
R

C

A
J
a

b

a

A
A

K
T
L
M
B
C

C

b
(

h
1

Seminars in Cell & Developmental Biology 42 (2015) 13–21

Contents lists available at ScienceDirect

Seminars  in  Cell  &  Developmental Biology

j ourna l h o me  page: www.elsev ier .com/ locate /semcdb

eview

onceptual  barriers  to  understanding  physical  barriers�

mulya  Lingarajua,  Tiha  M.  Longa,  Yitang  Wanga, Jotham  R.  Austin  II b,
errold  R.  Turnera,∗

Department of Pathology, The University of Chicago, United States
Advanced Electron Microscopy Facility, Office of Shared Research Facilities, The University of Chicago, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
vailable online 21 May  2015

eywords:
ight junction

a  b  s  t  r  a  c  t

The  members  of  the  large  family  of  claudin  proteins  regulate  ion and  water  flux  across  the tight  junction.
Many  claudins,  e.g.  claudins  2 and  15, accomplish  this  by  forming  size-  and  charge-selective  paracellular
channels.  Claudins  also appear  to be  essential  for genesis  of  tight  junction  strands  and  recruitment  of  other
proteins  to  these  sites.  What  is less  clear  is  whether  claudins  form  the  paracellular  seal.  While  this  seal
ipid
embrane microdomain

arrier
laudin

is  defective  when  claudins  are  disrupted,  some  results,  including  ultrastructural  and  biochemical  data,
suggest that  lipid  structures  are an  important  component  of  tight  junction  strands  and  may  be responsible
for the  paracellular  seal.  This  review  highlights  current  understanding  of claudin  contributions  to  barrier
function  and  tight  junction  structure  and  suggests  a  model  by which  claudins  and  other  tight  junction
proteins  can  drive  assembly  and  stabilization  of  a  lipid-based  strand  structure.
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Fig. 1. Distinct routes and regulatory mechanisms are involved in trans-tight junc-
tion  flux. Paracellular flux across the epithelial tight junction can defined as two
distinct pathways, pore and leak. In intestinal epithelia, the cytokine IL-13 induces
claudin-2 expression that, in turn, enhances water and small solute, e.g. ion, flux
across the high capacity, size- and charge-selective pore pathway. Conversely, TNF
4 A. Lingaraju et al. / Seminars in Cell &

. Introduction

Since their discovery in 1998 [1], claudin proteins have become
 central focus of tight junction research. It has become clear that
xpression of members of this large family of tetra-membrane
panning proteins modulates paracellular, i.e. tight junction, per-
eability to ions and water in a size- and charge-selective
anner [2–8]. Increases in paracellular conductance induced

y specific claudins can be defined as either anion- or cation-
elective [6,9–13]. The conductance pathways that are enhanced by
ncreased expression of pore-forming claudins are size-selective,
nd appear to only admit solutes and solvents with radii up to
3.5 Å [7,8,14–16]. These claudins are often referred to as “pore-

orming” claudins. Other claudins have been described as “sealing”
laudins [17,18]. There is some evidence to support the idea that
hese claudins form paracellular seals, including the severe epi-
ermal barrier defects in claudin-1-deficient mice [19] and the
bservation that expression of specific claudins reduces transepi-
helial ion conductance in cultured monolayers [20,21]. However,
hile this is a convenient model, it may  well be an oversimplifica-

ion of a far more complex biology. In this review, we will explore
he mechanisms by which claudins, other proteins, and lipids form
nd regulate the tight junction barrier, both at steady-state and in
esponse to exogenous stimuli.

. Claudins: tight junction components, organizers, or
oth?

