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ABSTRACT
The tight junction (TJ) is not randomly located on the cell membrane, but occupies
a precise position at the outermost edge of the intercellular space and, therefore,
is itself considered a polarized structure. This article reviews the most common
experimental approaches for studying this relationship. We then discuss three
main topics. (a) The mechanisms of polarization that operate regardless of the
presence of TJs: We explore a variety of polarization mechanisms that operate
at stages of the cell cycle in which TJs may be already established. (b) TJs and
polarity as partners in highly dynamic processes: Polarity and TJs are steady state
situations that may be drastically changed by a variety of signaling events. (c)
Polarized distribution of membrane molecules that depend on TJs: This refers to
molecules (mainly lipids) whose polarized distribution, although not the direct
result of TJs, depends on these structures to maintain such distribution.

INTRODUCTION
Polarity and tight junctions (TJs) are the two fundamental features of the transporting phenotype. Polarity provides the necessary vectoriality for substances
to be transported across epithelia toward or away from the lumen. TJs ensure
that those substances do not diffuse back through the intercellular space. In
the past, TJs were regarded as hermetic, and vectorial movement of substances
161
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across epithelia was not considered to obey the laws of thermodynamics.1 More
recently, the use of Na-tracers has demonstrated that, in fact, the unidirectional
fluxes of Na+ may differ by a factor of 20 or more, even in the absence of an
external driving force, and Koefoed-Johnsen & Ussing (55) proposed a model
whose basic feature was the structural asymmetry of epithelial cells to account
for such transport. In turn, it was found that the TJs of some epithelia may be
highly leaky (8, 30, 100), but the TJ is still considered hermetic:2 Its synthesis,
structure, and physiological properties are not fully understood.

THE TIGHT JUNCTION
The TJ is a belt of anastomosing strands of proteins and lipids that surrounds
the lateral membrane of epithelial cells and seals the outermost end of the
intercellular space. For a further description, see the review by L Mitic and JM
Anderson in this volume.

POLARITY
In a broad sense, polarity is not an exclusive feature of the cell membrane but
is reflected in the position of the nucleus, the Golgi apparatus, microvilli, mitochondria, flagellae, dendrites, axons, microtubules, microfilaments, and the
composition of the extracellular matrix, e.g. the basal lamina. However, this review is restricted to the polarity of the cell membrane. Actually, a certain degree
of asymmetry, or at least regionality in the distribution of membrane components, is found in most cells, including some that do not have TJs. Thus neurons,
spermatozoa, yeasts, skeletal muscle fibers, osteoclasts, and T cells have pumps,
channels, carriers, and receptors, and some of them bud daughter cells and bind
viruses in restricted domains of the membrane (6, 77, 92, 94, 111, 117).

EXPERIMENTAL APPROACHES TO STUDY THE
RELATIONSHIP BETWEEN TJs AND POLARITY
Yeast budding is polarized, either in sites adjacent to the previous budding sites
(axial budding pattern) or from the opposite end of the cell (bipolar budding
pattern) in response to cues that are spatially and chronologically arranged
in a hierarchy of mechanisms: (a) assembly of a signaling apparatus at the
1 At the beginning of this century, when G Galeotti proposed that the electrical potential across
the frog skin was due to a higher Na+ permeability in the inward than in the outward direction, it
was argued that such asymmetry would be in violation of the laws of thermodynamics (16, 18).
2 The original meaning of hermetic, refers to Hermes Trimegistus, the Greek name for the
Egyptian god Thoth, founder of alchemy and other occult sciences, and is used to allude to something
that remains obscure.

P1: ARS/ary

P2: ARS/vks

December 22, 1997

QC: ARS/ABE

19:10

T1: ARS

Annual Reviews

AR051-09

Annu. Rev. Physiol. 1998.60:161-177. Downloaded from www.annualreviews.org
by Cinvestav del IPN on 08/31/11. For personal use only.

