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Directional cell migration requires cell polarization. The reorganization of the Golgi apparatus is an
important phenomenon in the polarization and migration of many types of cells. Direct current electric
fields (dc (EF) induced directional cell migration in a wide variety of cells. Here nHDFs migrated toward
cathode under 1 V/cm dc EF, however 1 uM of brefeldin A (BFA) inhibited the dc EF induced directional
migration. BFA (1 uM) did not cause the complete Golgi dispersal for 2 h. When the Golgi polarization
maintained their direction of polarity, the direction of cell migration also kept toward the same direction
of the Golgi polarization even though the dc EF was reversed. In this study, the importance of the Golgi
polarization in the directional migration of nHDf under dc EF was identified.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cell polarization is one of the most important phenomenon for
the directional cell migration. It is explained by asymmetric cyto-
skeletal arrangement, intracellular organelle localization, mem-
brane domain segregation and the polarized cell morphology.
These characteristics are connected with the membrane protrusion
or elongation and directional cell migration in cell migration [1—8].
In cell polarization, Golgi apparatus (GA) polarization plays an
important role and this is also critically involved in directional cell
migration, because the Golgi apparatus is very important in sup-
plying the membrane components to the leading edge for mem-
brane protrusion when the cell is moving [7,9—11]. Many studies
were accomplished to figure out the molecular mechanisms of
Golgi polarization, however it is not fully understood how Golgi
polarization regulates directional cell migration.

Applied direct current electric fields (dc EFs) guide the direc-
tional migration of many cell types, including endothelial cells,
bone marrow mesenchymal stem cells and human dermal

Abbreviations: GA, Golgi apparatus; dc EFs, direct current electric fields; BFA,
Brefendin A; nHDFs, neonatal human dermal fibroblasts.
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fibroblasts [12—14]. The dc EFs also induced the directional cell
migration in wound healing and development in vivo [15—21]. We
refer to this as “electrotaxis/galvanotaxis.” During electrotaxis, cells
move toward the anode or cathode under direct current electric
fields (dc EFs); these dc EFs can be used to control the directional
cell migration. In addition, the dc EFs may have in vivo or in vitro
application of the technique to induce the predictable cell polari-
zation and directional cell migration. Our previous research already
confirmed that the change of Golgi apparatus polarization and
cytoskeleton reorganization during the directional migration by the
dc EFs [22]. This study was designed to figure out the role of Golgi
polarization as a predominant guidance cue in directed cell
migration by dc EFs.

2. Methods
2.1. Chemical agents and cell culture

Brefeldin A (BFA) was from Sigma (St. Louis, MO, USA). Neonatal
human dermal fibroblasts (nHDFs) were purchased from Lonza
Group, Ltd. (Walkersville, MD, USA) and maintained in fibroblast
basal medium-2 (FBM-2) supplemented with a growth kit con-
taining 10 ml of fetal bovine serum, 0.5 ml of insulin, 0.5 ml of
gentamicin sulfate amphotericin-B (GA-1000), and 0.5 ml of r-hu-
man fibroblast growth factor-B (Lonza, USA). The cells were
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incubated at 37 °C in a 5% CO, atmosphere. nHDFs between pas-
sages 7 and 9 were used in all experiments.

2.2. Electric field stimulation and drug treatment

To apply a direct current electric field to the nHDFs, we used a
customized electrotaxis incubator and chamber system [22].
Briefly, the electrotaxis chamber and incubator system consisted of
the incubator system and electrotaxis chamber. The incubator
system is installed with a microscope to observe live cells and the
electrotaxis chamber applies a direct current electric field to the
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environment (CO, 5%, 37 °C) is regulated by a temperature and gas
composition-controlling program (CCP ver. 3.8, Live Cell Instru-
ment, Seoul, Korea). A gold patterned glass slide was mounted on
the chamber bottom, and the chamber top and silicon gasket were
placed on top of the slide. The electrotaxis chamber top with the
electric wires connects the gold patterned. To sterilize the chamber,
70% ethanol (700 pl) was added to each electrotaxis chamber and
removed after 30 min followed by three washes with distilled
water (DW). The nHDFs were seeded at 1 x 10* cells density in the
electrotaxis chamber and incubated for 16—24 h in the CO, incu-
bator. Immediately before electrotaxis experiments, media was