The initial report that identified claudins showed that claudin-
 and claudin-2 co-localized with occludin by fluorescence
icroscopy and were present within tight junction strands seen by

reeze-fracture electron microscopy [1]. This was rapidly followed
y the observation that, when expressed in fibroblasts, which lack
ight junctions, claudin proteins concentrated at cell contact sites
nd induced formation of tight junction like strands [22]. This, along
ith the beaded appearance of tight junction strands was  taken

s evidence that the strands are composed primarily of claudins.
owever, it is important not to forget previous work concluding

hat tight junction strands are lipid-based [23–26] as well as more
ecent studies showing that tight junctions can be defined as low
ensity, cholesterol- and glycolipid-rich, detergent-resistant mem-
rane domains [27–31]. It may, therefore, be more accurate to think
f claudins as essential organizers of tight junction strands. This
iew is supported by the observation that occludin and other mem-
ers of the tight junction associated MARVEL protein (TAMP) family
re recruited to strands by claudins [22,32,33].

. Claudins as paracellular ion channels

Abundant data are available to support the conclusion that
laudins form paracellular ion channels. Initial work demon-
trated, for example, that the differences between MDCK cell lines
haracterized by high (MDCK I) and low (MDCK II) transepithe-
ial electrical resistance (TER) were almost entirely explained by
xpression of claudin-2 in the latter, but not the former [16]. Specif-
cally, claudin-2 expression in high resistance MDCK monolayers
esulted in increased paracellular Na+ and K+ conductance without
ny effect on Cl− conductance or paracellular flux of larger solutes,
ncluding mannitol, lactulose, and 4 kD dextran [2,16]. This high
apacity, size- and charge selective conductance route has been
ermed the pore pathway (Fig. 1). Further study showed that treat-
ent of cultured monolayers with the TH2 cytokine IL-13 induced
laudin-2 expression as well as similar size- and charge-selective
ncreases in paracellular permeability that could largely be pre-
ented by inhibition of claudin-2 upregulation [8,34]. Thus, while
activates myosin light chain kinase (MLCK) that triggers caveolin-mediated occludin
removal from the tight junction. This results in increased macromolecular flux across
the  low capacity, relatively nonselective leak pathway.

claudin-2 expression can regulate tight junction permeability to
cations, it cannot explain differences in paracellular flux of larger
molecules [2].

The ability to form charge- and size-selective channels has been
linked to residues within the first extracellular loop of claudin pro-
teins [3–5]. However, it is important to recognize that many, if not
all, studies exploring these issues in living cells and tissues are
complicated by expression of claudins other than those mutated
within the same cells. Despite this technical obstacle, mutagenesis
studies have identified essential residues that define aspects of the
conductance pore and are necessary for size-selectivity of claudin-
2-based channels [14,35,36]. These studies have also mapped the
sequences that form the interior of and entry to the claudin-2 chan-
nel [14,15,35–37].

The recently solved crystal structure of claudin-15 has provided
new insight and allowed the generation of hypotheses that may
define the protein domains that form the channel [38–40]. These
models support the observation that claudin-2-based channels are
size-selective, with a maximal radius of ∼3.5 Å, and can accommo-
date some cations that are larger than Na+, including methylamine
and ethylamine (methylamine is only slight less permeable than
Na+ [15]). Notably, tight junction channels traverse intercellular
junctions and are, therefore, oriented parallel to the plasma mem-
brane, i.e. orthogonal to transmembrane ion channels. The precise
manner in which claudin monomers interact to form these chan-
nels and, potentially, the paracellular seal, remain areas of active
investigation.

To date, most measures of tight junction conductance have
relied on measurements across relatively large multicellular sheets
that include many paracellular channels [41]. Higher resolution
approaches, including measurements using scanning electrodes
[42,43], have been unable to detect single channel events. As
a result, many have concluded that tight junction channels are
static, i.e. are either open or closed, but do not regularly transi-

tion between these states. Recent work demonstrating that protein
interactions at the tight junction are highly dynamic and are mod-
ulated during barrier regulation [33,41,44–49] has caused some
to question this view. One recent report describes a modified
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atch-clamp approach that allowed development of a gigaOhm seal
ver the intercellular junction. This made it possible to detect of
ingle channel opening and closing events [50,51]. The frequency
f these events correlated with claudin-2 expression, although the
mplitude was similar in monolayers with low or high claudin-2
xpression. These data suggest that paracellular channels formed
y claudin-2 are actively gated. Although it has not been reported,
he same is likely true for many other claudins, e.g. claudins 15
nd 16 [3,52,53]. Differences in gating behavior could explain why,
or example, mouse intestinal epithelia coordinately downregulate
laudin-2 and upregulate claudin-15, both of which form para-
ellular Na+ channels, in the first month of life [54]. What is less
lear, however, is the role claudins play in regulating macromolec-
lar paracellular flux and, even more fundamentally, the manner

n which they contribute to genesis of the tight junction barrier.

