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Occludin and tricellulin facilitate formation of 
anastomosing tight-junction strand network to 
improve barrier function

ABSTRACT Tight junctions (TJs) are composed of a claudin-based anastomosing network of 
TJ strands at which plasma membranes of adjacent epithelial cells are closely attached to 
regulate the paracellular permeability. Although the TJ proteins occludin and tricellulin have 
been known to be incorporated in the TJ strand network, their molecular functions remain 
unknown. Here, we established tricellulin/occludin-double knockout (dKO) MDCK II cells us-
ing a genome editing technique and evaluated the structure and barrier function of these 
cells. In freeze-fracture replica electron microscopy, the TJ strands of tricellulin/occludin-dKO 
cells had fewer branches and were less anastomosed compared with the controls. The para-
cellular permeability of ions and small tracers was increased in the dKO cells. A single KO of 
tricellulin or occludin had limited effects on the morphology and permeability of TJs. Math-
ematical simulation using a simplified TJ strand network model predicted that reduced cross-
links in TJ strands lead to increased permeability of ions and small macromolecules. Further-
more, overexpression of occludin increased the complexity of TJ strand network and 
strengthened barrier function. Taken together, our data suggest that tricellulin and occludin 
mediate the formation and/or stabilization of TJ-strand branching points and contribute to 
the maintenance of epithelial barrier integrity.

INTRODUCTION
Tight junctions (TJs) control the paracellular movement of ions and 
molecules in the epithelial and endothelial tissues to maintain bar-
rier functions (Farquhar and Palade, 1963; Turner et al., 2014; Van 
Itallie and Anderson, 2014; Zihni et al., 2016; Piontek et al., 2020). 
TJs are cell–cell junction structures at the apical part of the cell, 

where the plasma membranes of the adjacent cells are closely ap-
posed to each other with multiple tight attachments (so-called kiss-
ing points) in the cross-sections and provide a physical barrier to 
prevent free diffusion of molecules (Farquhar and Palade, 1963). 
This structure appears as a continuous anastomosing network of fi-
brils (TJ strands) on freeze-fracture replica electron microscopy 
(FFEM) (Chalcroft and Bullivant, 1970; Wade and Karnovsky, 1974).

TJs consist of various transmembrane proteins, such as claudins, 
TJ-Associated MARVEL (MAL and related proteins for vesicle traffick-
ing and membrane link) Proteins (TAMPs), angulins, and Junctional 
Adhesion Molecules (JAMs) (Chiba et al., 2008; Higashi and Chiba, 
2020). Claudins are considered major integral membrane proteins of 
TJ strands (Furuse et al., 1998a; Piontek et al., 2020) and consist of a 
protein family of more than 20 members, which are differentially ex-
pressed in most epithelial tissues in different combinations. Some 
claudins can form charge-selective paracellular pores and determine 
the physiological property of permeability (Furuse et al., 2001; Yu 
et al., 2009; Krug et al., 2012). When a claudin gene product is 
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exogenously expressed in mouse L-fibroblasts, which lack claudin 
expression and TJ structure, well-developed TJ strand–like structures 
were reconstituted on the cell–cell contact sites (Furuse et al., 1998b), 
suggesting that claudins constitute the TJ strands. Recently, it was 
shown that claudin family-knockout MDCK (Madin-Darby canine kid-
ney) II cells lack TJ strands (Otani et al., 2019), which demonstrated 
that claudins are essential for TJ-strand formation and further sup-
ported the view that claudins are the backbone of TJ strands.

Although the roles of claudins in the formation of TJ strands have 
been well understood, the molecular function of TAMPs remains 
relatively less characterized. The TAMP family is composed of three 
members with four transmembrane domains, occludin (encoded by 
Ocln), tricellulin (encoded by Tric/Marveld2), and MarvelD3 (en-
coded by Marveld3) (Steed et al., 2009; Raleigh, Marchiando, Zhang, 
et al., 2010). Occludin was discovered as the first integral membrane 
TJ protein (Furuse et al., 1993). Occludin appears to be copolymer-
ized with claudins in TJ strands when expressed in fibroblasts (Furuse 
et al., 1998b; Cording et al., 2013; Van Itallie et al., 2017); however, 
it is dispensable for the formation of TJ strands, because the epithe-
lial cells in the Ocln-knockout (KO) embryoid body and Ocln-KO 
mice have mature TJ strands (Saitou et al., 1998, 2000). Ocln-knock-
down did not alter the steady-state barrier function for ions and un-
charged solutes in cultured epithelial cells (Yu et al., 2005; Raleigh, 
Marchiando, Zhang, et al., 2010; Van Itallie et al., 2010), suggesting 
that occludin alone does not play a crucial role in the steady-state 
barrier function of epithelial cells. The occludin-related protein tricel-
lulin was identified as being uniquely localized at tricellular tight 
junctions (tTJs) (Ikenouchi et al., 2005). However, the contribution of 
tricellulin to barrier function is still under debate. Tric knockdown 
significantly reduced the barrier for ions and low molecular weight 
macromolecules in EpH4 cells (Ikenouchi et al., 2005), and Tric-over-
expression improved the barrier for macromolecules in MDCK II cells 
(Krug et al., 2009), supporting the view that tricellulin contributes to 
the establishment of a strong epithelial barrier especially for macro-
molecules. However, Tric knockdown in MDCK II cells and Caco-2 
cells did not affect the barrier for ions and macromolecules (Raleigh, 
Marchiando, Zhang, et al., 2010; Van Itallie et al., 2010), implying 
that tricellulin does not have essential roles in epithelial barrier es-
tablishment. The discrepancy might arise from the varied contribu-
tion of tTJs to the overall epithelial barrier among different solutes 
and different cell types (Krug, 2017).

The paracellular permeability has size-and charge-selectivity. It 
has been proposed that TJs allow passage of solutes through two 
distinct routes with different selectivities (Watson et al., 2001; An-
derson and Van Itallie, 2009): pore and leak pathways (Shen, Weber, 
et al., 2011). The pore pathway is a charge-selective and high-ca-
pacity route for ions and small molecules (∼4 Å or less), which is 
presumed to be based on the “pore-forming claudins” (Furuse 
et al., 2001; Yu et al., 2009; Krug et al., 2012). The leak pathway has 
less size- and charge-selectivity with relatively lower capacity com-
pared with the pore pathway. The well-accepted model for the leak 
pathway is based on the dynamic TJ-strand remodeling (Claude, 
1978; Sasaki, Matsui, et al., 2003). Because the TJ strand–like struc-
ture observed in the fluorescent protein–labeled, claudin-express-
ing fibroblasts is highly dynamic and exhibits frequent break and 
annealing (Sasaki, Matsui, et al., 2003; Van Itallie et al., 2017) and 
the TJ-forming claudins (and occludin) in epithelial cells also un-
dergo rapid and continuous turnover (Shen et al., 2008; Van Itallie 
et al., 2019), it would be plausible to consider that the TJ-strand 
network in epithelial cells also dynamically remodels its structure 
and allows the permeation of solutes during the process of break 
and repair of the anastomosing network structure.

It has been assumed that the number and pattern of the TJ-
strand network, as well as its components, determine the tightness 
of TJs and are dynamically regulated in response to physiological 
and pathological stimuli (Claude and Goodenough, 1973; Claude, 
1978; Madara and Dharmsathaphorn, 1985; Tsukita et al., 2001; 
Schneeberger and Lynch, 2004; Zihni et al., 2016; Varadarajan, Ste-
phenson, and Miller, 2019; Lynn, Peterson, and Koval, 2020). How-
ever, the molecular mechanisms regulating the TJ-strand network 
structure have yet to be uncovered. It was reported that occludin is 
preferentially concentrated at the strand-to-strand junction points 
(branching points) of the TJ strands when exogenously expressed 
with claudin-2 in Rat-1 fibroblasts (Van Itallie et al., 2017) and that 
tricellulin affects the morphology of claudin-1–based TJ strands in 
L-fibroblasts (Ikenouchi et al., 2008), suggesting that occludin and 
tricellulin could be key molecules for the regulation of TJ-strand net-
work architecture. However, it remains unclear whether occludin and 
tricellulin modulate the complexity of the TJ-strand network in epi-
thelial cells because of a lack of loss-of-function experiments.

Here, we established Tric/Ocln-double knockout (dKO) MDCK II 
cells and explored the roles of tricellulin and occludin in the struc-
ture and function of TJs. Our results showed that tricellulin and oc-
cludin are required for the formation of anastomosing meshwork of 
TJ strands and contribute to the maintenance of epithelial barrier 
function. Furthermore, we simulated the effect of reduced cross-
links in the TJ-strand meshwork on the permeability using a mathe-
matical model of the simplified TJ-strand network. Our results and 
simulation suggest that TAMP family proteins affect the molecular 
architecture of TJs and regulate epithelial permeability.