cells. The incubator which maintains the proper growth changed. Cells were exposed to a dc EF at 37 °C in the electrotaxis
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Fig. 1. The migration assay of nHDFs under dc EF condition (0, 1 V/cm) for 2 h with or without 1 uM of BFA. (A) 20 Cells of each condition were tracked, (B) migration speed was
measured, and (C) x FMI was determined for nHDFs under dc EF conditions for 2 h (0,1 V/cm), *p < 0.05 compared to controls grown with no EF. (D) A schematic diagram shows the

x Forward Migration Index.
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incubator and chamber system. 1 uM of BFA was treated to interrupt
the Golgi polarization before or during the dc EF stimulation.

2.3. Time-lapse phase contrast microscopy and analysis of cell
migration

The electrotaxis incubator was placed on the microscope stage.
The cell seeded electrotaxis chamber was inserted into the electro-
taxis incubator. The cell images were recorded every 5 min (until the
electric treatment ended) using a charge-coupled device (CCD)
camera (Electric Biomedical Co. Ltd., Osaka, Japan) attached to an
inverted microscope (Olympus Optical Co. Ktd., Tokyo, Japan). The
images were saved in the computer using the tomoro image capture
program; images were saved as JPEG files. Captured images were
analyzed by Image] (Image] 1.37v by W. Rusband, National Institutes
of Health, Bethesda, MD, USA). The image analyses were performed
using the manual tracking and chemotaxis tool plug-in (v. 101,
distributed by ibidi GmbH, Munchen, Germany). The XY coordinates
were obtained using manual tracking. The data were then imported
into the chemotaxis plug-in. This tool was used to compute cell
migration speed and the x Forward Migration Index (x FMI), both of
which were used to plot the cell migration pathway. The migration
speed, referred to as the migration speed, indicates how fast cells
move in response to the stimulation, calculated using the total length
of the migration path divided by the total observation time [22]. The
x FMI of the cell (Fig. 1D) was defined as the straight-line distance
along the x-axis (Tx) between the start position and the end position
of the cell divided by the accumulated distance. For each experiment,
20 cells on the gold patterned glass were randomly selected and cells
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undergoing division, death, or migration outside of the field of view
were excluded from the analysis.

2.4. Immunofluorescence microscopy

After electric current treatments, nuclei, GA and actin cyto-
skeletons were visualized by immunofluorescence staining. The dc
EF treated cells were fixed with 70% ethanol for 30 min at 4 °C and
were then washed 3 times with PBS. Cells were permeabilized with
0.1% Triton X-100 in PBS for 5 min at room temperature and rinsed
3 times with PBS. 1% Bovine serum albumin (BSA) was treated for
30 min at room temperature to block the nonspecific binding with,
followed by incubation with a purified mouse anti-GM130 primary
antibody (dilution 1:100, BD Transduction Laboratories TM, BD
Biosciences, CA, USA) overnight at 4 °C. Cells were then washed at
least 3 times with PBS and treated with the secondary antibody
Alexa (488)-conjugated phalloidin (5 U/ml, Invitrogen, Carlsbad,
CA) for the actin cytoskeleton and goat anti-mouse IgG conjugated
with Texas Red (dilution 1:100, Santa Cruz, CA, USA) for the GA, for
1 h at room temperature in the dark. After PBS washing, cells were
treated with Hoechst #33258 (Sigma, St. Louis, MO, USA) for 5 min
at room temperature in the dark. The cell seeded slide glass was
then mounted on the fluorescence-inverted microscope (LSM700,
Carl Zeiss, New York, USA) and observed.

