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ABSTRACT

The epithelial cell tight junction structure is the site of the transepithelial movement of solutes
and water between epithelial cells (paracellular permeability). Paracellular permeability can be
divided into two distinct pathways, the Pore Pathway mediating the movement of small ions and
solutes and the Leak Pathway mediating the movement of large solutes. Claudin proteins form
the basic paracellular permeability barrier and mediate the movement of small ions and solutes
via the Pore Pathway. The Leak Pathway remains less understood. Several proteins have been
implicated in mediating the Leak Pathway, including occludin, ZO proteins, tricellulin, and actin
filaments, but the proteins comprising the Leak Pathway remain unresolved. The properties of
the Leak Pathway, such as its molecular mechanism, its regulation, and whether or not it has a
size limit, remain controversial. This review will trace the evolution of the Leak Pathway concept
from its origins, will discuss the current information about the properties of the Leak Pathway,
and will discuss recent research suggesting a possible molecular basis for the Leak Pathway.
Based on these findings, we propose a model for the molecular mechanism underlying the Leak
Pathway and its regulation.
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The focus of this review article is to trace the development of the concept of a paracellular
permeability pathway for large solutes, i.e., the Leak Pathway, and to discuss some recent
results that may provide insights into the cellular and molecular basis for this pathway. We have
attempted to provide a broad coverage of the topic but, of necessity, could not include all the
relevant studies. We apologize in advance to all whose work was not included in the final
version of this review article.

THE TIGHT JUNCTION IS THE PARACELLULAR PERMEABILITY BARRIER

The concept of a barrier, the “terminal bar”, that restricts the movement of solutes and water
through the paracellular pathway between epithelial cells dates back at least to Bizzozero [1].
Identification of the tight junction (zonula occludens) as the most apical portion of the terminal
bar which restricts the paracellular movement of large molecules between body compartments
separated by epithelial cell sheets was proposed by Farquhar and Palade [2]. Their pioneering
experiments demonstrated by electron microscopy that hemoglobin and zymogen could not
penetrate the lateral intercellular spaces beyond the tight junction structure in several epithelial
tissues. They stated, “Hence the tight junction is impervious to concentrated protein solutions
and appears to function as a diffusion barrier or ‘seal’.” Ussing and Windhager [3] demonstrated
that chloride ions moved across the frog skin epithelium via the paracellular pathway to maintain
charge neutrality following active sodium ion transport. This showed that the tight junction
exhibited permeability to some solutes. Machen et al. [4] used lanthanum ions (La*®) to examine
the permeability of the tight junction in several epithelia. La*? ions are not transported into cells
and can be precipitated into the electron dense lanthanum sulfate which can be detected by
electron microscopy [5]. They demonstrated that La*® permeates the tight junctions of both
intestinal and gallbladder epithelia, supporting the idea that the tight junction is the site of the
epithelial tissue paracellular permeability pathway. It was previously shown that lanthanum ions
did not permeate into the tight junctions of toad urinary bladder epithelia [4] and frog skin
epithelia [6]. Based on these and other observations, Machen et al. [4] and Froemter and
Diamond [7] proposed a categorization of epithelia as “leaky” or “tight”. This designation
continues to be used to this day. It is focused, however, on the relative permeability of the tight
junction of different epithelial tissues to small ions, what has become known as the “Pore
Pathway” (see below), and not to larger molecules.

STRANDS, PORES, AND PARACELLULAR PERMEABILITY

A molecular basis for the paracellular barrier function was suggested by the finding that freeze
fracture electron microscopy revealed arrays of anastomosing strands composed of small
particles running through the tight junction region at the immediate subapical region of the
plasma membrane of epithelial cells [8, 9]. Multiple groups provided evidence that the leakiness
of the paracellular permeability barrier was likely related to the structure/organization of these
strands [see, e.g., 10, 11]. Subsequent studies supported a correlation between tight junction
strand number and epithelial tissue or monolayer transepithelial electrical resistance (TER), a
measure of small ion permeability [see, e.g., 12, 13]. This led to the proposal that tight junction
permeability was mediated by a continuous barrier, comprised of these branching strands,
punctuated by some number of openings of a defined size which allow for small ion
permeability. It was predicted that the number of these openings (“pores”) varied between tight
and leaky epithelia.

SIZE SELECTIVITY OF PARACELLULAR PERMEABILITY

Studies examining the effect of permeation enhancers, compounds that increase paracellular
permeability, suggested that the increased paracellular permeability to large solutes was due to
dilation of the tight junction structure leading to an increase in the size of the existing tight
junction pores [see, e.g., 14, 15]. Alternative hypotheses to explain increases in paracellular
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permeability, such as increases in the number of tight junction pores or the existence of pores of
different sizes, were also suggested [16]. Early attempts to determine the size of paracellular
pores yielded widely variable results. Lindemann and Solomon [17] estimated a pore size of ~4
A for the paracellular permeability of rat intestine based on the permeability of a range of small
nonelectrolytes ranging from formamide (Stokes radius — ~2 A) to sucrose (Stokes radius — ~4.5
A). Madara and Dharmsathaphorn [18], examining the paracellular permeability of inulin (Stokes
radius — ~14 A), mannitol (Stokes radius — ~4 A), and sodium in T84 intestinal epithelial cell
monolayers, estimated that the tight junction pores had a radius of between 3.6 A and 15 A. Ma
et al. [19] suggested that rat colon possessed paracellular pores with an upper size limit of
between 11 A and 15 A based on the permeability of inulin. Knipp et al. [20] estimated a pore
size of ~5 A in Caco-2 intestinal epithelial cell monolayers by measuring the permeability of a
range of small solutes.

