms the tight junction 
barrier. Although this remains a possibility, it is also pos-
sible that claudin-4 reduces paracellular Na+ conductance by 
disrupting claudin-2 pore function due to displacement of  
claudin-2 from the tight junction. Likewise, the phenotypes of 
claudin-1 and claudin-5 knockout mice, which have defective  
epidermal and blood–brain barrier function (Furuse et  al., 
2002; Nitta et al., 2003), respectively, may reflect the impor-
tant role of claudins in promoting tight junction assembly 
and the dominance of these particular claudins in those tis-
sues (Table 1). Thus, when interpreting stimulus-induced 
changes in claudin expression, it is critical to consider the 
effect on expression of each protein relative to the other  

claudins present in that tissue, not only changes in expres-
sion relative to the control condition. It is important to note 
that claudin function can be regulated by expression or post-
transcription mechanisms; therefore, this caveat holds even 
greater relevance when only mRNA expression is assessed.

Intestinal epithelial claudin-2 expression can be upregu-
lated in vitro by IL-6, IL-13, and IL-17 (Heller et al., 2005; 
Weber et al., 2010; Suzuki et al., 2011; Kinugasa et al., 2000), 

TABLE 1  Phenotype of Tight Junction Protein Knockout 
or Transgenic Mice

Tight Junction 
Protein

Phenotype of Knockout and/or 
Transgenic Mice

Claudins CLDN1, CLDN6 Tg: skin barrier 
defect (Turksen and Troy, 2002; 
Furuse et al., 2002)
CLDN2 KO: subtle renal defects 
(Muto et al., 2010)
CLDN5 KO: blood–brain barrier 
defect (Nitta et al., 2003)
CLDN11 KO: central nervous system 
myelin defect, loss of endocochlear 
potential (Gow et al., 1999)
CLDN14 KO: phenocopy of human 
deafness (Kitajiri et al., 2004a;  
Ben-Yosef et al., 2003)
CLDN15 KO: megaintestine (Tamura 
et al., 2008)
CLDN2/CLDN15 KO: death by  
malnutrition (Wada et al., 2013)
CLDN16 KD: phenocopy of familial 
hypomagnesmia (Mayer et al., 1991; 
Burton et al., 2007)
CLDN19 KO: Schwann cell barrier 
defect (Miyamoto et al., 2005)

Occludin KO: Viable with complex phenotype 
(Saitou et al., 2000), but no intestinal 
paracellular defect in unchallenged 
mice (Schulzke et al., 2005).
Tg: Partially protected from TNF-
induced intestinal barrier loss  
(Marchiando et al., 2010).

Junctional adhesion 
molecules (JAMs)

KO: Reduced barrier function, 
increased intestinal epithelial apop-
tosis and proliferation (Laukoetter 
et al., 2007; Vetrano et al., 2008)

Coxsackie adenovirus 
receptor (CAR)

Embryonic lethal due to cardiac 
defects (Marano et al., 1993)

Zonula occludens 
(ZO-1)
ZO-2
ZO-3

ZO-1 KO: embryonic lethal E10.5 
(Katsuno et al., 2008)
ZO-1 Tg: no reported phenotype 
(Marchiando et al., 2010).
ZO-2 KO: embryonic lethal (Xu 
et al., 2008)
ZO-3 KO: no obvious phenotype 
(Adachi et al., 2006)
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and in vivo studies have confirmed these findings using sys-
temically administered IL-13 (Weber et al., 2010). IL-13-in-
duced claudin-2 upregulation enhances paracellular flux of 
small cations, primarily Na+, resulting in reduced transepi-
thelial resistance and increased Na+:Cl− permeability ratio, 
without increasing the paracellular flux of larger molecules 
(Weber et al., 2010). Small interfering RNA-mediated inhibi-
tion of claudin-2 after IL-13 treatment completely prevented 
Na+:Cl− permeability ratio increases, thus demonstrating that 
IL-13 induces a cation-selective increase in pore pathway 
permeability by upregulating claudin-2. In addition, clau-
din-2 pores have also been shown to facilitate paracellular 
water transport (Rosenthal et  al., 2010). This may indicate 
that the increased claudin-2 expression associated with colitis 
enhances paracellular Na+ and water flux to promote diarrhea.

Occludin and the Tight Junction-Associated 
MARVEL Proteins

The first tight junction-associated MARVEL protein 
(TAMP) identified was occludin (Furuse et  al., 1993). 
Although there is no sequence homology between occludin 
and claudins, occludin contains a conserved tetraspanning 
MARVEL (MAL and related proteins for vesicle trafficking 
and membrane link) domain that is present in proteins con-
centrated in cholesterol-rich microdomains and involved in 
membrane apposition (Sanchez-Pulido et al., 2002). MAR-
VEL domains are also found in tricellulin, which is concen-
trated at tricellular tight junction regions (Ikenouchi et al., 
2005), and marvelD3 (Raleigh et  al., 2010; Steed et  al., 
2009). As a group, these proteins make up the TAMP fam-
ily (Raleigh et  al., 2010). The functions of these proteins 
remain incompletely defined. However, the involvement 
of tricellulin in human autosomal-recessive hearing loss 
(Riazuddin et  al., 2006; Chishti et  al., 2008) and the ste-
rility of occludin knockout male mice (Saitou et al., 2000) 
suggest that they play essential roles in forming barriers 
in some tissues. Nevertheless, gut, renal, and pulmonary 
functions are essentially normal in occludin knockout mice 
under nonstressed conditions (Saitou et al., 2000; Schulzke  
et  al., 2005). This may reflect a partial compensation  
of TAMPs for one another; for example, occludin loss 
causes tricellulin to be redistributed to bicellular tight junc-
tion regions (Ikenouchi et  al., 2008; Raleigh et  al., 2010; 
Westphal et al., 2010).

