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Abstract
Injuries to the inner regions of the knee meniscus do not heal and can result in degenerative
changes to the articular surface, ultimately leading to osteoarthritis. A possible stimulus to
enhance meniscus healing is to use electric fields that induce galvanotaxis. In this study, a novel
characterization of the effects of direct current electric fields on migration characteristics of
meniscus cells was performed. Primary and passaged inner and outer meniscus cells were exposed
to varying electric field strengths from 0 to 6 V/cm. Cell migration was tracked using time lapse
digital photography, and cell displacement and cathodal direct velocity were quantified.
Cytoskeletal staining was performed to examine actin distribution and nuclear content. Cell
adhesion strength was quantified as a function of wall shear stress. Meniscus cells exhibited
cathodal migration and cell elongation perpendicular to the applied electric field accompanied by
actin reorganization. Outer meniscus cells migrated quicker and exhibited lower adhesion
strengths when compared to inner meniscus cells. Passaged cells exhibited higher migration
characteristics when compared to primary cells. Overall, this study demonstrated that electric
fields can significantly enhance and direct meniscus cell migration and suggests the potential for
their incorporation in strategies of meniscus repair and tissue engineering.
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The knee meniscus is a fibrocartilaginous semi-lunar shaped disc located on the tibial
plateau. It serves several functions, including load transmission, shock absorption, and joint
lubrication. Although several sub-types of cells are present in the meniscus,1 the tissue can
be divided into an outer region containing mainly fibroblast-like cells that are elongated or
spindle-shaped and an inner region containing mainly chondrocyte-like cells that are
rounded or spherical. Meniscus cells are responsible for maintaining homeostasis, and their
metabolic activity depends on the forces exerted on the tissue. Although the origin of the
different cell types is unclear, it is thought that during embryonic development the meniscus
is formed by precursor cells expressing collagen type 2a and by cells that invade the joint
and are not part of the anlagen.2

About 1 million surgeries are performed each year to repair meniscal lesions and tears.3 The
current gold standard is to leave small tears untreated and remove partial tears
arthroscopically; however, this technique can lead to increased stresses on the articular
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surface. Ideally, clinical practice should aim at meniscal preservation, and repair techniques
using polymer-based arrows, darts, screws, staples, and other suture devices are being
investigated.4 None of these approaches, however, has achieved broad clinical acceptance as
concerns of insufficient biomechanical stability and delayed or early polymer degradation
are high. The potential of bioelectrical stimuli to aid in the repair process of soft tissues is
largely unexplored. This is surprising since musculoskeletal tissues such as bone and muscle
exhibit electrical activity during injury,5,6 and endogenously generated electric fields are
known to guide cell migration during wound healing and embryonic development.7–9 Of
particular interest are direct current (DC) electric fields that induce galvanotaxis and in some
instances galvanotropism. Although these effects are cell and species dependent, most cell
types move either to the cathode or the anode with only a few cell types insensitive to
electric fields.10

Thus, DC electric fields may induce cell migration towards the site of meniscal injury or
into scaffolds for tissue engineering. In this study, we performed a novel characterization of
the effects of varying DC electric fields and cell passage number on the migration
characteristics of inner meniscus (IM) and outer meniscus (OM) cells in vitro. We
hypothesized that meniscus cells would exhibit cathodal migration and increased cell speeds
at higher electric field strengths and passage numbers. We also hypothesized that OM cells
would migrate quicker than IM cells and exhibit lower adhesion strengths.

METHODS
Cell Isolation

Medial menisci were harvested aseptically from 2- to 4-week-old bovine knee joints, divided
into separate inner and outer regions (Fig. 1), minced, and digested separately for 16 h
overnight using collagenase type V (696 units/mg). IM and OM cells were isolated and
seeded in T-25 flasks at 25% confluence. The culture medium consisted of DMEM
supplemented with 5% FBS, 0.5X nonessential amino acids, 1X essential amino acids, 10
mM HEPES, 10 mM sodium bicarbonate, 10 mM TES, 10 mM BES, 100 U/ml penicillin,
and 100 mg/ml streptomycin. At 95% confluence, cells were lifted off the surface using
trypsin/EDTA and counted.