RESULTS
Establishment of Tric-KO, Ocln-KO, and Tric/Ocln-dKO 
epithelial cell lines
Although MDCK II cells have been used for the studies of TJs for 
many years, it has been difficult to precisely evaluate the changes in 
barrier function, especially for ions using MDCK II cells because they 
express a highly permeable claudin, claudin-2 (Furuse et al., 2001; 
Tokuda and Furuse, 2015). To overcome this problem, first, we gen-
erated a Cldn2-KO MDCK II cell line using CRISPR (clustered regu-
larly interspaced short palindromic repeats)/Cas9-based genome 
editing (Supplemental Figure S1). There was no significant change 
in the expression of TJ and AJ proteins in Cldn2-KO MDCK II cells 
(Supplemental Figure S1E). FFEM analysis revealed that TJ strands 
of Cldn2-KO cells were associated with the protoplasmic (P)-face, 
and were mostly continuous, which is in good contrast to the dis-
continuous appearance of TJ strands in the parental MDCK II cells 
(Supplemental Figure S2A), as reported previously (Furuse et al., 
2001). The complexity of the TJ-strand network pattern in Cldn2-KO 
cells was significantly decreased compared with that in parental 
MDCK II cells (Supplemental Figure S2, A–H). Transepithelial electric 
resistance (TER) measurement showed that Cldn2-KO MDCK II cells 
exhibited increased resistance by 17.6-fold on day 6 after seeding 
(Supplemental Figure S2I), which is similar to the results of a previ-
ous study using TALEN-mediated Cldn2-KO cells (Tokuda and Fu-
ruse, 2015). Throughout this article, we use these Cldn2-KO MDCK 
II cells as parental cells, and we call this line “Control (Ctrl)” cells. 
From these Ctrl cells, we established two independent clones of 
Tric-KO cells (Tric-KO #1 and Tric-KO #2) (Supplemental Figure S3). 
Likewise, two clones of Ocln-KO cells were established (Ocln-KO #1 
and Ocln-KO #2) (Supplemental Figure S3). Next, we generated 
Tric/Ocln-double knockout cell clones (Tric/Ocln-dKO #1 and 
Tric/Ocln-dKO #2). Because the gene loci of Tric and Ocln are next 
to each other, we introduced the guide RNAs (gRNAs) targeting Tric 
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and Ocln together to induce a large deletion (Supplemental Figure 
S3). Genome sequencing validated a large deletion and frame shifts 
at both loci (Supplemental Figure S3). The knockout of the genes 
was further confirmed by immunofluorescence staining (Figure 1, A 
and B) and immunoblotting (Figure 1C) analyses. Because two 
clones of each KO cell line exhibited essentially the same pheno-
type, we present data for #1 cells as a representative of each knock-
out phenotype unless otherwise specified.

Loss of tricellulin and occludin does not change the 
expression and localization of other TJ proteins
We examined the localization of TJ components, including ZO-1, 
cingulin, claudin-1, claudin-3, and claudin-4, by immunofluores-
cence staining (Figure 2, A–D, and Supplemental Figure S4A). To 
compare the signal intensity of TJ proteins with that of the internal 
control, we established a Ctrl cell clone expressing 3× nuclear local-
ization signal–conjugated GFP (Ctrl-GFP-nls) and mixed it with Ctrl, 
Tric-KO, Ocln-KO, or Tric/Ocln-dKO cells. The localization and in-
tensity of ZO-1, cingulin, claudin-1, and claudin-4 in Tric-KO, Ocln-
KO, and Tric/Ocln-dKO cells, as well as Ctrl cells, appeared indistin-

guishable from those in the Ctrl-GFP-nls cells (Figure 2, A–C, and 
Supplemental Figure S4A). Claudin-3 is localized at TJs and cyto-
plasmic puncta in all cell clones, although the fluorescent signal at 
TJs was significantly weaker in the Tric-KO, Ocln-KO, and Tric/Ocln-
dKO cells compared with the Ctrl-GFP-nls cells (Figure 2, D and E). 
We also examined the protein expression levels of TJ and adherens 
junction (AJ) proteins by immunoblotting and found that there were 
no significant changes in the amount of junctional proteins, includ-
ing claudin-3 (Supplemental Figure S4B). These data suggest that 
tricellulin and occludin do not have essential roles in the expression 
or localization of TJ proteins except for claudin-3.

Tricellulin is not exclusively concentrated at tTJs in 
Ocln-KO cells
Because it has been reported that tricellulin is mislocalized to bicel-
lular TJs in Ocln-knockdown MDCK II cells (Ikenouchi et al., 2008) 
and Ocln-KO mice (Kitajiri et al., 2014), we examined the localization 
of tricellulin in Ocln-KO cells. Although the majority of tricellulin is still 
found at tTJs in Olcn-KO cells, the intensity of tricellulin at bicellular 
TJs is increased in Ocln-KO cells compared with the internal control, 
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FIGURE 1: Establishment of Tric-KO, Ocln-KO, and Tric/Ocln-dKO cells. (A, B) Ctrl, Tric-KO #1, and Tric/Ocln-dKO #1 
cells (A) and Ctrl, Ocln-KO #1, and Tric/Ocln-dKO #1 cells (B) were immunostained with rat anti-tricellulin mAb (A) or rat 
anti-occludin mAb (B) (green) and rabbit anti-ZO-1 pAb (red). All cells were stained with DAPI (blue). Note that tricellulin 
signal (white arrowheads) is absent in the Tric-KO and Tric/Ocln-dKO cells (magenta arrowheads) in A. Scale bars, 20 µm. 
(C) Immunoblotting of the total cell lysates of Ctrl, Tric-KO, Ocln-KO, and Tric/Ocln-dKO cells using rabbit anti-tricellulin 
mAb and rabbit anti-occludin pAb. Asterisks on the occludin panel indicate nonspecific bands. β-Actin served as a 
loading control.
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FIGURE 2: TJs of Tric-KO, Ocln-KO, and Tric/Ocln-dKO cells appear normal in fluorescence microscopy. (A–D) Ctrl, 
Tric-KO #1, Ocln-KO #1, or Tric/Ocln-dKO #1 cells were mixed and cocultured with Ctrl-GFP-nls cells (green). Cells were 
immunostained with rat anti-ZO-1 mAb (A), mouse anti-cingulin mAb (B), mouse anti–claudin-1 mAb (C) or rabbit anti–
claudin-3 pAb (D) (red) and stained with DAPI (blue). Scale bars, 20 µm. (E) Quantification of fluorescence intensity of 
claudin-3 at cell–cell junctions. The intensity at each cell–cell junction in the Ctrl (dark blue closed circles), Tric-KO #1 
(orange closed circles), Ocln-KO #1 (green closed circles), and Tric/Ocln-dKO #1 cells (magenta closed circles) were 
normalized to the averaged intensity in the Ctrl-GFP-nls cells (lime-green open circles) and plotted against the length of 
the cell–cell junctions. n = 158 and 120 (Ctrl), 202 and 134 (Tric-KO), 160 and 139 (Ocln-KO), and 209 and 136 (Tric/Ocln-
dKO). ***p < 0.001 in Welch’s t test of junction-length-weighted average of the fluorescence intensity.
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Ctrl-GFP-nls cells (Supplemental Figure S5A). Quantification analysis 
revealed that the intensity of tricellulin at bicellular junctions is higher 
in Ocln-KO cells compared with that in the Ctrl cells (Supplemental 
Figure S5, C and D), suggesting that occludin may regulate the ex-
clusive localization of tricellulin at tTJs. Because the tricellular local-
ization of tricellulin is mediated by angulins (Masuda et al., 2011; Hi-
gashi et al., 2013), we examined the localization of angulin-1 in each 
cell line. The relative confinement of angulin-1 was not significantly 
changed in either Ocln-KO, Tric-KO, or Tric/Ocln-dKO cells com-
pared with the Ctrl-GFP-nls cells (Supplemental Figure S5, B and E), 
suggesting that occludin removes tricellulin from the bicellular TJs in 
an angulin-1–independent manner.

Tric-KO, Ocln-KO, and Tric/Ocln dKO cells appear to have 
TJs in the ultrathin sections
We examined the morphology of TJs in the KO cell lines using trans-
mission electron microscopy (TEM). At the TJs of Ctrl cells, the 
plasma membranes of adjacent cells were apposed to each other 
and eliminated the paracellular space to restrict the passage of the 
fluid and solutes (Figure 3A). The TJs of Tric/Ocln-dKO cells, as well 
as those of Tric-KO and Ocln-KO cells, also appeared to have mem-
brane apposition similar to that of the Ctrl cells (Figure 3A) and ex-
hibited no differences in the gross morphology of TJs, suggesting 
that tricellulin and occludin are not required for TJ formation.

The TJ-strand junction points are reduced in the 
Tric/Ocln-dKO cells
Because the TAMP family proteins, including tricellulin and occludin, 
have been implicated in the regulation of TJ-strand network mor-
phology (Ikenouchi et al., 2008; Cording et al., 2013), we conducted 
FFEM to visualize the TJ strands of Ctrl, Tric-KO, Ocln-KO, and 
Tric/Ocln-dKO cells (Figure 3B). As expected, Tric-KO, Ocln-KO, 
and Tric/Ocln-dKO cells still retained the TJ strands at the most api-
cal part of the cell–cell interfaces (Figure 3B). This result is in clear 
contrast to ZO-1/2 dKO MDCK II cells and claudin-null MDCK II 
cells, both of which are devoid of TJ strands (Otani et al., 2019). The 
number and pattern of TJ strands in Tric-KO and Ocln-KO cells were 
indistinguishable from those in the Ctrl cells (Figure 3B and Supple-
mental Figure S6). Interestingly, the TJ strands of Tric/Ocln-dKO #1 
and #2 cells were less branched compared with the Ctrl, Tric-KO, 
and Ocln-KO cells, and the complexity of the TJ strand network was 
drastically reduced (Figure 3B and Supplemental Figure S6). Quan-
tification analysis revealed that the number of TJ-strand junction 
points (branching points) in the Tric/Ocln-dKO cells was less than 
one-third compared with that of the Ctrl cells (Ctrl, 45.4 branching 
points per 10-µm TJ-strand length; Tric/Ocln-dKO #1, 13.3; 
Tric/Ocln-dKO #2, 14.7) (Figure 3C and Supplemental Figure S7A). 
The branch angles were similar among the Ctrl, Tric-KO, Ocln-KO, 
and Tric/Ocln-dKO cells (Supplemental Figures S2B and S7C). The 
average number of horizontal TJ strands was significantly reduced 
by 15% in the Tric/Ocln-dKO cells compared with Ctrl cells (Figure 
3D and Supplemental Figures S2C and S7B). To confirm that the 
changes in the TJ-strand network pattern were caused by gene 
knockout, we established cell lines expressing Flag-tricellulin or 
Flag-occludin exogenously using Tric/Ocln-dKO #1 cells as parental 
cells and designated them dKO #1+Flag-TRIC cells and dKO 
#1+Flag-OCLN cells, respectively (Supplemental Figure S8). In the 
dKO #1+Flag-TRIC cells and dKO #1+Flag-OCLN cells, the number 
of TJ-strand junction points and average number of horizontal TJ 
strands were restored (Figure 3, C and D, and Supplemental Figure 
S7, A and B), indicating that the loss of tricellulin and occludin re-
sulted in an altered TJ-strand network pattern in the Tric/Ocln-dKO 

