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Bioelectricity

and Regeneration

Richard B. Borgens, Joseph W. Vanable, Jr., and Lionel F. Jaffe

Ever since the time of Galvani and
Volta, about two centuries ago, biolo-
gists have been aware of electrical phe-
nomena in living organisms. [See Geddes
and Hoff (1971) for an interesting review
of these early days.] However, most of
the research in this area has been con-
cerned with potentials generated across
cell membranes, particularly of nerve
and muscle. Less well-appreciated are
the stable electrical potentials generated
across whole cells or even tissues. These
steady, trans-cellular and trans-tissue
potentials play an important role both in
the day-to-day existence of organisms
and in their growth, development, and
regeneration. We will focus here on the
effects that these potentials have on
growth, development, and particularly
regeneration.

There is a classical literature on so-
called bioelectric potentials, which goes
back to at least 1905 when Ida Hyde
measured potentials across turtle and
fish eggs. Such bioelectric potentials
have generally been measured by taking
the cell or organism out of its aqueous
environment and measuring surface po-
tential differences with the cell or orga-
nism in air. For example, the remarkable
pioneer, Elmer J. Lund, made some
careful measurements on stem sections
of the hydroid Obelia (1925). He found
that the end of the stem that in time
would regenerate a head was sub-
stantially electropositive with respect to
the other end. This would indicate that
steady current flows out the regenerating
end.!

However, there are several serious
difficulties in interpreting this measure-
ment and others like it. In order to get a
measurable signal, the stem was placed
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in moist air rather than in its natural sea-
water environment. The voltages were
produced by currents driven by the stem
along the thin film of moisture on its sur-
face during the measurements. The stem
does not, in fact, regenerate in moist air,
and one cannot be certain to what extent
the currents that flow in this environ-
ment are present during reégeneration in
seawater. Even if present during regen-
eration, these currents would not pro-
duce the large voltages measured. In-
deed, the size of the measured voltage is
more or less arbitrary, depending as it
does on the thickness of (and hence the
resistance along) the film of surface
moisture. Nevertheless, the same
amount of current that produced large
surface voltages during measurement
may also traverse the stem during regen-
eration in seawater. However, even if
this were true, we cannot determine the
size of this current from the published
data, since the resistance along the sur-
face film was not measured. (This dis-
cussion is not put forth to dismiss the
whole body of older bioelectric potential
measurements. In many or most in-
stances, they may well be valid in-
dicators of the direction of developmen-
tal currents, but little or no quantitative
information can be inferred from them.)

Three more reliable measurements,
which form a transition to the modern
era, have been carried out on developing
plant systems: regenerating Acetabu-
laria, corn coleoptiles bending upwards
in response to gravity, and fucoid eggs
germinating away from unilateral light.
The stem segments of Acetabularia were

1We use the convention, which goes back to Ben-
jamin Franklin, that the direction of current flow is
the direction of movement of positive charges.
Moreover, all biological currents are carried by ions
and not by electrons. For example, in this case, the
current along the surface of the Obelia stem would
be largely composed of the two major ions found in
seawater: Na* ions moving away from the regererat-
ing end and CL- ions moving toward it.

placed in seawater and actually regener-
ated during the measurements. How-
ever, the ends of each segment were suf-
ficiently insulated from each other by
greased partitions to allow the measure-
ment of voltages by conventional means.
Starting 40 hours before cap regenera-
tion began, large voltage pulses ap-
peared, which indicated pulses of cur-
rent entering the future regenerating end
(Novak and Bentrup 1972).

Unlike most systems studied electri-
cally, the corn coleoptile grows naturally
in air. Grahm and Hertz (1962) devel-
oped an ingenious system using vibrating
centimeter-square plates, which did not

Fig. 1. Photograph of a probe vibrating at
200 cycles per second in front of a day-oid
fucoid embryo growing in seawater. (Pho-
tographed under illumination by a strobo-
scope flashing at 400 c.p.s. to visualize the
probe in its two extreme positions.) The tip
of this probe consists of a platinum black
ball about 25 um in diameter. It registers
the minute voltage difference between its
extreme positions. From this voitage dif-
ference, together with the resistivity of the
medium, one can calculate the current
density driven between these points by the
embryo. (From Jaffe and Nuccitelli 1974)
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touch the coleoptiles but sensed the
fields in the air around them. This en-
abled them to measure reliably the volt-
ages generated across these organs in re-
sponse to unilateral gravity. The
coleoptiles develop potential differences
of 80 mV or more across themselves,
with their lower (and faster growing) side
the positive one. Unlike most surface po-
tential measurements, these directly in-
dicate the natural voltages developed
across the growing tissue. Furthermore,
one can infer that current emerges from
the outer plasma membranes of the epi-
dermal cells on the faster growing side
and enters those on the opposite side, al-
though the current path in between re-
mains obscure.