It remains possible that the primary function of occludin 
relates to tight junction regulation rather than assembly. If 
true, then this would explain the absence of an intestinal 
phenotype in occludin knockout mice under normal hous-
ing conditions (Table 1). In vitro data support this hypoth-
esis (Yu et al., 2005; Al-Sadi et al., 2011; Shen and Turner, 
2005; Kuwabara et al., 2001; Huber et al., 2000; Balda et al., 
2000), but until recently, in vivo data were lacking. Occlu-
din endocytosis is closely associated with TNF-induced, 

long MLCK-dependent intestinal barrier loss (Clayburgh 
et  al., 2005). Further analysis of tissue sections and real-
time, intravital imaging of transgenic mice expressing 
enhanced green fluorescent protein occludin demonstrated  
that TNF-induced occludin internalization requires  
caveolin-1 (Marchiando et al., 2010). Furthermore, caveo-
lin-1-deficient mice were protected from TNF-induced bar-
rier loss and diarrhea (Marchiando et al., 2010). Intestinal 
epithelial-specific occludin overexpression also limited 
acute TNF-induced barrier loss and prevented diarrhea, 
indicating that occludin is an essential functional regulator 
of tight junction permeability.

In contrast to IL-13-induced claudin-2 expression, 
TNF causes a size- and charge-nonselective increase in 
paracellular permeability (Weber et  al., 2010; Clayburgh 
et al., 2005). Similar increases in macromolecular paracel-
lular permeability can be induced by occludin knockdown 
in vitro and in vivo (Yu et al., 2005; Al-Sadi et al., 2011). 
This may explain the observation that TNF cannot induce 
further barrier loss in occludin knockdown cell lines (Van 
Itallie et al., 2010).

ZO-1 as a Prototypic Molecular Integrator

The peripheral membrane protein ZO-1 was the first tight 
junction protein identified (Stevenson et  al., 1986). How-
ever, dissection of specific ZO-1 contributions to barrier 
function has begun only recently. During epithelial polar-
ization, ZO-1 is initially recruited to the nascent adherens 
junction, likely via ZO-1 U5-GuK region-dependent bind-
ing to α-catenin (Ando-Akatsuka et al., 1999; Baas et al., 
2004). Occludin is then trafficked to these sites of enrich-
ment, likely by direct interaction between the U5-GuK 
region in the middle of ZO-1 and the occludin coiled-coil 
ELL domain near the occludin carboxy-terminus (Fanning 
et  al., 1998, 2007a; Li et  al., 2005). Claudin proteins are 
then recruited by a mechanism dependent on interactions 
between the amino-terminal ZO-1 PDZ1 domain and the 
carboxy-terminal claudin PDZ-binding motif (Umeda et al., 
2006; Itoh et al., 1999). However, details of these processes 
are emerging slowly, reflecting the complexity of ZO-1 
interactions (Fanning and Anderson, 2009). For example, 
ZO-1 is also able to bind to the related proteins ZO-2 and 
ZO-3 through PDZ domain 2 (Fanning et al., 2007b), junc-
tional adhesion molecule-A (JAM-A) through PDZ domain 
3, F-actin through the actin binding region (ABR) in the 
C-terminal half of ZO-1 (Fanning et  al., 2002), and vari-
ous other cytoskeletal and regulatory proteins (Fanning and 
Anderson, 2009). Thus, simple ZO-1 knockdown provides 
limited information because it eliminates all of these inter-
actions (Umeda et  al., 2004, 2006; Fanning et  al., 2012; 
Yamazaki et al., 2008).

Despite all of the protein interactions mediated by ZO-1, 
knockdown in cultured epithelial cells does not result in a 
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dramatic loss of transepithelial resistance, possibly because 
of functional redundancy with ZO-2 and ZO-3 (Umeda et al., 
2004, 2006; Fanning et  al., 2012; Yamazaki et  al., 2008; 
Yu et al., 2010). However, ZO-1 knockdown does result in 
increased leak pathway flux (Van Itallie et  al., 2009), and 
there is evidence that ZO-1 binding interactions are critical 
to tight junction regulation. For example, the ABR stabi-
lizes ZO-1 at the tight junction after MLCK inhibition (Yu 
et al., 2010). ABR expressed as a soluble protein behaved in 
a dominant negative fashion to block the effects of MLCK 
inhibition on ZO-1 stability at the tight junction and barrier 
function. Thus, MLCK-dependent increases in tight junction 
permeability partly depend on release of ABR-dependent 
interactions that anchor ZO-1 at the tight junction.