cells. These results indicate that tricellulin and occludin are required 
for the formation or maintenance of the TJ-strand junction points 
and regulate the complexity of the TJ-strand network.

Tric/Ocln-dKO cells exhibit increased permeability for ions 
and macromolecules
To examine whether the loss of tricellulin and occludin affects the epi-
thelial barrier development, we measured TER of Ctrl and KO cell 
lines (Figure 4A and Supplemental Table S1). The TER value of Tric-
KO #1 cells was comparable to that of the Ctrl cells, whereas the 
Tric-KO #2 cells showed slightly decreased TER. Both of the Ocln-KO 
cell clones exhibited a slight, but significant, reduction in TER by 
15–18% compared with the Ctrl cells, suggesting that occludin may 
contribute to the tightness of the barrier. In contrast, the TER values 
of both of the Tric/Ocln-dKO cell lines decreased by ∼50% compared 
with that of the Ctrl cells, indicating that tricellulin and occludin are 
required for the establishment of permeability barrier for ions. The 
TER values of the dKO #1+Flag-TRIC cells and dKO #1+Flag-OCLN 
cells were restored to values comparable to those of the Ctrl cells 
(Figure 4A), confirming that the deletion of tricellulin and occludin 
caused the decreased TER values in the Tric/Ocln-dKO cells.

Next, we measured the macromolecular permeability by the 
tracer-flux method using fluorescein isothiocyanate (FITC)-dextran 
with 4, 10, and 250 kDa. For the 4-kDa tracer, the apparent perme-
ability coefficient (Papp) significantly increased in the Tric/Ocln-dKO 
cells compared with the Ctrl cells (Figure 4B and Supplemental 
Table S1). Similarly, the Papp for the 10-kDa tracer was greater in the 
Tric/Ocln-dKO cells (Figure 4C), although the difference was statisti-
cally significant only for the Tric/Ocln-dKO #1 cells in comparison 
with the Ctrl cells (Supplemental Table S1). The Papp for the 250-kDa 
tracer was unaltered (Figure 4D and Supplemental Table S1). The 
Tric-KO cells and Ocln-KO cells showed no significant change in 
Papp of any size. The permeability barrier for macromolecules was 
restored in the dKO #1+Flag-TRIC cells and dKO #1+Flag-OCLN 
cells (Figure 4, B–D).

Taken together, these results indicate that at least either of tricel-
lulin or occludin is required for the establishment of a 
tight permeability barrier against ions and macromolecules.

Complexity of the TJ-strand network affects the 
permeability of ions and macromolecules in a mathematical 
model
We have shown that loss of both tricellulin and occludin reduces TJ-
strand branching and increases the permeability of epithelial sheets. 
To integrate these findings, we next asked whether the complexity 
of the meshwork affects the permeability of ions and macromole-
cules using a mathematical model of the TJ-strand network. To as-
sess the contribution of TJ-strand cross-links, we used a simplified 
TJ-strand model (Tervonen et al., 2019) in which straight TJ strands 
run horizontally (horizontal rows) and vertical TJ strands connect the 
horizontal rows to divide the spaces between the rows into smaller 
compartments (vertical partitions) (Figure 5A). These TJ strands of 
horizontal rows and vertical partitions stochastically undergo breaks 
and reannealing over time to allow passage of ions and macromol-
ecules, mimicking the leak pathway. The branching points of the TJ 
strand are fixed and unchanged during simulation.

To simulate the movement of macromolecules, we calculated 
the apparent permeability (Papp) of particles over time in the sim-
plified TJ-strand network model (Figure 5A, bottom left). Because 
the tracer of 250 kDa (∼206 Å diameter) is too large to pass the 
intercellular space between the apposed plasma membranes at 
TJs (∼60–70 Å) (Otani et al., 2019), we decided to test only 4-kDa 
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(∼28 Å diameter) and 10-kDa (∼46 Å diam-
eter) particles in the simulation. We simu-
lated the movement of the tracer particles 
among the compartments over time and 
recorded the concentration of tracers in 
each grid (Figure 5A). Because Ctrl and 
Tric/Ocln-dKO cells possessed three hori-
zontal rows of TJ strands on average in our 
observation using FFEM samples (Figure 
3D), we used a three-horizontal-row model 
and tested the permeability of the 4-kDa 
particles first (Figure 5B and Supplemental 
Video 1). On the basis of the quantification 
of TJ-strand junction point frequency 
(Figure 3C), the densities of the vertical par-
titions of the Ctrl cell model and Tric/Ocln-
dKO cell model were determined to be 4.4 
and 1.2 µm–1, respectively (see Materials 
and Methods for details). The Papp of the 
Ctrl cell model (2.81 × 10–8 cm/s) was com-
parable with the experimental data (1.94 × 
10–8 cm/s) (Figure 4B). Interestingly, the 
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Tric/Ocln-dKO cells is less branched. (A) TEM 
images of Ctrl, Tric-KO #1, Ocln-KO #1, and 
Tric/Ocln-dKO #1 cells. The magnified images 
of the TJ regions in the top panels (dashed 
rectangles) are shown in the bottom panels. 
Kissing points between the adjacent cells are 
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panels. Scale bars, 100 nm. (B) Freeze-
fracture replica electron microscopy of Ctrl, 
Tric-KO #1, Ocln-KO #1, Tric/Ocln-dKO #1, 
dKO #1+Flag-OCLN #1, and dKO #1+Flag-
TRIC #1 cells are shown (left panels). 
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Figure S6. Scale bars, 200 nm. TJ strands on 
the replica images were traced, and the 
network organization is shown (right panels). 
(C) Numbers of TJ-strand junction points 
(branching points). Number of three-way 
junction points were divided by total length 
of TJ strands (>100 µm from more than 20 
images for each clone). Four-way junctions 
were regarded as two three-way junctions. 
Error bars indicate 95% confidence intervals. 
Total lengths of the measured TJ strands 
were 101 µm (Ctrl), 103 µm (Tric-KO #1), 103 
µm (Ocln-KO #1), 127 µm (Tric/Ocln-dKO #1), 
248 µm (Tric/Ocln-dKO #2), 155 µm (dKO 
#1+Flag-OCLN #1), 146 (dKO #1+Flag-TRIC 
#1). ***p < 0.001; n.s., p ≥ 0.05 in Poisson’s 
exact rate test. (D) Number of horizontal TJ 
strands. n = 188 (Ctrl), 184 (Tric-KO #1), 208 
(Ocln-KO #1), 198 (Tric/Ocln-dKO #1), 244 
(Tric/Ocln-dKO #2), 356 (dKO #1-Flag-OCLN 
#1), 310 (dKO #1-Flag-TRIC #1). ***p < 0.001; 
*p < 0.05; n.s., p ≥ 0.05 in Welch’s t test with 
Bonferroni’s correction. See Supplemental 
Figure S2, B and C, for detailed quantification 
methods for C and D.
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Papp value of the Tric/Ocln-dKO cell model was increased ∼2.6 
times (7.29 × 10–8 cm/s) compared with that of the Ctrl cell model 
(Figure 5B and Supplemental Video 1), which is in good agree-
ment with the increased permeability observed in the Tric/Ocln-
dKO cells (7.31 × 10–8 cm/s). We also examined the permeability 
of the models with different densities of the vertical partitions. In 
the models with higher-density partitions (10 µm–1) and without 
vertical partitions (0 µm–1), the Papp values were 32% and 387%, 
respectively, compared with the Ctrl cell model. Next, we tested 
the models of different numbers of horizontal rows and vertical 
partitions and calculated the Papp by averaging the results from 
512 simulations for each parameter setting (Figure 5C). In the 
models of any horizontal row numbers, higher density of the verti-
cal partitions resulted in decreased permeability of the particles 
(Figure 5C). Using the same models, we also tested the permeabil-
ity of 10-kDa particles (Figure 5C). The Papp values were ∼1/3 com-
pared with the 4-kDa simulation in each model, showing size se-
lectivity. The permeability of the 10-kDa particles was dependent 
on the density of partitions, which was similar to the 4-kDa results. 
As expected, an increased number of horizontal rows of the TJ 
strand resulted in the decreased Papp in both sizes of particles with 
4 and 10 kDa, and the single horizontal strand model without 
cross-links exhibited the highest Papp value among all other condi-
tions (Figure 5C).