Experimental Setup and Data Analysis for Galvanotaxis
IM and OM cells were plated at 37°C for 1 h, at a density of 50,000 cells/cm2 in culture
medium (10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin) on glass slides using
removable flexiperm silicone vessels. Glass slides and silicone vessels were sterilized using
70% ethyl alcohol. Slides were placed in a custom-designed galvanotaxis chamber
containing rectangular channels to allow for fluid flow.14 Air bubbles were removed from
the chamber by injecting culture medium. Two agarose-salt bridges were created by
injecting 4% (w/v) molten agarose into Tygon-SE200 tubing, and agarose was allowed to
gel. One end of each salt bridge was connected to the chamber; the other end was placed in a
C-tube PBS. Each C-tube contained a Ag-Ag chloride wire for an electrode. Electrodes were
created by incubating ends of the Ag wire in chlorine bleach for 20 min. The electrodes were
connected to a Keithley 2410 1100V power source that was used to generate and control
current flow.

Time-lapse digital microscopy was used to record cell movement using Metamorph
software. Phase images were taken at 10 min intervals for 2 h. Cell movement was analyzed
using ImageJ. Cell speed was calculated by determining the cell displacement between the
initial cell position (at t = 0) and final cell position (at t = 2 h) divided by total elapsed time
(i.e., 2 h). Directed velocity was calculated as the component of the cell speed directed to the

Gunja et al. Page 2

J Orthop Res. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



negative pole (cathode). Polar plots were created using MATLAB (syntax: polar(theta, rho))
by normalizing each cell to 0 µm, 0°, and plotting final distance and position of the cell at t
= 2 h.

After electric field application, cells were stained to map orientation of actin filaments and
the nuclei. Briefly, cells were fixed using 4% paraformaldehyde, permeabilized using 0.1%
Triton X-100, and blocked using a blocking buffer consisting of 1% BSA in 1× PBS. Cells
were stained with a primary vinculin antibody at a dilution of 1:500 followed by a TRITC
conjugated Phalloidin antibody at a dilution of 1:100. Nuclei were subsequently
counterstained using a DAPI counterstain at a dilution of 1:1,000. Images were viewed using
fluorescence microscopy. Excitation and emission wavelengths for TRITC were 544 and
572 nm, respectively, and for DAPI were 345 and 458 nm, respectively.

Study 1—Varying Electric Field Strength
The speed and directed velocity of IM and OM cells at passage 1 were examined at field
strengths of 0, 0.2, 0.8, 2, 4, and 6 V/cm corresponding to current densities of 0, 0.003,
0.012, 0.03, 0.07, and 0.1 A/cm2, respectively. Cells (≥91) from each group were tracked
from at least three independent slides to ensure repeatability. Incremental cell displacement
was tracked at 0, 30, 60, 90, 100, 110, and 120 min for IM and OM groups stimulated at
field strengths of 0 and 6 V/cm. Approximately 10 cells per group were used in the analysis.
Cells were plated for 1 h prior to electric field stimulation for 2 h.

Study 2—Varying Passage Number
The speed and directed velocity of primary (P0) and passaged (P1, P2, and P3) IM and OM
cells were examined at a field strength of 6 V/cm. Cells (≥54) from each group were tracked
from at least three independent slides per group to ensure repeatability.

Adhesion Strength Measurements
IM and OM cells were plated as described above and placed in a custom designed flow
chamber. Air bubbles were removed using PBS. The two entrances of the chamber were
connected to the inlet of a Scilog peristaltic pump and to a beaker of PBS via tygon tubing to
ensure continuous flow. Cells were subjected to step increases (0.4 cm3/s) in laminar flow of
PBS at 1 or 10 min intervals (total flow time of 10 min or 100 min) from 0 to 4 cm3/s. The
number of cells attached at each interval was recorded using GBTimelapse software and
plotted as a function of wall shear stress (dyne/cm2). Cells (≥60) from each group were
tracked from at least five independent slides to ensure repeatability.

Statistical Analyses
All data are presented as mean ± standard deviation. The effects of electric fields on OM and
IM cells and the effects of passage were examined using one-way ANOVA followed by
Tukey’s HSD test. Temporal OM and IM cell displacement was examined using one-way
repeated measures ANOVA. If Mauchly’s test of sphericity was violated, a Greenhouse–
Geisser correction was performed followed by Tukey’s HSD test. For adhesion strength
measurements, Fisher’s exact tests were performed. A p < 0.05 was considered significant
for all statistical analyses.