ZO-1 has also been shown to play a critical role in regu-
lation of the pore pathway by linking occludin to claudin-2 
(Figure 8; Raleigh et al., 2011). The kinase CK2 phosphory-
lates occludin at serine 408, just proximal to the C-terminal 
occludin coiled-coil ELL domain (Smales et  al., 2003). 
This induces formation of occludin homodimers, which 
diffuse freely at the tight junction. CK2 inhibition and ser-
ine 408 dephosphorylation cause homodimer dissociation. 
This promotes occludin binding to ZO-1 as well as ZO-1 

binding to claudin-2 (Raleigh et al., 2011). Although these 
occludin:ZO-1:claudin-2 complexes diffuse less freely than 
occludin homodimers, they are more mobile than claudin-2 
complexes. This reduced anchoring at the tight junction 
interferes with claudin-2 pore function and reduces para-
cellular Na+ permeability. Thus, CK2-dependent occludin 
serine 408 phosphorylation acts as a molecular switch that, 
via ZO-1, regulates claudin-2 pore function (Raleigh et al., 
2011). This information may be useful therapeutically as 
pharmacological CK2 inhibition, inhibited claudin-2 pore 
function, and corrected IL-13-induced barrier loss (Raleigh 
et  al., 2011). Phosphorylation and ubiquitination of addi-
tional sites in the occludin C-terminal tail can also regulate 
occludin trafficking, interactions with ZO-1, and tight junc-
tion barrier function (Cummins, 2012; Huppert et al., 2010; 
Suzuki et  al., 2009; Elias et  al., 2009; Seth et  al., 2007; 
Andreeva et al., 2001; Wong, 1997; Murakami et al., 2009).

JAM-A and Coxsackie Adenovirus Receptor: 
Ig-Like Tight Junction Proteins

Many other transmembrane proteins are located within 
the tight junction, including JAM. JAMs are differentially 

FIGURE 8  Occludin serine 408 phosphorylation in 
tight junction regulation. (a) The kinase CK2 phos-
phorylates occluding at serine 408 to induce formation 
of occluding homodimers. (b) CK2 inhibition and ser-
ine 408 dephosphorylation results in homodimer disso-
ciation and promotes occluding binding to ZO-1. From 
Raleigh et al. (2011).
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expressed on endothelia, epithelia, and immune cells 
(Martin-Padura et al., 1998), and they can mediate direct 
binding interactions between immune cells and either 
endothelial or epithelial cells (Ostermann et  al., 2002). 
Although JAM-A has been implicated in the regulation 
of epithelial barrier function, it also contributes to cell 
polarity, migration, adhesion, and leukocyte migration 
(Ebnet et  al., 2003; Martin-Padura et  al., 1998; Ozaki 
et  al., 1999). Further, JAM-A knockout mice exhibit 
reduced barrier function and increased enterocyte pro-
liferation and apoptosis (Table 1; Vetrano et  al., 2008;  
Laukoetter et  al., 2007), indicating that JAM-A likely 
affects downstream signaling pathways in addition to 
its role at the tight junction. Therefore, it is difficult to  
determine whether JAM-A deletion results in altered tight 
junction integrity or if loss of barrier integrity is secondary 
to disruption of other JAM-A-mediated cellular processes.

Coxsackie adenovirus receptor (CAR), which mediates 
viral attachment and infection, is an integral membrane pro-
tein belonging to the Ig superfamily (Bergelson et al., 1997). 
CAR localizes to the epithelial tight junction (Cohen et al., 
2001), likely by binding to the PDZ domain, which is found in 
the proteins PSD-95, Discs-large, and ZO-1. These domains 
that are specialized for protein–protein interactions are dis-
cussed in Kennedy (1995), and they are domains within tight 
junction proteins (Coyne et  al., 2004). CAR also mediates 
migration of immune cells across endothelial or epithelial 
barriers (Witherden et al., 2010; Luissint et al., 2008), in part 
because it can serve as an epithelial receptor for JAM-like 
protein, which is expressed by neutrophils and, to a lesser 
extent, by monocytes and T cells (Luissint et al., 2008).

MEASURING BARRIER FUNCTION

In Vivo Measures of Barrier Function

Intestinal permeability is most commonly measured as the 
fractional urinary excretion of orally ingested probes. The 
probes selected must not be able to cross the epithelium by 
a transcellular route. Thus, probe entry into the bloodstream 
represents paracellular flux. Because the probes selected 
are not significantly metabolized in the blood stream, they 
persist and are freely filtered at the glomerulus. They then 
enter the urinary space and, via the renal tubules, arrive in 
the bladder. However, there are several important caveats to 
this approach. First, the probes must be selected carefully 
because some can be broken down by digestive enzymes or 
colonic bacteria (Meddings and Gibbons, 1998). Intestinal 
motility must also be considered because transit time affects 
the duration over which the probe is in contact with and can 
be transported across the epithelium (Camilleri et al., 2012; 
Rao et al., 2011). It is also important to consider that all of 
these probes can easily cross areas of damage, where epi-
thelial cells, along with their intercellular junctions, are lost. 

In these cases, increases in absorption of the probe may not 
indicate changes in tight junction permeability.

Once probes enter the blood stream, they must be effi-
ciently filtered into the urinary space without undergoing 
significant metabolism. The probes used to measure para-
cellular flux are generally unable to undergo metabolism, 
but this can change in certain clinical states, such as sepsis. 
In addition, fractional urinary recovery cannot be assessed 
reliably in subjects with altered glomerular filtration rates; 
therefore, these assays may not be useful in patients with 
renal disease.