POLARITY AND TIGHT JUNCTIONS

163

budding site to decode the cue; (b) reinforcement of the cue and assembly
of the cytoskeleton; and (c) propagation of signals controlling the secretory
pathway, the actin cables, and microtubules that convey the information to the
cytoplasm (34). One of the main advantages offered by yeasts is that they can
be easily mutated to individualize genes, such as Rho1p, cdc24, and cdc28, that
participate in the different stages of polarization, acting, e.g., through cyclins,
GTP-binding proteins, and protein kinases (33, 40, 56, 113, 129).
Transitions from fertilized egg throughout embryogenesis have been used
to study the moment and circumstances in which cells activate a given gene,
express specific molecules (e.g. ZO-1, cingulin, E-cadherin), assemble the cytoskeleton, and depend on signals derived from the extracellular matrix, adjacent
cells, or remote cells that send growth and differentiation factors (for an extensive review, see 37). Embryogenesis has been used also to understand the steps
leading to the expression of TJs and apical/basolateral polarity. The retinal pigment epithelium (RPE), unlike most epithelia, expresses Na+,K+-ATPase on
the apical rather than basolateral plasma membrane (7, 50, 102) and is a valuable
tool for investigating the mechanisms of distribution of this enzyme (65, 82).
Epithelial cells that are harvested and allowed to reaggregate in suspension
culture may form closed follicles in which microvilli extend into the lumen, or
inverted follicles in which the microvilli are oriented outward, depending on
the culture medium used. In both configurations, the TJs separate the apical
from the basolateral domain (21, 72, 73, 74, 75, 86, 87).
Cultured monolayers of established cell lines that resemble native epithelia
express TJs and polarity (19, 20, 78, 99). When dissociated with trypsin-EDTA,
the epithelial cells lose these features, which are recovered in a few hours when
seeding is made at confluence, so cells do not have to divide to fill the area
available for growing. These preparations offer several advantages: use of a
single cell type; can be synchronized; provide a sufficient amount of cells for
biochemical studies; easily mutated by changing experimental conditions (media composition, growth factors, extracellular matrix); and large monolayers
amenable to measurement of transepithelial fluxes and electrical parameters.
To some extent, these methods can also be applied to primary cultures, which
offer the advantage that observations can be readily extrapolated to the tissue
of origin.
Formation of TJs can be followed through the development of a transepithelial electrical resistance (TER) and through restriction to permeation of
extracellular markers (3, 45). Changes in the surface area of apical and basolateral membrane domains can be gauged through changes in the electrical
capacity (29, 54, 79, 80, 108). Polarization, in turn, is studied by specifically
marking the molecules in a given pole with biotin-avidin (58), antibodies (14),
3
H-ouabain (17, 24), and lipid probes (124).

P1: ARS/ary

P2: ARS/vks

December 22, 1997

Annu. Rev. Physiol. 1998.60:161-177. Downloaded from www.annualreviews.org
by Cinvestav del IPN on 08/31/11. For personal use only.

