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Summary
Re-epithelialization of wounded skin is necessary for
wound closure and restoration of barrier function and
requires directional keratinocyte migration towards the
center of the wound. The electric field (EF) generated
immediately upon wounding could be the earliest signal
keratinocytes receive to initiate directional migration and
healing. Keratinocytes express many β2-adrenergic
receptors (β2-ARs), but their role in the epidermis is
unknown. We have previously shown that β-AR agonists
decrease keratinocyte migration in a cyclic AMP (cAMP)
independent mechanism involving the activation of protein
phosphatase 2A (PP2A). Here, we ask whether β2-ARs play
a role in keratinocyte galvanotaxis.
We report a bimodal response. When keratinocytes were
exposed to higher concentrations of β-AR agonist (0.1 µM),
their tracked migratory speed was inhibited, in both the
presence (directional migration) and the absence (random
migration) of a 100 mV mm–1 EF, as expected. At lower
agonist concentrations (0.1 pM to 0.1 nM), there was no
effect on migratory speed; however, all directionality was
lost – essentially, cells were ‘blinded’ to the directional
cue. Preincubating the cells with β-antagonist restored

directional migration, demonstrating that the ‘blindness’
was β2-AR mediated. Incubation of keratinocytes with
agents known to increase intracellular cAMP levels, such
as sp-cAMP, pertussis toxin and forskolin, resulted in
similar ‘blinding’ to the EF, whereas random migration
was unaffected. The inactive cAMP analog rp-cAMP had
no effect on keratinocyte migration, whether directional or
random. However, rp-cAMP pretreatment before β-agonist
addition fully restored galvanotaxis, demonstrating the
complete cAMP dependence of the attenuation of
keratinocyte directional migration. This is the first report
that cAMP is capable of mediating keratinocyte
galvanotaxis. β-AR agonists and antagonists could be
valuable tools for modulating re-epithelialization, an
essential step in the wound-healing process. Thus, β-ARs
regulate the two distinct components of keratinocyte
directional migration differently: migration speed via a
cAMP-independent mechanism and galvanotaxis by a
cAMP-dependent one.
Key words: Wound healing, β-Adrenergic receptor, Electrotaxis,
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Introduction
When skin is wounded, keratinocytes migrate directionally
into the wound bed to initiate re-epithelialization, which is
necessary for wound closure and restoration of barrier
function. Many factors are involved in orchestrating the
complex process of wound healing (Martin, 1997). We believe
that one of the earliest signals to initiate directed cell migration
could be the lateral electric field (EF) generated immediately
upon wounding. The lateral EF is driven by the transepithelial
potential through the low-resistance wound pathway, creating
a negative pole (cathode) at the center of the wound (Ojingwa
and Isseroff, 2003). Endogenous direct current (DC) EFs of 40200 mV mm–1 have been measured near wounds in mammalian
epithelia (Barker et al., 1982; Chiang et al., 1992; McGinnis
and Vanable, 1986; Sta Iglesia et al., 1996; Sta Iglesia and
Vanable, 1998). Human neonatal keratinocytes do indeed sense
the EF within minutes, re-form their lamellipodia facing the
cathode and migrate directionally in physiological DC EFs of
100 mV mm–1 in vitro, a process known as galvanotaxis
(Nishimura et al., 1996). The mechanism for keratinocyte
sensing of the EF is largely unknown, but a role for Ca2+ influx

(Fang et al., 1998; Trollinger et al., 2002), epidermal-growthfactor receptor (EGFR) phosphorylation (Fang et al., 1999) and
protein kinase A (PKA) (Pullar, 2001) have been implicated
in previous work from this laboratory. Studying EF-induced
directional migration will improve our understanding of
directional sensing.
Human keratinocytes express high levels of the β2adrenergic receptor (β2-AR), no β1-ARs (Orenberg et al.,
1983; Schallreuter et al., 1993; Steinkraus et al., 1992;
Steinkraus et al., 1996) and no α-ARs (Cavey et al., 1986;
Orenberg et al., 1983). They also have the capacity to
synthesize
the
catecholamines
epinephrine
and
norepinephrine (Schallreuter, 1997), but the functional role of
catecholamines in the epidermis is unknown. The β2-AR is a
G-protein-coupled receptor (GPCR) capable of coupling to at
least two different G-proteins, Gαs and Gαi (Daaka et al.,
1997). Gαs can activate adenylyl cyclase to increase
intracellular cAMP levels and Gαi can decrease intracellular
cAMP levels by inhibiting adenylyl cyclase (Hurley, 1999).