Various probes have been used in an effort to overcome 
the limitations noted above. For measurements of small 
intestinal permeability, the lactulose:mannitol ratio has been 
most popular. Lactulose is large enough that it can only 
cross via the paracellular leak pathway or at sites of epithe-
lial damage, and it can be thought of as measure of barrier 
integrity. Mannitol, which is 3 times smaller, with a radius 
of only approximately ~3.5 Å, crosses the pore pathway and 
can be thought of as an indicator that integrates surface area 
and exposure time. Thus, the lactulose:mannitol ratio can be 
interpreted as a unitless measure of the sum of leak pathway 
permeability and epithelial damage normalized to surface 
area. Because both probes are affected identically by changes 
in intestinal motility, this is not usually a complicating fac-
tor in lactulose:mannitol ratio measurements. However,  
lactulose and mannitol are degraded by colonic bacteria 
(Meddings and Gibbons, 1998), which makes them unsuit-
able for measures of colonic permeability. Sucralose and 
polyethlylene glycols have been used as probes that over-
come the issue of bacterial degradation and can be used to 
measure colonic permeability (Meddings and Gibbons, 1998; 
Bjarnason et al., 1995). However, both can also be absorbed 
in the small intestine; therefore, any data obtained reflect a 
combination of small intestinal and colonic permeability. 
Polyethylene glycol also interacts with cell surfaces (Wu 
et al., 2004; Ramanathan et al., 2001) and does not always 
correlate with measures made using other probes (Chadwick 
et  al., 1977; Olaison et  al., 1988; Johansen et  al., 1989). 
The use of other probes, including Cr51-EDTA (Bjarnason 
et al., 1983, 1995) and creatinine (Turner et al., 2000), may 
simplify the sometimes complex task of measuring urinary 
probe concentration. However, Cr51-EDTA has only been 
used by a few groups and, because it relies on radioisotopes, 
it is not suitable for many human studies. In one study using 
mice, fractional urinary recovery of creatinine was found to 
correlate closely with that of sucralose (Su et al., 2009). This 
suggests that in subjects without disease-related increases 
in serum creatinine, oral creatinine might be an easily mea-
sured probe of colonic permeability. However, further study 
is needed before it can be considered a standard assay.

Although collecting urine over time allows integration 
of recovery and is convenient in human subjects, the use of 
metabolic cages to collect urine in mice is labor-intensive 
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and time-consuming. Thus, many studies have measured 
serum recovery of the probes above as well as fluores-
cent-conjugated dextrans. This approach avoids potential 
artifacts of renal disease, but it has serious limitations to 
consider, including the measurement of a snapshot in time 
rather than integrated total absorption. In addition, most 
dextran probes are large enough that they generally reflect 
barrier defects due to intestinal damage (i.e., erosions) and 
are less informative as measures of tight junction perme-
ability. Dextran uptake by the reticuloendothelial system is 
another potential source of artifact.

Lastly, the route of dextran administration is also an impor-
tant consideration when selecting a measurement of epithelial 
permeability. Administration of dextran probes by oral gavage 
reduces potential artifacts that could be generated by using 
dextran enemas. For example, rectal instillation may cause 
unintentional damage to the colonic epithelium, resulting in a 
false-positive result. It is also difficult to ensure rectal instilla-
tion of the same volume of dextran between individual mice.

Thus, no perfect approach to in vivo analysis of intestinal 
permeability is available. At best, the standard approaches 
provide little indication of charge or size selectivity and 
cannot distinguish between increased tight junction per-
meability and epithelial cell damage. These shortcomings 

emphasize the need for development of improved assays of 
barrier function.

EX VIVO AND IN VITRO MEASURES OF 
BARRIER FUNCTION

Often, measurements of barrier function are reported using 
cultured epithelial monolayers or in tissue ex vivo. Intestinal 
epithelial permeability through either the pore or leak path-
way can be assessed using several complementary meth-
ods (Figure 9). Currently, the methodology does not exist 
to measure local tight junction permeability; therefore, all 
measurements are averages of a global population of pore 
opening and closing events. Despite this, global measure-
ments are useful for understanding the permeability proper-
ties of the tight junction.

Perhaps the most commonly used electrophysiologi-
cal approach is measurement of TER, which measures the 
flux of all ions across the epithelium. Simply, the electrical 
potential across the epithelium is measured in the presence 
or absence of an applied current. These data are then used to 
calculate resistance using Ohm’s law. The current is carried 
by the most common ions in physiological solutions, Na+ 
and Cl−. These ions are small and can cross the paracellular 
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FIGURE 9  Measurements of epithelial permeability. Global measurements of pore opening and closing events provide information regarding the 
permeability properties of the tight junction. (a) TER measures the flux of all ions across the epithelium. (b) Measurement of the dilution potential shows 
changes in charge selectivity of the tight junction. (c) Bi-ionic substitution assesses size selectivity of the pore pathway. (d) Macromolecular flux of tracers 
across the epithelium assesses permeability through the leak pathway. Adapted from Shen et al. (2011).
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space by either the pore or leak pathway; therefore, increased 
permeability through either pathway reduces TER.