. Functions of ‘sealing’ claudins

As noted above, expression of some claudins, e.g. claudin-4, can
ncrease transepithelial electrical resistance, i.e. reduce paracellu-
ar ion conductance [20]. Thus, claudin-4 expression can enhance
aracellular barrier function. It is not clear if this is due to a
rimary sealing property of claudin-4 or reflects the ability of
laudin-4 to disrupt pores formed by other claudins. For exam-
le, claudin-4 expression in low resistance MDCK II monolayers,
hich express claudin-2, reduces paracellular Na+ flux but does
ot affect paracellular mannitol flux [20]. This is inconsistent with a
eneral barrier-enhancing function of claudin 4 and, alternatively,
uggests that claudin-4 may  act by antagonizing claudin-2 func-
ion [4]. Such a conclusion is supported by the observation that
laudin-4 reduces charge selectivity in claudin-2-expressing MDCK
I, but not claudin-2-deficient LLCPK1, monolayers, despite reduc-
ng overall paracellular ion conductance in both [5]. One potential
xplanation for these observations is direct competitive inhibition
f pore-forming claudins, e.g. claudin-2, by claudin-4. Alternatively,
laudin-4 may  regulate other tight junction components to inhibit
laudin pore function [46,55]. Either model is consistent with data
ndicating that claudin-4 can complex with claudin-8 to form a
aracellular anion channel [10]. While these data cannot exclude

 model in which claudin-4 directly seals the paracellular space,
hey do emphasize the importance of considering the cellular con-
ext, including which other claudin proteins are expressed, when
ssessing function of any individual claudin.

. Regulation of paracellular macromolecular flux

In molecular terms, enhanced tight junction permeability to
acromolecules, i.e. the leak pathway, has been most closely asso-

iated with occludin or ZO-1 knockdown in cultured monolayers
n vitro [45,48,56–58]. Stimulus-induced occludin endocytosis
auses similar increases in macromolecular paracellular flux, both
n vitro [59,60] and in vivo [61]. These changes are often linked to
ctomyosin cytoskeletal regulation and can, for example, be trig-
ered by pro-inflammatory cytokines that activate myosin light
hain kinase, e.g. tumor necrosis factor-� (TNF), LIGHT, IL-1�
60,62–66], as well as direct latruanculin A-induced actin depoly-

erization [62]. Consistent with the critical role of occludin in this
rocess, blockade of occludin endocytosis prevents both cytokine
nd latrunculin A-induced macromolecular barrier loss in vitro
45,59,60] as well as TNF-induced barrier loss in vivo [61] (Fig. 1).

oreover, in vivo occludin overexpression attenuates TNF-induced

arrier loss [61], and the barrier defects observed in occludin-
eficient monolayers are qualitatively and quantitatively similar
o those observed after stimulus-induced occludin endocytosis
45,56]. Consistent with this being the primary mechanism of
lopmental Biology 42 (2015) 13–21 15

TNF-induced barrier loss, TNF is unable to elicit further bar-
rier loss in occludin-deficient monolayers [45,58]. Thus, caveolar
endocytosis and occludin removal from the tight junction are
critical regulators of TNF-induced barrier loss. Although occa-
sional reports have linked endocytosis of tight junction proteins,
including occludin, to micropinocytosis and clathrin-coated pit-
mediated endocytosis, these have only been observed in highly
artificial systems, such as calcium chelation [67] or supraphys-
iologic interferon-� exposure [68], while interferon-� does not
induce barrier loss in vivo [69]. In contrast, both pharmacologic
inhibitors of caveolar endocytosis and caveolin-1 knockout prevent
TNF-induced occludin internalization, barrier loss, and diarrhea
in vitro and in vivo [60,61].

