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McCaig, Colin D., Ann M. Rajnicek, Bing Song, and Min Zhao. Controlling Cell Behavior Electrically: Current
Views and Future Potential. Physiol Rev 85: 943-978, 2005; doi:10.1152/physrev.00020.2004.—Direct-current (DC)
electric fields are present in all developing and regenerating animal tissues, yet their existence and potential impact
on tissue repair and development are largely ignored. This is primarily due to ignorance of the phenomenon by most
researchers, some technically poor early studies of the effects of applied fields on cells, and widespread misunder-
standing of the fundamental concepts that underlie bioelectricity. This review aims to resolve these issues by
describing: 1) the historical context of bioelectricity, 2) the fundamental principles of physics and physiology
responsible for DC electric fields within cells and tissues, 3) the cellular mechanisms for the effects of small electric
fields on cell behavior, and 4) the clinical potential for electric field treatment of damaged tissues such as epithelia

and the nervous system.

I. INTRODUCTION

This review discusses the existence of DC electrical
gradients of voltage within tissues (endogenous electrical
fields), how cells respond to these gradients, and their
role in development and in tissue repair. Because these
steady, extracellular voltage gradients differ from the type
of fast, transmembrane-associated electrical events fa-
miliar to present-day electrophysiologists, we open
with a historical background that traces their parallel
origins and highlights mechanistic similarities and dif-
ferences.

WWW.Prv.org

II. HISTORICAL BACKGROUND

A. The Common Origins of Electrophysiology
and Bioelectricity

In the mid-1700s, the ability to store and discharge
static electricity from a Leyden jar was discovered and
was used to demonstrate the effects of delivering strong
electrical shocks to people. Vanable (198), quoting Hoff
(79), recounts that L’ Abbe Jean-Antoine Nollet caused 180
of the King’s guards to leap simultaneously by having
them all hold hands and then connecting the man at the
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end of the line to the discharge from a Leyden jar. The
King was greatly amused! This public party-trick was
repeated with the whole population of a Carthusian mon-
astery, which strung out a mile’s worth of humanity that
leaped in concert on receiving the charge.

Around the same time, the importance of the electri-
cal control of cell physiology was becoming apparent
from the famous experiments of Galvani (Fig. 1A) (70,
159, 160). His epic work on frog nerve-muscle prepara-
tions included the use of lightning rods connected to
nerves via wires, which caused leg muscles to twitch
during a lightning storm. Similarly, static electricity
generators creating sparks that activated nerve conduc-
tion also caused muscle twitching. Equally important
was his observation during a public experiment in Bo-
logna in 1794 that the cut end of a frog sciatic nerve
from one leg stimulated contractions when it touched
the muscles of the opposite leg. Collectively, these exper-
iments provided definitive evidence for “animal electric-
ity.” In addition, with this last experiment, Galvani
had demonstrated the existence of the injury potential
(Fig. 1A4).

1. Injury potentials and action potentials

An injury potential is a steady, long-lasting direct-
current (DC) voltage gradient induced within the extra-
cellular and intracellular spaces by current flowing into
and around an injured nerve. Its discovery predated the
discovery of the better known action potential, which is a
rapid, self-regenerating voltage change localized across
the cell membrane. In 1831, Matteucci extended Galvani’s
observations by measuring injury potentials directly at
the cut end of nerves and muscles using a galvanometer
(named after Galvani). Ingeniously, he used the injury
potential of damaged frog muscle to demonstrate the
existence of action potentials in nerve and muscle for the
first time. By placing a cut nerve into an injured muscle
(Fig. 1A), he showed that the latter activated the nerve
and caused contraction of the muscle innervated by that
nerve. He showed also that muscles made to contract in
this way would activate contractions in a second frog
muscle preparation, whose intact nerves were placed
across the belly of the twitching muscles. The action
potentials of the uninjured muscle fibers had stimulated
action potentials in the intact nerves and intact muscles of
the second preparation. In the intervening two centuries,
the relative importance of injury potentials and action
potentials has shifted markedly. Action potentials are cen-
tral in neuroscience and electrophysiology, but injury
potentials are frequently not recognized, are neglected, or
are grossly misunderstood.
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2. Injury potentials and nerve regeneration

Part of this review will discuss the role of endoge-
nous and applied electrical fields (EFs) in stimulating and
directing nerve growth and nerve regeneration. It is im-
portant and instructive to draw a clear historical link.
Recent work in this area begins with experiments that are
direct descendants of Galvani’s work on injury potentials.
Injury currents, like those discovered by Galvani, have
been measured entering the cut ends of Mauthner and
Muller axons in embryonic lamprey spinal cord (Fig. 1B)
(22). These currents are of the order of 100 wA/cm?, and
because the resistivity of soft tissues is ~1,000 () - cm,
they give rise to steady voltage gradients of ~10 mV/mm.
The hypothesis that the injury potential these currents
establish in the distal ends of cut axons might impede
regeneration has been tested. So has the proposal that
applying a DC EF to offset and reverse the polarity of this
injury potential would promote regeneration (24). Both
have proven correct. In the intervening 20 years, this work
has progressed to human clinical trials using applied DC
EFs to treat human spinal cord injuries (see sect. vi).