Noting the role of GPCRs and cAMP in another form of
directional migration, chemotaxis (Merlot and Firtel, 2003),
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we hypothesized that these mediators might also be involved
in the directional migration observed in galvanotaxis. They are
known to regulate several aspects of chemotaxis: the
chemoattractant signal is perceived by GPCRs (Merlot and
Firtel, 2003), G-proteins play a role in chemotaxis (Arai et al.,
1997; Jin et al., 2000; Neptune and Bourne, 1997; Neptune et
al., 1999; Sun and Firtel, 2003), locally produced cAMP
regulates Dictyostelium discoideum streaming during
chemotaxis (Kriebel et al., 2003; Meili and Firtel, 2003), Gβnull D. discoideum mutants show reduced galvanotaxis (Zhao
et al., 2002) and increasing intracellular cAMP inhibits
fibroblast chemotaxis (Kohyama et al., 2001; Kohyama et al.,
2002) and neutrophil chemotaxis (Armstrong, 1995). For
these reasons, we proposed to determine whether intracellular
cAMP played a role in EF-mediated directional migration in
keratinocytes.
We have previously shown that β2-AR activation (10 nM to
1 µM β-adrenergic agonist) increases cAMP but inhibits
keratinocyte migration in a cAMP-independent manner (Chen
et al., 2002) via protein phosphatase 2A (PP2A) activation,
resulting in reduced extracellular regulated kinase (ERK)
signaling (Pullar et al., 2003). Here, we investigate the role of
β2-ARs and intracellular cAMP in the EF-mediated directional
migration of keratinocytes that might play an important part in
initiating re-epithelialization for optimal wound healing.
Materials and Methods
Materials
Isoproterenol (β-adrenergic agonist), forskolin, rp-cAMP (an inactive
cAMP analog) and sp-cAMP (an active cAMP analog) were
purchased from Calbiochem (San Diego, CA). Timolol (β-adrenergic
antagonist) and pertussis toxin (PTX) were purchased from Sigma (St
Louis, MO).
Cell culture
Normal human epidermal keratinocytes, derived from neonatal
foreskin epidermis, were cultured using a modification (Isseroff et al.,
1987) of the method outlined by Rheinwald and Green (Rheinwald
and Green, 1975). Cells were stored in liquid nitrogen and subcultured
as needed in Epilife medium, supplemented with human keratinocyte
growth supplement (HKGS) (Cascade Biologics, Portland, OR), 100
U ml–1 penicillin, 100 µg ml–1 streptomycin, and 0.25 µg ml–1
amphotericin (Gibco, Grand Island, NY) at 37°C in a humidified
atmosphere containing 5% CO2. Cells isolated from at least two
different foreskins were used and experiments were performed with
subcultured cells between passages four and seven. The cells were
grown for 2-3 days to ~50% confluence. Cells, released by
trypsinization, were plated in Epilife medium at 3104 cells cm–2 on
60 µg ml–1 collagen-I-coated (Vitrogen 100, Collagen Corporation,
Palo Alto, CA) glass on the bottom of galvanotaxis chambers (Pullar,
2001). Cells were incubated for an additional 3-6 hours at 37°C to
allow attachment. Cells were pretreated with timolol (20 µM),
forskolin (0.1 µM), sp-cAMP (50 µM) or rp-cAMP (50 µM) for 30
minutes and PTX (100 ng ml–1) overnight at 37°C before β-agonist
addition. In all other experiments, treatments (isoproterenol, 0.1 pM
to 0.1 µM; timolol, 20 µM; sp-cAMP, 50 µM; rp-cAMP, 50 µM) were
added at time 0.