RESULTS
Effect of Electric Field

The majority of the OM cells elongated and spread out on the glass surface over 2 h of
stimulation, while IM cells exhibited a more rounded morphology. The majority of OM and
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IM cells stimulated at 6 V/cm translocated towards the cathode and aligned perpendicular to
the field (Fig. 1). Cells in the no-field control showed no preferred directionality or
orientation. Cytoskeletal staining showed distinct preferential alignment of actin stress fibers
(red) in groups exposed to electric field (Fig. 2). Cell spreading was greater in OM cells.

In general, increasing field strength resulted in enhanced cell speed and directionality
towards the cathode for IM and OM cells (Figs. 3 and 4). OM cells exposed to 6 V/cm
exhibited significantly higher migration speed of 15 ± 3 µm/h (p = 0.01) and cathodal
directed velocity of 12 ± 4 µm/h (p = 0.003) when compared to OM cells at lower field
strengths (Fig. 3). Percentage of cathodal OM and IM cell migration was quantified using
polar plots with theta boundaries set at 210–330°. OM cells (>65%) at 4 and 6 V/cm
exhibited cathodal migration (Fig. 5). In contrast, in the control group and at lower field
strengths of 0.2, 0.8, and 2 V/cm, only 30–40% of OM cells exhibited cathodal migration
(Fig. 5). IM cells exposed to 6 V/cm exhibited significantly higher migration speed of 9 ± 2
µm/h (p = 0.003) and cathodal directed velocity of 7 ± 2 µm/h (p = 0.0002) when compared
to IM cells at lower field strengths (Fig. 4). IM cells (~60–90%) at 2, 4, and 6 V/cm
exhibited cathodal migration. In contrast, in the control group and at lower field strengths of
0.2 and 0.8 V/cm, only 30–40% of IM cells exhibited cathodal migration (Fig. 6).

OM cells showed quicker cell migration trends than IM cells at each field strength including
the no field controls, with significant differences observed at 2 V/cm (p = 0.01), 4 V/cm (p =
0.002), and 6 V/cm (p < 0.0001). OM cells exhibited significantly higher cathodal directed
velocity than IM cells at 4 V/cm (p = 0.004) and 6 V/cm (p < 0.0001). A temporal
examination of OM and IM cell displacement (0 and 6 V/cm) at 30 min intervals showed a
linear increase in IM and OM cell displacement, albeit at different rates (Fig. 7). Significant
differences were only observed among time points for the electrically stimulated OM cell
group. Specifically, OM cell displacement was significantly greater (p < 0.0001 with
Greenhouse–Geisser correction) in the last 30 min of stimulation, and the distance traveled
in this time period was equivalent to or greater than that traveled in the prior 90 min. This
shift in cell speed at later time points was not observed in the OM control cells or the IM
cells.

Effect of Passage
Migration characteristics were examined over three passages (Fig. 8) at 6 V/cm. P3 OM
cells exhibited significantly higher cell migration characteristics over the primary OM cells
for cell speed (p = 0.035) and directed velocity (p = 0.041), but were not significantly
different from P1 and P2 OM cells. In contrast, P3 IM cells showed significantly higher cell
speed (p = 0.002) and directed velocity (p = 0.002) over primary, P1 and P2 IM cells.

Adhesion Strength Measurements
Highest adhesion strength was observed in the group with IM cells exposed to step shear
stresses at 1 min intervals; the lowest strength was observed in the group with OM cells
exposed to step shear stresses at 10 min intervals (Fig. 9 and Table 1).

DISCUSSION
We characterized the effects of DC electric fields on meniscus cells plated in 2D culture.
Primary IM and OM cells likely contain a less homogeneous cell population than passaged
cells. Thus, most experiments were performed with once passaged IM and OM cells. In
response to an electric field, IM and OM cells exhibited cathodal migration and cell
elongation perpendicular to the applied electric field (i.e., galvanotropism) accompanied by
actin reorganization. Furthermore, higher passage cells migrated quicker than cells at lower
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passages. Finally, the adhesion strengths of IM cells were found to be significantly higher
than that of OM cells.