TWO PARACELLULAR PERMEABILITY PATHWAYS: THE PORE PATHWAY AND THE
LEAK PATHWAY

The possibility of multiple pathways mediating solute movement across epithelia was first
suggested by Durbin et al. [21]. They reported the presence of two permeability pathways
across frog gastric mucosa with pore sizes of 2.5 A and 60 A. Van Os et al. [22] reported that
rabbit gallbladder exhibited both an aqueous pathway for small electrolytes with a pore radius of
~4 A and a second “shunt” pathway for larger nonelectrolytes with a radius of ~40 A. These
early studies, however, did not discriminate between transcellular and paracellular permeability
pathways. In an elegant series of experiments, Watson et al. [23] examined the paracellular
permeability of polyethylene glycols (PEGs) of a range of sizes (Stokes radii — 3.47 A to 7.39 A)
in two intestinal epithelial cell lines, Caco-2 and T84. Plotting their results for PEG flux rate as a
function of PEG radius revealed a biphasic behavior with a rapid decline in flux rate as PEG
radius increased up to ~4 A followed by a slower rate of decrease as PEG radius increased
further. This biphasic behavior indicated the presence of, at least, two permeability pathways.
The first pathway exhibited a pore radius of ~4.5 A and a high capacity. This component was
proposed to represent the high capacity, size- and charge-selective pathway for the paracellular
movement of small ions and solutes, “the Pore Pathway”. Measurement of TER under
appropriate conditions is often used as a surrogate marker for Pore Pathway permeability. A
high TER indicates low paracellular ion permeability, whereas, a low TER indicates a relatively
high paracellular ion permeability. The second pathway exhibited a low capacity and did not
exhibit any solute size discrimination within their experimental setup; this pathway has come to
be known as “the Leak Pathway”. It is possible that the Leak Pathway may exhibit a size limit if
the permeability of solutes with radii substantially larger than the largest PEG used in the
Watson et al. [23] study, 7.39 A, is examined.

TIGHT JUNCTION PROTEINS

Studies from many groups have begun to compile a list of proteins associated with the tight
junction (see Figure 1a). The first protein shown to be associated with the tight junction structure
was Zonula Occludens-1, ZO-1 [24]. ZO-1 is a cytoplasmic protein that binds to the cytoplasmic
surface of the tight junction structure and links it to F-actin filaments [25, 26]. Further studies
identified two related proteins, ZO-2 and ZO-3, which are also associated with the tight junction
structure cytoplasmic surface [27, 28, 29]. The first transmembrane protein found to be
associated with the tight junction structure was occludin [30]. Occludin is a member of the
MARVEL (MAL and related proteins for vesicle trafficking and membrane link) protein family that
also includes Marvel D3 and tricellulin. These proteins, which form the Tight junction-Associated
Marvel Protein (TAMP) subfamily, are all localized preferentially to the tight junction structure
[31]. Occludin and Marvel D3 are localized preferentially to bicellular tight junctions (sites where
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Figure 1. Model of tight junction supramolecular organization. Under control conditions (a) the tight junction
protein are extensively crosslinked (left hand panel). Macromolecules traverse the tight junction through a
tortuous pathway (right-hand panel) leading to low Leak Pathway permeability. Stimuli that decrease tight
junction protein crosslinking (b) induce loss of occludin and ZO proteins at the tight junction (left-hand panel)
and a “relaxing” of the tight junction protein lattice (right-hand panel). This combination of factors increases
the size and number of “breaks” in the claudin strands and increased porosity of the overall tight junction
membrane protein lattice structure (right-hand panel), thereby increasing Leak Pathway permeability.
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two cells meet), whereas, tricellulin is localized preferentially to tricellular tight junctions (sites
where three cells meet) [32]. Angulin proteins (angulin 1, angulin 2, and angulin 3) are also
localized preferentially to tricellular tight junctions [33, 34]. Junctional Adhesion Molecules
(JAMs), members of the immunoglobulin superfamily of proteins, are localized preferentially to
bicellular tight junction sites [35]. The first two members of the claudin family of transmembrane
proteins (claudin-1 and claudin-2), which form the strands critical for generating the paracellular
barrier, were cloned in 1998 [36]. The claudin protein family has grown to include 27 members
[37] that exhibit cell type-specific and tissue-specific expression patterns. In addition to this
array of core tight junction proteins, a large number of cytoplasmic proteins has been shown to
associate with the tight junction. These include cingulin [38] and an ever-expanding array of
adaptor proteins, signaling proteins, cytoskeletal proteins, and regulatory proteins [see, e.g., 39,
40]. The roles of these transmembrane proteins and cytoplasmic proteins in the structure,
function, and regulation of the tight junction is an ongoing focus of study.

Tight junction proteins exhibit a range of homophilic and heterophilic binding interactions. For
example, claudins in apposing epithelial cell plasma membranes bind together (trans
interactions) to form the paracellular pores that mediate the transepithelial movement of small
ions and solutes via the Pore Pathway (see below). Occludin exhibits frans-homophilic binding
interactions [41]. Occludin, tricellulin, and MarvelD3 exhibit homophilic binding interactions
within the same plasma membrane (cis-interactions). MarvelD3 also exhibits cis-heterophilic
binding interactions with occludin and tricellulin. Some claudins exhibit cis-oligomerization with
TAMPs. JAM-A exhibits homophilic cis-binding interactions [42]. ZO proteins heterodimerize
forming ZO-1/Z0-2 or ZO-1/Z0-3 dimers via their PDZ2 domains [25, 28, 43]. ZO proteins
function as scaffolding proteins connecting the tight junction membrane proteins to the
cytoskeleton and to various signaling proteins. The ZO proteins possess binding sites for many
of the primary tight junction membrane proteins, including claudins (via the PDZ1 domain [36,
43]), occludin (via the U5/GUK domain [25, 44]), tricellulin [32], and JAM-A (via the PDZ3
domain and SH3 domain [45, 46]). ZO proteins also possess binding sites for actin (via the actin
binding region), actin organizing proteins such as TOCA-1 (via the PDZ1 domain [47]), actin-
binding proteins such as a-actinin-4 (via the PDZ-1 domain [48]) and cortactin (via a C-terminal
domain [49]), and other cytoskeletal elements [see, e.g., 50, 51]. These many-fold cis and trans
binding events, both homophilic and heterophilic, support the hypothesis that the tight junction
structure is a highly organized supramolecular complex of transmembrane and cytoplasmic
proteins that is crosslinked to the actin cytoskeleton and, likely, to the microtubule network
(Figure 1a) [see, e.g., 40, 52, 53]. In addition, many studies have demonstrated post-
translational modifications of tight junction proteins, e.g., phosphorylation, correlated with
changes in tight junction protein binding events and barrier function [see, e.g., 54, 55, 56, 57,
58, 59].