Jaffe (1966) measured voltages across
fucoid eggs while they developed in sea-
water by placing several hundred eggs in
series within a loose-fitting glass capil-
lary and measuring the total voltage
across the capillary. The voltages per
egg were very small (about a few hun-
dred nanovolts) but indicated substantial
currents with densities of the order of 1
namp/cm? entering the growing tip of the
embryo.

A modern era in measuring develop-
mental currents was initiated with the in-
troduction of an ultrasensitive vibrating
electrode (Fig. 1). When placed in the
aqueous medium outside the cell or tis-
sue, this probe enables one to plot and
measure the pattern of current densities
around the object and infer the direction
and densities of current going through it.
Use of the vibrating probe facilitated a
detailed study of natural currents
through developing fucoid eggs. Nucci-
telli (1978) found that these currents en-
tered the presumptive growth tip many
hours before it was visible. Furthermore,
once growth does begin, the rate of elon-
gation is roughly proportional to the cur-
rent entering the growing tip (Nuccitelli
and Jaffe 1974). Studies using radioactive
tracers, as well as the probe, have shown
that much of the early current traversing
the egg before growth begins, and indeed
before the direction of growth is irrevers-
ibly established, consists of calcium
ions. Thus, very early in development,
calcium ions enter the presumptive
growth point and leave its antipode
(Robinson and Jaffe 1975).

COMPLEX ORGANISMS

Transcellular currents appear to play a
key role in the development of more
complex organisms, also. Exploratory
studies with the vibrating probe have al-
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Fig. 2. Some examples of developmental currents. The left-hand column (a-c) shows three
tip-growing plant cells. Current enters the growing end in all cases, with peak entry den-
sities of the order of 1 namp/cm?. (Scale bar is 0.05 mm.) The middle column shows two
larger and/or more complex plant systems. The arrows through the regenerating, anucleate
stalk segments of Acetabularia (d) indicate the direction of periodic, 100-second-long cur-
rent pulses (rather than the steady currents indicated elsewhere). They enter the end that
will regenerate a cap and seem to have peak current densities of the order of 10 to 1000
wamp/cm?. (e) Current enters the elongating zone of the barley root, with peak entry den-
sities of the order of 1 Lamp/cm?. (Scale bar is 1 mm.) The right-hand column shows three
animal systems. (f) Current enters the animal pole of the fully grown Xenopus obcyte with a
density of about 1 uamp/cm?, and leaves its antipode with about this same density. (g)
Current is relatively concentrated, with densities of up to 20 wamp/cm? as it enters the
nurse cell end (Nu) of the Cecropia follicle. (The nurse cell pole of the insect odcyte roughly
corresponds to the animal pole of the other animal o6cytes.) (h) Current leaves the primi-
tive streak of the early chick embryo with densities of the order of 30 namp/cm?. (Scale bar
is 0.5 mm.) [For the fucoid egg current, see Nuccitelli & Jaffe (1975); lily pollen, see Weis-
enseel et al. (1975); barley root, see Weisenseel et al. (1979); Acetabularia, Novak & Ben-
trup (1972); Xenopus oocytes, Robinson & Jaffe (unpublished); Cecropia follicles, Jaffe and
Woodruff (1979); chick embryos, Stern & Jaffe (see text footnote 2).]

ready revealed large developmental cur-
rents through a wide variety of forms
(Fig. 2 and Jaffe 1979). Good examples
are the ovarioles of the American silk
moth, Cecropia (Jaffe and Woodruff,
1979) and the chick embryo in the primi-
tive streak stage (Stern and Jaffe?).

2C. D. Stern and L. F. Jaffe, ‘‘Large Electrical Cur-
rents Leave the Primitive Streak of Early Chick Em-
bryos,”’ unpublished paper.

