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Abstract: Physiological dc electric fields in the range of
I0-100 mV/mm have been measured in developing chicken
and amphibian embryos as well as in adult tissues near skin
wounds. Here we review the evidence for the involvement of
these electric fields in development and wound healing.

extraembryonic ionic currents,

measurement

it

does not provide a direct

of the magnitude of the electric fields

generated within the embryo. Such direct electric field

measurements

must be made with

penetrating

microelectrodes and have only been made on a few
systems. The first of these was the measurement of the
intraepidermal electric fields near a small cut made in
guinea pig skin [a]. They measured rather large voltage
gradients of 100-200 mV/mm beneath the stratum corneum

This includes influences on cell motility, growth and
polarity. In addition, we have developed a new microneedle
array for the measurement of the electric fields generated
in human skin near wounds. This involves an array of
silicon microneedles bonded to an electrically insulating
glass substrate with Pt electrodes addressing individual
needles. The technique along with measurements conducted
on human skin will be described. The needles are sharp
enough to pierce skin yet robust enough to withstand
multiple penetrations with minimal tip damage.

lateral to the wound, generated by the current leaking out of
the cut. An analogous measurement of 42 mV/mm has been
made near wounds in corneal epithelia [5-6]. Electric fields
have also been measured in developing and regenerating
embryos. In regenerating newt limbs immediately following
amputation, the proximal stump field averages 7 mV/mm

INTRODUCTION

and the early distal fields average 50 mV/mm t71. In
developing chick embryos, fields of 10-30 mV/mm have

of development [8-9].
Developing amphibian embryos also generate
been measured during some stages

There has been much interest in the possible
involvement of power-line frequency ac electric fields in
cell growth and differentiation. Much less attention has
been given to dc fields. Yet the biological literature has
hundreds of documented cases in which dc ionic currents
have been detected around developing embryos and adult
organisms. These currents are generated by either plasma

membranes or epithelial monolayers. All cells are
surrounded by a plasma membrane that generates a voltage
across itself of about 70 mV, inside negative. Ion channels
and pumps located in this membrane are often distributed in
a polarized manner so that they drive an ion current through
the cell in the range of 1-10 p.Alcmz []. In addition, the
outer layer around most organs and embryos consists of a
polarized epithelial monolayer that usually pumps current
across itself in an apical-basal direction [2-3l.This cunent
generates voltages of up to 100 mV across the epithelial
monolayer as it leaks back between the cells and this
voltage can drive substantial wound currents out of breaks
in the monolayer that occur during wounding. Therefore,
we know that cells are routinely exposed to relatively
steady electric fields, but are they strong enough to
infl uence cellular function?

While the vibrating probe technique has provided a
of information regarding the extracellular and

wealth

intraembryonic fields of that magnitude that appear to be
important for morphogenesis I I 0- I 2].
We have been particularly interested in human skin

wound healing and have found that primary

human

keratinocytes respond to imposed dc electric fields by
migrating towards the negative pole of the field [3-la].
This galvanotaxis response appears to require Ca'- influx as
well as the phosphorylation of the EGF receptor [5-16].
However, there are no reliable measurements of the lateral
electrical fields near skin wounds in humans. That is why
we have been developing a new technique to measure such
fields in humans.

RESULTS AND FIGURES
We have constructed a silicon chip with a micro-needle
anay (Fig. l). The goal is to have short, strong needles that
can be mounted directly on human skin to penetrate the
stratum corneum without breakage. The needles are coated
with platinum and connected to a platinum electrode. They
are then insulated and the insulation at the very tip of the
needle is removed. We are now testing this chip and plan to
present the results of our first measurements at the
conference.

3*o IntenNATroNAL ConrrnrrucE oN BrorucrRoMAGNETrsM
B-12 October 2000, Bled - SLOVENIA

Soft Tissue and Bone Healing

L7B

[7] M.E. McGinnis and J.W. Vanable Jr., "Electrical fields
in Notophthalmus viridescens limb stumps," Dev. Biol.,
vol. I 16, pp. 184-193, 1986.
[8] K.B. Hotary and K.R. Robinson, "Endogenous electrical
currents and the resultant voltage gradients in the chick
embryo," Dev. Biol., vol. 140, pp. 149-160, 1990.
[9] K.B. Hotary and K.R. Robinson, "Evidence of a role for
endogenous electrical fields in chick embryo development," Development, vol. I 14, pp. 985-996, 1992.
[0] K.B. Hotary and K.R. Robinson, "Endogenous elec-

trical currents and voltage gradients in

Xenopus
embryos and the consequences of their disruption," Dev.

Biol., vol. 166, pp. 789-800,1994.
[11]M.E.M. Metcalf, R.Y. Shi, and R.B. Borgens, "Endogenous ionic currents and voltages in amphibian
embryos," J. Exp. Zool., vol. 268, pp.307-322, 1994.

Metcalf and R.B. Borgens, "Weak applied
voltages interfere with amphibian morphogenesis and
pattem," J. Exp. Zool., vol. 268, pp.323-338,1994.
[3]K.Y. Nishimura, R.R. Isseroff and R. Nuccitelli, "Human keratinocytes migrate to the negative pole in direct
current electric fields comparable to those measured in
mammalian wounds," J. Cell Sci., vol. 109, pp. 199207,1996.
[4] D.M. Sheridan, R.R. Isseroff, and R. Nuccitelli, "Imposition of a physiologic DC electric field alters the

[2] M.E.M.

Figure

l:

Completed array showing etched silicon micro-

needles and electrodes attached to a glass substrate
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