WHICH PROTEINS FORM THE PARACELLULAR PERMEABILITY BARRIER?

Multiple studies support a role for claudins as critical components forming the paracellular
permeability barrier. Expression of claudin-1 and claudin-2 in mouse L fibroblasts, which do not
express claudins, do not form tight junctions, and do not exhibit strands in freeze fracture
electron microscopy, led to the appearance of membrane strands in freeze fracture that were
very similar in appearance to those observed in epithelia [60]. Treatment of either MDCK Type |
renal epithelial cells (high TER), which normally express claudins and form tight junction
strands, or claudin-3-transfected L cells with Clostridium perfringens enterotoxin, which extracts
claudin-3 and claudin-4 from the tight junctions, led to the loss of tight junction strands [61].
Extraction of claudin-3 and claudin-4 was paralleled in MDCK Type | renal epithelial cells by an
increase in the paracellular permeability of both small ions (decrease in TER) and some larger
solutes (4 kDa fluorescein-dextran and 10 kDa fluorescein-dextran) but not all larger solutes (40
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kDa fluorescein-dextran) [61]. One interpretation of these data is that it suggests a disruption of
the tricellular permeability barrier since manipulation of tricellulin levels in MDCK Type Il renal
epithelial cells (low TER) and HT29 intestinal epithelial cells altered the paracellular permeability
of 4 kDa and 10 kDa fluorescein-dextran but not of 20 kDa fluorescein-dextran [62]. Incubation
of T84 intestinal epithelial cells with a peptide comprising the distal half of the first extracellular
loop of claudin-1 (Ser® to Thr®?) disrupted the tight junction localization of claudin-1, occludin,
JAM-A, and ZO-1 and increased the paracellular permeability to both small ions (decreased
TER) and large solutes (3 kDa fluorescein-dextran) [63]. Since the claudin-1 peptide dimerized
in solution and bound to the extracellular domain of full-length claudin-1, it was proposed that
claudin-1 homophilic interactions, either trans or cis, are critical for stabilizing the organization of
tight junction proteins in the mature structure and, thereby, maintaining the paracellular
permeability barrier.

PORE PATHWAY VERSUS LEAK PATHWAY: THE SAME OR DIFFERENT?

A major question is whether the Pore Pathway and the Leak Pathway represent two aspects of
the same permeability pathway or represent distinct permeability pathways. One line of
evidence comes from studies examining the function of claudins. As described above,
expression of claudin-1 and claudin-2 in mouse L fibroblasts results in the formation of
membrane strands typical of the tight junction structure [60]. Since these initial studies, work by
many groups has demonstrated that members of the claudin protein family contribute to the
permeability barrier. In addition, some claudins can form cation pores or anion pores mediating
the paracellular movement of small ions and small solutes [see, e.g., 37, 64, 65, 66, 67, 68]. For
example, claudin-2, which is now known to be a cation pore-forming claudin, is the most
extensively studied claudin. Overexpression of claudin-2 in MDCK Type Il renal epithelial cells
increased the paracellular flux of small polyethylene glycol oligomers but not of larger
polyethylene glycol oligomers or mannitol [69]. Expression of claudin-2 in MDCK C7 (Type I)
renal epithelial cells, which do not normally express claudin-2, produced a dramatic decrease in
TER (increase in the movement of small cations) without a change in the permeability to either
mannitol or lactulose [70]. Knockout of claudin-2 in MDCK Type Il renal epithelial cells produced
an increase in TER (decrease in permeability to small cations) but did not alter the permeability
of larger solutes such as fluorescein and 4 kDa fluorescein-dextran [71]. Knockout of claudin-2
in mice decreased the Na* permeability of the proximal tubule [72]. Interestingly, a recent x-ray
crystallography study found that claudin-2 forms a pore of 7.4 A [73], consistent with the studies
(described above) determining the size limit of the Pore Pathway. Claudin-15 was shown to be a
cation pore-forming claudin since knockout of claudin-15 in mice decreased intestinal
paracellular Na* permeability [74]. Claudin-17 was found to be an anion pore-forming claudin.
Expression of claudin-17 in MDCK C7 (Type |) renal epithelial cells increased paracellular anion
permeability, while knockdown of claudin-17 in LLC-PKj; renal epithelial cells decreased
paracellular anion permeability [75].

In contrast to the pore-forming ability of the claudins described above, expression of some other
claudins strengthens the paracellular permeability barrier to all solutes. For example, expression
of claudin-3 in MDCK Type Il renal epithelial cells decreased the paracellular permeability to
cations and to non-charged solutes, including 4 kDa fluorescein-dextran [76]. Expression of
claudin-1 in MDCK Type Il renal epithelial cells similarly increased TER and decreased the
paracellular permeability to larger solutes, 4 kDa fluorescein-dextran and 40 kDa fluorescein-
dextran [77]. It is important to emphasize that all claudins contribute to maintaining the overall
paracellular permeability barrier. Some claudins sole function is to strengthen this barrier,
whereas, other claudins also form pores that mediate the paracellular permeability of specific
small ions and solutes.
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Although not an exhaustive survey, these studies support the hypothesis that the claudins are
critical components of the paracellular permeability barrier limiting the paracellular movement of
both large and small solutes. In addition, the results support the hypothesis that the claudins
form the size- and charge-selective pores that mediate the movement of small ions and solutes
through the paracellular permeability barrier, i.e., the Pore Pathway. In contrast, the claudins do
not mediate the movement of large solutes via the Leak Pathway. It is important to note that
other tight junction and cytoplasmic proteins may affect Pore Pathway activity by modulating the
ability of specific claudins to form pores [see, e.g., 56] or through other mechanisms. For more
complete discussions of claudins, the reader is referred to Guenzel and Yu [78] and Piontek et
al. [79].