Damage to the knee meniscus can lead to a poor healing response due to a limited supply of
vasculature. Thus, a vicious cycle ensues in which the normal inflammatory response and
clotting cascade responsible for tissue healing and repair does not occur. As such, techniques
to recruit cells to the site of injury may be particularly important for these tissues, and
exogenous stimuli via electric fields may provide a mode to achieve this. Meniscal
allografts11 and devitalized meniscal plugs12 can be repopulated with cells when placed in
vivo. External stimuli, such as radiofrequency waves, enhance and direct synovial migration
to heal meniscal defects in rabbits.13 Given the correct conditions, meniscus cells close to
the injury site may be able to participate in self-repair. This study examined meniscus cell
migration in a 2D environment to identify appropriate exogenous stimuli necessary for
enhanced and directed cell migration. Cell speed and directionality were examined at
electric field intensities ≤6 V/cm as prior studies with chondrocytes showed some cell death
at field strengths >6 V/cm.14 Significant increases over the controls in cell speed and
directed cathodal velocity were only observed at the higher electric field strengths. Outer,
fibroblast-like meniscus cells migrated more quickly than inner chondrocyte-like meniscus
cells; however, distances traveled were in the range of ligament fibroblasts for the OM cells
and articular chondrocytes for IM cells.14,15 Ensuing experiments will examine meniscus
cell migration in 3D within a collagen gel that would more closely mimic the native tissue.

Migration results for controls were mirrored by adhesion tests that showed IM cells
exhibited higher adhesion strength than OM cells on a glass surface. This is consistent with
observed cell morphology and phenotype of IM and OM cells in culture and confirms
previous findings that fibroblasts migrate more quickly than chondrocytes.15 Adhesion
strengths vary based on surface chemistry, plating time, and shear application time. In our
experiment, the first two were kept constant (glass surface and 1 h plating), and the time of
shear application was varied. Interestingly, for IM cells, no significant differences were
observed among groups until shear stresses exceeded 266 dynes/cm2, suggesting that
integrins responsible for cell-surface adhesions stabilize and make connections to the surface
relatively quickly.16 In contrast, OM cells exposed to 10 min intervals of step increases in
shear stress exhibited lower adhesion strengths when compared to respective 1 min controls
at shear stresses >59 dynes/cm2. This suggests that integrins on the OM cell surface take
longer to stabilize and make cell-surface connections under the influence of external fluid
flow. This disparity may also be explained by intrinsic cellular differences between IM and
OM cells. OM cells express MMP-2 and MMP-3 proteases that are important for matrix
remodeling and may regulate integrin formation and stability.17 IM cells express α-smooth
muscle actin, an important component in formation and stability of focal adhesions on the
cell surface.18

Meniscus cells elongated and aligned perpendicularly to applied electric fields with the
majority of cells increasing their motility towards the cathode, especially at higher electric
field strengths. Due to the polar nature of water and negative surface charge associated with
the chamber and cell surfaces,19,20 in these studies, a concomitant electro-osmotic flow was
directed from the anode to the cathode.20 However, the influence of these flow fields is
likely minimal as cells generally align parallel to the direction of fluid flow,21 while in our
experiment perpendicular alignment was observed. The mechanisms involved during this
transformation include changes at both the cellular and molecular level.10 At the cellular
level, cell elongation and alignment is achieved through stabilization of microtubules and
reorganization of actin stress fibers.22 Actin reorganization is the major driver as its
inhibition disrupts migration completely, while microtubule disruption results in reduced
cell speed, but does not affect cell motility.23 At the molecular level, cytoskeletal
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rearrangement is likely influenced by an influx of ions such as calcium, through voltage-
gated24 or stretch-activated channels.25 These ions influence actin polymerization and
depolymerization dynamics and myosin contractility.10 Electric fields also redistribute and
activate growth factor receptors on the cell surface.26 Cells contain charged surface
molecules on their plasma membrane that may shift during electric field application, thereby
altering and perhaps polarizing the plasma membrane.27 Cell stimulation may also result
from upregulation of autocrine motility factor that is known to activate small Rho-like
GTPases and subsequently induce actin fiber reorganization.28