3. Injury potentials and wound healing

The great German physiologist Emil Du-Bois Rey-
mond, considered to be the founder of modern electro-
physiology, repeated Matteucci’s experiments and mea-
sured directly the propagating action potential. However,
he was also interested in injury potentials. In 1843, he
used a galvanometer (built with >2 miles of wire) to
measure ~1 nA flowing out of a cut in his own finger. The
flow of current is due to the short-circuiting of the trans-
epithelial potential (TEP) difference that occurs at a skin
lesion (Fig. 1, C-F).

A second aspect of this review discusses the role of
endogenous and applied EFs in stimulating and directing
wound healing. Again, a direct historical link is appropri-
ate. Recent work in this area begins with two studies that
are clear descendants of Du-Bois Reymond’s demonstra-
tion of injury currents in skin. First, the stumps of regen-
erating newt limbs drive large currents out the cut end
(29). Currents of between 10 and 100 wA/cm?® create a
steady voltage drop of ~60 mV/mm within the first 125
um of extracellular space, and this is essential for regen-
eration (2, 95, 133, 134). Second, human skin and that of
guinea pigs and amphibians maintain a TEP across the
epithelial layers. When the skin is cut, a large, steady EF
arises immediately and persists for hours at the wound
edge, as current pours out the lesion from underneath the
wounded epithelium (Fig. 1, D and F) (8). These fields
measure ~140 mV/mm and play important roles in con-
trolling several aspects of the cell biology of wound heal-
ing (see sect. vD).
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FIG. 1. The historical context, concepts of bioelectricity, and the injury potential. A: Galvani’s 18th century experiments using a frog leg
preparation. The leg contracted when the cut end of the sciatic nerve touched the leg muscle (1) or when the electrical discharge from a Leyden
jar was applied directly to the nerve (2). When the surface of a section of the right sciatic nerve touched the intact surface of the left sciatic nerve,
both legs contracted (3). He concluded that electrical conduction (“animal electricity”) was required for muscle contraction, but it wasn’t until the
19th century that Mateucci’s measurements showed that the source of “animal electricity” was the potential difference between injured and intact
surfaces, the injury potential. B: 20th century parallels with Galvani’s studies revealed injury currents entering the cut ends of axons in the lamprey
spinal cord. A sensitive, rapidly vibrating, voltage-sensing electrode (see Fig. 4D) was placed near the cut surface of the spinal cord (fop). The blue
arrows pointing down indicate an injury current entering the cut ends of axons. The red arrows at the sides of the cord indicate a region of outward
current. By convention the direction of current flow is taken to be the direction of the flow of positively charged ions. [Modified from Borgens et
al. (22).] C: individual cells maintain an electrical potential (V,,,) across the intact plasma membrane. This results from the activity of membrane-
bound channels selective for transport of specific ions across the intact membrane, which has a high electrical resistance. The result is a net negative
charge on the inside of the cell relative to the outside. D: similarly, selective, directional ion transport across intact epithelia results in a significant
potential difference across the epithelial layer. Embryonic Xenopus skin is used in this example, but the principles apply to all ion-transporting
epithelia, including multilayered epithelia, such as mammalian skin and the corneal epithelium. Xenopus skin scavenges Na™ from the dilute pond
water in which it is bathed via the spatial separation of Na* channels and pumps within epithelial cell membranes. Each cell is divided functionally
into an apical domain facing the pond water and a basolateral domain facing the inside of the embryo. The apical domain contains membrane
proteins that allow passive entry of Na* (arrow) into the cell, and the basolateral domain contains Na*-K"-ATPases that actively pump Na™ out of
the cell into the intercellular embryonic space (arrow). Tight junctions between epithelial cells provide physical connections between cells,
providing high electrical resistance to the epithelial sheet and preventing leakage of Na* out of the embryo. The result is a higher concentration of
Na™ inside the skin relative to the outside. The resulting transepithelial potential (TEP) gradient of tens of millivolts can be measured directly across
the intact epithelium. Intact skin therefore represents a biological “battery.” E: in an individual cell, localized injury to the membrane causes an
inward injury current as positively charged ions enter the cytoplasm. This underlies the inward currents measured at the cut axons in the lamprey
spinal cord (see B) and other cells. F: wounding of an epithelial sheet (or localized disruption of tight junctions) creates a current leak at the wound
site causing the immediate, catastrophic collapse of the TEP at the wound. The TEP is not affected distally however, where the epithelial integrity
and ion transport properties remain intact. Na™ leak out the wound, resulting in an outward injury current and a lateral voltage gradient (electric
field) within the embryo (green arrows) oriented parallel to the epithelial sheet. The wound site is the cathode of the electric field.
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Interestingly, although frog nerve and frog skin were
key preparations in the discovery of steady DC injury
potentials and have been central to teaching in electro-
physiology, it is for the action potential and the TEP that
these tissues are best known. Few of the many pupils and
teachers that have used these preparations are familiar
with injury potentials or their essential role in tissue
development and repair.