Next, we simulated the permeability of ions (transepithelial cur-
rent). Similar to the simulation for macromolecule permeability, we 
used the break-repair model of the TJ-strand network (Figure 5A, 
bottom right). We hypothesized that the intact TJ strands have a 
high electric resistance and the breaks in TJ strands drastically re-
duce the resistance. We calculated the overall electric resistance 
between apical and basal sides as TER (Figure 5A). Similar to the 
macromolecule simulation, decreased density of the vertical of par-
titions (fewer cross-links) caused decreased TER values (Figure 5C). 
The TER value of the Ctrl cell model (1002 Ω·cm2) was comparable 
with the experimental data (970 Ω·cm2) (Figure 4A), and the TER of 
the Tric/Ocln-dKO cell model was decreased to 35% (354 Ω·cm2) of 
the Ctrl cell model (Figure 5C), which reasonably corresponds to the 
experimental TER (395 Ω·cm2) (Figure 4A).

This simplified TJ-strand mathematical model predicted that the 
reduced complexity of the TJ-strand meshwork results in an in-
creased permeability of ions and macromolecules, which fits well 
with the obtained experimental data.

Overexpression of occludin in the Tric/Ocln-dKO cells 
increases the network complexity of TJ strands and 
improves barrier function
To further examine the relationship between the complexity of the 
TJ-strand network and barrier function, we established cell clones 
overexpressing OCLN and TRIC using the Tric/Ocln-dKO #1 cells 
as a parental cell line and designated them dKO #1+Flag-OCLN 
OE and dKO #1+Flag-TRIC OE, respectively (Figure 6A and Sup-
plemental Figure S8). Although Flag-OCLN was localized at the 
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FIGURE 4: Loss of tricellulin and occludin leads to increased 
permeability of ions and macromolecules. (A) TER of Ctrl, Tric-KO, 
Ocln-KO, Tric/Ocln-dKO, dKO #1+Flag-OCLN, and dKO #1+Flag-TRIC 
cell sheets was measured on day 5 after seeding onto the filter cups. 
Two independent clones for each genotype were analyzed (#1 and 

#2). n = 17–35. (B–D) Apparent permeability (Papp) of 4-kDa (B), 
10-kDa (C), or 250-kDa (D) FITC-dextran through Ctrl, Tric-KO, 
Ocln-KO, Tric/Ocln-dKO, dKO #1+Flag-OCLN, and dKO #1+Flag-TRIC 
cell sheets was measured on day 8 after seeding onto the filter cups. 
n = 4–8. 25; 50, and 75 percentiles are shown (lines). *p < 0.05; ***p < 
0.001; n.s., p ≥ 0.05 in the Tukey–Kramer test. Top and bottom rows 
indicate the comparison with Ctrl cells (cyan) and Tric/Ocln-dKO #1 
cells (magenta), respectively. The p values in Tukey–Kramer test are 
shown in Supplemental Table S1.
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bicellular TJs in the dKO #1+Flag-OCLN #1, 
dKO #1+Flag-OCLN OE cells exhibited a 
broader distribution of Flag-OCLN at the 
entire lateral membrane and cytoplasmic 
puncta in addition to the TJs (Figure 6A). 
Flag-TRIC was also localized at the lateral 
membrane and cytoplasmic puncta in the 
dKO #1+Flag-TRIC OE cells, which is in 
good contrast to the dKO #1+Flag-TRIC #1 
cells where Flag-TRIC localization is con-
fined to the tTJs (Figure 6A). FFEM analysis 
revealed that the TJ-strand network of the 
dKO #1+Flag-OCLN OE cells was more 
complex (Figure 6B) and that the TJ-strand 
branching points were significantly in-
creased by ∼30% compared with the Ctrl 
cells (Figure 6C and Supplemental Figure 
S7A). The horizontal TJ-strand number of 
the dKO #1+Flag-OCLN OE cells was indis-
tinguishable from that of the Tric/Ocln-dKO 
cells and was significantly smaller than that 
of the Ctrl cells (Figure 6D and Supplemen-
tal Figure S7B). The TJ strands in these cells 
appeared to be thicker than in the Ctrl and 
any other MDCK II cells (Figure 6B, inset). 
On the other hand, the TJ-strand morphol-
ogy of the dKO #1+Flag-TRIC OE cells was 
similar to that of the Ctrl cells (Figure 6B), 
although thick TJ strands were occasionally 
observed (Figure 6B, inset). The complexity 
of the TJ-strand network was slightly, but 
not significantly, higher (Figure 6C and Sup-
plemental Figure S7A), and horizontal 
strand number was similar, compared with 
the Ctrl cells (Figure 6D and Supplemental 
Figure S7B). We simulated the permeability 
of ions and macromolecules in these cells 
using the simplified TJ-strand mathematical 
model with corresponding TJ network com-
plexity. The partition densities in the models 
of the dKO #1+Flag-OCLN OE cells (OCLN-
OE model) and dKO #1-Flag-TRIC OE cells 
(TRIC-OE model) were determined to be 
6.2 and 4.8 µm–1, respectively, based on the 
branching frequency shown in Figure 6C. 
The TER value was predicted to be higher in 
the OCLN-OE and TRIC-OE models by 26% 
and 6%, respectively (Figure 6E). The pre-
dicted Papp values were lower than that in 
the Ctrl model (OCLN-OE model, 34%; 
TRIC-OE model, 10% in both 4- and 10-kDa 
simulations) (Figure 6E). Next, we examined 
actual barrier function of these cells by TER 
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measurement and tracer-flux assay. The TER values of the dKO 
#1+Flag-OCLN OE cells and dKO #1+Flag-TRIC OE cells were sig-
nificantly higher than that of the Ctrl cells (OCLN, 24%; TRIC, 14%) 
(Figure 6F). In the dKO #1+Flag-OCLN OE cells, the Papp value of 
10-kDa dextran was significantly decreased by 50% compared with 
the Ctrl cells and there was no change in the flux of 4- and 250-kDa 
tracers. No significant differences were detected in the Papp values 
of any tracer size between the Ctrl cells and the dKO #1+Flag-TRIC 
OE cells (Figure 6F).

These data indicate that overexpression of occludin and tricellu-
lin leads to increased complexity and support the idea that occludin 
and tricellulin strengthen the epithelial barrier by regulating the 
complexity of the TJ-strand network.

DISCUSSION
In the present study, we showed that double KO of the Tric and Ocln 
genes reduces the strand-to-strand junction points (branching 
points, cross-points, T-junction, or bifurcation) of the TJ strands, 
whereas a single KO of either Tric or Ocln has no drastic effects. TER 
measurement and tracer-flux assay revealed that the Tric/Ocln-dKO 
cells exhibited increased permeability for ions and macromolecules 

of 4–10 kDa compared with the Ctrl cells, Tric-KO cells and Ocln-KO 
cells. The increased permeability in the Tric/Ocln-dKO cells cannot 
be explained by reduced TJ localization of claudin-3 (Figure 2, D 
and E) alone because the localization of claudin-3 was also altered 
in the Tric-KO and Ocln-KO cells, in which the barrier function was 
only slightly impaired. Hence, we hypothesized that the reduced 
complexity of the TJ-strand network is the direct cause of the re-
duced barrier function. In concordance with the experimental data, 
our computational simulation using a simplified TJ-strand network 
model predicted that reduced cross-links in the TJ-strand network 
resulted in the increased permeability of both ions and small-sized 
macromolecules. These data collectively demonstrate that tricellulin 
and occludin coordinately regulate the formation and/or stabiliza-
tion of TJ-strand branching points, which contributes to the estab-
lishment and maintenance of the tight barrier of epithelial cells.

Because occludin is preferentially localized at the free ends and 
strand-to-strand junction points of the TJ strands (Van Itallie et al., 
2017) and the branching points of the TJ strands were reduced by 
the loss of tricellulin and occludin (Figure 3, B and C, and Supple-
mental Figures S6 and S7A), one would speculate that tricellulin and 
occludin serve as connectors (Figure 7, coupling model). We would 
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FIGURE 7: Hypothetical working models for how tricellulin and occludin contribute to the TJ assembly and barrier 
function. Schematic diagram of branching points of claudin-based TJ strands in the presence or absence of tricellulin/
occludin expression. TJ strands are connected to each other in either end-to-end (left) or end-to-side (right) manner at 
the branching points. Tricellulin and occludin may facilitate the formation of branching points by directly connecting 
strands (coupling model) or stabilizing the linkage of junctions (reinforcement model). In the Ctrl cells, the solutes 
entering the strand network through breaks are confined in the compartment. On the other hand, in the absence of 
tricellulin/occludin, the solutes easily diffuse and spread to interstrand spaces, which results in an increased 
permeability.