There are several simple devices that can be used to 
measure the TER of cultured cells grown on semiperme-
able inserts with varying degrees of accuracy and repro-
ducibility. Tissues are generally analyzed ex vivo using 
Ussing chambers or similar apparati. The use of Ussing 
chambers is technically challenging in that both the 
underlying muscle layer must be stripped from the epi-
thelium to obtain meaningful data. Furthermore, the tis-
sue becomes anoxic immediately after removal from the 
animal, thus making it difficult to assess barrier function 
over time because of the continuous deterioration of the 
tissue. Anoxia also occurs when assessing permeability 
in intestinal loops or by other methods in which portions 
of intestine are tied off at the ends, thus allowing lumi-
nal fluid accumulation to compress veins, thus blocking 
venous drainage preventing arterial blood flow and trig-
gering ischemic tissue damage.

To determine changes in charge selectivity of the tight 
junction, the dilution potential is measured by inducing a 
transepithelial electrochemical gradient. By iso-osmotically 
altering the apical or basolateral NaCl concentration, a new 
equilibrium potential can be established based on the rela-
tive permeabilities of Na+ and Cl− (Figure 9). Alternatively, 
bi-ionic substitution assesses size selectivity of the pore 
pathway by replacing Na+ on one side of the monolayer 
with various-sized organic cations, thus allowing measure-
ment of the permeability of the different cations. Perme-
ability through the leak pathway can be determined by the 
macromolecular flux of tracers across the epithelium, such 
as those described above for in vivo studies. The large size 
of these tracers allows specificity for the leak pathway, 
although some polyethylene glycols are small enough to 
traverse the pore pathway. Although these methods have 
been widely used on cultured epithelial monolayers and tis-
sue, bi-ionic substitution has not yet been reported in tis-
sue. Lastly, it is important to note that although the number 
of tight junction strands correlates with the permeability of 
individual tissues (Marcial et  al., 1984), analysis of mor-
phometric changes in the tight junction by transmission 
electron microscopy have not been validated as measures 
of permeability.

BARRIER FUNCTION AND DISEASE 
PATHOGENESIS

Intestinal epithelial barrier loss has been implicated in 
several immune-mediated diseases, including IBD, celiac 
disease, type I diabetes mellitus, multiple sclerosis, rheu-
matoid arthritis, and graft-versus-host disease. Other 
disease associations include irritable bowel syndrome, 
alcoholic cirrhosis, and acquired immunodeficiency syn-
drome. In general, the available data on barrier function 

are correlative and do not provide a detailed mechanistic 
understanding of the role of barrier loss in these diseases. 
Thus, questions of cause versus effect remain. Neverthe-
less, the strongest case for a pathogenic role of intesti-
nal barrier loss in humans has been made for Crohn’s 
disease, in which some healthy first-degree relatives 
of Crohn’s disease patients exhibit increased intestinal 
permeability compared with unrelated control subjects 
(Hollander et  al., 1986; May et  al., 1992). Remarkably, 
subsequent studies showed that a subset of the healthy 
relatives with increased permeability tended to carry 
the 3020insC mutant of NOD2, and many also had the 
R702W mutation (Buhner et  al., 2006). This raises the 
possibility that the increased permeability occurring in 
these healthy subjects reflects mild, subclinical immune 
activation and is consistent with the data above showing 
that the intestinal epithelial tight junction is exquisitely 
sensitive to regulation by several cytokines. Unfortu-
nately, it remains unknown whether the healthy relatives 
with increased permeability are at greater risk of develop-
ing disease than the healthy relatives with normal intes-
tinal permeability. This issue was addressed tangentially 
in a case report documenting the development of disease 
in a previously healthy relative with increased permeabil-
ity (Irvine and Marshall, 2000). However, the patient in 
question had a mother and brother with Crohn’s disease, 
thus elevating her risk and making it impossible to deter-
mine if disease development was related to the observed 
increase in intestinal permeability.

Maintenance or restoration of intestinal barrier function 
may also be important in Crohn’s disease patients during 
remission. Two studies have shown that increased intestinal 
permeability is a strong risk factor for relapse into active 
disease (Wyatt et al., 1993; D’Inca et al., 1999). It is inter-
esting to note that both of these studies found that permea-
bility was increased at least 6 months before relapse in many 
patients. These data can be interpreted as evidence of a 
low-grade inflammatory state that reduces barrier function; 
alternatively, they could indicate that barrier loss promotes 
disease reactivation over extended intervals. Identification 
of the triggers for this increased permeability could help 
to resolve this issue. Nevertheless, it is notable that stress 
has been associated with relapse in Crohn’s disease (Bitton 
et  al., 2008) and can also induce intestinal barrier loss in 
rodents (Meddings and Swain, 2000). Finally, it is impor-
tant to recognize that the presence of reduced barrier func-
tion in some healthy relatives of Crohn’s disease patients 
indicates that tight junction barrier loss alone is insufficient 
to cause Crohn’s or any other disease.

In addition to measuring changes in permeability, 
ultrastructural alterations of the tight junction have been 
observed in Crohn’s disease and ulcerative colitis. Scan-
ning, freeze fracture, and transmission electron microscopy 
revealed a reduced number of tight junction contacts and 
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disruption of the normal tight junction anastomosing strand 
pattern in diseased intestine (Marin et al., 1983a,b; Schmitz 
et  al., 1999). Together with the functional correlations 
above, these data strongly suggest a link between loss of 
an intact barrier and IBD; however, whether an innate bar-
rier defect promotes disease development or simply results 
from continuous activation of mucosal immunity remains 
unknown.