In parallel with Galvani’s work, Volta was developing
these ideas to create the first battery. Recognizing the
parallel with animal electricity, Volta used batteries ther-
apeutically to treat deafness. Others, however, were less
rigorous scientifically in the promotion of electrical-based
therapies. For more than a century there was “widespread
and irrational use of galvanism and static electricity”
(198). Static electricity generators were in common use
and were promoted and sold because they created an
allegedly beneficial “electric air bath” or a “negative
breeze.” The electric air bath involved charging the pa-
tient and using a grounded electrode to draw sparks from
a chosen part of the body. The negative breeze allegedly
was helpful in treating insomnia, migraine, and baldness
(Fig. 2). With the electrode polarity reversed, a “positive
breeze” was used to treat kidney disease. Vanable (198)

FIG. 2. An electric air bath (“negative breeze”). The wooden cabinet
houses a static electricity generator that is connected to a metal plate
under the patient’s feet. A metal cathode suspended above the patient’s
head completes the circuit. This therapy was used in the 19th century to
treat conditions such as insomnia, baldness, migraine, and early kidney
disease. When treatment with “negative breeze” therapy was unsuccess-
ful, the electrodes were sometimes reversed and “positive breeze” ther-
apy was applied. By the 20th century, such treatment was dismissed as
“quackery” due to an improved understanding of the cellular physiology
underpinning the electrical component of tissue repair and develop-
ment. [Modified from Borgens (16).]

McCAIG, RAJNICEK, SONG, AND ZHAO

gives a good account of this charlatanism and makes the
insightful point that this period of highly dubious pseudo-
science tainted perceptions and may be a major reason
why animal electricity and bioelectricity have been held
in relatively low scientific esteem.

This historical preamble is relevant for two reasons.
First, by describing the pioneering work on animal elec-
tricity and bioelectricity, we make the point that these
phenomena share a common foundation in elemental
electrophysiology, yet the latter enjoys far greater scien-
tific respectability. Second, it shows that from its incep-
tion even in mainstream physiology, there were elements
of awe, wonder, and showmanship in the study of bio-
electricity. Moreover, because some of this background
work has involved outright quackery, there is a danger
that we dismiss all of it. One aim of this review will be to
restore scientific credibility to neglected aspects of ani-
mal electricity. This is a realistic aim because these con-
cepts have a real basis in physiology and because they can
(and do) sit comfortably beside the fast, channel-cen-
tered, membrane electrophysiology of the present day.
These concepts are summarized in Figure 1.

B. Electrical Signals Vary in Space and Time

Contemporary electrophysiologists are familiar with
fast membrane conductance changes that take place
within milliseconds, for example, as an action potential is
propagated along a neuronal membrane. In developmen-
tal biology too there is widespread recognition of simi-
larly fast electrical conductance changes, for example,
across the egg membrane. In this case, a transient and
massive membrane depolarization of the newly fertilized
sea urchin egg acts as an electrical block to polyspermy
(87). Both of these examples involve very fast conduc-
tance changes that occur within membrane-embedded
channels and a flow of ions that changes the voltage
across the membrane only. The electrical events to be
covered in this review last much longer and are present
across hundreds of microns, rather than being confined to
the immediate vicinity of the cell membrane. They involve
steady DC gradients of electrical potential, usually in the
extracellular spaces, but sometimes within the cytoplasm
of a single cell or a syncytium of cells. Such gradients are
present for hours, days, or even weeks during both devel-
opment and regeneration. In addition, they are regulated
both spatially and developmentally. Their undisputed ex-
istence and their physiological relevance, both of which
will be established below, indicate that they should be
integrated into current thinking. One way to do this is to
consider throughout this review the issue of chemotaxis.
This is a widely accepted form of directed cell motility
based on the ability of cells to respond with directional
movement in a chemical gradient. Many types of mole-

Physiol Rev « VOL 85 « JULY 2005 « WWW.PIV.Org

8002 ‘0z 1snbny uo Bio ABojoisAyd-aAaisAyd wol) papeojumod



http://physrev.physiology.org

ELECTRICAL CONTROL OF CELL BEHAVIOR

cules are presented to cells in the form of chemical gra-
dients in the extracellular spaces. Both in developing and
in regenerating systems many of these molecules carry a
net charge. Because steady voltage gradients also are
present within the extracellular spaces and vary in space
and time, these coexistent chemical and electrical signals
must interact. This raises several issues. For example, are
chemical gradients established by preexisting electrical
gradients? Do chemical and electrical guidance cues ac-
tivate shared signaling pathways to achieve directional
growth? Are there hierarchies of guidance cues that vary
in space and time?

Some other questions to be tackled are outlined be-
low, to prime the reader. As the review develops, the
answers to these questions will need to be integrated with
prevailing views on the control of directed cell motility by
chemical gradients (177), or by substrate topography
(147), or by whatever other dynamic guidance cues coex-
ist within the extracellular spaces. Where are steady elec-
trical fields found? What is their basis? What are their
functions? What tissue or cellular effects do they have?
What mechanisms underpin these effects? How do elec-
trical cues interact with other guidance cues? And can
electrical fields be mimicked or manipulated to control
cell behaviors?