164

QC: ARS/ABE

19:10

T1: ARS

Annual Reviews

AR051-09

CEREIJIDO ET AL

Cramer and coworkers (27, 28) have developed a model system, using cultured monolayers, to study migration of leukocytes through the space between
the epithelial cells that involves the opening and resealing of TJs.
Ca2+ is one of many agents involved in synthesis and maintenance of TJs
and apical/basolateral polarity. Cells plated at confluence and transferred to a
calcium-free medium (42, 43), or maintained in a stirred medium without calcium (1, 38, 41, 47, 104, 110, 112, 125), do not polarize or make TJs. However,
with the addition of Ca2+, TJs form. Thus calcium is used as a tool (Ca-switch)
to trigger both polarization and assembly and sealing of TJs (39, 66, 93).
Ca2+ is needed primarily on the extracellular side of the membrane (26, 45),
probably to activate E-cadherins (48, 49, 53). During a Ca-switch, La3+ inhibits
the influx of Ca2+ and prevents the increase of its cytosolic concentration,
without affecting the sealing of TJs (Figure 1). Cd2+ blocks both Ca2+ entry
and junction formation; however, it cannot trigger junction formation (26).
The contact between neighboring cells promoted by Ca2+ activates a cascade
of intracellular reactions, including phospholipase C (PLC), protein kinase
C (PKC), and calmodulin (CaM) (2). Although the participation of PKC in
the development of TJs and polarity is well documented (35, 79, 114), some
controversy remains about the identity of the protein(s) phosphorylated by PKC
(3, 22, 57, 116, 118). TJ assembly and sealing also involve a receptor mediated
by two G proteins (2). These reactions are not limited to the establishment of
TJs and polarization of membrane molecules, as they also participate in the
expression of a variety of other cell-cell contacts (3, 90) and in rearrangement
of the cytoskeleton (2, 12, 23).
Inhibitors of transcription and translation block the development of TJs and
polarity, depending on when they are added (Figure 2). In some instances, however, protein synthesis is not necessary for restoration of polarized expression
of certain specific proteins. Contreras et al (24) have shown that the polarized expression of Na+,K+-ATPase in newly plated MDCK cells is prevented
by cycloheximide; however, these cells have an intracellular pool of Na+,K+ATPase whose transfer to the plasma membrane depends on the synthesis of
other peptide(s).
One of the problems in separating TJ formation from apical/basolateral polarization is that during differentiation, TJ development and apical/basolateral
polarization occur simultaneously, and agents that impair the development of
one will also block the expression of the other. However, there are significant
exceptions. Thus proteolytic enzymes elicit the expression of TJs in HT29 cells
(95, 96), and mutations of the basolateral and transcytosis signals impair the
polarized distribution or the transcytosis of pIgG receptors without noticeable
effects on the TJ (14, 15, 71). [The pIgG receptor has a sequence of amino acids
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Figure 1 Ca2+ acts primarily at an extracellular site. (A) Before the Ca-switch, there is a low intracellular calcium concentration. With 1.8 mM
Ca2+ the concentration rises to a peak, followed by a slow increase to control values ( full line). The presence of La3+ suppresses the peak and
markedly slows the increase of cytosolic Ca2+ (dashed line). (B) Time course of TJ sealing following a Ca-switch, in the absence and presence of
La3+. Junctions seal in spite of the low cytosolic Ca2+ concentration. (C ) Junctional sealing ( full line) and cytosolic Ca2+ (dashed line) following
a switch to the concentration of Ca2+ in the abscissa. At 0.1 mM Ca2+, the cytosolic Ca2+ concentration is essentially the same as before the
switch, but TJs are 60% sealed (26, 45).
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Figure 2 Dependence of tight junction formation and polarization on protein synthesis and Ca2+.
(A) Assembly and sealing of TJs is commonly gauged through the development of transepithelial
electrical resistance (TER). MDCK cells plated at confluence (t = 0) and incubated for more
than 15 h reach a maximum value of TER (first column). A pulse of cycloheximide between
2 and 4 h drastically reduces TER (second column). A similar pulse added between 6 and 8 h
fails to inhibit the development of TER, suggesting that by this time, the necessary proteins are
already synthesized (third column). Monolayers incubated for 20 h without Ca2+ do not develop
TER (fourth column), but TER reaches a maximum value in 4 h of being transferred to 1.8 mM
Ca2+ (fifth column) (Ca-switch). The increase in TER following the Ca-switch is not inhibited by
cycloheximide (sixth column), which suggests that calcium acts mainly in the last steps of junction
formation (17, 44). (B) MDCK cells express K+ channels in a polarized manner: four types in the
apical domain and a fifth in the basolateral domain. These channels are lost upon harvesting with
trypsin-EGTA but recovered 8–15 h after plating at confluence (first column). Recovery is less in
the absence of cell-cell contacts (second column) or Ca2+ (third column). Cycloheximide partially
inhibits recovery (fourth column) (97, 120). In A and B, cross-hatching indicates the presence of
inhibitor.

that addresses the protein to the basolateral domain and another that is required
to send the receptor to the opposite side of the cell (transcytosis).]

MECHANISMS OF POLARIZATION THAT OPERATE
REGARDLESS OF THE PRESENCE OF TJs
Early in the studies of polarization, it was assumed that it depended on a sorting
signal and an addressing mechanism. Today, for every conceivable mechanism
of polarization, there is a clear example of a molecule that depends on it. A
thorough review of these mechanisms and signals would not be possible in this
article, so we provide only a few examples of each type (Figure 3).
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Figure 3 The relationship between TJs and polarity: epithelial cell in which the junctional belt
(dotted area) separates the apical (top) from the basolateral (bottom) domain. Letters correspond
to polarization mechanisms described in the text.

Anchorage to Glycosyl-Phosphatidylinositol (GPI)
GPI proteins are a class of glycoproteins whose extracellular domain is a
polypeptide linked to a phosphatidic molecule of the membrane via an ethanolamine, a glycan, and an inositol. Lisanti et al (59, 60) have shown that GPI
proteins owe their polarization to the fact that the lipid moiety is sorted in the
trans-Golgi network (TGN) and addressed to the apical domain. Addition of a
GPI signal to normally basolateral proteins, such as the G protein of the VSV
virus, leads to its apical expression (10). GPI-anchored proteins appear to pack
together to form lipid rafts in the TGN, which are then delivered to the apical
membrane (reviewed in 105).