MODELS LINKING INTESTINAL BARRIER 
LOSS TO EXPERIMENTAL IBD

Several studies have addressed the contribution of intestinal 
epithelial barrier dysfunction to disease. The first among 
these used chimeric mice in which some intestinal epithelial 
cells expressed a dominant-negative N-cadherin transgene 
to inhibit E-cadherin function (Hermiston and Gordon, 
1995a). Because E-cadherin is necessary for the assembly 
of adherens junctions, and in turn, adherens junctions are 
required for tight junction assembly and maintenance, these 
mice exhibited profound epithelial abnormalities (Hermis-
ton and Gordon, 1995a). Mice expressing dominant-nega-
tive N-cadherin also developed spontaneous small intestinal 
inflammation and dysplasia (Hermiston and Gordon, 1995b). 
The latter is a marker of neoplastic transformation and is a 
known complication of human IBD (Leedham et al., 2009). 
However, the dysplasia likely reflects constitutive activation 
of the α-catenin/antigen-presenting cell signaling pathway 
in these mice. Dominant-negative N-cadherin expression 
also disrupted cell–cell contacts and interactions with the 
basement membrane. Furthermore, expression of the trans-
gene disrupted epithelial polarization, increased migration 
along the crypt–villus axis, and triggered premature epi-
thelial apoptosis (Hermiston and Gordon, 1995a). Taken 
together, dominant-negative N-cadherin expression created 
global defects that extended well beyond tight junction bar-
rier loss. It is notable that E-cadherin, encoded by cdh1, has 
been linked to ulcerative colitis in genome-wide association 
studies (Barrett et al., 2009).

In contrast to the dominant-negative N-cadherin 
transgenic mice, most studies have found that knockout 
of genes encoding junctional proteins results in findings 
at two phenotypic extremes. Either the defects are so 
severe that genetic deletion causes embryonic lethality or 
loss of a specific junction protein does not induce obvi-
ous changes in unchallenged mice (Table 1; Saitou et al., 
2000; Vetrano et  al., 2008; Adachi et  al., 2006; Katsuno 
et al., 2008; Xu et al., 2008). Nevertheless, some genetic 
knockouts have been useful tools in exploring the rela-
tionship between intestinal barrier function and colitis 
pathogenesis. These include studies of knockout mice 
lacking tight junction-associated proteins (Vetrano et al., 
2008; Laukoetter et al., 2007), transgenic mice in which 
known regulatory pathways are activated inappropriately 

(Su et al., 2009), knockout mice that are unable to activate 
regulatory pathways (Su et  al., 2013), and treatment of 
mice with novel therapeutic agents (Arrieta et al., 2009). 
Among these, several different experimental models have 
been used; therefore, it is important to distinguish those 
that model IBD and chronic disease from those that rely 
on acute epithelial injury.

Two separate studies have shown that intestinal per-
meability is markedly increased in JAM-A-deficient mice 
(Vetrano et al., 2008; Laukoetter et al., 2007). These JAM-A 
knockout mice demonstrate mucosal immune activation; 
inflammatory cell recruitment; and, as demonstrated by 
increased epithelial turnover, chronic mucosal damage 
(Vetrano et  al., 2008; Laukoetter et  al., 2007). However, 
these mice are clinically well in the absence of exogenous 
stressors. In contrast, dextran sodium sulfate (DSS)-induced 
colitis was far more severe in JAM-A knockout mice 
(Vetrano et al., 2008; Laukoetter et al., 2007). This striking 
result generates many questions. First, given that the mice 
used were universal JAM-A knockouts, the mechanism by 
which JAM-A contributed to these effects was unclear. For 
example, JAM-A is widely expressed in various tissues and 
is critical to inflammatory cell migration. Although one 
study showed that endothelial cell-specific JAM-A knock-
out did not affect DSS colitis severity (Vetrano et al., 2008), 
these studies have yet to be performed in intestinal epithe-
lial cell-specific JAM-A knockout mice.

In addition, the cause of increased intestinal permeabil-
ity in JAM-A knockout mice has not been clearly defined. 
Apoptosis is increased in intestinal epithelia of JAM-A 
knockout mice and after JAM-A knockdown in intestinal 
epithelial cell lines (Vetrano et al., 2008; Laukoetter et al., 
2007). Furthermore, upregulation of claudin-10 and clau-
din-15 is observed after either JAM-A knockout in  vivo 
or JAM-A knockdown in  vitro (Laukoetter et  al., 2007). 
However, the function of claudins-10 and -15 as paracellu-
lar ion channels (Van Itallie et al., 2006; Wada et al., 2013; 
Tamura et al., 2011; Colegio et al., 2002) is not consistent 
with the increased paracellular flux of large molecules after 
JAM-A loss. This implicates epithelial apoptosis as a major 
mechanism of barrier loss in JAM-A knockout mice. Given 
that direct epithelial damage and apoptosis are the primary 
mechanisms by which DSS induces colitis, the observed 
phenotype may simply indicate that JAM-A knockout mice 
have a reduced capacity for epithelial renewal after DSS-
induced damage.