6. Potential contributions of claudins to paracellular
macromolecular flux

TNF has been variably reported to decrease or increase claudin-
2 expression in vitro [55,70,71]. It is however notable that these
studies treated monolayers with TNF or cocktails of IFN� and TNF
for 24–72 h, times which are more than sufficient to allow for
compensatory changes in other tight junction proteins. In some
cases, high TNF concentrations that also induced apoptosis were
used, which further complicates analysis. Conversely, no claudin-
2 upregulation was detectable when cultured monolayers were
treated with TNF for only 4 h, which was  sufficient to induce barrier
loss without apoptosis [8,45,63,64,66] and is similar to the kinetics
of in vivo TNF-induced barrier loss, which also depends on MLCK-
mediated occludin internalization and is claudin-2-independent
[61,62,69,72–75]. Moreover, unlike TNF-induced macromolecular,
i.e. leak pathway, barrier loss, claudin-2-dependent increases in
pore pathway flux are not affected by MLCK inhibition [8].

Despite the above, claudin-2 expression is not entirely unre-
lated to cytoskeletally-regulated paracellular macromolecular flux.
One study, for example, found that transgenic, intestinal epithelial-
specific expression of constitutively-active MLCK increased both
macromolecular and charge-selective (cation) flux in mouse colon
[8,76]. This was associated with increases in mucosal IL-13 and
epithelial claudin-2 expression, suggesting that a primary MLCK-
induced defect in the paracellular barrier to macromolecular flux
can elicit increases in claudin-2 expression in vivo [8]. Con-
versely, colonic epithelial claudin-2 upregulation was attenuated
during chronic, immune-mediated colitis in mice lacking epithe-
lial long MLCK, but restored upon epithelial-specific expression
of constitutively-active MLCK [77]. Thus, while acute TNF-induced
barrier loss is primarily, if not exclusively, due to MLCK-dependent
occludin internalization, changes in claudin-2 and possibly claudin-
4 expression can occur secondarily. Nevertheless, while claudins
do not appear to contribute significantly to initial phases of TNF-
induced increases in leak pathway flux, claudin expression may be
critical to development of the paracellular macromolecular barrier.
For example, claudin-1-deficient mice have a severely impaired
epidermal barrier that allows markedly increased flux of a ∼600 Da
probe that likely crosses, at least in part, via the leak pathway [19].

7. How do claudins contribute to tight junction barrier
function?

The clearest example of the relationship between claudins
and tight junction barrier function is provided by a landmark
study of a mouse epithelial line (Eph4) engineered to be defi-

cient in both ZO-1 and ZO-2 [78]. These cells failed to develop
tight junctions by several measures. First, they did not traffic
claudin-3, and presumably other claudins, as well as occludin
and JAM to the tight junction. In addition, these monolayers
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isplayed negligible transepithelial electrical resistance (TER) and
arkedly increased paracellular flux of 40 kD dextran, a leak

athway probe [78]. Further, monolayers of these ZO-1- and
O-2-deficient cells did not develop the strands that charac-
erize freeze-fracture electron microscopic views of the tight
unction. Nevertheless, transmission electron micrographs demon-
trated closely-apposed plasma membranes, consistent with tight
unctions, at the expected location. Moreover, representative api-
al and basolateral membrane proteins were correctly distributed,
ndicating that “fence” function remained intact [78] and suggest-
ng that the tight junction is not required for maintenance of plasma

embrane domains [79,80].
The data above could be taken as evidence that ZO-1- and ZO-