#1+Flag-OCLN OE) and 667 (dKO #1+Flag-TRIC OE). **p < 0.01; n.s., p ≥ 0.05 in Welch’s t test with Bonferroni’s 
correction (vs. Ctrl cells [cyan] and vs. Tric/Ocln-dKO #1 cells [magenta]). (E) Averaged TER values and Papp of 4- and 
10-kDa macromolecule tracers in the simplified TJ-strand models with partition densities of 4.4 (Ctrl cell model), 6.2 
(OCLN-OE cell model), and 4.8 µm–1(TRIC-OE cell model) and three horizontal rows. The Papp and TER values are an 
average of 512 and 106 simulations, respectively. (F) TER values and Papp of 4-, 10-, and 250-kDa FITC-dextran in the 
Ctrl, dKO #1+Flag-OCLN OE, and dKO #1+Flag-TRIC OE cells. n = 16–17 (TER), n = 4–5 (tracer flux); 25, 50, and 75 
percentiles are shown (lines). ***p <0 .001; **p < 0.01; *p < 0.05; n.s., p ≥ 0.05 in Tukey–Kramer test.
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argue that this would not be likely for the following reasons: 1) TJ 
strand–like structures in claudin-expressing L-fibroblasts or Rat-1 fi-
broblasts, in which no expression of TAMP family proteins have 
been reported, are branched (Sasaki, Matsui, et al., 2003; Van Itallie 
et al., 2017), suggesting that claudins have an intrinsic ability to form 
bifurcations; 2) these branching points of TJ strands can break and 
anneal at all three join points, suggesting that there is no end-to-
side attachment mechanism (Van Itallie et al., 2017); and 3) the cou-
pling model demands that TJ strands preferentially make branching 
points with specific angles; however, there is no change in the distri-
bution of angles between strands at the branching points in the 
Tric-KO, Ocln-KO, or Tric/Ocln-dKO cells compared with the Ctrl 
cells (Supplemental Figure S7C). Based on the above, it is most 
likely that tricellulin and occludin may stabilize the branching points 
and reduce the propensity for detachment (Figure 7, reinforcement 
model). This model can explain how loss of tricellulin/occludin leads 
to fragile connection of branching points (Figure 7, bottom). Al-
though the reduction in the branching points can account for the 
impaired barrier function observed in the Tric/Ocln-dKO cells, we 
cannot exclude the possibility that tricellulin and occludin also regu-
late the stability and/or continuity of TJ strands themselves. Future 
structural studies of the intramembranous interaction between clau-
dins and tricellulin/occludin would help us understand the exact ac-
tion of tricellulin/occludin on the TJ strands.

It has been presumed that the number and complexity of TJ 
strands are important determinants of the TJ barrier properties 
(Claude and Goodenough, 1973; Claude, 1978; Madara and 
Dharmsathaphorn, 1985; Tsukita et al., 2001; Schneeberger and 
Lynch, 2004; Varadarajan, Stephenson, and Miller, 2019). It would 
be easy to understand that the number of horizontal rows of TJ 
strands in the network is corelated with the barrier property (Claude 
and Goodenough, 1973; Claude, 1978; Madara and Dharmsatha-
phorn, 1985) because the horizontal strands directly prevent the 
passage of substances on the paracellular pathway. However, the 
importance of strand complexity has not been demonstrated before 
because it has been unclear how the complexity of the TJ-strand 
network is regulated. In the present study, by establishing Tric/Ocln-
dKO cells, we discovered one of the mechanisms defining the com-
plexity of the TJ-strand network. Furthermore, using a mathematical 
model, we clearly demonstrated that the complexity of the TJ-
strand network regulates barrier function. A small meshwork struc-
ture of the TJ strand may prevent the horizontal diffusion of solutes 
and reduce the permeability of the paracellular pathway (Figure 7, 
left). Although our model predicts that the TJ strand complexity 
regulates the permeability of ions and macromolecules through 
large breaks in the TJ strands (leak pathway), the strand complexity 
may also regulate the “pore” pathway, because pore-forming clau-
din channels are gated and shuttle between “open” and “closed” 
states (Weber et al., 2015), similar to the stochastic “breaks” on TJ 
strands in the leak pathway.

Although claudins are conserved in both vertebrates and inver-
tebrates (Furuse and Tsukita, 2006), the TAMP family proteins (tricel-
lulin, occludin, and MarvelD3) are conserved only in vertebrates 
(Steed et al., 2009; Raleigh, Marchiando, Zhang, et al., 2010)., Inver-
tebrates have occluding junctions called septate junctions (SJs) as a 
functional counterpart of tight junctions (Furuse and Tsukita, 2006). 
Interestingly, SJs are composed of 5–30 strands with no cross-links 
(Noirot-Timothee and Noirot, 1980). In our mathematical modeling, 
a TJ-strand network without cross-links exhibited an increased per-
meability. Surprisingly, if the network is exclusively composed of 
parallel strands without cross-links, 12–200 horizontal rows of 
strands are required to exert the barrier function similar to the cross-

linked network with 3–7 rows of horizontal strands. Invertebrates 
and vertebrates may have adopted distinct strategies to improve 
the tightness of the paracellular barrier. Invertebrates increased the 
number of unbranched SJ strands to achieve a tight barrier, while 
the ancestral vertebrates may have acquired the ability to cross-link 
the TJ strands to utilize network complexity in improving the tight-
ness of the barrier.

Tricellulin and occludin may not be the only determinants of 
branching formation in the TJ-strand network. In vertebrates, TJ 
strands found in the interlamellar TJs of the oligodendrocytes in the 
brain, “Sertoli junctions” formed between Sertori cells in the testis, 
and TJs in the basal cells of stria vascularis in the inner ear are 
scarcely branched and tend to run parallel (Gow et al., 1999, 2004; 
Morita et al., 1999; Kitajiri, Miyamoto, et al., 2004). There is no de-
tectable expression of occludin and tricellulin at the interlamellar 
junctions (Morita et al., 1999; Iwamoto et al., 2014). However, in the 
Sertoli cells of mice and rats (Moroi et al., 1998) and basal cells in 
stria vascularis (Gow et al., 2004; Kitajiri, Miyamoto, et al., 2004), 
occludin is expressed and localized at cell–cell junctions. Claudin-11/
OSP (oligodendrocyte-specific protein) is the major component of 
the TJs in these cells (Gow et al., 1999, 2004; Morita et al., 1999; 
Kitajiri, Miyamoto, et al., 2004), and claudin-11–based TJ strand–like 
structures in the L-fibroblasts are scarcely branched and tend to run 
parallel to each other unlike in other classic claudins (Morita et al., 
1999). Thus, it is likely that claudin-11 has an intrinsic property to 
form unbranched TJ strands irrespective of the presence of occludin 
and tricellulin. Fluorescence resonance energy transfer (FRET) analy-
sis using CFP-claudin-11– and YFP-TAMPs–expressing HEK293 cells 
revealed that there was no cis-interaction between claudin-11 and 
TAMPs compared with classic claudins-1–5 (Cording et al., 2013), 
further supporting the view that occludin does not induce bifurca-
tions of claudin-11–based TJ strands. However, Ocln-KO mice ex-
hibited male sterility (Saitou et al., 2000), suggesting that occludin 
may have some function other than making cross-links of TJ strands 
at the Sertoli junctions. Claudin-19 is another example of a claudin 
that is also reported to induce the formation of scarcely branched 
parallel TJ strands (Hou et al., 2008), even in the presence of occlu-
din/tricellulin (Gong, Renigunta, et al., 2015). In light of the above, 
the intrinsic property of claudins, as well as the regulation by tricel-
lulin/occludin, may determine the complexity of the TJ-strand net-
work in the tissues in vivo.

It was reported that loss of occludin expression did not change 
the steady-state TER values in Ocln-knockdown MDCK II cells (Yu 
et al., 2005; Van Itallie et al., 2010) or Caco-2 cells (Raleigh, Marchi-
ando, Zhang, et al., 2010) and in the small and large intestines of 
Ocln-KO mice (Saitou et al., 2000; Schulzke et al., 2005). Our result 
that Ocln-KO cells exhibit slightly decreased TER is in line with these 
previous reports. As for tricellulin, it was reported that tricellulin-
knockdown in EpH4 cells (Ikenouchi et al., 2005) or HT-29/B6 cells 
(Krug, 2017) decreased the TER and increased the macromolecular 
permeability. In contrast, our results and other previous reports us-
ing MDCK II cells (Van Itallie et al., 2010) and Caco-2 cells (Raleigh, 
Marchiando, Zhang, et al., 2010) showed that tricellulin is dispens-
able for the establishment of a tight barrier. The divergence of re-
sults might arise from the difference in cell types or experimental 
setup. Double-knockdown of tricellulin and occludin was reported 
to delay the maturation of the TJ barrier but did not alter the steady-
state TER (Raleigh, Marchiando, Zhang et al., 2010), which is also in 
clear contrast to our results. This difference could be due to the cell 
type. Alternatively, the residual proteins might still function in knock-
down cells, which was the case for ZO proteins (Umeda, Ikenouchi, 
et al., 2006; Otani et al., 2019). The other TAMP family protein, 
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MarvelD3, was also suggested to have redundant roles with tricel-
lulin and occludin in barrier establishment (Raleigh, Marchiando, 
Zhang, et al., 2010). A triple knockout study in the future would re-
veal the common function of the TAMP family.

Although tricellulin and occludin have similar domain organiza-
tions, these proteins are differentially localized. Tricellulin is exclu-
sively localized at tricellular junctions, where three epithelial cells 
meet (Higashi and Miller, 2017; Higashi and Chiba, 2020), whereas 
occludin is distributed along bicellular TJ, suggesting that tricellulin 
and occludin function at tTJs and bicellular TJs, respectively. Previ-
ous reports (Ikenouchi et al., 2008; Kitajiri et al., 2014) and our data 
(Supplemental Figure S5) showed that occludin is responsible for 
the confinement of tricellulin at tricellular contacts. In the absence of 
occludin, tricellulin may ectopically localize at bicellular TJs through 
an angulin-1–independent mechanism (Supplemental Figure S5) 
and act as a substitute for occludin in Ocln-KO cells. Although it 
would be interesting to investigate the tTJ structure in the Tric-KO, 
Ocln-KO, and Tric/Ocln-dKO cells, we could not find a sufficient 
number of tTJs in order to discuss the changes in structure, because 
tTJs are quite rare and difficult to find in freeze-fracture replica sam-
ples. How tricellulin and occludin contribute to the formation of tTJs 
is an interesting future question to be addressed.