Other Addressing Signals
Basolateral delivery of numerous proteins depends on coated-pit related signals.
These mechanisms are divided into two groups, depending on whether they are
related to clathrin (69). For example, the proximal signal of the LDL receptor
(68) and of the IgG Fc receptor are related to clathrin. These signals generally
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rely on a tyrosine residue or on a dileucine motif. Typical examples of coated-pit
mechanisms unrelated to clathrin are the distal determinant of the LDL receptor
(52, 71) and of transferrin receptor (14). Clustering of other proteins in the
membrane occurs through the recognition of carbohydrate moieties by a sorting
receptor (36) or, as mentioned above, through a cytosolic protein coat structure.

Annu. Rev. Physiol. 1998.60:161-177. Downloaded from www.annualreviews.org
by Cinvestav del IPN on 08/31/11. For personal use only.

Default Polarization
Deletion of the tetrapeptide Lys-Asp-Glu-Leu in some proteins normally expressed in intracellular organelles results in their insertion in the plasma membrane or secretion (62, 67, 81, 88, 106).

Hierarchical Signaling
There is now clear evidence of overlapping signals or differential interpretation
of the same cue. Thus the LDL and polyimmunoglobulin receptors are expressed on the basolateral membrane by a dominant signal related to clathrin.
However, once these receptors are exposed to the basolateral milieu and bind
their respective ligands (LD, IgG, or IgM), they are readdressed and transcytosed to the apical domain (70, 15). HA antigen of the influenza virus is sorted
to the apical domain, but when a cysteine 543 is mutated to tyrosine, the protein
is readdressed to the basolateral domain (9). This suggests either that the tyrosine becomes a basolateral signal that now dominates over the apical signal,
or that wild-type HA is being sorted to the apical domain by a default mechanism (until the basolateral signal, tyrosine, is incorporated) (69). The latter
interpretation is supported by the fact that few apical determinants have been
characterized (see above). Furthermore, Thy-1, a GPI-anchored protein that
is addressed to the apical domain, is still delivered there upon removal of the
GPI, implying that it must have a second apical signal or that apical delivery is
through a default mechanism (98).

Anchoring to the Cytoskeleton
Disruption of microtubules and microfilaments with drugs such as colchicine,
nocodazole, and cytochalasin results in missorting or reduction of the degree of
polarization of HA proteins of influenza virus, but does not interfere with the
delivery of G protein from stomatitis virus to the basolateral surface (101, 107).
In most epithelial cells, Na+,K+-ATPase is delivered almost exclusively to the
basolateral membrane (46) and is retained there through anchoring to ankyrin
and fodrin (76, 83, 84, 85, 126).

Interaction with the Extracellular Matrix
or with Neighboring Cells
TJs can be formed between different types of epithelial cells (44). Likewise, the
junction-associated molecule ZO-1 can be expressed at junctions between cells
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derived from dog Madin-Darby canine kidney (MDCK) or monkey (Ma104)
epithelial cells (Figure 4 is available on the Annual Reviews site in the Supplementary Materials Section; http://www.AnnualReviews.org). On the contrary,
MDCK cells express Na+,K+-ATPase and E-cadherin in the lateral membrane,
provided these proteins are also expressed by the neighboring cell (Figure 4,
see above). Intercalated cells (IC) from the collecting duct exist in two interconvertible forms: α-IC, which expresses H+-ATPase in the apical domain
and band 3 in the basolateral domain, and β-IC, which expresses the reversed
polarity (109). Changes in pH induce the secretion of hensin, which becomes
part of the extracellular matrix and can reverse the polarity of the α and β ICs
(51, 119, 122).
Finally, there is clear evidence that some membrane proteins become polarized in the absence of TJs. Thus the newly plated human breast cancer cell line
MCF-7, which expresses the antigen MAM-6 on the entire plasma membrane,
reaches a 17:1 apical/basolateral polarization 2–6 h after plating, whereas TJs
become evident only after 12–20 h (128).