-mediated recruitment of claudins is necessary for tight junction
ssembly and paracellular barrier function. Consistent with this,
e-expression of ZO-1 or ZO-2 restored transepithelial resistance,
reeze fracture strand formation, and claudin-3 recruitment to tight
unctions in Eph4 cells [78]. Finally, an elegant approach that drove
he amino terminal half of ZO-1 to lateral membranes resulted in
ocal claudin-3 recruitment as well as formation of complex freeze-
racture strands at these sites. However, it is not known if this
etargeting of ZO-1 to lateral membranes was sufficient to recruit
ther tight junction proteins, e.g. occludin and JAM, or restore para-
ellular barrier function. While these would be important questions
o address, the story is complicated by observations that combined
uppression of ZO-1 and ZO-2 expression does not block tight junc-
ion assembly in MDCK cells [81–85], and that the PDZ1 domain of
O-1 is not required for rescue of ZO-1 function in MDCK cells [85].
his distinction between MDCK and Eph4 cells has been ascribed
o ZO-3 expression in the former, but not the latter. However, that
as not been formally demonstrated by ZO-3 knockdown in ZO-1-
nd ZO-2-deficient MDCK cells. Nevertheless, these data do demon-
trate that, in Eph4 cells, ZO-1 and ZO-2 are critical for recruitment
f claudin-3, occludin, and JAM to the tight junction and in turn
ecessary for strand formation. Together with other studies show-

ng that claudins 1 and 2 recruit occludin, tricellulin, and marvelD3
o tight junction strands [22,33] and that this results in altered
ight junction strand architecture [33], these data indicate that
he claudin, zonula occludens, and TAMP families play cooperative
oles in the development of tight junctions.

. Proteins, lipids, or both?

The data discussed above as well as other studies definitively
emonstrate that claudins and other tight junction proteins, includ-

ng the tight junction-associated marvel proteins (TAMPs) occludin,
ricellulin, and marvelD3, as well scaffolding proteins, e.g. ZO-1, ZO-
, and cingulin, are important for correct tight junction assembly
nd function. It is also clear that claudin proteins form channels
hat mediate flux across the pore pathway, and that occludin, tri-
ellulin, ZO-1, and ZO-2 contribute to development and regulation
f the barrier to macromolecular flux. However, the nature of the
arrier remains to be defined.

Many have proposed that the barrier is formed by cis
nteractions between claudins within an individual cell and trans-
nteractions between claudins in adjacent cells, i.e. across the
aracellular space [33,38,86–90]. However, several points argue
gainst a model where the barrier is composed solely of tight
unction proteins. First, fluorescence microscopy, including super
esolution microscopy, shows beaded distributions of individual
roteins at the tight junction [91]. In the case of claudins, these

ay  correspond to particles within tight junction strands, as seen

y freeze-fracture immunoelectron microscopy [1]. Thus, morpho-
ogical analyses of individual protein species, including claudins, as

ell as the beaded distribution of particles within strands suggest
lopmental Biology 42 (2015) 13–21

that the protein distribution at the tight junction is discontinuous.
This makes it difficult to understand how the discontinuities do
not allow for a shunt pathway across the tight junction at these
sites. In contrast, both freeze-fracture and transmission electron
micrographs demonstrate the continuity of strands and tri-laminar
structures (Fig. 2A), respectively, at the tight junction.

Prior to the discovery of tight junction proteins, a series of
studies concluded that tight junction strands are, at least in part,
composed of inverted micelles, i.e. lipids arranged in hexagonal
HII arrays [23–26,92–96]. This is consistent with early interpre-
tations of transmission electron micrographs that described tight
junctions as “a region in which the membranes of adjoining cells
come together and fuse [97].” This comment was  accompanied by
a footnote explaining that “By membrane fusion we  mean the mer-
gence of the outer leaflets of the apposed membranes into a single
leaflet of about the same thickness (20–30 Å) as each of the con-
tributory layers.” This description was accompanied by images of
Y-shaped profiles at the tops and bottoms of tight junctions where
it became impossible to resolve separate outer leaflets of adjacent
cells and these were replaced by a “fusion line” [97]. The inner
leaflets remained intact at these sites (Fig. 2B).