The electric field experiments were performed over a 2 h period. Most studies only report
cell data at the final time point; however, cell migration trends at shorter times may also be
significant. We observed that OM cells traveled quickest in the last 30 min of stimulation.
Acceleration in cell speed was absent in IM cells exposed to electric fields and in both IM
and OM control groups where cell migration occurred at a uniform pace through the 2 h
period. These findings indicate meniscus cells may require priming for longer periods to
garner maximum cell displacement and directed velocity. Alternatively, other stimuli such
as growth factors may be used synergistically with electric fields to enhance and direct cell
migration.29

Passaged meniscus cells were used as they are common in tissue engineering studies where
primary cells are scarce and must be expanded to attain sufficient cell numbers. Enhanced
cell speed and directed cathodal velocity was observed with increasing passage number.
This was not surprising as meniscus cells differentiate with passage towards a fibroblastic
lineage,30 and fibroblasts are known to migrate quicker than chondrocytes.14,15

Our results have direct implications for meniscus tissue engineering studies in which spatial
sorting of cells within a scaffold system is important and may influence functional properties
of the construct. A scaffold can be devised to include primary or passaged cells from both
the IM and OM. Differences in cell migration speed between OM and IM cells may affect
desired spatial cell sorting within the scaffold after electric field stimulation. This concept
has been examined for fibroblast migration within a 3D-collagen gel.31 In another study by
the same group comparing fibroblasts and bone marrow-derived mesenchymal stem cells,
the authors showed that fibroblasts were able to reorient the collagen matrix to a greater
degree than were the mesenchymal stem cells.32 This result is consistent with the higher
adhesion strengths of the mesenchymal stem cells, which presumably allows them to resist
reorientation in the field. Alternatively, surface properties of the scaffold may be modulated
to achieve desired adhesion strengths required for optimal cell migration or reorientation.
Thus, our study can be used as a platform for future meniscus tissue engineering studies
utilizing primary or passaged meniscus cells for scaffold-based tissue engineering.

In conclusion, we demonstrated that applied electric fields can significantly enhance and
direct IM and OM cell migration. To build on these results, future experiments should
examine meniscus migration on ECM substrates and through dense matrices, as substrates
can influence cell motility and galvanotactic response.15,33 An examination of the effect of
electric fields on co-cultures of meniscus cells and synoviocytes may also provide a more
realistic picture, as synoviocytes aid in meniscus repair.13 In addition, in vivo techniques
used in other applications34–36 to generate and quantify electric fields will need to be further
developed for the meniscus repair scenario.
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Figure 1.
Cell migration and alignment of OM and IM cells in the presence and absence of electric
field. Letters track cell migration of individual cells over 2 h.
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Figure 2.
Actin and nuclear staining of OM cells at 2 h post-stimulation. Nucleus is shown in blue,
and actin is shown in red.
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Figure 3.
Speed and cathodal directed velocity of OM cells at various electric field strengths. Groups
with different letters are significantly different from each other. n = 102–174 cells from
three to five slides per group.
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Figure 4.
Speed and cathodal directed velocity of IM cells at various electric field strengths. Groups
with different letters are significantly different from each other. n = 92–144 cells from three
to five slides per group.
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Figure 5.
Polar plots of OM cells at electric fields strengths of 0, 0.2, 0.8, 2, 4, and 6 V/cm.
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Figure 6.
Polar plots of IM cells at electric fields strengths of 0, 0.2, 0.8, 2, 4, and 6 V/cm.
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Figure 7.
Temporal IM and OM cell displacement profiles at 0 and 6 V/cm. Star symbol refers to
significant difference among groups using one-way repeated measures ANOVA. n = 9–11
cells per group.
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Figure 8.
Effect of passage on cell migration of OM and IM cells at 0 and 6 V/cm. n = 54–66 OM
cells from three slides per passage and 55–69 IM cells from three slides per passage. Groups
with different letters are significantly different from each other.
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Figure 9.
Adhesion strengths of OM and IM cells with 10 and 100 min plating times.
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Table 1

Statistical Differences in Adhesion Strength between IM and OM Cells

Group Comparisons

Shear Stress Values
Where Significance Was

Observed (dynes/cm2)

OM (10 min) vs. OM (100 min) ≥59

IM (10 min) vs. IM (100 min) ≥266

OM (100 min) vs. IM (100 min) ≥89

OM (10 min) vs. IM (10 min) ≥177
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