In summary, we found that tricellulin and occludin play an impor-
tant role in forming TJ-strand branching points and regulate the 
complexity of the anastomosing TJ-strand network. We believe that 
our mathematical modeling will help clarify how the complexity of 
the TJ-strand network affects the paracellular permeability. It would 
be of great interest for future studies to investigate whether the tri-
cellulin/occludin-mediated regulatory mechanism functions in phys-
iological and pathological situations.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture
MDCK II, HEK293T, and SP2 cells were cultured in DMEM (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum 
(FBS; Sigma-Aldrich) and were maintained in a 5% CO2 incubator 
(Panasonic Healthcare, Tokyo, Japan) at 37°C. All KO cell clones of 
the MDCK II cells were established from a parental Cldn2-KO MDCK 
II cell line. Thus, the Cldn2-KO cell line is written as “Ctrl” cell in this 
article.

Antibodies
Rat anti-occludin monoclonal antibody (mAb) (clone MOC37) 
(Saitou et al., 1997) and rabbit anti–angulin-1 polyclonal antibody 
(pAb) (Oda, Sugawara, et al., 2020) were previously described. Rab-
bit anti–occludin pAb (#LS-B2187) was purchased from Lifespan 
(USA). Rat anti–ZO-1 (alpha+) mAb (clone R40.76; sc-33725), mouse 
anti–claudin-1 mAb (clone XX7; sc-81796), and mouse anti-cingulin 
mAb (clone G-6; sc-365264) were obtained from Santa Cruz Bio-
technology (USA). Rabbit anti–ZO-1 pAb (#61-7300), rabbit anti-tri-
cellulin mAb (clone 54H19L38; #700191), rabbit anti–claudin-2 pAb 
(#51-6100), rabbit anti–claudin-3 pAb (#34-1700), and mouse anti–
claudin-4 mAb (#32-9400) were from Thermo Fisher Scientific (USA). 
Rabbit anti–claudin-1 pAb (#18815) and rabbit anti–claudin-7 pAb 
(#18875) were from Immuno-Biological Laboratories (Gunma, Ja-
pan). Mouse anti–E-cadherin mAb (clone 36; #610182) was from BD 
Biosciences (USA). Rabbit anti–α-catenin mAb (clone 23B2; #3240) 
and rabbit anti–E-cadherin mAb (clone 24E10; #3195T) were from 
Cell Signaling Technology (USA). Mouse anti–β-actin mAb (clone 
AC-15; #A1978) and mouse anti-Flag M2 horseradish peroxidase 

(HRP)-linked mAb (#A8592) were obtained from Sigma-Aldrich. 
Mouse anti-DYKDDDDK (Flag)-tag mAb (#018-22386) was from Fu-
jifilm WAKO (Osaka, Japan).

Rat anti-tricellulin mAb and rat anti–claudin-2 mAb were house-
made. The DNA fragment encoding the N-terminal region of human 
tricellulin containing aa 1–153 (Supplemental Figure S9) was ampli-
fied from the cDNA library of Caco-2 cells by PCR using PrimeSTAR 
DNA Polymerase (Takara Bio, Shiga, Japan) and specific primers 
with BamHI and EcoRI sites. The fragment was cloned into pGEX-
4T3 (GE Healthcare, USA), and the DNA sequence was verified 
(Macrogen Japan, Kyoto, Japan). The recombinant GST-tricellulin 
NT fusion protein was produced in Escherichia coli strain BL21 (Ta-
kara Bio) and purified with glutathione beads (Takara Bio) according 
to the manufacturer’s instruction. A peptide (NH2-CRPGQPPKVKSE-
FNS-COOH) corresponding to the cytoplasmic terminus of human 
claudin-2 was synthesized by Eurofins Genomics (Tokyo, Japan) and 
conjugated with Keyhole limpet hemocyanin (#77605; Thermo 
Fisher Scientific). Then, the proteins were dialyzed against phos-
phate-buffered saline (PBS) and mixed with Freund’s complete adju-
vant (BD Biosciences) to make an emulsion. The emulsion was sub-
cutaneously injected into the footpads of 8-wk-old Wistar rats. The 
experiments conducted using animals strictly adhered to the com-
pliance standards of Japanese Guidelines for Proper Conduct of 
Animals Experiments. The protocols of the animal experiments 
(#29098, #30112, and #2019023) were reviewed by the Fukushima 
Medical University’s Animal Care and Use Committee and were ap-
proved by the president of the University. After 2 wk, the rats were 
killed by cervical dislocation under deep anesthesia using sevoflu-
rane (Fujifilm Wako). The iliac lymph nodes were dissected out asep-
tically and minced, and the lymphocytes were isolated by filtration 
with a nylon cell strainer (#352350 Corning, USA). The lymphocytes 
were fused with mouse myeloma cell line SP2 using PEG4000 
(#1.09727.0100; Merck Millipore, Darmstadt, Germany), and hybrid-
oma cells were selected using GIT medium (Fujifilm Wako) contain-
ing hypoxanthine–aminopterin–thymidine (HAT) (Life Technologies, 
USA) supplemented with 10% BM-Condimed H1 (Sigma-Aldrich) for 
7–10 d. The initial screening was conducted with a solid-phase en-
zyme-linked immunosorbent assay (ELISA) using a GST-tricellulin NT- 
or claudin-2 peptide–coated 96-well microplate (#655101; Greiner 
bio-one, Kremsmünster, Austria). GST alone and PBS were used as 
negative controls, respectively. Positive clones were expanded and 
further tested for immunofluorescence staining, and one clone with 
high specificity and a good titer was selected for each immunogen 
(clone 1E2 for tricellulin; clone 2D7 for claudin-2).

For the secondary antibodies used in the immunofluorescence 
staining, Alexa Fluor 488–conjugated donkey anti-mouse immuno-
globulin G (IgG) pAb (#715-545-150), Alexa Fluor 488–conjugated 
donkey anti-rabbit IgG pAb (#711-545-152), Alexa Fluor 488–conju-
gated donkey anti-rat IgG pAb (#712-545-153), Cy3-conjugated 
donkey anti-mouse IgG pAb (#715-165-151), Cy3-conjugated don-
key anti-rabbit IgG pAb (#711-165-152), and Cy3-conjugated don-
key anti-rat IgG pAb (#712-165-153) were purchased from Jackson 
ImmunoResearch Laboratories, USA). For immunoblotting, HRP-
linked sheep anti-mouse IgG pAb (#NA931V; GE Healthcare), HRP-
linked goat anti-rabbit IgG pAb (#7074P; Cell Signaling Technology) 
and HRP-linked goat anti-rat IgG pAb (#NA935V; GE Healthcare) 
were used.

Generation of the Cldn2-KO, Tric-KO, Ocln-KO, and 
Tric/Ocln-dKO cell lines
Cldn2-KO cells (designated “Ctrl” cells in this paper) were gener-
ated by CRISPR/Cas9-mediated genome editing from MDCK II 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-07-0464
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cells, and Tric-KO, Ocln-KO, and Tric/Ocln-dKO cells were gener-
ated from parental “Ctrl” Cldn-2-KO cells. The DNA oligos encod-
ing single-guide RNAs (sgRNAs) (Supplemental Figures S1 and S3) 
were synthesized (Macrogen Japan), and the annealed DNA oligos 
were cloned into pSpCas9 (BB)-2A-Puro (PX459) plasmids (Add-
gene, USA; plasmid #62988) (Ran, Hsu, et al., 2013) at the BbsI 
cleavage sites. Next, 7 × 104 to 1 × 105 cells were transiently trans-
fected with a pair of plasmids encoding gRNAs (CRISPR-1 and 
CRISPR-2, 1 µg each) by PEI-max (Polysciences, USA) in a 12-well 
plate overnight. The transfected cells were selected with 3 µg/ml 
puromycin (Sigma-Aldrich) for 1 d. The cells were then sparsely 
seeded onto 10-cm dishes, and the cell clones were obtained by 
scraping off the cell colonies. After establishment of cell clones, we 
confirmed that the cells were no longer resistant to puromycin.

Screening of KO cell clones
Genomic DNA was extracted from the cell clones by incubating cell 
suspension with 200 µg/ml proteinase K (Promega, USA) for 20 min 
at 55°C followed by inactivation of proteinase K by heating at 95°C 
for 5 min. The DNA fragments of the Cldn2, Tric, and Ocln loci were 
amplified by PCR using GoTaq DNA polymerase (Promega) and the 
specific primers (Supplemental Table S2 and Supplemental Figure 
S3). For screening of the Tric/Ocln-dKO clones, the Primer A/Primer 
C and Primer A/Primer E were used for the detection of wild-type 
(WT) and KO alleles, respectively. PCR products were subcloned 
into a cloning vector using the TA-cloning method (pGEM-T-easy; 
Promega), and the DNA sequences were analyzed (Macrogen Ja-
pan). At least six independent subclones encompassing PCR prod-
ucts were analyzed for each cell clone to ensure that the sequences 
of both alleles were examined.