DC EF application
The galvanotaxis chamber construction and DC application were
performed as described previously (Pullar, 2001). Briefly, the

galvanotaxis chamber is composed of a rectangular Plexiglass frame
with two media reservoirs on opposite sides to which a 4550 mm
piece of No. 1.5 glass coverslip is attached to form the chamber
bottom. This allows for continual observation of the plated cells on
an inverted microscope. The keratinocytes are plated onto the
collagen-coated center of the chamber between two coverslip spacers
(2510 mm). A third 25 mm2 coverslip is placed on top, straddling
the two spacer coverslips and covering the cells plated on the
collagen-coated center panel. This third coverslip rests approximately
100-105 µm above the center panel and is sealed on top of the spacer
coverslips with silicone high-vacuum grease (Dow Corning, Midland,
MI). This small height is chosen to minimize the cross-sectional area
through which current flows; a small cross-section creates a highresistance pathway, resulting in a higher voltage gradient for a fixed
current. The aqueduct allows medium and current flow across the
cells. The voltage across the coverslip is measured using a voltmeter
via silver/sliver-chloride (Ag-AgCl) wire electrodes inserted into both
media reservoirs on either side of the center panel. 6-cm-long 2%
agar/PBS-filled pieces of polypropylene tubing connect each end of
the chamber to a medium-filled well in which the Ag-AgCl electrodes
are placed, to separate possible electrode byproducts from the cells
themselves. The current is measured with an ammeter in series and
we only use chambers for which the current flow is kept below 0.6
mA, to minimize electrical heating. Furthermore, temperature of the
medium in the chambers is maintained at 36°C by placing the chamber
on a metal plate heated to and maintained at 39°C. Temperature is
continuously monitored during the experiment using a YSI 400 analog
temperature probe (Yellow Springs Instrument, Yellow Springs, Ohio)
directly attached to the metal plate, and does not vary by more than
1°C over the course of the experiment.
Time-course observation and data analysis
The galvanotaxis chambers rest on inverted Nikon microscopes.
Time-lapse images of the cell migratory response are digitally
captured every 10 minutes over a 1 hour period by a Q-Imaging
Retiga-EX cameras (Burnaby, BC, Canada) controlled by a custom
automation written in Improvision Open Lab software (Lexington,
MA) on a Macintosh G4. Once each cell’s center of mass has been
tracked using Open Lab, migration speed, distance and directionality
are calculated and imported to Excel (Microsoft, Redmond, WA). Cell
migration is quantitatively analysed using two criteria: (1) average net
cos(φ) and (2) average true migration distance (µm). Cos(φ) describes
the direction of migration and is a measure of the persistence of
cathodal directedness, where φ is the angle between the field axis and
the vector drawn by the cell migration path. The average cos(φ) =Σi
cos(φi)/N, where Σi is the summation of 60-160 individual cells from
at least two different cell strains. An angle of zero (φ=0) is assigned
to the negative pole (cathode) and increasing angles assigned in a
clockwise manner, with φ=180° aligned with the positive pole
(anode). Therefore, cos(φ) will provide a number between –1 and +1
and the average of all of the separate cell events yields an index of
directional migration. For example, if a cell were to move directly to
the negative pole, φ=0° and cos(φ)=1. Likewise, if a cell were to move
toward the positive pole, φ=180° and cos(φ)=–1.
‘Net cos(φ)’ therefore refers to the average directional migration index
of separate cell migration events at the end of a 1-hour period.
‘Average track cosine’ refers to the average directional migration
index of separate cell migration events at the end of each 10-minute
period.
‘True distance’ refers to the average true distance the cells travel in a
1-hour period.
‘True speed’ refers to the average true speed the cells travel in a 1hour period.
Data for each condition were collected from 60-160 cells. Results
are given as displacement in µm, speed in µm minute–1 or average
cos(φ) ± the standard error of the mean (s.e.m.). Significance is taken
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as P<0.01, using Student’s t test (unpaired) to compare the means of
two cell populations.
Circle graphs are drawn to provide an efficient way of observing
both migration rate and direction of migration. Each cell is placed at
the origin of the circle graph at time 0, and its final position is plotted
as a single point on the graph. The distance of the points from the
origin provides an indication of cell migration rate and the distribution
of points between the four quadrants indicates the direction of the
migration. The radius of each graph is 120 µm unless otherwise noted.