DYNAMIC NATURE OF THE ROLE OF TJs
IN EPITHELIAL CELL POLARITY
The cell membrane undergoes a continuous process of retrieval and restoration
of molecules but does not randomize its components (91) nor perturb junctional
sealing. In this respect, polarity and TJs should not be regarded as stable
features, but as highly dynamic steady state configurations:
1. Binding of IgA or IgM to a membrane receptor (pIgR) located at the basolateral domain leads to receptor-ligand internalization followed by transcytosis to the apical membrane (15). In addition, the empty receptor is
efficiently transcytosed, providing its serine-604 is phosphorylated (14).
2. Glucose, alanine, or leucine activate Na-cotransporters on the apical side
of intestinal cells and elicit a decrease of the electrical resistance of the TJ,
accompanied by the development of large dilatations between its strands
(63; see review by JL Madara, this volume).
3. ADH triggers the incorporation of water channels in the apical membrane
domain of renal collecting duct cells (11).
4. Intercalated cells retarget membrane domain markers in a pH/hensin-dependent manner (51, 119, 122; see above).
5. Leucine aminopeptidase is removed from the apical domain in MDCK cells
and reinserted a few minutes later in the same domain (61).
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6. The orientation of the apical and basolateral poles of cells in suspended
follicles can be experimentally changed by adding serum, collagen, or
hormones to the bathing medium. These changes are accompanied by
large displacements of the TJ (21, 72, 73, 74, 86, 87).
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7. TJs are retained during mitosis; thus cells in a mucosa proliferate, displace,
and rearrange in the plane of the epithelium without breaking down its
barrier function (5).
8. Additionally, TJs open and reseal to allow the passage of leukocytes during
diapedesis (27, 28, 89).
9. TJs between Sertoli cells and between those cells and germ cells in seminiferous epithelium are sufficiently plastic to allow the transit of germ cells
toward the lumen of seminiferous tubules without distorting the role of the
blood-testis barrier (13).
10. Studies in the retinal pigment epithelium show that molecules such as
Na+,K+-ATPase, spectrin, ankyrin, and antigen 5A11 polarize by moving
at different times and even to opposite poles of the cell (103).

POLARIZED DISTRIBUTION OF MEMBRANE
MOLECULES THAT DEPEND ON TJs
At the body temperature of mammals, the hydrophobic moiety of membrane
lipids is in a liquid state, and in spite of strong hydrophilic bonds between
polar groups and between the surrounding water, molecules can diffuse in the
plane of the membrane. However, some lipid species are preferentially confined
to a given membrane domain (32, 115, 121–124, 127). Lipid probes such as
5-[N-hexadecanoyl] amino fluorescein, 1-acyl-2-[N-4-nitrobenz-2-oxa-1, 3-diazole]aminocaproyl phosphatidylcholine, and gangliosides added to the apical
membrane are unable to pass through the TJ. These molecules have a negligible flip-flopping rate. On the other hand, lipids that can readily flip-flop
from the outer to the inner leaflet of the membrane (and back), such as 3,
30 -dihexacylin docarbocyanine iodide and 5-[N-dodecanoyl] aminofluorescein,
are able to avoid the TJ and pass from the apical domain, where they were
added, to the basolateral region. On this basis, the TJ is interpreted as a fence
between the apical and the lateral domain of the outer leaflet only (31, 32).
As described by L Mitic and JM Anderson (this volume), occludin is probably the main protein constituent of the strands. Balda et al (4) found that
MDCK cells expressing transfected chicken occludin, in addition to endogenous occludin, show a significant increase of transepithelial resistance (TER)
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and prevent the apical-to-lateral diffusion of the fluorescent probe BODIPY-FLsphingomyelin. Cells transfected with C-terminally truncated occludin do not
form a continuous junctional belt of occludin or ZO-1, as revealed by immunofluorescence staining of these TJ proteins. Nevertheless, these monolayers exhibit an increased value of TER, indicating that a continuous junctional distribution of occludin is not required for the formation of electrically
tight epithelia. Interestingly, in spite of this increase in TER, monolayers of
cells transfected with C-terminally truncated occludin were no longer capable
of preventing diffusion of the lipid probe from the apical to the basolateral
domain (4).

CONCLUSIONS: INFLUENCE OF TJs ON
POLARITY, AND OF POLARITY ON TJs
The relationship between TJs and polarity was once thought to be simple: Transport proteins were synthesized and somehow delivered to a given plasma membrane domain, and the TJ was regarded as a fence preventing lateral diffusion
and randomization. As summarized above, the picture is now far more complex
because membrane molecules can achieve polarization and redistribute in spite
of the presence of the TJ. However, the TJ has been confirmed as a barrier that
restricts the mixing of some freely diffusing membrane molecules (see, for instance, 64). Ironically, its precise position at the apical/basolateral interface is
the result of a polarized insertion of its components. The polarized location of
TJs, in principle, serves two functions: (a) The obvious one is to meet in register (contact at very specific site) a moiety in the neighboring cell; and (b) some
of the molecules within the TJ have strong homology with proteins known to
participate in signal-transducing cascades; thus signaling events are triggered
by TJ components at specific points of the cell surface. TJs and polarity are not
static features of cells; rather they represent highly dynamic arrangements of
molecules in the plasma membrane that are sensitive to the composition of the
extracellular matrix, contacts with neighboring cells, growth and differentiation
factors, hormones, pharmacological agents, and cell cycle stages.
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