It is also notable that, even in glutaraldehyde-fixed specimens,
tight junction strands seen by freeze-fracture electron microscopy
are converted into discontinuous arrays of intramembranous parti-
cles by impregnation with 100% glycerol [92]. Because proteins are
heavily crosslinked by glutaraldehyde fixation, this result suggests
that non-protein components are important to strand structure.
Further analyses from at least two different groups [23,24] showed
that, particularly where ice crystal artifacts were limited, “Two
cylinders, one belonging to each of the pair of membranes partici-
pating in the tight junction, are seen” [23]. While the identification
of protein components shifted focus away from lipids, the obser-
vations above that suggest a critical lipid component have never
been explained by a protein-limited model of tight junction
structure.

In addition to morphological analyses, such as those above, it is
well-recognized that the tight junction is a raft-like, cholesterol-
rich lipid domain [28,98,99]. Indeed, the recognition that tight
and adherens junction structures and proteins were enriched in
detergent-insoluble, low-density membrane fractions was  a break-
through that allowed generation of the antigen pools that led to
identification of occludin and the claudins [1,100–103]. Further
supporting the importance of lipids in tight junction structure, tight
junction-enriched, hepatocyte canalicular fractions isolated with-
out the use of detergents showed that the characteristic tri-laminar
structure of the tight junction could be disrupted by deoxycholate,
even though perijunctional microfilaments survived this treat-
ment [104]. Finally, MLCK activation, which as discussed above
enhances paracellular permeability, alters the density, and presum-
ably lipid–protein composition of detergent-insoluble, low density
tight junction fractions [31]. MLCK activation also alters the dynam-
ics of ZO-1 exchange at the tight junction in a manner that depends
on interactions mediated by the ZO-1 actin binding region [48].
These observations may  link protein interactions to tight junction
lipid composition.

A role for proteins in organizing lipids at the tight junction is sug-
gested by the observation that strands form at sites of membrane
apposition in fibroblasts transected to express claudins [105]. It is
however important to recognize that these strands are not tight
junctions, as they are induced by claudins tagged with EGFP at the
carboxyl terminus, which blocks the PDZ-mediated interactions
with ZO-1 and ZO-2 that are necessary for claudin trafficking in

epithelial cells, and do not form barriers. Nevertheless, the complex
movements of these tight junction-like strands is suggestive of lipid
movement and raises the possibility that similar behaviors may also
characterize bona fide tight junction strands within epithelia. The
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Fig. 2. Ultrastructure suggests that membrane fusion may  occur at the tight junction. (A). Transmission electron microscopy (left) and tomography (right) of intestinal
epithelia processed using high pressure freezing/freeze substitution (HPF/FS) to avoid artifacts induced by chemical fixatives show trilaminar structure at the tight junction
(arrowhead) that is distinct from the dual bilaminar membranes (arrow) seen in other regions of cell apposition. (B) Left. Transmission electron microscopy of mouse jejunal
enterocytes processed as in A show the trilaminar tight junction structure (arrowhead) and a subjacent Y-shaped structure (arrow) where the central layer bifurcates into
two  outer plasma membrane leaflets as the tight junction transitions toward the adherens junction. Right. High magnification inset of the site of central layer (arrowhead)
bifurcation (arrow). The layers are traced in red in the lower panel. (C). Two  potential models to explain the ultrastructure observed are shown. Membranes may merely be
s  but still separate (upper panel). Alternatively, the outer plasma membrane leaflets may
a subjacent bifurcation (arrows) are indicated.
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Fig. 3. A lipid–protein model of tight junction structure that may unify ultrastruc-
tural, biochemical, and functional data. This model assumes that the outer leaflets
of adjacent plasma membranes fuse at the tight junction. Within these areas, lipids
may  organize in HII phase to form inverted micelles and even tubes. These bulges
within the fusion site may  generate the strands that characterize freeze-fracture
images of the tight junction. As discussed in the text, we propose that the mem-
brane fusion and HII phase transition depend on the unique lipid composition of the
tight junction as well as proteins, e.g. claudins, that organize these lipids to establish
o  closely apposed that the outer leaflets of the lipid bilayers are indistinguishable,
ctually fuse (lower panel). The sites of the tri-laminar structure (arrowheads) and 

dea of continuous tight junction remodeling at steady-state is sup-
orted by fluorescence recovery after photobleaching studies that
how rapid exchange of many proteins within the epithelial tight
unction [47,49,89]. It is therefore possible that some component
f fluorescence recovery is related to the dynamic behavior of tight
unction strands. It cannot however be that simple, as the limited
xchange of claudins 1 and 2 within both epithelial tight junc-
ions [46,49] and tight junction-like strands, even when the latter
re actively moving [33,105], indicates that the mobility of strands
nd exchange of proteins within the strands are physiochemically
istinct.