Results
Human keratinocytes move towards the cathode of an
applied EF
Human neonatal keratinocytes will attach to collagen within a
couple of hours and most of the cells assume a motile
phenotype with lamellipodial extensions along the convex
side of the cell. In the absence of a directional stimulus,
cells migrate randomly. Keratinocyte random migration is
represented in Fig. 1A. There are roughly equal numbers of
cells in all four quadrants of the circle graph. Cells migrate
with a true speed of 0.97±0.04 µm minute–1, a true distance of
58.14±2.16 µm and a net cos(φ) of 0.01±0.06. The
measurement of track cosine over time demonstrates the
random nature of the migration, with cosines averaging to zero
throughout the experiment, as would be expected (Fig. 1C).
Plotting the individual cell tracks also demonstrates the random
nature of the cell migration (Fig. 1E).
In the graphical representation of EF application to the cells,
the cathode is set at the top of the graph (0°), with the anode
at the bottom (180°) (Fig. 1B). The application of a DC EF of
physiological strength (100 mV mm–1) alters the direction of
migration dramatically, while having no effect on the migration
rate. Keratinocytes sense the EF, reform their lamellipodia and
migrate directionally towards the cathode (0°). Most cells are
now concentrated in the top two quadrants of the circle graph
(Fig. 1B). Cells migrate with a true speed of 0.97±0.03 µm
minute–1, a true distance of 57.84±1.78 µm and a net cos(φ) of
0.69±0.04. The measurement of track cosine over time
demonstrates that cells sense the EF within minutes and
increase their directionality steadily throughout the experiment
(Fig. 1D). Plotting the cells’ individual migratory tracks
demonstrates that cells initially traveling in one direction sense
the EF, turn and then move persistently towards the cathode
(Fig. 1F). Although the application of the EF dramatically
increases the net cos(φ) from 0.01±0.06 to 0.69±0.04, it is
important to realize that the application of physiological EFs
has no effect on the migration rate (Fig. 1G).
β-AR agonists attenuate keratinocyte galvanotaxis
The addition of 0.1 pM β-adrenergic agonist decreases the net
cos(φ) by 52% (P<0.01) while having no effect on migration
rate. Increasing the concentration of β-agonist tenfold up to 0.1
nM gradually decreases the net cos(φ) (results not shown), with
a maximum decrease of 75% (P<0.01, 0.69±0.04 to 0.22±0.06)
observed at 0.1 nM β-adrenergic agonist (Fig. 2A). The
random migratory patterns and speeds of β-agonist-treated
keratinocytes were practically indistinguishable from untreated
keratinocytes monitored in the absence of an EF (Fig. 1A).
Increasing the β-adrenergic agonist concentration to 0.1 µM,
however, reduces the migration rate by 34%, as expected (Chen
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et al., 2002; Pullar et al., 2003), as well as decreasing
keratinocyte galvanotaxis (Fig. 2A).
An analysis of the track cosine over time in 0.1 nM βagonist-treated keratinocytes compared with field controls
reveals that, although the cells appear to migrate randomly,
they are still capable of responding minimally to the EF
because they steadily increase their net cos(φ) during the
experiment (Fig. 2B). This could reflect a decrease in stability
of the β-adrenergic agonist over time, however, because the βadrenergic agonist is added at time 0 and is not refreshed.
Isoproterenol is known to be unstable in aqueous solution,
especially under alkaline conditions at 37°C (Patel and
Vasavada, 1988).
Therefore, the effect of β-adrenergic agonists on directional
migration is bimodal. At low doses (0.1 pM to 0.1 nM), there
is an agonist-mediated attenuation of directional migration
towards the cathode of the applied EF and no adverse effect
on migration rate (Fig. 2C). Increasing the β-agonist
concentration to 0.1 µM similarly decreases directional
migration [net cos(φ)] but additionally decreases the migration
rate, as previously reported (Chen et al., 2002; Pullar et al.,
2003). Therefore β2-ARs are capable of modulating the two
distinct components of directional migration: migration rate
(high doses: 0.1 µM and above) and directional migration
towards the cathode of an applied EF (low doses: 0.1 pM to
0.1 nM).