III. FUNDAMENTAL CONCEPTS
IN ELECTROPHYSIOLOGY

Understanding the origins and interdependence of
steady DC currents and associated voltage gradients is
central to all that follows. Although this involves nothing

more complex than Ohm’s law, the unfamiliarity of these
concepts to some biologists makes it appropriate to re-

A B

V=IR fluid layer
R

Vv

tissue

947

visit high school physics. This has been covered thor-
oughly in a fine review by Robinson and Messerli (173).
One of the simplest of electrical circuits is formed by a
resistor connected to the two terminals of a voltage
source, or battery, by conducting wires (Fig. 34). Current
is carried in the wires by electrons, and there is a direct
relationship between the voltage difference across the
resistor and the current that flows through it. This is
known as Ohm’s law : V = [ - R, where V is the voltage of
the battery, I is the current (in amps), and R is the
resistance (in ohms). In a physiological solution such as
the cytoplasm or the fluids of the extracellular spaces,
there are no free electrons to carry charge so current is
carried by charged ions such as Na™ and Cl~ instead. The
bulk resistivity of a physiological solution can be mea-
sured and typically is ~100 () - cm. If there is a voltage
difference between any two points in a conductive me-
dium, current will flow. The voltage difference per unit
distance is the electrical field, and in a biological context,
this is most intuitively expressed in millivolts per milli-
meter. The relationship between current density and the
electrical field is E = J - p, where E is the electrical field,
J is the current density (in A/cm?), and p is the resistivity
of the medium. Inevitably then the existence of an EF and
the flow of current are interdependent and inseparable
events. Importantly, the EF and the current density are
vectors, with both magnitude and direction. It is this
directional quality of an EF that makes it a candidate
spatial organizer, because it can impose directional move-
ment on chemicals in the extracellular environment, on
receptor molecules, on cells, and on tissues.

In addition to acting as a vector, current flow and
voltage gradients in tissues also vary in space and time.
This happens for two reasons: 1) functional ion channels

P
Rﬂuid
epithelium V
w /
| issue

FIG. 3. Electrical properties of wounded epithelia and surrounding tissue. A: a simple, nonbiological electric circuit. Wires connect a battery

(V) to a resistor (R). Electrons, which are negatively charged, carry the current (I, arrows) within the wire. The relationship between the voltage
difference across the resistor and the current flowing through it is described by Ohm’s law: V = I'R. B: in an ion-transporting epithelium, the
transepithelial potential difference (TEP) of several tens of millivolts (Fig. 1D) acts as a “skin battery” (V). In biological systems the current (1) is
carried by charged ions, such as Na* and Cl~. Injury to the epithelium produces a low resistance path by which ions leak out through the wound.
The resistance of the wound (R,,) is variable; R,, is higher if the wound is allowed to dry out than if the wound has a moist dressing. In frog skin
and corneal epithelium, in which the outer layer of the epithelium is constantly bathed in a conductive fluid, the resistance of the return path of the
current (Rg,,;q) is low compared with that within the tissue (R;...)- As a result, most of the lateral potential drop is within the subepidermal tissue
layer; therefore, a lateral electric field exists in the region near the wound. Because the direction of current flow is taken to be the direction of flow
of positive ions (arrows), the wound is more negative than distal regions within the tissue. The wound therefore represents the cathode of the
naturally occurring subepidermal electric field.
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and/or ion pumps may be localized to separate cells, or
parts of cells, and this pattern of localization/activation
may change with time; and 2) the local resistance of a
tissue may vary as a consequence of wounding, which
creates holes (current leaks, Fig. 3B), spatial variation in
cell packing, or transient breakdown of tight junctions to
permit cell movements. Two examples of the latter come
from regenerating and developing limbs. Stump currents
associated with amputation of the urodele limb have been
mentioned already; 10-100 wA/cm? leave the stump and in
the first hours after injury create a DC voltage drop of ~60
mV/mm within 125 um of the lesion. By 6 h postlesion as
the stump wound resistance increases, the EF drops to 26
mV/mm, distally negative (133, 134). Second in develop-
ment, the tight junctions between epithelial cells of the
flank skin break down, but only in the precise areas where
limb buds will form. The TEP becomes short-circuited
only at these sites from which currents of 1-10 uA/cm?
leave the flank. These “prophetic” currents precede limb
bud emergence by several days and predict the sites from
which limb buds will appear in amphibians, chicks, and
mice (1, 21, 25, 170).

Before discussing more detailed examples of electri-
cal fields and their control of development and regenera-
tion, it is crucial to put the magnitude of these electrical
signals into context. To depolarize a neuron and fire an
action potential using surface electrodes requires field
stimulation of 1-2 V/mm. The common technique of elec-
troporation for drug or gene delivery into cells uses ex-
tremely large pulses of DC EF stimulation, roughly 100—
500 V/mm (143). The DC EFs that play physiological roles
in development and regeneration (see examples in sect. 1v,
A-D) are three or four orders of magnitude less than this
(1-100 mV/mm)! It is a mistake to think of them having
similar magnitude, but this is a major misconception
made by those who dismiss EF as being “nonphysiological.”