A second line of evidence regarding regulation of paracellular permeability also supports the
hypothesis that the Pore Pathway and the Leak Pathway represent distinct permeability
mechanisms. Multiple studies have reported parallel changes in Pore Pathway permeability,
typically assessed by measuring TER, and Leak Pathway permeability, typically assessed by
measuring the flux of a large non-electrolyte substance such as mannitol or fluorescein-dextran,
in response to different modulators in a variety of epithelia [see, e.g., 80, 81, 82, 83, 84, 85].
Many other studies, however, have found discordant regulation of the permeability to small
versus large solutes. For example, RhoA activation both increased TER (decreased Pore
Pathway permeability) and increased mannitol flux (increased Leak Pathway permeability) in
MDCK Type Il renal epithelial cells [86]. Using the PEG size profiling technique described above
[23], it was shown that treatment of T84 intestinal epithelial cells with interferon-y increased
Leak Pathway permeability while not affecting Pore Pathway permeability [87]. Treatment of
MDCK Type Il renal epithelial cells with interferon-y and tumor necrosis factor-a both increased
TER (decreased Pore pathway permeability) and increased the paracellular flux of 3 kDa
fluorescein-dextran [88]. Cao et al. [82] reported that berberine treatment of Caco-2 intestinal
epithelial cells increased TER (decreased Pore Pathway permeability) but had no effect on the
flux rate of 4 kDa fluorescein-dextran. Carattino et al. [89] demonstrated that stretch of bladder
epithelial umbrella cell monolayers produced a dramatic increase in Pore Pathway permeability
but did not alter the permeability to larger solutes. Mercado et al. [90] examined the effects of
five nutraceuticals (zinc, quercetin, indole, butyrate, and nicotine) on Pore Pathway and Leak
Pathway permeability in the LLC-PK; renal epithelial cell line. They found no consistent
concordance in the effects of these compounds on the Pore Pathway and the Leak Pathway.
Fan et al. [55] recently reported that treatment of T84 intestinal epithelial cells with interleukin-22
produced parallel changes in Pore Pathway and Leak Pathway flux rate but treatment with
interleukin-17A decreased TER while not altering the flux rate of 4 kDa fluorescein-dextran. We
have shown that treatment of both MDCK Type Il renal epithelial cells and LLC-PK1 renal
epithelial cells with low concentrations of hydrogen peroxide increased Leak Pathway
permeability without altering TER [91]. These results examining multiple epithelial cell types
using a variety of modulators demonstrate differential and independent regulation of the Pore
Pathway and the Leak Pathway. The results are most consistent with the hypothesis that the
Pore Pathway and the Leak Pathway are distinct paracellular permeability pathways.

DOES THE LEAK PATHWAY HAVE A SIZE LIMIT?

Even as the molecular basis and functional properties of the Pore Pathway are under intense
investigation and are being rapidly elucidated, the properties of the Leak Pathway have
remained relatively unclear. Since the initial identification of the Leak Pathway as the
paracellular permeability route for large solutes, it has most often been hypothesized to
represent small, transient breaks in the tight junction structure [see, e.g., 92]. The reported lack
of a size limit for the Leak Pathway would seem to fit with this “Rip” hypothesis. This issue has
not, however, been investigated systematically. Many studies have utilized only one or a few
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solutes to measure Leak Pathway permeability. While providing information about relative
permeability changes upon a manipulation, the studies provide little information about the
possible size limit of the Leak Pathway. Most studies have examined the permeability of solutes
with Stokes radii in the range from mannitol (~4 A) to 4 kDa fluorescein-dextran (~14 A). Some
studies, however, have measured significant epithelial cell paracellular permeability for solutes
with Stokes radii of 30 A or larger [see, e.g., 81, 93].

The simplest mathematical analysis of paracellular permeability assumes passage of solutes
through pores which are uniform cylinders, with pore radius, R, and solutes which are spherical
with radius, r, and diffusion constant, D. The mathematical representation is given by the
Stokes-Einstein equation

— ksT_ (1)

- ennr

where kg is the Boltzmann’s constant, T is the temperature and n is the solution viscosity. The
radius r is often referred to interchangeably as the Stokes radius or molecular radius. This
analysis assumes the pore radius is much larger than solute the Stokes radius such that the
solute does not interact with the pore opening or walls while transiting the pore.

If this condition cannot be assumed, estimates of pore size from measurements of solute
permeability rely on a mathematical analysis which assumes that solute flux is related to
diffusion by Fick’s law and is restricted as the molecule encounters the pore. The simplest
assumption states that all molecules will enter the pore if they do not hit the pore’s edge and this
occurs provided the center of the molecule enters within a circle of radius = R- r. An often cited
model [94, 95] states that in addition to this simple steric hindrance, the molecule is further
impeded by frictional effects such that the permeability, P, is given by:

P(r) = s DF(3) (2)

where ¢ is the volume fraction of pores, 3 is the length of a pore and F(r/R) is often called the
Renkin equation [96]:

F(%) = %(1 — %)2(1 — 2.104% + 2.09(%)3 — 0.95(@5) (3)

For very small solutes (r — 0) or very large pores (R — =), F (g) —1and P(r)—>§D, ie.,

reduces to Fick’s First Law of Diffusion. Conversely, for large r or small pore size, F (%)

becomes vanishingly small which indicates that the permeability is severely limited. In general,
the use of the Renkin equation has been questioned when the ratio of solute Stokes radius to
pore radius is greater than 0.3 - 0.4 [20, 23, 97]. Furthermore, this form of the Renkin equation
(Eqg. 3) assumes that the molecule only undergoes diffusive transport, but it has been shown
that it may be important to model the effect of laminar flow which will modify the form of Eq. 3.