β-Agonist-induced attenuation of keratinocyte
galvanotaxis is mediated by the β2-AR
To determine whether the β-agonist-induced attenuation of
keratinocyte galvanotaxis was mediated through the β2-AR,
we performed keratinocyte galvanotaxis in the presence and
absence of the β-AR antagonist timolol (20 µM). We have
previously demonstrated that this concentration of β-AR
antagonist can sufficiently block the β2-AR and prevent any βagonist-mediated effects on migration (Chen et al., 2002;
Pullar et al., 2003). The β-adrenergic antagonist has no adverse
effect on the migration rate of keratinocytes in an EF but
significantly increases the net cos(φ) of cell migration by
26% (Fig. 3A). Pretreating keratinocytes with β-adrenergic
antagonist before β-agonist addition prevents the β-agonistmediated attenuation of galvanotaxis (Fig. 3A,B). The
migration of β-antagonist-treated cells in the absence of an EF
was not significantly different from non-EF controls (data not
shown).
Additionally, an analysis of the average track cosine over
time reveals that β-antagonist-treated keratinocytes appear to
sense the EF significantly earlier than un-treated keratinocytes
(Fig. 3C). Whereas untreated keratinocytes attain a net cos(φ)
of 0.5 after 30 minutes of EF exposure, β-antagonist-treated
keratinocytes attain a net cosine of 0.5 within 20 minutes and
steadily increase their net cos(φ) throughout the experiment
(Fig. 3C). It appears, therefore, that the β-adrenergic antagonist
increases the keratinocytes ability to sense the EF and to
respond to it by migrating towards the cathode.
cAMP attenuates keratinocyte galvanotaxis
The active cAMP analog sp-cAMP (Van Haastert et al., 1984)
attenuates keratinocyte galvanotaxis by 64% while having no
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effect on the migration rate (Fig. 4A). Cells treated with spcAMP migrate randomly and similarly to the migration of
keratinocytes in the presence of β-agonist (0.1 nM) in an EF
(4B). The migration of sp-cAMP-treated keratinocytes in the
absence of an EF is indistinguishable from non-EF controls
(data not shown). Pretreating keratinocytes with sp-cAMP
before β-agonist addition (0.1 nM) at the time of EF
application also attenuates directional migration by 68% while
having no adverse effect on migration rate. In fact, sp-cAMPpretreated keratinocytes appears to move slightly faster than
untreated cells (Fig. 4A). The combination of sp-cAMP and βadrenergic agonist does not further attenuate EF-induced
directional migration; in fact, the net cos(φ) values for 0.1
nM β-adrenergic-agonist-treated and β-adrenergic-agonist/spcAMP-treated keratinocytes are identical (0.22).
PTX can also activate adenylyl cyclase and correspondingly
increase intracellular cAMP owing to Gi-protein inhibition in
keratinocytes (Choi and Toscano, 1988). In fact, it has a greater
effect on cAMP accumulation than cholera toxin activation of
Gs protein (Jacquemin et al., 1986). Overnight treatment with
100 ng ml–1 PTX attenuates keratinocyte directional migration
in an EF in the presence or absence of β-agonist, while having
no significant effect on random migration (Fig. 4C). This is
suggestive of a cAMP-dependent mechanism, although other
cAMP-independent mechanisms could play a role (Kimmel
and Parent, 2003).
Additionally, to provide more proof that increasing
intracellular cAMP was indeed responsible for ‘blinding’
keratinocytes to the EF, we performed galvanotaxis experiments
in the presence and absence of forskolin, a well-known activator
of adenylyl cyclase (Insel and Ostrom, 2003), which results in
increased intracellular cAMP levels. Forskolin (0.1 µM) reduces
the net cos(φ) by 58% from 0.69±0.04 (n=132) to 0.29±0.1
(n=92), while having no effect on migration rate (results not
shown). Increasing intracellular cAMP therefore appears to play
a major role in the mechanism for the β-adrenergic-agonistmediated attenuation of keratinocyte galvanotaxis.