IV. ELECTRICAL FIELDS EXIST
EXTRACELLULARLY AND
INTRACELLULARLY

Four biological examples follow that put these con-
cepts into context. The first two generate an image of
dynamic electrical signals present within the extracellular
spaces as potential guidance cues for migrating or prolif-
erating cells. The latter two show that steady electrical
signals also exist across contiguous cytoplasmic regions
within and between some cells; for example, those cou-
pled by gap junctions.

A. Example 1: Embryos Generate a Dynamic
Voltage Gradient Across Their Skin

The skin of adult frogs is well known as a transport-
ing epithelium that sustains a TEP of ~100 mV, inside
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positive, across the multilayered epithelium (102). The
ion transport properties of the apical and basolateral cell
membranes differ and are polarized (Fig. 1D). The apical
cell membrane contains specialized amiloride-sensitive
sodium channels allowing Na* to enter the cells, while
the basolateral membranes contain the well-known “so-
dium pump,” the ouabain-sensitive Na*-K*-ATPase that
electrogenically pumps three Na* from the cytoplasm out
into the extracellular fluid in exchange for two K" enter-
ing the cells. Net ion transport therefore occurs across the
epithelium, with Na™ being transported from pond water
into the animal. A high-resistance electrical “seal” exists
between neighboring cells in most epithelial sheets in-
cluding amphibian skin. This is formed by tight junctions,
and these greatly reduce the electrical conductivity of the
paracellular space (5). Viewed end-on, the apical surface
of each epithelial cell appears to be encircled by strands
of specialized tight junctional proteins. Strands on neigh-
boring cells abut each other to form a “seal” that restricts
the paracellular passage of solutes and water. The whole
structure may be pictured as similar to a series of inter-
connecting hoops around the end of a barrel. The same
basic elements of polarized channels, pumps, and tight
junctions are found in embryonic frog skin, and these also
establish a TEP from very early stages of development
(131, 168).

1. Voltage gradients exist within the extracellular
spaces underneath the skin

Crucially, the potential difference across the skin is
different in different parts of the developing embryo
(180). With the use of standard glass microelectrodes,
stable gradients of voltage have been measured around
the neural plate area in axolotl embryos during the period
of neurulation. Skin potentials are higher rostrally than
caudally (Fig. 4, A-C). This is particularly marked at the
head end of the embryo, where EFs of 75-100 mV/mm
have been measured in the extracellular space below the
epithelium (180), whilst EF's of 30 mV/mm are present in
the region rostral to the developing blastopore (173). In
both cases the orientation of the steady voltage gradient is
rostrocaudal, that is, along the long axis of the embryo
(head to tail). The skin potential also is high at the midline
of the neural plate as it begins to fold over to become the
neural tube, decreases at the neural folds, and increases
again further laterally on the flank of the embryo. This
pattern of skin potential gives rise to standing voltage
gradients on either side of the dorsal midline, with a
mediolateral orientation (Fig. 4, A-C).

The point was made above that voltage gradients and
current flow are linked inextricably, and these findings of
voltage gradients using glass microelectrodes impaling
the skin have been paralleled using a second, less familiar
technique that measures current flow noninvasively

Physiol Rev « VOL 85 « JULY 2005 « WWW.PIV.Org

8002 ‘0z 1snbny uo Bio ABojoisAyd-aAaisAyd wol) papeojumod



http://physrev.physiology.org

ELECTRICAL CONTROL OF CELL BEHAVIOR

TEP (mV)
5 o8 3

w

40

30

20

10

TEP (mean + sem)

location

949

FIG. 4. Spatial differences in the transepithelial potential difference (TEP) generate electric fields within intact embryos. A: TEP measurements

made using glass voltage-sensing electrodes. The TEP of axolotl embryos was measured relative to a bath ground electrode at the time of early
neural tube formation (stage 16) in three positions on the same embryo. Measurement sites are shown in B: a, at the rostral end of the neural groove;
b, at the lateral edge of the neural fold; c, at the lateral epithelium; d, halfway along the neural groove; e, at the caudal end of the neural groove near
the blastopore. The TEP at each site was positive on the inside of the embryo. [Data from Shi and Borgens (180).] B: TEP measurements made at
sites @, b, and ¢ in 8 embryos demonstrating that the TEP is highest in the center of the neural groove (a) and lowest at the lateral edge of the neural
ridge (b). Measurements from 20 embryos at sites a, d, and e indicate a rostral to caudal TEP gradient. [Data from Shi and Borgens (180); embryo
in B and D modified from Borgens and Shi (26).] C: an artist’s impression of the spatial differences of TEP in a stage 16 axolotl embryo. Colors
represent the magnitude of the TEP. Yellow is highest, and purple is lowest. The slope of the line indicates the magnitude of the resulting local
electric field in the subepidermal tissues. [Modified from Shi and Borgens (180).] D: current loops detected using a noninvasive vibrating electrode.
The electrode vibrates rapidly near the embryo in an electrically conductive medium (e.g., pond water). The stainless steel electrode has a small
voltage-sensing platinum ball at its tip, which is vibrated rapidly over a distance of ~20 um. The electrode (red) is shown at the extremes of its
vibration. The voltage is determined at each point, and the current density at the measurement site is calculated using known values for distance
from the embryo and the resistivity of the bathing medium. As would be predicted from the spatial variation of TEP illustrated in A and B, there
is outward current at the lateral edges of the neural ridges, inward current at the center of the neural groove, inward current at the lateral skin, and

a large outward current at the blastopore.