During most of the growth of the ce-
cropia oocytes, large currents (with den-
sities of up to 20 wamp/cm?) flow into the
nurse cell end of each follicle (or odcyte-
nurse cell complex) and leave the o6cyte
end. Since the nurse cell end of each
odcyte will become the anterior end of
the egg, one may reasonably ask if the
anterior-pole currents somehow help es-
tablish the head-favoring factors, which
are laid down in the front end of various
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insects early in o6genesis (compare Kan-
dler-Singer and Kalthoff 1976, Niisslein-
Volhard 1977). Furthermore, during the
last stages of development, a second en-
try current is established at the posterior
pole of the forming cecropia odcytes;
one may reasonably ask if this posterior-
pole current is somehow involved in lay-
ing down the germplasm and/or tail-fa-
voring factor, which is established at the
posterior pole of various insects late in
obgenesis (compare Sander 1976, Ill-
mensee et al. 1976).

Throughout the primitive streak stages
of the chick embryo, intense currents
pour out of the whole streak and return
throughout the rest of the epiblast. How-
ever, the epicenter of this strong out-
ward current gradually moves from
about the middle of the early streak to a
more anterior point, near Hensen’s
node. This epicenter seems to corre-
spond roughly to the region of tissue that
shows the greatest organizing activity
when transplanted elsewhere in the em-
bryo. Within the embryo, the current
probably returns to the streak through
the space between the epiblast and hy-
poblast. One may reasonably ask if these
internal currents somehow help guide
cell movement or establish basic devel-
opmental pattern in the chick.

VERTEBRATE REGENERATION

Trans-cellular currents appear to play
a key role in vertebrate regeneration as
well. For some time, it has been known
that there are surface potential dif-
ferences between various parts of the
adult salamander. Monroy (1941) discov-
ered that the distal part of a limb is posi-
tive with respect to the proximal part.
After amputation, this potential dif-
ference becomes far larger. Monroy’s
discovery has been essentially confirmed
by Becker (1960) and Lassalle (1974a), as
well as by Rose and Rose (1974).

These surface potential differences
along early regenerating urodele limbs
suggest that current should be leaving
the cut surface of the regenerating limb
stump and reentering at points proximal
to this. Measurements with the vibrating
probe show that this indeed is the case.
Before amputation, current enters the
skin at nearly all points of the limb sur-
face (Fig. 3A); after amputation, there is
an increase in incurrent density and a
dramatic efflux of current from the cut
surface of the stump (Fig. 3B). These
large outcurrents have densities of the
order of 10 to 100 pamps/cm? (usually 50
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Fig. 3. Pattern of current around (A) intact
newt forelimb and (B) forelimb stump after
amputation. Arrows indicate direction of
current and magnitude of current density,
as measured 0.3 mm from the surface.
Note the difference between the scales in A
and B to allow visualization of the relative-
ly small current densities of intact skin.
(From Borgens et al. 1977b)

mamps/cm? or more) and persist with
fluctuation until just about early blas-
tema formation, about 10 days to 2
weeks later (Borgens et al. 1977b). Dur-
ing this time, in about 70% of the mea-
surements made, the peak currents oc-
curred in the postaxial region. As
regeneration continued, the outcurrents
dropped to less than 5 pamps/cm? and
from time to time reversed to equally
small incurrents. The reversal was never
steady, and the incurrents were usually
small; only occasionally did they even
reach a value of 10 to 20 pamps/cm?.

SOURCE OF
URODELE LIMB CURRENTS

What might be the source of such cur-
rents? Becker has claimed that nerves
are the source of the potential dif-
ferences measured on the surface of re-
generating newt limbs (Becker 1960).
However, several facts argue con-
vincingly against this claim. Both Mon-
roy (1941) and Lassalle (1974b) showed
that the surface potentials are practically
unaffected by denervation. Furthermore,
Lassalle found that the potentials dis-
appear when the skin is removed.

Our own work has confirmed and ex-
tended these conclusions. Amphibian
skin can pump sodium ions inwards (see
Ussing 1964). These Nat*-dependent in-

currents are in the same direction as the
incurrents we have measured entering
intact newt limb skin, and therefore
could theoretically be the source of the
outcurrents we observed after amputa-
tion (Fig. 4A). The fact that these cur-
rents are Na*-dependent permitted us to
test this hypothesis. When we remove
Na* from the medium in which the newt
is immersed, within 15 minutes there is a
dramatic reduction in outcurrent from
the cut surface of the limb (Borgens et al.
1977b). In most cases, current densities
in sodium-depleted media are less than 1
wamp/cm?, approximately a 50-fold re-
duction from control values. Further-
more, if the Na* concentration is raised
fivefold over normal levels, there is an
average of a fivefold increase in current
density leaving the end of the stump.