Blocking cAMP signaling prevents the β-AR-mediated
attenuation of galvanotaxis
To confirm the role of cAMP in the mechanism for the βagonist-mediated attenuation of keratinocyte galvanotaxis, we
treated keratinocytes with an inactive cAMP analog, rp-cAMP,
that blocks downstream cAMP signaling (Van Haastert et al.,
1984). Treatment with rp-cAMP completely prevents the βadrenergic-agonist-mediated decrease in cos(φ); in fact, it
significantly increases the net cos(φ) of keratinocyte migration
by 19% while migration rates are comparable to those of EF
controls (Fig. 5A,B). In Dictyostelium discoideum, blocking
adenylyl cyclase activation and the subsequent increase in
intracellular cAMP has no adverse effect on EF-induced
directional migration, as we demonstrate here for keratinocyte
galvanotaxis, but does not increase the persistence of cathodal
directedness (Zhao et al., 2002).
Pretreating keratinocytes with rp-cAMP (50 µM) before βagonist addition (0.1 nM) at the time of EF application
completely prevents the β-agonist-mediated attenuation of EFinduced directional migration. Cells migrate with a net cos(φ)
of 0.71±0.05 (EF control: 0.69±0.04) with migration rates
comparable to EF controls (Fig. 5A,B).
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An analysis of the track cosine over time also reveals that
rp-cAMP-treated cells appear to sense and respond to the EF
by migrating towards the cathode earlier than untreated
keratinocytes. Cells treated with rp-cAMP have net cos(φ)
values of 0.5 or above within 20 minutes, compared with 30
minutes for EF control cells (Fig. 5C). Remarkably, the
addition of β-adrenergic agonist to the rp-cAMP-pretreated
keratinocytes does not effect the increased sensitivity of the
keratinocytes to the EF. In fact, rp-cAMP-pretreated βadrenergic-agonist-treated keratinocytes have net cos(φ) values
above 0.5 as early as 10 minutes after EF application (Fig. 5C).
Therefore, the addition of rp-cAMP increases the ability of
keratinocytes to sense and respond to an applied EF while
having no effect on the migration rate. Pretreating
keratinocytes with rp-cAMP before β-agonist addition restores
keratinocyte galvanotaxis, demonstrating the cAMP
dependence of the attenuation of keratinocyte EF-induced
directional migration.
β2-ARs can therefore regulate the two distinct components
of directional migration by different mechanisms: migration
speed at higher concentrations of β-adrenergic agonist (0.1
µM) via a cAMP-independent mechanism (Chen et al., 2002;
Pullar et al., 2003); and EF-induced directional migration at
lower β-adrenergic agonist concentrations (0.1 pM to 0.1 nM)
by a cAMP-dependent mechanism.
Discussion
Here, we have investigated the effect of β-adrenergic agonists
and antagonists on keratinocyte galvanotaxis. Directional
migration towards the cathode of the applied DC EF is
attenuated at low concentrations (0.1 pM to 0.1 nM) of βadrenergic agonist. The cells are essentially ‘blinded’ to the EF
while maintaining normal migratory speeds. There is a very
gradual decrease in net cos(φ) from 0.1 pM to 0.1 nM
β-adrenergic agonist. At higher β-adrenergic-agonist
concentrations (0.1 µM) migration rate was attenuated, as
previously described (Chen et al., 2002; Pullar et al., 2003), as
was cathodal directional migration. β-Adrenergic agonists are
therefore capable of modulating the two distinct components
of directional migration: directional migration and migration
rate.
Interestingly, a subpopulation of cells do not appear to sense
and respond to the EF. A few cells migrate persistently towards
the anode, represented by dots in the bottom two quadrants of
cells in the circle graph (Fig. 1B). It will be interesting to
isolate this subpopulation and to compare them with cells
capable of responding to the field with cathodal migration.
The ability of β-adrenergic antagonists to restore
keratinocyte galvanotaxis in the presence of β-adrenergic
agonist confirmed that the attenuation of EF-induced
directional migration was indeed mediated by the β2-AR.