Establishment of stable cell clones expressing 
Flag-tricellulin, Flag-occludin, or GFP-nls
A cDNA library of MDCK II cells were synthesized using the Prime-
Script II 1st strand cDNA Synthesis Kit (Takara Bio). cDNAs encoding 
dog Tric and dog Ocln were amplified using PrimeSTAR GXL DNA 
Polymerase and were cloned into the pCAG vector (Niwa et al., 1991) 
with N-terminal 1xFlag (DYKDDDDK) and 2xStrep II (WSHPQFEK) 
tags (previously described [Higashi et al., 2013]) with a C-terminal 
vector-derived sequence (EFTPQVQAAYQKVVAGVANALAHKYH). 
The vector encoding nuclear GFP (GFP-nls) was constructed by clon-
ing the DNA fragments encoding IRES, EGFP, and the 3x nuclear lo-
calization signal (DPKKKRKVRS) into the pCAG vector. To establish 
the Tric/Ocln-dKO cell clones stably expressing exogenous Tric or 
Ocln and the Ctrl cell clone expressing GFP-nls, the cells were trans-
fected with the vectors using PEI-max and were selected with 200 
µg/ml G418 (Sigma-Aldrich) for 9 d. The cells were then screened by 
immunostaining and fluorescence microscopy.

Immunofluorescence microscopy and image acquisition
For fluorescence microscopy, cells cultured on coverslips or tissue 
sections were fixed with 99.9% methanol (Fujifilm Wako) for 15 min 
at –20°C or 1% formaldehyde (Fujifilm Wako) for 30 min at room 
temperature (RT), permeabilized with 0.2% Triton X-100 in PBS for 5 
min at RT, and washed with PBS three times. After blocking with 2% 
bovine serum albumin (BSA) in PBS, the coverslips were incubated 
with primary antibodies diluted in Signal Booster solution F (Beacle, 
Kyoto, Japan) for 2 h at RT or overnight at 4°C. After incubation with 
secondary antibodies and three washes with PBS, cells were 
embedded with FLUORO-GEL II with DAPI (Electron Microscopy 
Sciences, USA). The samples were observed with a laser scanning 
confocal microscope (FV1000; Olympus, Tokyo, Japan) with a 60× 

oil-immersion objective lens (UPlanSApo 60×; Olympus) at laser 
wavelengths of 405, 488, and 559 nm or a fluorescence microscope 
(BX61; Olympus) with a 40× objective lens (UPlanSApo 40×; Olym-
pus) equipped with a mercury lamp, dichroic filter sets (NIBA, WIG, 
and WU), and a cooled charge-coupled device (CCD) camera (DP71; 
Olympus). Images were acquired with fluoview ver. 4.2b (Olympus) 
or cellSens ver. 1.14 (Olympus) and processed with Photoshop 
(Adobe, USA). Fluorescence intensity along the cell–cell junctions 
was quantified with ImageJ software by subtracting the background 
signal at the cytoplasm. Graphs were generated with Excel 
(Microsoft).

Immunoblotting
Cells were washed with PBS twice, lysed in CelLytic MT (Sigma-Al-
drich) supplemented with cOmplete Mini protease inhibitor cocktail 
(Sigma-Aldrich) and PhosSTOP phosphatase inhibitor cocktail 
(Sigma-Aldrich), and diluted in the SDS sample buffer (62.5 mM Tris-
HCl, pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.005% 
bromophenol blue [BPB]). Sample protein concentration was deter-
mined by BCA Protein Assay (Thermo Fisher Scientific), and equal 
amounts of protein were loaded. Proteins were separated by SDS–
PAGE using 7.5% or 5–20% gradient gels (Fujifilm WAKO, Osaka, 
Japan) and transferred to the polyvinylidene fluoride (PVDF) mem-
brane (Immobilon, Merck). The membrane was blocked with 5% 
nonfat dried milk in Tris-buffered saline (TBS) with 0.1% Tween-20 
(TBS-T) for 30 min at RT and incubated with a primary antibody di-
luted in Signal Booster solution A (Beacle) overnight at 4°C. After 
three washes with TBS-T, the membrane was incubated with HRP-
conjugated secondary antibody in Signal Booster solution B (Beacle) 
for 1 h at RT. After three washes with TBS-T, the membranes were 
incubated with ECL prime (GE Healthcare) and developed using 
LAS4000 (GE Healthcare). The membranes were reblotted with β-
actin as a loading control.

Transmission electron microscopy of ultrathin sections
Cells (2 × 105 cells/ml) were seeded onto polycarbonate Transwells 
with a 0.4-µm pore size (#3401; Corning, USA) and cultured for 6 d. 
The cells were washed with 0.1 M phosphate buffer (PB) and pre-
fixed with 2% glutaraldehyde in 0.1 M PB at 4°C for overnight. The 
filters were excised with scalpels and washed with 0.1 M cacodylate 
buffer (pH 7.4) three times. Next, the filters were postfixed with 
0.1% OsO4 in 0.1 M cacodylate buffer for 30 min at 4°C and washed 
with water three times. The filters were subsequently stained en 
bloc with 0.5% aqueous uranyl acetate for 30 min at RT. After three 
washes with water, the filters were dehydrated with a graded etha-
nol series (65%/75%/85%, for 10 min at each concentration), further 
dehydrated in 95% and 99.5% ethanol for 15 min each, and trans-
ferred to 100% ethanol for two 15 min incubations. After incubating 
in propylene oxide for 1 min, the filters were incubated in a 1:1 
mixture of propylene oxide/Quetol 812 resin (Nissin EM) overnight, 
and after three transfers through Quetol 812, the resin was polymer-
ized at 60°C for >48 h. Semithin sections (0.5 mm) were cut and 
stained with toluidine blue to examine the sample preparation. Ul-
trathin sections (50–70 nm) were cut and mounted on 200-mesh 
copper grids. The sections were stained with 0.5% aqueous uranyl 
acetate in the dark for 3 min at RT, washed with water, further stained 
with Sato’s lead solution for 3 min at RT, washed with water again, 
and then allowed to dry. The samples were observed with a 
JEM1010 transmission EM (JEOL, Tokyo, Japan) at 100 kV accelerat-
ing voltage. Images were captured with a Veleta CCD camera using 
iTEM software (Olympus Soft Imaging Solutions). Cell–cell junctions 
at the most apical cell contacts were observed.
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Transmission electron microscopy of freeze-fracture replicas
Freeze-fracture replicas were produced using a method described 
previously (Tarusawa et al., 2009) with some modifications. The pre-
fixed cells on the filters with a 0.4-µm pore size (#353090; Corning) 
were prepared in the same way as the samples for ultrathin sections. 
After three washes with 0.1 M PB, the samples were cryoprotected 
with 30% glycerol in 0.1 M PB at 4°C overnight and then rapidly 
frozen in between two copper carriers by using a high-pressure 
freezing machine (HPM010; BAL-TEC, Balzers, Liechtenstein). The 
cells were then fractured by separation of the two carriers at –120°C 
and replicated by platinum (45° unidirectional from horizontal level, 
2 nm thick) and carbon (20 nm thick) in a freeze-fracture replica ma-
chine (BAF060; BAL-TEC). The replicated materials were transferred 
to a solution containing kitchen bleach (50%) and incubated with 
shaking until the cell debris was removed from the replicas. The 
replicas were washed twice with distilled water and picked up onto 
grids coated with pioloform (Agar Scientific, Stansted, Essex, UK) for 
TEM observation. All freeze-fracture images were presented apical-
side up in the figures.

Transepithelial electric resistance measurement
Cells (1 × 105 cells/ml) were seeded onto polycarbonate Transwells 
with 0.4-µm pore size (#3401; Corning) and cultured for 8 d. The 
alternating-current (AC) electric resistance between the apical and 
basal compartments was measured using a volt-ohm-meter (Millicell 
ERS-2; EMD Millipore, USA). All measurements were subtracted by 
a blank measurement of a Transwell filter without cells and then mul-
tiplied by the culture area of the Transwell filter to calculate the unit 
area resistance.

Tracer flux measurement
After TER measurement, the basal medium was replaced with phe-
nol red-free DMEM (Life Technologies) supplemented with 10% 
FBS. The apical medium was replaced by the medium with 1 mg/ml 
FITC-dextran of molecular mass of 3–5 kDa (FD4; Sigma-Aldrich), 10 
kDa (FD10S; Sigma-Aldrich), or 250 kDa (FD250S; Sigma-Aldrich). 
The cells were incubated in a 5% CO2 incubator at 37°C for 2 h, and 
the basal medium was collected. Fluorescence intensity of the me-
dium was measured by microplate reader equipment (VARIOSKAN 
LUX; Thermo Fisher Scientific) in a black-bottomed 96-well plate 
(Corning). Standard curves were determined by measuring the fluo-
rescence intensities of a serial dilution series of the FITC-dextran. 
Blank measurement of the medium without FITC-dextran was sub-
tracted from the sample values. The apparent permeability coeffi-
cient (Papp) was calculated using the following equation:

P
dQ

dt A C
cm/s

1
app )( =

×

where dQ is the amount of tracer transported to the acceptor (basal) 
compartment during the time period dt, A is the area of the filter, 
and C is the initial concentration of the donor (apical) 
compartment.

Statistical analysis
The results are presented as mean ± SD unless otherwise indicated. 
Statistical significance of differences was evaluated by the Welch’s t 
test in Supplemental Figures S1E, S2, F and I, and S5, D and E, using 
Excel software; by the Welch’s t test with Bonferroni’s correction in 
Figures 3D and 6D and Supplemental Figure S4B using Excel soft-
ware; by the Poisson’s exact test in Figures 3C and 6C and Supple-
mental Figure S2D using Excel software; by the weighted Welch’s t 
test in Figure 2E using R software; and by the Tukey–Kramer’s test in 

Figures 4 and 6F using R software, and a p < 0.05 was considered to 
be statistically significant.