Using this formalism, Kim and Crandall [95] measured the permeability of a range of solutes
(water — 1.5 A to raffinose — 6.1 A) across bullfrog alveolar epithelia. They reported two
populations of pores. A majority population of small pores with a radius of 5 A and a minority
population of large pores with a radius of 50 A. Cavanaugh et al. [99], measuring the
permeability of a series of small molecules (methylamine — 1.5 A to leucine-leucine — 5.5 A)
across rat alveolar Type | epithelial cell monolayers, estimated the radius of a population of
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large pores to be 43 A. Kawedia et al. [98] estimated a Leak Pathway pore size of 58 + 7.4 A in
salivary epithelial cell monolayers by measuring the paracellular permeability of mannitol and
raffinose (~6 A). Buschmann et al. [81] measured the paracellular flux of fluorescein (~4.5 A)
and fluorescein-dextrans up to 40 kDa (~45 A) in wild type Caco-2 intestinal epithelial cells and
in Caco-2 cells in which occludin protein was knocked down. By quantitating the differences in
fluxes for each solute between the wild type and occludin knockdown Caco-2 intestinal epithelial
cells, they concluded that an occludin-dependent paracellular permeability pathway had a pore
size of ~62.5 A. However, it is unclear if this would represent the Leak Pathway pore size itself

TABLE 1. CALCULATION OF THE PRODUCT OF Pa,, AND KINEMATIC VISCOSITY FOR A
RANGE OF FLUORESCEIN-DEXTRAN SIZES

Fluorescein- | Stokes Papp Kinematic Papp X Kinematic
Dextran Radius [(As)] Viscosity (v) Viscosity
(A) [(A%s) X 109 (PappV)

[(A%s?) X 10"

4 kDa 14 2.93 + 0.71 0.9614 + 0.0066 2.8169 + 0.6829

10 kDa 23 1.20 + 0.41 0.9835 + 0.0102 1.1802 + 0.4034

20 kDa 33 1.07 + 0.29 0.9860 + 0.0065 1.0550 + 0.2860

40 kDa 45 0.59 +0.16 1.0380 + 0.0048 0.6124 + 0.1661

70 kDa 60 0.33+0.17 1.1168 + 0.0087 0.3685 + 0.1898

Stokes radii for the fluorescein-dextrans are obtained from the Sigma technical document
(https://www.sigmaaldrich.com/technical-documents/protocols/biology/fluorescein-isothiocyanate-dextran.html). Kinematic
viscosity was measured using an Ubbelohde-type viscometer (Cannon R56) according to the manufacturer’s
instructions. Flux rates for the fluorescein-dextrans were measured according to Caswell et al. [100]. Papp values of the
fluorescein-dextrans were calculated from the measured flux rates according to Van ltallie et al. [69] and presented as
mean * standard deviation of between 8 and 12 independent flux experiments.

or the effect occludin knockdown has on the Leak Pathway pore size.

We have recently carried out an analysis of the Leak Pathway pore size in MDCK Type Il renal
epithelial cells. The paracellular flux rates of fluorescein-dextrans ranging from 4 kDa to 70 kDa
were measured at a constant concentration of 80 uM. The flux for all measured fluorescein-
dextrans, measured as described previously [100], was linear with time. Pooled data from these
experiments, converted to Py values as described by Van ltallie et al. [69], are presented in
Table 1 along with the Stokes radius of each fluorescein-dextran. Also shown are the kinematic
viscosities (v) of the fluorescein-dextran solutions measured using an Ubbelohde-type
viscometer.

Although it may readily be observed from Table 1 that the permeability decreases with

increasing Stokes radius, a quick calculation reveals that the decline in permeability with
increasing pore size is faster than would be expected if permeability was simply via pure
diffusion, indicating that the pore restricts the solute movement. If the pore did not restrict solute
movement, Egs. 1 - 3 predict that the permeability, P(r) or Papp, would be governed by

€
[ =C
Sémvp r vr

P(r) = (4)
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where v = E, p is the density (with p = 1000 kg/m?), and ¢ =

d0i:10.20944/preprints201908.0229.v1

kgT . ,
< %p is a constant for a fixed set of

experimental conditions. Therefore, for an infinitely large pore, the permeability is limited by
diffusion and varies as (v r)'. On the other hand, if the pore becomes a limiting factor in the
solute diffusion due to solute interactions with the pore opening and walls, then the permeability
should be slower than (v r)'. Using the values presented in Table 1 for two solutes (4 kDa and
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Figure 2. Plot of the data, Papp v, from Table 1 (blue dots) and the
“best-fit” to variations of Eq. 2 and Eq. 4 as given by P(r) v(r) =
alrF(%) (red curve) and P(r) v(r) = air (green curve), respectively.
Inset shows that the non-linear least squares fit falls with the 90%
confidence interval. This fit predicts a pore radius of r = 362 A.

70 kDa fluorescein-dextran), the
ratios of the permeabilities and
vrIare. P4 kDa/P70 kDa, =~ 8.88 and
(v )70 kpal(V )akpa =~ 4.98,
respectively. Therefore, the
functional dependence of the
permeability with radius declines
faster than the product of
viscosity and Stokes radius
which supports the hypothesis
that the Leak Pathway is
mediated by openings/pores that
limit the movement of solutes of
this size range.

In order to determine if the
permeability is restricted by the
pore for all solute sizes as
predicted by Egs. 2 and 3, we
used the values in Table 1 to plot
the product of the permeability

and the kinematic viscosity (Papp v) versus the solute Stokes radius and attempted to fit the data

with variations of Eq. 2 and Eq. 4 as given by P(r) v(r) = airF(LB) orP(r) v(r) = a

1
r ’

respectively where o and  are fitting parameters. Figure 2 shows a non-linear least squares fit
with P(r) v(r) = airF(%) (red curve) with o = 45 x 10™ A* /s? and B = 362 A and a fit with

P(r) v(r) = O‘lr and o = 35 x 10" A? /s2 (green curve). The inset demonstrates that the non-

linear least squares fit falls within the 90% confidence interval. The fit predicts that the pore has
radius, R = 362 A. This prediction for the radius of the pore in the Leak Pathway is substantially
larger than the pore sizes reported by Kawedia et al. [98] and Buschmann et al. [81]. It is,
however, more consistent with a pathway capable of mediating the paracellular permeability of
solutes with Stokes radii of 60 A or larger.

WHAT ARE THE MOLECULAR COMPONENTS OF THE LEAK PATHWAY?