. A cooperative model that integrates tight junction
tructure and function

We  propose a model wherein the interaction between tight
unction proteins in combination with membrane lipids orga-
ized as inverted micelles results in the formation of a unique

ipid–protein structure that allows for both paracellular perme-
bility and barrier-forming properties of the tight junction (Fig. 3).
bundant data, including those presented above, are consistent
ith a cooperative model in which ZO-1 and ZO-2 recruit claudins

o the nascent tight junction and, in turn, claudins begin to organize
he specialized lipid domains within the tight junction. Recent func-
ional and structural data indicating that transmembrane domains
re critical for integration of claudins into the tight junction
86,88,106] as well as studies demonstrating that palmitoylation
s essential for claudin incorporation into and stabilization at the
ight junction [107,108] are consistent with this model. One could
osit that these specialized claudin-lipid domains, i.e. strands, then
ecruit additional proteins, including occludin and other TAMPs.
his idea is supported by the observation that TAMPs are recruited

nto claudin-based fibroblast strands [22,32,33]. Such a model

ould also be consistent with the observed mobility of strands
n fibroblasts despite limited exchange of claudin-1 within these
trands.

a  barrier while also forming a trans-tight junction ion channel. The model suggests
that  the claudins actually form the pore that mediates pore pathway flux. Larger,
micelles may  form a conduit for the leak pathway. Occludin may  serve to limit the
stability of these micelles and macromolecular flux. This may  explain enhanced leak
pathway flux upon occludin depletion.
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This model suggests that lipids are essential to tight junc-
ion structure and function. In such a model, cholesterol within
hese domains likely enhances membrane fluidity. When taken
n this context, studies showing that cholesterol depletion by
nhibition of cholesterol synthesis alters tight junction protein
xtractability [107] and enhances tight junction barrier function
28,29] can be interpreted to mean that paracellular permeabil-
ty requires such membrane fluidity. This is supported by studies
howing reduced in paracellular conductance and occludin dif-
usion within the tight junction at temperatures between 14 ◦C
nd 22 ◦C [49,109,110], temperatures at which a phase transi-
ion is expected to occur. Interestingly, acute cholesterol removal
sing methyl-�-cyclodextrin increases paracellular conductance,

.e. reduces TER [49]. This observation confirms that the lipid com-
osition of tight junction microdomains is critical and suggests that
cute perturbation of these domains interferes with maintenance
f the structures responsible for barrier function. While proteins are
ertainly affected by cholesterol depletion, for example methyl-�-
yclodextrin markedly reduces occludin diffusion within the tight
unction [49], the effect of cholesterol depletion on membrane
tructure is likely to be far greater. Thus, while indirect, these data
lso support speculation that lipids form the tight junction barrier.

0. Is it time to reconsider membrane fusion as a
omponent of tight junction assembly?

On the basis of the data above and other work it is tempting
o revisit the idea that lipid structures are of critical importance
o tight junction structure and barrier function [111]. Could the
arliest observations interpreted as membrane fusion [97] and
ipid-based strands [23,24,92,112] have been correct? If so, one

ight anticipate that lipids, and even some proteins, could diffuse
etween cells at these sites. However, several reports showing that

 bulky glycolipid, Forssman antigen, suggest that such lipid diffu-
ion does not occur and, therefore, that tight junctions are not sites
f membrane fusion [113–115]. It must, however, be recognized by
ll that it is difficult to prove a negative conclusion. Further, subse-
uent studies documented diffusion of smaller lipids between cells
116–118]. As expected for diffusion within the tight junction, lipid
ransfer did not occur at temperatures below 10 ◦C or when tight
unctions were disrupted [116–118]. It therefore seems likely that
he Forssman antigen failed to diffuse because of its size rather than
he absence of intercellular lipid diffusion at the tight junction. Suf-
cient evidence is therefore available to re-consider the possibility
hat plasma membrane outer leaflets of adjacent cells do fuse at the
ight junction.