2.5. Golgi polarization analysis

The nHDF cells in a dc EF of 1 V/cm for 2—5 h showed distinct
polarized morphology and Golgi apparatus. The cells with the

+

A 0 V/icm for 2hours 1 Vicm 2hours

Golgi

Golgi + actin cytoskeleton

m

50 um

S
> =

C 1Vicm 2hours + BFA 2hours D1 Vicm 2hours + BFA 3hours

50 pm

50 pm

50 um

-

70%

60%

*#
50%
40%
30%
20%
10%
0%

0V/iem 1Viem

% of golgi polarized cell
Between 45°-315°

1V/em BFA 2h 1V/cm BFA 3h

Fig. 2. lmmunostaining images and Golgi polarization data of dc EF and BFA treated nHDFs. (A) Immunostaining of the nucleus, the actin cytoskeleton, and the GA under 0 V/cm, (B)

1 V/em for 2 h, (

)1 V/cm for 2 h then 1 uM of BFA treated for 2 h, (D) 1 V/cm for 2 h then 1 uM of BFA treated for 3 h. The nuclei were stained with Hoechst #33258, the actin

cytoskeleton was stamed with Alexa (488)-conjugated phalloidin (green), and GA were stained with Texas Red conjugated antibody (red). Scale bar = 50 um. (E) GA polarization
quantification is shown. (F) The percentage of cells with Golgi polarized between 45° and 315°. *p < 0.05 compared to the 0 V/cm and #p < 0.05 compared to the 1 V/cm BFA 3 h.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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**p < 0.05 (0 V/cm at 3 h), ****p < 0.05 (0 V/cm at 4 h). (H) The percentage of cells with Golgi polarized between 45° and 315°, between 135° and 225°. *p < 0.05 compared to the
polarized cell between 45° and 315° EF 0 V/cm at 1 h, **p < 0.05 (1 V/cm at 2 h), ***p < 0.05 (1 V/cm), ****p < 0.05 (1 V/cm at 4 h). ##p < 0.05 compared to the polarized cell between
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polarized Golgi between 45° and 315° (cathode right) or between
135° and 225° (cathode left) of the dc EF direction were scored as
polarized in the EF direction (Fig. 2E).

2.6. Statistical analyses

Data are reported as means + standard error of the mean (SEM).
The letter n denotes the number of tests, except in the migration
assay where n denotes the number of cells. Means were compared
using one-way analyses of variance (ANOVA). Two-tailed Student's
t-tests were used for unpaired data. A value of p < 0.05 is considered
statistically significant.

3. Results and discussion

3.1. Blocking of Golgi polarization inhibited the directional
migration induced by the dc EF

In our previous study, the optimal condition of nHDFs direc-
tional migration by the electrotaxis was identified and the Golgi
polarization was observed during the electrotaxis [22]. To identify
the effect of electrotaxis on the nHDF migration when the Golgi
polarization was blocked, 1 uM of BFA was treated before the dc EF
treatment to the cells. Brefeldin A (BFA) prevents the assembly of
cytosolic coat proteins onto Golgi membranes, resulting in the
formation of Golgi tubules and prevents tubule detachment from
the Golgi structure which then fuses with the endoplasmic retic-
ulum (ER). This leads to rapid diffusion of Golgi membrane into the
ER and disruption of Golgi. BFA at high concentrations of 2—5 pg/ml
(~18 uM) causes this rapid dispersal of the Golgi within 5—8 min
after addition of the [23—25]. We used a concentration of BFA
(5 uM) and found the same quick dispersal of the Golgi apparatus.
This treatment resulted in discoid cell morphology. It is impossible
to analyze Golgi polarization and cell migration as there is no
visible Golgi staining and the cells do not move. So, 1 uM of BFA was
chosen for this experiment. The cell moved randomly without EF,
and cell migrated toward the cathode under the dc EF 1 V/cm for 2 h
(Fig. 1A). However, there was no directional migration when the
BFA was treated before the 1 V/cm EF stimulation. The migration
speed of nHDFs was not affected by both dc EF and BFA treatment
(Fig. 1B). The x FMIs of 0 V/cm and 1 V/cm BFA were closed to “0”,
however that of 1 V/cm was significantly increased (Fig. 1C). The x
forward migration index (x FMI) value of 1 means the cell has
migrated perfectly toward the right, —1 means the cell has migrated
perfectly toward the left and O indicates the cell has migrated
perpendicular to the stimulation direction. These results indicated
that the interruption of Golgi polarization inhibits the directional
migration of nHDF induced by the dc EF.