A slightly different approach has also
provided data consistent with the hy-
pothesis that the Nat*-dependent skin
pump is the battery that drives the cur-
rent leaving the regenerating surface of
the stump. Amiloride and methyl ester of
lysine (MEL) each prevent the genera-
tion of these skin currents by blocking
the channels through which Na* gains
access to the Na* pumps (Benos et al.
1976, Kirschner 1973). When amputated
newts are immersed in 0.5 mM amiloride
or in 3 mM MEL, the stump current den-
sity is sharply reduced: In the amiloride,
currents leaving the limb stump fall from
their initial level by 68% within 15 min-
utes, and at 50 minutes, by 90%; in
MEL, in most cases, the values fall by
90% within 15 minutes. Finally, the re-
duction in current produced by each of
these methods is reversible by placing
the animals back in their normal water
(Borgens et al. 1977b).

In view of Becker’s claim about the
role of nerve in generating the surface
potentials that he and others have mea-
sured, we have also investigated the ef-
fect of denervation on the currents we
measure with the probe. We find that
currents leaving arms that were dener-
vated three to four days prior to amputa-
tion are, if anything, larger than those
leaving the contralateral innervated
stump® (Borgens et al. 1977b). There-
fore, we agree with Monroy and Lassalle
about the source of the current that we
measure: All of our evidence points to
the skin as the battery that drives the
current leaving the surface of regenerat-
ing limb stumps prior to the early bud
stage of blastema formation.

3Note, however, that we do not claim that the dener-
vated limbs would regenerate without their nerves.
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RELEVANCE OF CURRENTS
THAT LEAVE LIMB STUMPS

Are these currents a critical part of the
process of limb regeneration or just an
epiphenomenon? There is good evidence
that currents help polarize the devel-
oping fucoid egg and determine the point
of germination. Since comparable evi-
dence had been lacking for vertebrate
limb regeneration, we set about testing
whether the stump currents we measure
are relevant to amphibian limb regenera-
tion. We decided to reduce the natural
current and see what consequence this
has on regeneration, using two methods:
long-term blocking of the Na* channels
by amiloride and long-term immersion in
low Na* water.

If the same molarity of amiloride that
is effective in drastically reducing newt
stump currents is applied topically to on-
ly the stump skin of Ambystoma ti-
grinum adults every other day, there is a
marked interference with normal regen-
eration of the stump. All of the control
tiger salamanders (treated just with pond
water) regenerated typically, in every
case forming digits. In contrast, 12 of 33
amiloride-treated animals did not regen-
erate at all, and 5 regenerated with gross
abnormalities; only 16 regenerated as
normally as the controls (Borgens et al.
1979a).

The second approach involved im-
mersing newts in artificial pond water
(APW) from which Na* was omitted,
rather than blocking its entry into the
skin. For five to six weeks, the animals
immersed in this low-Na* medium did
not, on the average, even reach the early
blastema stage (regenerate length aver-
ages 0.4 = 0.2 mm), whereas on the aver-

age the controls produced paddle-stage
regenerates (length 1.5 = 0.2 mm). How-
ever, in the subsequent four weeks, the
low-Na* animals escaped this inhibition
and caught up in both length and devel-
opmental stage with the controls (Bor-
gens et al. 1979a).

These results clearly show that reduc-
ing Na*-dependent stump currents dras-
tically interferes with normal regenera-
tion, providing evidence that they are a
critical component of urodele limb re-
generation. However, there remains the
question of why this inhibition is in-
complete. In the case of the low-Na* ani-
mals, we discovered that after several
days in such water newts began produc-
ing stump currents that do not depend on
Nat. It is possible that amiloride-treated
animals can also adapt in such a manner.
Such currents could easily account for the
escapes that we have seen, and deserve
more careful study.