Occludin. Studies examining the effect on paracellular permeability of knockout of occludin
protein expression in mice or knockdown of occludin protein content in cultured cells have
produced differing results. Schulzke et al. [101] reported no effect of occludin knockout on
intestinal mannitol flux. Epithelial cells derived from embryonic stem cells in which occludin
expression was knocked down did not exhibit a major change in permeability to NHS-LC-biotin
[102]. However, since NHS-LC-biotin is a linear molecule, it is unclear whether permeability to
this solute would assess Pore Pathway or Leak Pathway permeability. Yu et al. [103] reported
that permeability of MDCK Type Il renal epithelial cells to either 3 kDa fluorescein-dextran or 10
kDa fluorescein-dextran was unaffected by occludin protein content. Using flux of the
fluorescent molecule, calcein [100], we did not detect any effect of occludin protein knockdown
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in MDCK Type Il renal epithelial cells on Leak Pathway permeability (Table 2, [104]). The ability
of hydrogen peroxide to increase Leak Pathway permeability was, however, enhanced by
occludin knockdown and diminished by occludin overexpression [91]. In contrast, occludin
content had no effect on the ability of Src Family Kinases to increase the paracellular

d0i:10.20944/preprints201908.0229.v1

TABLE 2. EFFECT OF TIGHT JUNCTION PROTEIN KNOCKDOWN/KNOCKOUT ON
PARACELLULAR CALCEIN FLUX RATE.

. p Value
Cell Type ( mcgzlscglarl‘cil'wl( Razjﬁ M Number of t (compared to Wild
o] inf/cm?/hour) easurements Type MDCK)
Wild Type MDCK 514 +1.25 51
Occludin
Knockdown MDCK 5.01+1.19 11 0.74302
Z0-1 Knockdown
MDCK 17.60 + 5.75 20 7.24 X10°
Z0-2 Knockdown
MDCK 5.36 + 1.17 24 0.47884
TOCA-1 Knockout
MDCK 10.95 + 2.99 7 0.00198

The parental MDCK Type Il renal epithelial cell line and the derived knockdown and knockout cell lines were
obtained and characterized as described previously [104]. Calcein flux rates were measured as described by
Caswell et al. [96]. Data are provided as the mean + standard deviation of the indicated numbers of samples. p
Values were calculated using a two-way t-test compared to the flux rate measured in wild type MDCK Type Il
renal epithelial cells.

permeability of calcein [100]. Van ltallie et al. [88] reported that overexpression of occludin
enhanced and occludin knockdown diminished the ability of cytokines to alter TER and
permeability of large solutes in MDCK Type |l renal epithelial cells. Lack of an effect of occludin
content on the permeability of fluorescein-dextrans across Caco-2 intestinal epithelial cell
monolayers was reported by Richter et al. [105]. In contrast to the above findings, the
paracellular permeability of 3 kDa fluorescein-dextran [106] and mannitol [107] in MDCK Type Il
renal epithelial cells was reported to be increased by over-expression of occludin protein.
Knockdown of occludin protein expression in Caco-2 intestinal epithelial cells increased
paracellular permeability to larger solutes [81, 108]. Interestingly, one study [108] found that the
extent of the increase in Leak Pathway permeability observed in occludin knockdown Caco-2
intestinal epithelial cells was greater with increasing solute size. Overexpression of occludin
protein in mouse intestine diminished the ability of Tumor Necrosis Factor (TNF) to induce leak
of bovine serum albumin across the intestinal epithelium [109]. The observed variability in the
effect of manipulating occludin protein content suggests differences in the role of occludin
protein in mediating and/or regulating Leak Pathway permeability depending on cell type or type
of stimulus.

Studies examining the effect of expression of occludin mutants or protein fragments on
paracellular permeability provide some insights into potential functional domains of the occludin
protein. The occludin COOH-terminal cytoplasmic tail has been shown to mediate inter-protein
interactions as well as being involved in targeting occludin to the tight junction and development
and maintenance of barrier function [see, e.g., 44, 106, 110, 111]. Expression of a COOH-
terminal domain deletion mutant of occludin protein in MDCK Type Il renal epithelial cells
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produced a dramatic increase in the paracellular flux of 4 kDa fluorescein-dextran [106]. The
Leak Pathway permeability increase was proportional to the level of expression of this mutant
occludin protein. This occludin mutant exhibited a discontinuous distribution, rather than the
typical continuous distribution, within the tight junction region, suggesting a possible basis for its
effect on Leak Pathway permeability. In contrast, expression of mutant occludin protein in which
portions of the first or second extracellular loop were deleted decreased paracellular
permeability of mannitol and horseradish peroxidase in MDCK Type Il renal epithelial cells
[110]. These occludin protein mutants were distributed continuously around the tight junction but
extended down the lateral membrane, suggesting inefficient incorporation into the tight junction
structure. Addition of a synthetic peptide corresponding to the second extracellular loop of
occludin protein, but not to the first extracellular loop, to Xenopus renal epithelial cells (A6)
dramatically increased paracellular permeability to multiple solutes, mannitol, inulin, 3 kDa
fluorescein-dextran, and 40 kDa fluorescein-dextran [111]. These studies strongly suggest that
occludin protein is involved in mediating the Leak Pathway permeability and its regulation.

Tricellulin. Moderate overexpression of tricellulin in MDCK Type Il renal epithelial cells, which
express low levels of endogenous tricellulin, maintained a tricellular junction localization for the
protein [62]. Moderate tricellulin overexpression decreased the paracellular permeability of both
4 kDa fluorescein-dextran and 10 kDa fluorescein-dextran but not of 20 kDa fluorescein-dextran
or horseradish peroxidase [62]. Knockdown of tricellulin protein content in HT29 intestinal
epithelial cells, which express higher endogenous tricellulin levels, increased the paracellular
permeability of both 4 kDa fluorescein-dextran and 10 kDa fluorescein-dextran [112]. These
results suggest that the tricellular junction can form a paracellular channel/pore for molecules up
to between 10 kDa (23 A) and 20 kDa (33 A). Tricellulin protein limits the permeability via this
pathway.

