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Understanding of the fundamental mechanisms that govern tight junction formation of retinal pigment epithelial
(RPE) cells provides surface design strategies for promoting their maturation in culture. RPE cells were cultured to
investigate their migratory behavior and the expression of tight junction protein ZO-1 in the central and peripheral
regions of a culture vessel. Regardless of locational differences in the culture vessel, the cells at day 1 were elongated in
shape, did not form tight junctions, and migrated actively. As the culture progressed, the cells in the central region
slowly moved with morphological change of a cobblestone-like shape via interaction between contact cells and
exhibiting the shift from random migration to collective movement toward the center, accompanied by tight junction
formation. On the other hand, the cells in the peripheral region maintained the random migration at day 5, meaning
spatial heterogeneity in maturation in the vessel. At day 5, RPE cells were incubated in medium with Rac1 inhibitor and
the exposure to the Rac1 inhibitor triggered the rapid conversion of migratory behavior from random migration to
collective movement toward the center of the vessel, resulting in uniform maturation. These findings indicate that the
change in migratory patterns is an important cues and the collective movement toward the center causes the facilitation
of uniform maturation in the vessel.
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Retinal pigment epithelial (RPE) cells form a part of the blood-
retinal barrier and play a pivotal role in maintaining photoreceptor
functions and local cellular homeostasis (1). Failure of these func-
tions causes degeneration of the retina and loss of visual function
(2). For the recovery of visual function, recent research has been
dealing with clinical applications related to the transplantation of
RPE cells derived from embryonic stem cells (ES) and induced
pluripotent stem (iPS) cells (3e7). The preparation of RPE cells
as graft material, entails two stages, namely, expansion and
maturation processes. Through the maturation process in confluent
culture, RPE cells acquire the typical phenotype through a
morphological change from elongated to cobblestone-like shape,
resulting in tight junction formation by expressing ZO-1 protein
(8,9). Further maturation leads to expression of RPE65 and cellular
retinaldehyde binding protein (CRALBP) accompanied by Naþ, Kþ-
ATPase pump, and to expression of microphthalmia-associated
transcription factor (MITF) with pigmentation (10e12).

Vugler et al. (12) reported that confluent human RPE cells
derived from ES cells had the difference in expression patterns of
themarkers for RPE cells such as RPE65 andMITF from the center to
periphery in the monolayer. In confluent culture, the migratory
behavior of epithelial cells is altered in response to cellecell
adhesion level (13,14), suggesting that the initiation for RPE
maturation is influenced by their migratory behavior in a culture

vessel. The assembly and disassembly of the actin cytoskeleton are
further regulated by RhoA, Rac1, and Cdc42 of the Rho small GTPase
family (15). Rac1 activation is required to promote actin polymer-
ization and initial cellecell contact (16,17), while RhoA and Cdc42
are essential for maintaining cellecell adhesions. In addition, RhoA
activity is an antagonistic toward Rac1 activity (18e20). In a pre-
vious study, the confluent cultures were conducted to understand
the profiles of RPE cells in the initial state of maturation process and
the migration affected spatial heterogeneity of tight junction for-
mation in the vessel (21). In the present study, the spatio-temporal
analysis for migratory behavior was further conducted to clarify the
initiation of maturation of the cells in the vessel, and the uniform
maturation was attempted.

MATERIALS AND METHODS

Culture conditions of human RPE cells Viable human RPE cells (Lot no.
0F3292; Lonza, Walkersville, MD, USA) were seeded at 5.0�104 cells/cm2 on
laminin-coated 48-well plates (culture area in each vessel: 0.95 cm2; diameter:
5.5 mm; Corning Constar, Cambridge, MA, USA) according to a method described
previously (21). The laminin-coated surface was prepared by applying a solution
of laminin-1 (SigmaeAldrich, St. Louis, MO, USA) on the bottom surface of 48-well
plates at 2 mg/cm2. The cells were incubated for 5 days in RPE growth medium
(One Retinal Pigment Epithelial Cell Medium BulletKit; Lonza) at 37 �C in a
humidified 5% CO2 incubator, and the medium was changed every 2 days. The
subsequent cells were exposed to Rac1 inhibitor NSC23766 (50 mg/ml;
Calbiochem, Merck, Darmstadt, Germany) for 12 h. Culture time, t, was counted
from the addition of the Rac1 inhibitor onwards.

Quantitative analyses of migratory behavior and maturation The sche-
matic outline in Fig. 1 shows the procedure of data analysis for the migration rate
and direction. Time-lapse images were captured to investigate cell behavior using
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FIG. 1. Procedure of data analyses for the directional migration rate of the cells at each region of interest (ROI) in a culture vessel.

FIG. 2. Frequencies of cells with collective movement and random migration against the migration rate toward the center of individual cells in the vessel at day 1 (a, d), 3 (b, e), and
5 (c, f). Closed and open bars show frequencies of cells with collective movement and random migration, respectively. The migration rate toward the center, Vr, of individual cells
was determined from the displacement of positional centroids for 12 h. The average migration rate, Vr , with standard deviation was calculated from the data obtained from 300 to
800 cells in triplicate cultures.
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