THE QUESTION
OF ANURANS

Why don’t adult frogs regenerate
limbs, since the classical work on Na*-
dependent skin current has been done
with these creatures? Of course, while
stump currents might be necessary for
limb regeneration, they are not suf-
ficient. Frogs, then, might be missing
other essential components. However,
one can initiate a degree of regeneration
in these animals by drawing currents
through adult frog-stump tissues that are
in the same direction and of similar den-
sity, duration, and distribution as natural
newt currents (Borgens et al. 1977a,
Smith 1974, and see Fig. 4B and 5).

Fig. 4. Current paths through limb stumps. A. Diagram of current driven by skin battery
through newt stumps. The skin’s Na* pump drives Na* ions from outside to inside. The
resulting voltage drives positive charges toward and out of the leak at the end of the stump.
The circuit is completed by a return of charge to the outside of the skin via the medium.
(From Borgens et al. 1977b). B. Path of current driven through frog stumps by implanted
battery assembly. The insulated wick cathode pulls current out through the tissues of the
limb stump; the same direction as the endogenous currents in the newt stump (compare
with Fig. 4A). C. Path of current driven by skin battery through frog stumps. Current
is driven through the skin, as in the newt (Fig. 4A), but much of it leaks through the
subdermal lymph space rather than being forced through the core tissues. Therefore, the
amount of current being forced through the core tissues (stippled) is greatly reduced.

(From Borgens et al. 1979b).
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Using the probe, we have recently
measured natural Na*-dependent skin
currents leaving limb stumps of adult
frogs. The current densities measured
are comparable in magnitude to the ones
in urodeles, and they diminish after two
or three weeks to the level of 5 to 10
pamps/cm?. In the cases in which cur-
rent is drawn through frog limb tissues
by a battery, the calculated densities im-
mediately below the stump electrode are
comparable to those leaving newt
stumps, but these high densities are
found in only a small fraction of the
stump area (Borgens et al. 1977a). There-
fore, as a first approximation, it appears
as though a battery’s supplement to the
frog’s natural stump current would be al-
most negligible. However, this would be
the case only if current densities leaving
frog-limb stumps are uniform. We have
found that they are not: There is a large
current leak between the skin and the tis-
sues below, so that little current tra-
verses the muscle and other subdermal
tissues (Fig. 4C).

This leak is absent in the urodeles we
have measured. Current densities are
highest in the central and postaxial re-
gions, rather than between the skin and
the tissues below the skin (Fig. 3B and
4). A reasonable explanation for this dif-
ference in current profile might lie in a
difference in anatomy: Frogs have a
loose skin, with ample lymph space be-
neath; urodele skin usually adheres tight-
ly to the underlying musculature. In the
frog, the imposed current drawn by the
battery has to pass through the core tis-
sues of the limb stump; therefore, this
supplement assumes considerable im-
portance, in view of the fact that much of
the natural frog current leaks through the
lymph space and so is ineffective (Bor-
gens et al. 1979b).

MODE OF ACTION

If natural skin-driven currents are a
critical component of regeneration, what
is their mode of action? Rather than the
flow of current per se, it probably is the
field associated with the current that is
perceived by the responding cells or tis-
sues. The heat produced by the minute
currents is exceedingly small (of the or-
der of microcalories/second) and would
be negligible in view of the capacity of
tissues to dissipate heat.

On the other hand, the field strengths
associated with these currents would not
be negligible; they could easily be of the
order of millivolts/mm or more (Jaffe and
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Fig. 5. Rana pipiens implanted with a small insulated hearing aid battery assembly. The
positive lead is in contact with the tissues beneath the battery, and the uninsulated portion
of the wick cathode is in contact with the tissues at the surface of the stump. These bat-
teries were implanted beneath the skin at the time of amputation and removed about four

weeks later. (From Borgens et al. 1977a)

Nuccitelli 1977). When considering can-
didates for a target of such fields, it is
natural to focus on cells that are unusu-
ally long in the direction parallel to the
field and/or cells or tissues that have an
unusually high resistivity. Muscle, and
especially nerve tissue, is made up of
cells that are elongate and therefore
might be able to perceive quite shallow
fields. Epidermis, on the other hand,
with its closely adhering cells, has a
higher resistance than most tissues and
therefore would have a relatively steep
potential gradient across it.