To address the specific effect of intestinal tight 
junction barrier dysfunction on intestinal physiology, 
transgenic mice were generated expressing an intesti-
nal epithelial-specific constitutively active myosin light 
chain kinase (CA-MLCK; Su et  al., 2009). This aug-
mented intestinal epithelial myosin II regulatory light 
chain phosphorylation and also caused modest increases 
in intestinal epithelial tight junction permeability  
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(Su et al., 2009; Shen et al., 2006). Notably, the permeability 
increases observed were far less than those observed in 
JAM-A knockout mice, but they were quantitatively sim-
ilar to the defects seen in healthy first-degree relatives 
of Crohn’s disease patients (May et al., 1993; Hollander 
et al., 1986). On the basis of these findings, it is not sur-
prising that CA-MLCK transgenic mice failed to develop 
spontaneous disease. However, mild mucosal immune 
activation and T helper 1 cell polarization was observed 
(Su et al., 2009). Further, immunodeficient (Rag1 knock-
out) CA-MLCK transgenic mice developed a more severe 
colitis with reduced survival after adoptive transfer of 
CD4+CD45RBhi T cells relative to Rag1 knockout litter-
mates (Su et al., 2009). More strikingly, onset of disease 
after CD4+CD45RBhi T cell adoptive transfer was mark-
edly accelerated in CA-MLCK mice. This suggests that 
intestinal epithelial tight junction barrier loss can enhance 
the rate of disease pathogenesis in a susceptible individ-
ual (e.g., immunodeficient mice that have received naïve 
T effector cells), but it is insufficient to cause disease in 
“normal” subjects. Thus, under homeostatic conditions, 
these mice may model the healthy first-degree relatives 
of Crohn’s disease patients (May et al., 1992; Hollander 
et al., 1986), whereas stressed CA-MLCK mice may be 
similar to Crohn’s disease patients with increased intes-
tinal permeability during remission (D’Inca et al., 1999; 
Wyatt et al., 1993).

In contrast to the induction of a constitutive perme-
ability defect, prevention of disease-associated increases 
in intestinal permeability has been recently explored using 
long MLCK knockout mice. As noted earlier, these mice are 
protected from acute TNF-driven, MLCK-dependent leak 
pathway barrier loss. Remarkably, they are also protected 
from leak pathway barrier loss and immune-mediated coli-
tis after CD4+CD45RBhi T cell adoptive transfer into immu-
nodeficient recipients (Su et  al., 2013). Tissue-specific 
restoration of MLCK activity in enterocytes eliminates the 
protective effect of long MLCK knockout, demonstrating 
that the phenotype results from loss of intestinal epithelial 

MLCK (Figure 10). Taken together, these data implicate 
the leak pathway during the early stages of disease patho-
genesis. However, the pore pathway may also be involved 
because intestinal epithelial claudin-2 upregulation, which 
occurs in human IBD as well as adoptive transfer colitis 
(Figure 10(b); Su et al., 2013; Heller et al., 2005), is mark-
edly attenuated in long MLCK knockout mice. The protec-
tion afforded by long MLCK knockout is not long-lasting; 
these mice eventually develop disease that is similar to 
that of their long MLCK sufficient cage-mates (Su et  al., 
2013). The onset of disease in long MLCK knockout mice 
is associated with increases in epithelial apoptosis and bar-
rier loss (Figure 10(c)). Thus, although T cell-mediated dis-
ease in the adoptive transfer model is delayed by preventing 
MLCK-dependent leak pathway barrier loss, T cells are 
eventually activated to an extent necessary to induce epi-
thelial apoptosis. The resulting tight junction-independent 
barrier loss then allows disease progression in the absence 
of increased pore or leak pathway permeability (Su et al., 
2013). It is important to note that loss of MLCK expression 
was unable to prevent the development or progression of 
colitis. Therefore, these data show that long MLCK inhibi-
tion may be effective in limiting early disease but is unlikely 
to be helpful in advanced disease that includes a promi-
nent component of direct epithelial damage. Finally, the  
divergent effects of long MLCK knockout on immune-
mediated and epithelial damage-dependent (i.e., DSS-
induced) disease emphasize the importance of using colitis 
models appropriate to the question being asked.

From a biological perspective, the IL-10 knockout 
mouse is one of the best models of IBD (Kuhn et al., 1993) 
because IL-10 promoter and receptor polymorphisms have 
been linked to severe, pediatric-onset ulcerative colitis 
(Tedde et al., 2008; Franke et al., 2008; Christodoulou et al., 
2013; Glocker et  al., 2009). IL-10 knockout mice gener-
ally develop spontaneous colitis during the first 3–6 months 
of life. In a manner that also recapitulates human disease, 
the presentation of colitis in these mice is variable in terms 
of severity and age at onset. This variability is present in 