3.2. Golgi polarization versus Golgi dispersal in dc EF

To figure out the optimal condition of BFA and dc EF treatment,
first the cells were polarized toward the cathode by the 1 V/cm EF
for 2 h. Then the 1 uM of BFA was treated immediately and dc EF
stimulation was stopped. The immunofluorescence images of Golgi
apparatus and actin cytoskeleton were observed (Fig. 2A—D). In no
dc EF condition, the Golgi and actin cytoskeleton polarization were
random (Fig. 2A). However, the Golgi and actin cytoskeleton were
polarized toward the cathode under 1 V/cm EF for 2 h without BFA
(Fig. 2B). There were no significant changes of polarized Golgi after
BFA treatment for 2 h. The Golgi polarization was still toward
cathode and deformation of actin cytoskeleton was not observed
(Fig. 2C). The Golgi dispersal and actin cytoskeleton deformations
were detected at 3 h after BFA treatment (Fig. 2D). The white arrows
indicated the Golgi dispersal and round shaped actin cytoskeleton.

The quantified Golgi polarization data showed that the percent of
Golgi polarization in 1 V/cm 2 h and 1 V/cm 2 h + BFA 2 h were
increased significantly, but slightly decreased in 1 V/cm 2 h + BFA
3 h (Fig. 2F). The drop of Golgi polarization in 1 V/cm 2 h + BFA3 h
was due to the dispersal of Golgi apparatus by BFA effect. According
to these results, 2 h after 1 uM of BFA treatment is optimal condi-
tion for the experiment that BFA could cause the derangement of
Golgi complex reorientation, although did not cause complete
dispersal of Golgi.

3.3. Golgi polarization is more important to the directional
migration than the dc EF

The nHDFs moved towards the cathode and also altered direc-
tion in response to a switch in the direction of the applied dc EF. The
Golgi polarization of nHDFs was also changed toward the new
cathode when the direction of cell migration is altered by dc EF
[22]. To identify the effect of Golgi polarization on the dc EF induced
directional migration, 1 pM of BFA was treated immediately after
the cells were exposed to 1 V/cm dc EF for 2 h. The direction of dc EF
was reversed right after the BFA treatment and maintained the
direction of reversed dc EF for another 2 h. The cells in no dc EF
showed random migration for 2 h and 4 h (Fig. 3A and B). When the
cathode was right, the cells also moved toward right (Fig. 3C and E).
The cells moved toward right for first 2 h and the direction of cell
migration was changed toward left response to the switch in the
direction of the dc EF toward left (Fig. 3D). However, the cells
treated with BFA after dc EF induced directional migration toward
right maintained the direction of migration toward right even
though the dc EF was reversed (Fig. 3F). The x FMIs of 0 V/cm were
closed to “0” from 1 h to 4 h. The x FMI of 1 V/cm significantly
increased until 2 h, after that it considerably decreased because the
direction of dc EF was reversed. However, that of 1 V/cm + BFA at
2 hincreased remarkably and kept the high value of x FMI (Fig. 3G).
The Golgi polarization of each condition assumed similar aspect
with the x FMI results. There is no significant difference that the
Golgi polarization of 0 V/cm for 4 h between 45° and 315° or be-
tween 135° and 225°. Golgi polarization between 45° and 315°
means right, 135° and 225° indicates left. In 1 V/cm, the Golgi po-
larization was increased toward right for first 2 h, then significantly
increased toward left for rest 2 h. However, in 1 V/cm + BFA at 2 h
maintained the high percent of Golgi polarization toward right for
4ours even though the direction of dc EF was reversed. These re-
sults indicated that Golgi polarization is more important to the
directional migration of the nHDFs than the dc EF. Also, the in-
duction of Golgi polarization is necessary to induce the directional
migration using the dc EF.
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