Even if membrane fusion does occur at tight junctions, this does
ot demonstrate that the strands that have been the focus of so
uch attention are composed of lipids. Nevertheless, the obser-

ation that remarkable tight junction-like strands, complete with
articles resembling those within actual tight junction strands,
an form in artificial membranes created by mixing defined lipids,
holesterol, and, in some cases, Ca2+ suggests that this may  be pos-
ible [24,93]. A model of strands as lipidic structures organized by
ight junction proteins is also consistent with reports that modified
xpression of either claudins or TAMPs [33,119] or changes in mem-
rane lipid content [120] can dramatically alter the appearance and
rganization of strand networks.

The idea that lipid structures form the barrier is attractive, as
ipids are already widely used in biological systems to insulate dis-
inct compartments from one another, e.g. in the nervous system.

urther, it would explain how claudins contribute to assembly of
ight junctions and development of barrier function without the
omplexities of a model in which claudins both create pores and
orm a barrier.
lopmental Biology 42 (2015) 13–21

11. A potential explanation for paracellular
macromolecular flux

If claudins form channels that mediate flux across the pore
pathway, what defines leak pathway flux, and how can this be
interpreted in the context of a lipid strand model of the tight
junction? One idea, is that breaks within and fusions between
fibroblast strands result in transient, focal barrier loss that allows
step-by-step flux of solutes through the anastomosing network
[105]. This is a reasonable hypothesis that could also be consistent
with occasional transfer of claudins between cells [121]. However,
this model would predict that the leak pathway is nonselective,
while data show that the leak pathway is size selective, but allows
flux of molecules too large to fit within claudin pores. For example,
occludin knockdown results in increased flux across a paracellu-
lar pathway with a radius of ∼60 Å [45]. While much larger than
the ∼3.5 Å radius of claudin pores, this remains a highly selective
barrier.

An alternative explanation for the leak pathway can be devel-
oped based on the lipidic tight junction strand model proposed
over 30 years ago [23,111], before the first tight proteins were
discovered. This model can also explain the logarithmic relation-
ship between strand number and paracellular macromolecular
flux [122,123] as well as observed impact of intercellular junction
geometry on barrier function [124].

As proposed previously [23–26,93–96,111,117], a lipid-based
model of tight junction structure can be based on the idea that
strands are composed of inverted micelles organized into hexag-
onal arrays. The dynamic fusion and fission of these strands, as
observed in fibroblasts expressing claudins [105], is consistent
with this model and may  also explain the leak pathway. The inner
dimensions of these micelles could be consistent with the 60 Å
radius paracellular pathway that is partially dependent on occludin
function [45]. Together, these points can also explain the limited
conductance of the leak pathway, as these tubular structures are
expected to be unstable and to exist in continuity for only brief
intervals. Finally, if one considers that a compact lipid might stabi-
lize these arrays, the model is consistent with marked increase in
paracellular 4 kD dextran flux, with no effect on ion conductance,
that follows linoleic acid enrichment [120].

12. Concluding thoughts

The discussion above is speculative and based on studies span-
ning 40 years. However, the model presented is consistent with
data from morphological, functional, and structural analyses of
tight junctions and tight junction proteins. Although the general
hypothesis of lipidic tight junction strands is not novel, some of
the refinements proposed here are. Nevertheless, it remains an
untested model. A formal analysis of these ideas will be difficult
without technological advances, including new methods of isolat-
ing pure tight junction strands or claudin-dependent reconstitution
of strands within model membranes. Regardless, these data should
give one pause as the field continues to move toward a protein-
centric view of the tight junction.
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