FIGURE 10  MLCK inhibition limits 
early immune-mediated intestinal dis-
ease. Initiating events in experimental coli-
tis include (a) TNF-mediated tight junction 
barrier loss and (b) subsequent immune-
mediated upregulation of claudin-2, both of 
which are MLCK-dependent processes. (c) 
However, MLCK inhibition is unable to pre-
vent full-blown active disease characterized 
by significant epithelial damage resulting in 
massive barrier loss. Adapted from Su et al. 
(2013).
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genetically identical littermates, but can be modified by 
genetic background (Farmer et al., 2001) and the environ-
ment. For example, disease penetrance is reduced in spe-
cific pathogen-free mouse facilities and absent when IL-10 
knockout mice are housed under germ-free conditions  
(Sellon et  al., 1998). Conversely, disease penetrance can 
be enhanced by Helicobacter hepaticus infection (Matharu 
et al., 2009; Kullberg et al., 1998) or by treatment with non-
steroidal anti-inflammatory drugs (Berg et al., 2002; Blum 
et  al., 2004). IL-10 knockout mice may also be a power-
ful tool in studies of IBD-associated barrier loss because 
they display increased intestinal permeability long before 
disease presents (Madsen et al., 1999).

In contrast to IL-10 knockout mice, which do not 
develop disease under germ-free conditions (Madsen et al., 
1999), increased permeability that develops before clinical 
disease in the outbred SAMP1/YitFc model of spontane-
ous ileocolitis is independent of the presence of microbiota 
(Corridoni et al., 2012; Olson et al., 2006). In an effort to 
take advantage of the increased permeability that precedes 
onset in IL-10 knockout mice, one study treated these 
mice with a peptide that enhances small intestinal barrier 
function and found reduced mucosal TNF expression and 
neutrophil infiltration (Arrieta et al., 2009). Unfortunately, 
the heterogeneity of disease presentation in IL-10 knock-
out mice made it difficult to assess the development of  
clinically evident disease in these mice. Together with  
the long MLCK knockout mouse study discussed above 
(Su et  al., 2013), these data support further exploration  
of barrier restoration as a means to treat or potentially  
prevent disease.

INTESTINAL BARRIER LOSS PROMOTES 
COMPENSATORY IMMUNOREGULATORY 
PROCESSES

Although the data obtained using the models described 
above indicate that intestinal barrier restoration may be 
effective therapeutically, they do not explain the failure of 
barrier loss, whether induced by tight junction dysregula-
tion or enhanced cell turnover, to cause disease. As noted 
earlier, this finding correlates with the clinical observation 
that some first-degree relatives of Crohn’s disease patients 
are healthy despite having increased intestinal permeabil-
ity (Hollander et al., 1986; May et al., 1992; Buhner et al., 
2006). This had led many to investigate why intestinal bar-
rier loss is insufficient to cause disease (Boirivant et al., 
2008; Su et al., 2009; Khounlotham et al., 2012; Turner, 
2009). This question is addressed most directly in a study 
that assessed disease susceptibility after intrarectal ethanol 
administration, which causes transient epithelial cell dam-
age, mucosal erosion, and barrier loss (Boirivant et  al., 
2008). After this transient insult, the number of IFNγ- 
and IL-10-producing mononuclear cells increased in the 

lamina propria (Figure 11; Boirivant et al., 2008). Mucosal 
CD4+CD25+ regulatory T cells were also increased, and 
more of these cells expressed surface latency-associated 
peptide (LAP), a transforming growth factor-β (TGFβ) 
precursor, than in untreated mice. After a period of recov-
ery, ethanol-treated mice were resistant to trinitrobenzene 
sulphonic acid (TNBS)-induced colitis. This protection 
required the presence of LAP+ T cells, the induction of 
which depended on CD11c+ DC function, Toll-like recep-
tor-2 signaling, and the microbiota (Boirivant et al., 2008). 
It is interesting to note that lamina propria CDl1c+ cells 
have been reported to move toward the luminal surface of 
CA-MLCK transgenic mice (Su et al., 2009), which also 
have an increased complement of IgA-producing plasma 
cells within the lamina propria, possibly reflecting an 
increase in TGFβ production similar to that observed after 
transient epithelial damage. Consistent with this, similar 
data have recently been reported in JAM-A knockout mice, 
in which increased IgA production and TGFβ-producing 
CD4+ T cells reduce DSS colitis severity (Khounlotham 
et al., 2012).
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FIGURE 11  Transient paracellular permeability promotes regu-
latory immune responses. Transient loss of barrier function allows an 
influx of luminal antigen resulting in a regulatory immune response char-
acterized by IFNγ and IL-10 production by lamina propria mononuclear 
cells and an increased number of CD4+CD25+ regulatory T cells express-
ing surface LAP, a TGFβ precursor. This effect appears to be dependent on 
antigen presentation by CD11c+ dendritic cells, Toll-like receptor-2 signal-
ing, and the microbiota. TGFβ may also contribute to observed increases 
in IgA-producing plasma cells.



204  SECTION | A  Development and Organization of the Mucosal Immune System

CONCLUSION

Significant progress has been made toward understanding 
the relationship between epithelial barrier loss and inflam-
matory disease; however, it is evident that many questions 
remain. Although inflammation can lead to barrier dysfunc-
tion, barrier dysfunction may also precede disease devel-
opment. Further, increased intestinal permeability activates 
regulatory immune processes that may be tolerogenic and 
limit responses to transient luminal antigen exposure. This 
improved understanding of the molecular regulation of bar-
rier function and the direct interactions between the epithe-
lium and mucosal immunity is needed if we are to develop 
targeted therapeutic approaches for diseases associated with 
increased mucosal permeability.
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