around the outside of the embryonic skin. This technique
uses a vibrating microelectrode (90, 91) that is driven at
300 Hz between two extreme positions roughly 20 um
apart. With the vibrating microelectrode placed close to
an embryo within an electrically conducting medium and
all signals filtered out other than those at 300 Hz, the
probe records the voltage at the two extremes of its
excursion, close to and more distant from the skin surface
(Fig. 4D). With the use of the resistivity of the medium
bathing the embryo, the differential voltage signals be-
tween the extremes of vibration are converted to current
flowing in or out of the embryo at one point. Moving the
location of the probe allows current flow to be mapped
spatially around an embryo. Currents of 100 wA/cm? have
been measured exiting the blastopore in Xenopus em-
bryos at developmental stages 15-20 (a period spanning
the formation of the neural tube; Fig. 4D) (84). The size of
these measured currents is consistent with the rostrocau-

dal and mediolateral TEP gradients described in Figure 4.
Since the resistivity of soft tissues is ~1,000 - cm,
current densities of 100 wA/cm? give rise to voltage gra-
dients of ~10 mV/mm. Importantly, the anterior neural
folds also are sites of current exit, and here current
densities of 2 wA/cm? have been measured. The sites of
current leaks are regions of major tissue movements
(173). Because tissue movements disrupt tight junctional
seals transiently (47) and therefore reduce tissue resistiv-
ity locally (but not in distal areas), current flows parallel
to the tightly sealed epithelium in areas of high resistivity
(intact tight junctions) and exits the embryo in regions of
low resistivity (where tight junctions have broken down)
(Fig. 4D).

Although these two techniques demonstrate clearly
that electrical signals exist during neurulation in amphib-
ians, the signals at the blastopore and at the neural folds
may have different functions. This is because the blas-
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topore current persists after closure of the neural tube,
but the rostrocaudal and mediolateral voltage gradients at
the buckling neural plate stage disappear as the neural
folds fuse at the end of neurulation (Fig. 5). The func-
tional significance of switching spatially localized DC EFs
on and off during gastrulation and neurulation, which are
major developmental milestones, has been tested.

2. Disrupting the natural EFs in amphibians
disrupts development

If the EFs in embryos play a significant role in devel-
opment, disrupting the normal electrical milieu of em-
bryos would cause developmental defects. This has been
tested directly in amphibians using two experimental ap-
proaches. The first involved placing whole axolotl em-
bryos in an externally applied EF of physiological magni-
tude for a period spanning either gastrulation or neurula-
tion (~18-22 h). The applied EF was designed to disrupt

A neural groove
74/
&
77 3
L]

C // fuse dorsally
/ / / " ‘-.

| notochord

neural
tube

floor plate

FIG. 5. Neural tube development. A: neural tube formation begins
with a thickening of the ectoderm at the dorsal midline to form a neural
groove flanked by raised neural ridges. B: the neural ridges fold upward
gradually. C: eventually they fuse at the dorsal midline. D: after fusion
the neural tube is a distinct structure, covered by a continuous epithe-
lium (green). The resulting neural tube is therefore derived from the
ectoderm in such a way that the lumen of the neural tube is historically
the equivalent of the apical side of the ion-transporting embryonic
epidermis. Note that the walls of the neural tube are thicker laterally and
thinner ventrally at the floor plate (yellow), nearest to the notochord.
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the pattern and magnitude of the endogenous EFs by
altering the TEP in a predictable way (139).

With no EF exposure (normal TEP), abnormalities
occurred in no more than 17% of embryos. In embryos
with no specific orientation to the imposed EF, 62% de-
veloped abnormally in an EF of 756 mV/mm and 43% at 50
mV/mm. Because the main axes of the measured endog-
enous voltage gradients run rostrocaudally and mediolat-
erally within the neural plate (Fig. 4), experiments were
made using embryos with these body axes aligned with
the EF vector. When the EF was imposed during neuru-
lation with a cathode at the rostral end of the embryos,
95% (19/20) developed abnormally. When the cathode was
caudal, 93% were abnormal, and of those with the long
(rostrocaudal) embryonic axis perpendicular to the ap-
plied EF, 756% (12/16) were abnormal. The types of defects
seen were profound and included absence of the cranium,
loss of one or both eyes, a misshapen head, abnormal or
absent brachial development, and incomplete closure of
the neural folds in focused areas. In some cases, cells
from the neural plate migrated out from the embryo onto
the dish and continued to develop autonomously. In an-
other experiment an EF of identical duration and magni-
tude was applied to embryos undergoing gastrulation. The
EF was switched off at the end of gastrulation, and the
embryos were allowed to develop to stage 36. Impor-
tantly, these embryos developed completely normally.