Mathematical model
To evaluate the contribution of the TJ-strand complexity on the bar-
rier function of TJs, a simplified multistrand mathematical model for 
the TER and macromolecular permeability was generated. The basic 
scheme of the model was essentially based on a previously reported 
computational dynamic strand model (Tervonen et al., 2019).

The permeation pathways are divided into bicellular and tricel-
lular pathways. The bicellular pathway model is based on the simpli-
fied tile-like two-dimensional structure, which consists of horizontal 
rows and vertical partitions mimicking the complicated anastomos-
ing TJ-strand networks (Figure 5A). TJ strands undergo stochastic 
breaks (break probability pbreak = 0.05 [s–1µm–1]) and reseal (reseal-
ing probability pseal = 0.033 [s–1]). The resealing probability pseal was 
defined based on previously reported experimental data (Sasaki, 
Matsui, et al., 2003; Van Itallie et al., 2017).

For the simulation of macromolecule permeability, we created a 
diffusion model using small particles with 4 kDa (14 Å radius) and 10 
kDa (23 Å radius) and simulated the diffusion of particles among the 
compartments. The temporal change of the number of particles in 
each compartment is described by the following equation (Tervonen 
et al., 2019):

dq t

dt
K t q t K t q ti

j i

n

ji j ij i∑ )() ) ) ) )( ( ( ( (= −
≠

 (1)

K t
l r t

A
Pij

break ij

i
break) )( (

=  (2)

where Kji (t) [s–1] is the time-dependent rate coefficient of perme-
ation of particles from compartment j to i, qi (t) is the number of 
particles in the compartment i at time t, lbreak is the size of the break 
in the strand (40 nm) (Sasaki, Matsui, et al., 2003; Van Itallie et al., 
2017), rij (t) is a function describing the intact-broken state of the 
strand between compartments i and j (0: intact, 1:broken), Ai [m2] is 
the area of compartment i, and Pbreak [m/s] is the permeability coef-
ficient of the strand break of indefinite length. The number of parti-
cles in the donor and acceptor compartments are referred to qdonor 
(t) and qacceptor (t), respectively. Initial parameters at time t = 0 are set 
to qdonor (0) = 6.022 × 1011 and qi (0) = qacceptor (0) = 0. Because the 
donor compartment is assumed to be connected to the abundant 
pool of particles, qdonor (t) is set to remain constant (dqdonor (t)/dt = 
0). Additionally, because the acceptor region is connected to a large 
space, which serves as a sink, the backflow from the acceptor com-
partment into the upper small compartments was ignored. The 
Pbreak is proportional to the relative area of TJs per area of epithe-
lium, so that the permeability reflects the complexity of cell bound-
ary shape and size of the cells:

P
W l D H

hbreak
TJ cb s

strand

0 )(
=

λ
 (3)

H 1
9

16
ln 1.19358 0.4285

0.3192 0.08428

s
3

4 5

) ) )( ( (λ = + λ λ − λ + λ

− λ + λ

 

(4)

where WTJ is the TJ width (8 nm) (Suzuki, Tani, et al., 2015), lcb is the 
cell boundary length per epithelium area (0.28 µm–1) analyzed from 
our experimental data, D0 [m2 s–1] is the diffusion coefficient of the 
permeating particle, hstrand is the strand height (6 nm) (Adson et al., 
1994), and Hs (λ) is the slit hindrance factor that depends on the 
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particle diameter dm [m] and WTJ (λ = dm/WTJ) (Dechadilok and Deen, 
2006). The diffusion coefficient D0 is determined based on the diffu-
sion coefficients of FITC-dextran with molecular weight Mw [Da] of 
4–2000 kDa as reported previously (Gribbon and Hardingham, 
1998):

D M2.71 10 w0
5 0.37= × − −  (5)

Intact strands stochastically break with the probability pbreak 
[m–1s–1], and broken strands reseal with the probability pseal [s–1]. The 
break probability pbreak is proportional to the length of the sections 
between compartments so that the longer sections undergo more 
frequent breaks.

The initial state of the strands (intact or broken) is determined by 
the infinite state of Markov chain:

p p
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p p
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break ij break ij
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0 else
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ij broken,
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where pij,intact and pij,broken are the probabilities of the strand section 
between compartments i and j initially being in intact or broken 
states, respectively, lij [m] being the length of the strand section be-
tween those compartments and ξ being the pseudo-random num-
ber in the range of 0 to less than 1.

The strand state (rij (t)) is described by the following equation:

( ) ( )= + =
ξ <
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1 ······ 1

0

1 else
ij ij

seal

( ) ( )= + =
ξ <
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1

0 else
ij ij

break ij
 (8)

The concentration for each compartment is set to

C t
q t

N Ai
i

A i
) )( (

=  (9)

where ci (t) [M] is the concentration of particles in each compartment 
at time t and NA is the Avogadro’s constant (6.022 × 1023 mol–1). The 
volume is replaced with Ai [m2] because the model is two-dimen-
sional. The differential equations described by Eqs. 1 and 2 is solved 
using Matlab’s (Release 2020a: The Math Works, Natick, MA) ode23 
differential equation solver, which uses second- and third-order 
Runge–Kutta formulas. The simulation is run multiple times, and the 
linear phase of the average qacceptor curve is used to calculate the 
bTJ permeability coefficient:

P
dq t

dt W C

1
bTJ

acceptor

model donor

)(
=  (10)

where Wmodel is the entire width of the model (5000 nm), which re-
places the area in this two-dimensional model. A first-degree poly-
nomial line is fitted to the linear phase of the average qacceptor to 
obtain the slope.

The permeability model of the tTJ central tubes is assumed to 
be the static pores and is described by the following equation 
(Tervonen et al., 2019):

P
r D H
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tTJ tTJ p

tTJ
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where rtTJ is the radius of the tricellular pore (5 nm) (Staehelin, 1973), 
ρtTJ is the density of the tricellular junctions (0.014 µm–2) (Tervonen 
et al., 2019), Hp (λ) is the pore hindrance factor (λ = dm/2rtTJ), and 
htTJ is the tricellular pore height (1 µm) (Staehelin, 1973; Krug et al., 
2009). The equation for Hp was derived from a previous report 
(Dechadilok and Deen, 2006).

The total epithelial TJ permeability is finally calculated based on 
the parallel connection between the two pathways as

P P PTJ bTJ tTJ= +  (13)

The simulation time for the bicellular TJ model is 7200 [s], and 
the stochastic behavior is further averaged by running the simula-
tions 512 times.

The partition density ρpd (Figure 5B) is determined based on the 
following equations:
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where ρexp is the frequency of the TJ-strand branching points deter-
mined experimentally [m–1] (Figures 3C and 6C), nbp is the total 
number of branching points, lvp is the length of the vertical partition 
(0.1 µm), nvp is the number of vertical partitions, nhr is the number of 
horizontal rows, n is the number of compartments in the first row.

In the TER model, the bicellular and tricellular pathways are cal-
culated separately and connected in parallel. The bicellular TJ resis-
tance model is constructed as a network of dynamic resistors based 
on the simplified tile-like two-dimensional structure (Figure 5A). The 
system is solved using a nodal analysis and Kirchhoff’s circuit laws. 
For each current loop i, the equation is described by the following 
equation (Tervonen et al., 2019):

∑ ∑( ) ( )− =
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i j
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where Rij (t) [Ω] is the time-dependent resistance of the section of 
strand that is shared by current loops i and j, Ii [A] is the current in 
loop i, and V [V] is the voltage applied by the external source in the 
outer loop.

The strand dynamics are incorporated into the resistances. Ions 
can also pass through the intact strands, and Rij (t) depends on both 
the intact strand and break resistances:
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where lij, lbreak, and rij (t) have been described in the bTJ permeability 
model, Rbreak [Ω] is the resistance of a break region, and Rstrand is the 
intact strand resistance per strand length (45 GΩ·µm). Because we 
used Cldn-2 KO cells in this experiment, the Rstrand is set to higher 
than the previous mathematical model (Tervonen et al., 2019). The 
break resistance is calculated with the following equation:

R
h

W lbreak
em strand

TJ break
=

ρ
 (17)

where ρem is the resistivity of the extracellular medium (0.537 Ω·m) 
(Krug et al., 2009). The bicellular TJ resistance model is simulated 
for a long time to obtain average results, although the TER measure-
ment is basically instantaneous. The current flowing in the outer 
loop Iouter [A] is used to calculate the bicellular TJ resistance at each 
time point with Ohm’s law:

R
V

I t

W

lb J
outer

model

cb)(=Τ  (18)

where the factor Wmodel/lcb scales the results for the whole epithe-
lium. To solve the bicellular TJ model, the linear system defined by 
Eq. 16 is transformed into matrix form and solved using Matlab.

The tTJ tubes are modeled as static, and their resistance is calcu-
lated as

R
h

rt J
em tTJ

tTJ tTJ
2

=
ρ
π ρΤ  (19)

For each simulation time point of the bicellular TJ resistance 
model, the total TER is calculated based on the parallel connection 
as

TER t
R t R t

1 1

bTJ tTJ

1

( ) ( ) ( )= +






−

 (20)

To obtain the average TER for the simulation, the time average is 
taken from the results. The simulation time is 106 s, and the simula-
tions were run using Matlab.
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