Additionally, both β-adrenergic-agonist- and rp-cAMP-treated
keratinocytes appeared to sense and respond to the EF by
migrating towards the cathode earlier than untreated cells. One
explanation for this could be the ability of keratinocytes to
synthesize the catecholamines epinephrine and norepinephrine
endogenously (Schallreuter, 1997; Schallreuter et al., 1993;
Schallreuter et al., 1995). Any catecholamines synthesized by
the keratinocytes during the experiments would be blocked
from binding to the β2-AR by the β-adrenergic antagonist or
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blocked from signaling downstream by rp-cAMP, preventing
any catecholamine-mediated attenuation of keratinocyte
galvanotaxis. The question would arise then of why control
cells move directionally towards the cathode in the presence of
endogenously synthesized catecholamines when the addition
of β-adrenergic agonists, at extremely low concentrations,
attenuates keratinocyte galvanotaxis. This could be explained
by the sensitivity of β2-ARs to naturally occurring
catecholamines and β-adrenergic agonists. β2-ARs exhibit a

strong response to isoproterenol (β-adrenergic agonist) with
much less sensitivity to epinephrine or norepinephrine (Mycek,
1997). We are presently exploring the endogenous production
of catecholamines by keratinocytes in the time frame of our
experiments.
We have previously demonstrated that the β2-AR-mediated
decrease in keratinocyte migration is cAMP independent (Chen
et al., 2002), because G proteins and cAMP appear to play an
important role in the directional movement of cells towards a
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nM), sp-cAMP-treated
cells (50 µM) and cells
pretreated with spcAMP before agonist
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0
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bars (right) represent directionality [cos(φ)]. Field control, n=132; 100 ng ml–1 PTX, n=67; 50 µM PTX/0.1 nM β-agonist, n=96. The data
shown are combined from three independent experiments on two separate cell strains. Error bars indicate s.e.m. *P<0.01 (C).
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(Kohyama et al., 2001; Kohyama et al., 2002) and neutrophil
chemotaxis (Armstrong, 1995), we were, therefore, interested
to determine whether an increase in intracellular cAMP was
responsible for the β-agonist-mediated attenuation of EF-
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Fig. 5. The inactive cAMP analog rp-cAMP prevents the β-adrenergic-agonist-mediated attenuation of keratinocyte galvanotaxis. Circle graphs
(radius 120 µm) were plotted to represent the translocation of keratinocytes after 1 hour in an applied DC EF of 100 mV mm–1 in the presence
of β-adrenergic agonist alone (0.1 nM), rp-cAMP alone (50 µM) or cells pretreated with rp-cAMP before β-adrenergic-agonist addition (A).
The migration rate and cosine of the migration angle [cos(φ)] for untreated, β-adrenergic-agonist-treated (0.1 nM), rp-cAMP-treated (50 µM)
cells or cells pretreated with rp-cAMP (50 µM) before β-adrenergic-agonist (0.1 nM) addition were measured after 1 hour in the presence of an
applied DC EF. Solid bars (left) represent migration rate, striped bars (right) represent directionality [cos(φ)]. Field control, n=132; 0.1 nM βagonist, n=137; 50 µM rp-cAMP, n=61; rp-cAMP/0.1 nM β-agonist, n=72. The data shown are combined from three independent experiments
on two separate cell strains. Error bars indicate s.e.m. *P<0.01 (B). The average track cosine for each 10 minute time period was plotted against
time for rp-cAMP-treated cells and cells pretreated with rp-cAMP before 0.1 nM β-adrenergic-agonist addition in the presence of an EF (C).
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induced directional migration. Increasing intracellular cAMP
levels with an active cAMP analog (sp-cAMP), PTX or
forskolin did indeed replicate the attenuation of keratinocyte
galvanotaxis observed with β-adrenergic agonists, and had no
effect on migration rate. Remarkably, we could fully restore
keratinocyte galvanotaxis by pretreating with the inactive cAMP analog rp-cAMP before β-adrenergic-agonist addition,
providing compelling evidence that the mechanism for the
β-adrenergic-agonist-mediated attenuation of keratinocyte
galvanotaxis was cAMP dependent. This is the first report of a
role for cAMP in keratinocyte galvanotaxis.
Thus, β2-ARs can regulate the two distinct components of
keratinocyte directional migration differently: migration speed
via a cAMP-independent PP2A-dependent mechanism
involving the mitogen-activated-protein-kinase pathway (Chen
et al., 2002; Pullar et al., 2003); and EF-induced directional
migration or galvanotaxis by a cAMP-dependent one.