Junctional Adhesion Molecules. Knockdown of JAM-1 (JAM-A) in SK-CO15 colonic epithelial
cells increased permeability via both the Pore Pathway (decreased TER) and the Leak Pathway
(increased permeability to 4 kDa fluorescein-dextran) [113]. Consistent with this result, the
intestinal permeability to both small ions and 4 kDa fluorescein-dextran was increased in JAM-A
knockout mice [114]. Both systems also showed increased permeability to larger solutes up to
40 kDa fluorescein-dextran [115]. These results indicate that JAM-A has a general role in
maintaining the epithelial barrier function but, likely, does not have a selective role in mediating
or regulating paracellular permeability via the Leak Pathway.

Z0 Proteins. Knockdown of ZO-1 protein expression in MDCK Type Il renal epithelial cells
increased selectively the permeability to large solutes (Leak Pathway), including polyethylene
glycol, mannitol, and 3 kDa fluorescein-dextran [50]. Consistent with these findings, Tokuda et
al. [116] reported that complete knockout of ZO-1 protein expression in MDCK Type Il renal
epithelial cells had no consistent effect on TER but produced a variable increase in permeability
to 4 kDa fluorescein-dextran. Van lItallie et al. [50] reported that knockdown of ZO-2 protein
expression in MDCK Type Il renal epithelial cells, in contrast, did not affect either TER or
permeability to large solutes. We have confirmed an effect of ZO-1 knockdown but not of ZO-2
knockdown on Leak Pathway permeability in MDCK Type Il renal epithelial cells (Table 2) [104].
However, Hernandez et al. [117] reported that knockdown of ZO-2 protein expression in MDCK
Type Il renal epithelial cells increased paracellular permeability to 70 kDa fluorescein-dextran
but did not affect TER. Raya-Sandino et al. [93] reported that knockdown of ZO-2 protein in
MDCK Type Il renal epithelial cells decreased paracellular permeability to 10 kDa fluorescein-
dextran and 70 kDa fluorescein-dextran and increased TER. Double knockdown of both ZO-1
and ZO-2 protein expression in MDCK Type Il renal epithelial cells did not alter TER but
dramatically increased the paracellular flux of 3 kDa fluorescein-dextran [118]. Re-expression of
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full-length ZO-1 protein in these double knockdown MDCK cells restored the flux of 3 kDa
fluorescein-dextran to near wild type levels. In the ZO-1/Z0-2 double knockdown MDCK cells,
expression of ZO-1 mutant proteins containing targeted deletions of specific protein domains
revealed that the PDZ1, PDZ2, SH3, and U5 domains were most critical for ZO-1 to limit Leak
Pathway permeability [119].

Actin Cytoskeleton. Many studies support a role for the actin cytoskeleton in regulation of
epithelial barrier function [see, e.g., 120, 121, 122]. Recent evidence provides support for a role
of the actin cytoskeleton in the selective regulation of the epithelial Leak Pathway permeability
barrier. Van ltallie et al. [47] reported that ZO-1 binds to TOCA-1, a BAR-domain containing
protein involved in formation of branching F-actin networks [123], and targets TOCA-1 protein to
the tight junction. Knockout of TOCA-1 protein expression in MDCK Type Il renal epithelial cells
produced an increase in the permeability of 3 kDa fluorescein-dextran while not affecting TER
[47], similar to the effect of ZO-1 knockdown or knockout in these cells. Further supporting a
role for formation of F-actin branching networks in the regulation of Leak Pathway permeability,
treatment of MDCK Type Il renal epithelial cells with the Arp2/3 inhibitor, CK666, increased the
permeability to 3 kDa fluorescein-dextran and this effect was synergistic with TOCA-1 knockout
[47]. In addition, treatment of either ZO-1 knockdown [50, 104] or TOCA-1 knockout [104]
MDCK Type Il renal epithelial cells with blebbistatin, which inhibits myosin ATPase activity,
increased paracellular permeability to large solutes. In contrast, treatment of wild type MDCK
Type Il renal epithelial cells with blebbistatin had no effect on permeability of either calcein or 3
kDa fluorescein-dextran [50, 104].

Claudins. As discussed above, claudins are a primary component of the paracellular
permeability barrier. In addition, data indicate they mediate solute movement via the Pore
Pathway. They do not, however, mediate solute movement via the Leak Pathway.

WHAT IS THE LEAK PATHWAY?

The Leak Pathway cannot represent a generalized weakening of the epithelial paracellular
permeability barrier around every epithelial cell since this would lead to increased flux of both
large and small solutes. As shown by experiments examining the effect of epithelial barrier
disruption (e.g., through incubation with EDTA), this would result in a dramatic decrease in TER
as the barrier to the movement of small ions is eliminated. Since many studies demonstrate that
epithelial paracellular permeability to large solutes versus small ions and solutes does not
necessarily change in parallel (see above), this indicates the Leak Pathway must, instead,
represent a limited number of localized regions of the tight junction exhibiting increased
permeability for large solutes. It is likely that these localized regions may not exist on every cell
at any single time point. Two recent studies demonstrating a small number of discrete sites
where macromolecules cross the tight junction lend strong support for this concept of the Leak
Pathway [124, 125]. Stephenson et al. [125] reported that sites of solute permeation were
transient, remaining open for no more than 5 minutes. Richter et al. [124] also reported that
macromolecule permeability at some sites was transient, being “open” for 30 minutes or less.
They also reported that treatment of HT29 intestinal epithelial cells with Tumor Necrosis Factor-
o, which increases Leak Pathway permeability, increased the number of sites of macromolecule
passage within the cell monolayer without increasing the amplitude of the flux through each site.
These results suggest the Leak Pathway may be a dynamic and highly regulated aspect of
normal epithelial cell physiology.

The claudins are a critical component forming the paracellular permeability barrier but do not
mediate the movement of large solutes via the Leak Pathway. The studies described above
have identified a number of proteins that may be involved in mediating the Leak Pathway
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including occludin, tricellulin, ZO-1, and the actin cytoskeleton. Many fundamental questions
about the Leak Pathway, however, remain. What is the functional role of the Leak Pathway?
How do these (and other) proteins form this paracellular permeability pathway for large solutes?
And how is the Leak Pathway regulated?