Interestingly, the polarity of the applied EF predicted
the polarity of the developmental abnormalities that were
induced. The most striking disruptions were seen in areas
facing a cathode, where the skin TEP had become hyper-
polarized. When the rostral (head) end of the embryo
faced the cathode, head defects predominated, and when
the caudal (tail) end of the embryo faced the cathode,
lower abdominal and tail defects predominated (139).

The disruption to the embryonic skin TEP by apply-
ing an EF externally was marked and was polarized in a
predictable manner. The TEP, which is normally inter-
nally positive, depolarized and switched polarity to be-
come increasingly negative internally in regions of skin at
the anode in an EF of 25-100 mV/mm. At the other end of
the embryo, the TEP of skin under the cathode hyperpo-
larized and became increasingly more positive internally.
Because the TEP was altered in this striking manner by
the externally applied EF, the endogenous gradients of
extracellular voltage under the skin will be scrambled by
this imposed applied EF.

These experiments allow three conclusions. 1) En-
dogenous EFs with normal polarity and magnitude are
essential for normal development of the nervous system
and other tissues. 2) There was no generalized harmful
effect of an applied EF since embryos exposed at gastru-
lation developed normally. 3) Embryos responded to
scrambling of their endogenous EF only during the period
when cells were undergoing neurulation. This suggests
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that neuronal cells gain and then lose the ability to re-
spond to an applied EF during a specific window of
developmental time.

The second approach to modifying endogenous EFs
involved impaling Xenopus embryos with glass microelec-
trodes, similar to those used to measure the TEP. Current
was passed through the electrodes so that the endoge-
nous current leaving the blastopore was reduced or re-
versed (84). The effect of injecting current on the magni-
tude of the blastopore currents was measured directly
using the vibrating microprobe. Injected current at 100 nA
nulled the blastopore current, and 500 nA approximately
reversed it. Eighty-seven percent of embryos (20/23) in-
jected with this level of current for 9-11 h at stage 14-16
showed gross external developmental abnormalities.
These included the formation of ventral pigmented
bulges, failure of the anterior neural tube to close, re-
duced head development, retarded eye formation, the
extrusion of cells from the blastopore into the dish, and
failure of embryos to form functional cilia. Control em-
bryos with long-term impalement of an electrode in the
same region but no current, those with low current (10
nA, which did not affect the magnitude of the natural
blastopore current), or those with reversed current that
augmented the blastopore current, showed a much lower
rate of abnormality.

Therefore, although two markedly different methods
have been used to disrupt the endogenous EFs of amphib-
ian embryos, they nevertheless induced a surprisingly
uniform and striking array of developmental defects.
Brain and tail structures were especially vulnerable and,
significantly, these are regions of endogenous outward
currents and of measurable steady DC voltage gradients
in the embryo. The high incidence of neural tube defects
also may be significant. Mutations in a number of genes
such as sonic hedgehog cause neural tube defects (41), so
it would be instructive to determine the expression levels
of these genes in normal embryos and in embryos where
the endogenous EFs have been disrupted. Conversely, it
would be useful to determine whether disruption of en-
dogenous EF affects expression patterns of key develop-
mental genes.

One interpretation of the experiments outlined above
is that steady voltage gradients within embryos provide a
gross template for the development of pattern during
ontogeny and that developmental abnormalities resulted
from experimentally scrambling electrical cues necessary
for patterning and cell migration within the embryo.

3. Endogenous currents and voltage gradients are
present in chick embryo: disrupting these
disrupts development

Importantly, currents and voltage gradients that are
analogous to the blastopore and neural fold currents in
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amphibians have been measured in chick embryos (81). In
stage 15-22 chick embryos, ionic currents greater than
100 wA/cm? leave the embryo via the posterior intestinal
portal (PIP). This is the period of tail gut reduction; when
there is extensive cell death at the caudal end of the
embryo. The PIP is the opening into the hindgut from the
yolk sac. These currents enter through the ectoderm of
the embryo and upon flowing through the embryo gener-
ate a caudally negative voltage gradient of ~20 mV/mm. If
these voltage gradients play a necessary role in embryo-
genesis, then disrupting them should alter development.
This has been tested by creating an alternative path for
current flow out of the embryo. Hollow capillaries that
formed an ectopic region of low resistance were im-
planted to create, in effect, a permanent, nonhealing
wound (83). This procedure reduced the magnitude and
altered the internal pattern of the natural EF. Conductive
implants designed to shunt currents out of the embryo
were placed under the dorsal skin at the midtrunk level
(stage 11-15). These hollow capillary shunts were ~100
um outside diameter and 1 mm long and were filled with
saline, in some cases gelled with 2% agarose to control
against bulk fluid transfer between the embryo and its
surroundings. They were placed perpendicular to the neu-
ral tube in a slit ~250 um long and inserted around 500
wm under the ectodermal epithelium parallel to the neural
axis. Currents of 18 pA/cm? left the conductive shunts.
The net effect was to reduce the current leaving the PIP of
these embryos by 30%. Ninety-two percent (25/27) of
these embryos developed with gross abnormalities. The
most common defect was in tail development, with the
neural tube, notochord, and somites all either missing or
truncated in the tail region. There were defects also in
limb and head/brain development, but the frequency of
defects increased in a rostrocaudal direction. Forty-four
percent of embryos showed multiple developmental de-
fects. Nonconductive, solid rod implants of the same di-
mensions were used in control embryos. No currents
were measured escaping from these implants, nor did the
implants influence the magnitude of the currents leaving
the PIP. Only 11% (2/18) of control embryos with solid
implants showed any developmental abnormalities; all the
others developed completely normally, despite the con-
tinuous presence of the nonconducting implant. The ab-
normalities seen in experimental embryos were very sim-
ilar to those produced in rumpless chicks, a naturally
occurring mutation which can result in complete absence
of all caudal structures (228). Vibrating probe measure-
ments from rumpless chicks showed that currents leaving
the PIP were ~41% of the PIP current in normal embryos
(83), suggesting that this electrical deficit contributes, at
least in part, to the tail structure deletions.