Globally increasing intracellular cAMP levels might mask a
small, highly localized EF-induced change in intracellular
cAMP that might play an essential role in keratinocyte EF
directional sensing. Highly localized β2-AR signaling has been
demonstrated in hippocampal neurons, in which β2-ARs
complex with L-type calcium channels, adenylyl cyclase and
PKA (Davare et al., 2001). However the mechanism requires
further elucidation. We have previously demonstrated that the
PKA inhibitor KT5720 (50 nM) (Kase et al., 1987) decreases
the net cos(φ) of keratinocyte migration by 53%, suggesting a
role for cAMP-dependent PKA in keratinocyte galvanotaxis
(Pullar, 2001). By contrast, we here demonstrate that rp-cAMP,
also a PKA inhibitor, does not adversely affect galvanotaxis;
indeed, it enhances it. KT5720 (Kase et al., 1987) and rpcAMP (Van Haastert et al., 1984) have completely different
structures and modes of action (Kelly et al., 1999), which
could partly explain their different effects on keratinocyte
galvanotaxis. It has also recently been shown that many
selective and specific kinase inhibitors actually have several
cellular targets as well as the target they have traditionally been
used to inhibit. KT5720 appears also to inhibit phosphorylase
kinase at the concentrations used in our initial experiments
(Davies et al., 2000). Whether PKA plays a role in keratinocyte
galvanotaxis requires further experimentation.
How would an EF-induced change in intracellular cAMP fit
with current theories about EF-induced galvanotaxis? A
change in intracellular cAMP levels would suggest the
activation or inhibition of adenylyl cyclase (Hurley, 1999). It
is well known that changes in intracellular Ca2+ can directly
activate or inhibit specific isoforms of adenylyl cyclase
(Chabardes et al., 1999; Hurley, 1999). Adenylyl cyclase
isoforms I and VIII are activated by Ca2+ (Defer et al., 2000)
and adenylyl cyclase isoforms V and VI are inhibited by Ca2+
(Chabardes et al., 1999). The isoforms of adenylyl cyclase
expressed by human keratinocytes are presently unknown but
fetal rat keratinocytes do express isoforms VI and VIII
(Takahashi et al., 1998), meriting further investigation of the
adenylyl-cyclase isoforms expressed in human keratinocytes.
The mechanism used by keratinocytes to sense and respond to
an applied EF does have a very specific requirement for Ca2+
influx that is not blocked by either amiloride or verapamil
(Trollinger et al., 2002) and is, therefore, independent of the
non-specific cation channel (Mauro et al., 1995) previously
identified.

How could the EF initiate a change in intracellular Ca2+
levels? The EF could hyperpolarize the plasma membrane at
the anodal face of the cell, which might cause ion channels to
open and will alter the driving force of ions through channels
(for a review, see Nuccitelli, 2003). Ca2+ waves have been
identified in prostate cells (Perret et al., 1999), and were found
to be capable of triggering focal-adhesion disassembly
(Giannone et al., 2004). A Ca2+ wave could be initiated from
the anode to the cathode by passive electrochemical diffusion
(Mycielska and Djamgoz, 2004) and could then activate or
inhibit adenylyl cyclase, leading to localized changes in
intracellular cAMP levels. Alternatively, keratinocytes could
express a member of the family of hyperpolarization-activated
cAMP-gated mammalian cation channels (Distler et al., 1994)
that can be activated by hyperpolarization and modulated by
hormone- and neurotransmitter-induced rises in cAMP
(Ludwig et al., 1998). Elucidation of the precise mechanism of
proposed EF-induced changes in keratinocytes awaits further
exploration.
In conclusion, we have demonstrated that β-adrenergic
agonists are capable of modulating the two distinct components
of keratinocyte directional migration via divergent signaling
pathways: migration rate via a cAMP-independent, mitogenactivated-protein-kinase-dependent pathway (Chen et al.,
2002; Pullar et al., 2003) and galvanotaxis by a cAMPdependent one. This is the first report that cAMP can modulate
keratinocyte galvanotaxis and could place cAMP in an
important upstream position in the signaling cascade
responsible for keratinocyte sensing and responding to an
applied EF. Additionally, because β-adrenergic agonists and
antagonists modulate both keratinocyte migration and
galvanotaxis, they could be valuable tools for controlling reepithelialization and restoration of barrier function, an essential
component of the wound healing process.
This work was supported in part by National Institutes of Health
grants AR 44518 (RRI) and AR 48827 (CEP).
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