A recent report may provide some insight into the molecular basis for the Leak Pathway and
how it may be regulated. Stephenson et al. [125] studied the maintenance of tight junctions in
the embryonic epithelium of the Xenopus laevis embryo. They demonstrated that localized
disruptions of the tight junction occurred at sites of increased tension caused by junction
elongation as cells in the embryo divided. These sites exhibited decreased contents of both ZO-
1 and occludin proteins, but not of claudin-6, followed by localized activation of RhoA. This led
to localized actin polymerization and recruitment of ZO-1, occludin, and claudin-6 proteins to the
site. Recruitment of these proteins led to reinforcement of the tight junction and repair of the
paracellular permeability barrier breach. This suggests the Leak Pathway represents a small
number of sites of transient tight junction weakening within a population of epithelial cells that
allows the passage of large solutes and macromolecules across the epithelial cell layer. These
leaks were rapidly repaired (within ~5 minutes) by actomyosin-mediated concentration of tight
junction proteins. Richter et al. [105, 124] have also reported data suggesting the Leak Pathway
permeability represents movement of macromolecules through a limited number of sites within a
cell population. These weakened areas of the tight junction correspond to sites of increased
stress/tension on the tight junction structure. Multiple studies have documented an effect of
physical stress on paracellular permeability. Cyclic stress increased the paracellular
permeability of rat alveolar Type | epithelial cells [99, 126, 127, 128] and Caco-2 intestinal
epithelial cells [129]. Osmotic stress increased the paracellular permeability of Caco-2 intestinal
epithelial cells [130]. Cattaneo et al. [131] attributed collapse of domes in MDCK Type Il renal
epithelial cell cultures exposed to shear stress to increased paracellular permeability although
they did not measure paracellular permeability directly. Cavanaugh et al. [99] and Cohen et al.
[126] concluded that the effect of stretch increased the number of large pores without
significantly changing the pore radius. Since these analyses assumed a constant pore length
without any independent measurements, these conclusions must be regarded as tentative. We
have observed that treatment of MDCK Type Il renal epithelial cells with hydrogen peroxide,
which increases Leak Pathway permeability, also increases cell twisting and movement (data
not shown), similar to the effects of cell division described by Stephenson et al. [125]. In this
context, it is interesting to note the marked parallels between regulation of tight junction and
adherens junction integrity. These include junctional tensile stress (tight junction — [125];
adherens junction — [132]), localized RhoA activation (tight junction — [121]; adherens junction —
[132]), p114RhoGEF activation (tight junction — [133]; adherens junction —[132]), Ga12
activation (albeit in opposite directions; tight junction — [134]; adherens junction — [132]), mDia1
organization of actin structures (tight junction and adherens junction — [135]), and a tension
sensor which transitions between a closed and an open conformation that exposes protein
binding sites (tight junction (ZO-1) — [136]; adherens junction (a-catenin) — [137]). These
similarities could represent a convergent evolution of regulatory mechanisms for the two
junctional structures or, alternatively, an overlap in the mechanisms regulating the two junctional
structures.

As diagrammed in Figure 1a, the tight junction structure is a highly crosslinked two-dimensional
macromolecular lattice coupled to the cytoskeleton [see, e.g., 92, 138]. As described above, the
extensive crosslinks include both lateral binding interactions between tight junction membrane
proteins and crosslinking of tight junction membrane proteins through cytoplasmic scaffolding
proteins. The claudins form an anastomosing double stranded network, as suggested by
Krystofiak et al. [139] and Suzuki et al. [140]. Occasional breaks in the network are present,
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perhaps due to the presence of occludin [41]. The TAMPs are interspersed within and outside
the claudin network, in some cases bound to the claudins via ZO protein crosslinking. The ZO
proteins link the tight junction membrane protein network to the cytoskeleton and stabilize the
network to resist tensile stress-induced disruption. Macromolecules traverse the tight junction
structure by passing through successive breaks in the claudin strands as well as sufficiently
large gaps in the overall protein lattice.

Our speculative model of Leak Pathway permeability suggests that any stimulus which
decreases the extent of interconnection among the tight junction proteins or, possibly, the
interaction of tight junction proteins with the cytoskeleton could cause a “relaxing” of the
macromolecular lattice leading to increased breaks in the claudin network and increased
porosity (Figure 1b). If this occurs at a small number of sites within a cell population, as
suggested by the studies of Richter et al. [105, 124] and Stephenson et al. [125], this would lead
to increased Leak Pathway permeability without altering Pore Pathway permeability. If these
interactions are disrupted on a more global scale, however, this would lead to increases in the
tight junction permeability to both macromolecules and small ions and solutes as these solutes
cross the epithelium through these large disruptions of the tight junction structure. Recent
studies have correlated changes in Leak Pathway permeability with mobility of occludin or other
tight junction proteins [see, e.g., 56, 81, 91, 141, 142, 143]. Assuming changes in mobility would
correlate with decreased tight junction structure stability and increased porosity, increased tight
junction protein mobility would occur only at the sites of the weakening of tight junction protein
crosslinking. If this occurs at a small number of sites within a cell population, this would likely
not be detected by assessment of protein mobility at random sites within the cell population.
Therefore, it would be necessary to identify the sites of increased Leak Pathway permeability
and assess tight junction protein mobility specifically at those sites versus at sites not
associated with increased Leak Pathway permeability. Stimuli that produce a more global
weakening of tight junction protein crosslinking would lead to a generalized increase in the
mobility of one or more tight junction proteins. Weakening of the tight junction protein
crosslinking could occur through a variety of mechanisms including imposition of external tensile
stress, changes in the actomyosin cytoskeleton organization, activation of relevant signaling
pathways, or through other mechanisms. Different stimuli may result in different extents of
changes in the tight junction protein crosslinking and, thereby, in Leak Pathway permeability.
While this speculative model leaves many details unresolved, it provides a framework that can
guide future investigation.
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