Several aspects of these experiments are important.
1) They confirm that currents and endogenous voltage
gradients are present during major episodes of chick de-
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velopment and are greatest in the tail region. 2) Reducing
the PIP currents by shunting current out at an ectopic
dorsal location has the greatest developmentally disrup-
tive effect in the tail region. 3) The shunt placement is
several millimeters away from the site of the main
defects, indicating that current shunting did not have
nonspecific and deleterious local effects. 4) Solid
shunts had no effect. 5) A naturally occurring chick mu-
tation may cause tail deformities because of aberrant
electrical signals.

A further point of interest and one which requires
further study is that the primitive streak of the chick
embryo, which is analogous to the amphibian blastopore,
also is a site of large outward currents of ~100 wA/cm?
(94). A physiological role for these currents has not been
explored.

4. A voltage gradient exists across the neural tube and
neuroblasts differentiate in this gradient

The vertebrate neural tube forms when the lateral
edges of the neural plate thicken, rise up, and fold over to
fuse with each other at the dorsal midline (Fig. 5). A
hollow tube called the neural tube that develops to be-
come the brain and spinal cord forms from the folded
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ectoderm and then detaches to lie below the skin. The
luminal surface of the neural tube therefore is equivalent
to the outer surface of embryonic skin. Because spatial
and temporal differences in the electrical properties of
embryonic skin generate steady endogenous electrical
signals (see above), the neural tube has been investigated
to determine whether similar electrical signals are gener-
ated across its wall. Amphibian neural tube does establish
a potential difference across its wall known as the trans-
neural tube potential (TNTP; Fig. 6) (82, 179). In axolotl
this may be as large as 90 mV, with the lumen negative
with respect to the extracellular space at stage 28. Be-
cause the wall of the neural tube is roughly 50 um wide,
this large potential difference would create a steady volt-
age gradient across cells in the neural tube wall of a
remarkable 1,800 mV/mm [90 mV/50 um = 180 mV/100
pm = 1,800 mV/mm]. The neuroblasts (neuronal precur-
sors) within the wall must migrate, differentiate, and
sprout directed axonal projections whilst exposed to this
high, continuous extracellular EF. The TNTP is largely the
result of transporting Na™ out of the lumen, and this can
be prevented pharmacologically by injecting benzamil or
amiloride into the lumen. When this was done in axolotl
embryos at stage 21-23 and the embryos were allowed to

FIG. 6. Measurement of the {rans-neural tube potential (TNTP) in an axolotl embryo by steady advance of a glass voltage-sensing electrode.
A: initially the electrode penetrates the ectoderm (1) and records the TEP. It then advances through the wall of the neural tube, resting in the lumen
(2) to record the neural tube potential (NTP). Then the electrode penetrates the far side of the neural tube to again record the TEP (3). The diagram
shows the recording position of the tip of a single electrode as it advances through the tissue layers. B: a sample recording from the experiment
described in A. Penetration of the ectoderm (1) indicates a TEP (blue bar) of ~20 mV, inside positive (relative to a reference electrode in the bath).
At 2, the electrode penetrates into the lumen of the neural tube, recording the NTP. The sharp downward deflection indicates that the lumen is
negative (—30 mV) relative to the bath (pink bar). The sum of the TEP and NTP represents the TNTP (green bar). In this example the TNTP is about
—50 mV (lumen negative relative to the outside of the neural tube). When the electrode tip is advanced out of the lumen through the far wall of the neural
tube (3), there is a sharp upward deflection, in which the TEP of —20 mV is recorded again (second blue bar). At 4, the electrode is withdrawn from the
embryo. There is a sharp return to the reference baseline, which has remained stable throughout the experiment. C: a cross-section through a stage 23
axolotl embryo. To confirm that the electrode was positioned in the neural tube lumen, a fluorescent label (TRITC-con A) was iontophoresed into the
neural tube from the same electrode used to measure the NTP at point 2 above. [B and C redrawn from Shi and Borgens (179).]
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