The epithelium covering the regenerat-
ing blastema is a critical component of
regeneration (Thornton 1968) and so
might well be under some influence of
the steady fields associated with regener-
ation. However, we have not yet tested
this experimentally. Instead, we have
begun to direct our attention to nerves: It
is well-known that normally nerves are a
sine qua non of limb regeneration (see
Singer 1974). Furthermore, a remarkable
quantity of nerve grew into the cath-
odally stimulated regenerates that we
produced in Rana pipiens (Borgens et al.
1977a), suggesting that perhaps the im-
posed field somehow stimulated and/or
directed this growth. In similar experi-
ments with Xenopus laevis, we also have
an indication that nerve outgrowth is
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stimulated by a distally negative imposed
field (Borgens et al. 1979¢).

There is in vitro evidence that nerve
growth can be so affected: Marsh and
Beams (1946) found more neurite growth
from explanted ganglia occurring toward
the cathode than toward the anode, a
polarity of effect that would account for
increased growth in both the normally
regenerating newt limb and in the cath-
odally stimulated Rarna and Xenopus
limbs. Marsh and Beams’ findings have
been confirmed in our laboratory and are
now being extended. We hope, also, to
check soon the hypothesis that nerve
growth is affected by the fields associat-
ed with stump currents, by comparing
nerve growth in newt amputees that are
regenerating normally with that in am-
putees whose capacity to drive skin cur-
rents (and to regenerate normally) has
been reduced by amiloride or MEL.

PAST LITERATURE:
GOODNESS OF FIT

Our observations suggest ways to uni-
fy a good deal of the past literature on
regeneration. In addition to imposing
fields along limb stumps, there have been
several other major ways to stimulate a

degree of limb regeneration in adult
frogs. Rose (1944) produced a consid-
erable degree of regeneration by treating
the limb stumps of amputees with solu-
tions of NaCl. Although the general im-
pression in the literature is that very con-
centrated solutions were essential for
this effect, in fact, Rose’s best results
were achieved with a modest 0.3% NaCl
solution, which is more dilute than Ring-
er’s solution. Rose speculated that this
effect might be attributed to a prevention
of early wound healing and extended
trauma; we suggest the alternate possi-
bility that the skin’s Na* battery was
stimulated by his salt treatments to pro-
duce greater than normal currents. Al-
though 0.3% (52 mM) Na* can hardly be
considered irritating, it is 25 to 50 times
more concentrated than Na* in pond wa-
ter and should have greatly increased the
skin’s output and, therefore, the amount
of current traversing the stump’s core.

Polezhaev interpreted Rose’s Na™ ef-
fect as being due to prolonging the period
of tissue destruction that normally pre-
cedes blastema formation. He repeatedly
treated the stumps of adult frogs with
0.8% NaHCO,, which is 95 mM in Na*
(see Polezhaev 1972). Since this is very
close to the molarity of Na* in amphibian
body fluids, it is hard to envision how
this would prolong tissue destruction.
However, this Na* level is 50 to 100 times
higher than the Na* of pond water and
would, like Rose’s 0.3% NaCl, boost the
skin’s current output.

Even Schotté’s remarkable success at
stimulating limb regeneration in adult
frogs by implanting supernumerary adre-
nal glands (Schotté and Wilber 1958)
can, in theory, be reconciled with this
point of view. The adrenals that were im-
planted certainly produced glucocorti-
coids, as was emphasized by the au-
thors. Furthermore, it would be
reasonable to suppose (as they did) that
these glucocorticoids would retard cica-
trization and thereby enhance regenera-
tion. However, both the glucocorticoids
and the mineralcorticoids produced by
the implanted adrenals would also in-
crease the output of the skin’s Na* pump
(Bishop et al. 1961, Mayers et al. 1961)
and perhaps encourage regeneration in
this way, also.

Finally, if it should turn out that the
fields associated with regeneration cur-
rents encourage nerve growth into the
blastema or even enhance the production
or transport of neurotrophic substance,
this would provide a satisfying merging
of our ideas with the well-established
role of nerves in regeneration so elegant-
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ly investigated by Marcus Singer (Singer
1965, 1974). The degree of regeneration
seen in cathodally stimulated Rana (Bor-
gens et al. 1977a) is comparable to that
produced in the seminal experiments of
Singer (1954), in which he surgically hy-
perinnervated the forelimb stump of
Rana pipiens. Since one of the promi-
nent features of these cathodally stimu-
lated regenerates was that they con-
tained an unusually large amount of
nerve, it is tempting to speculate here
that the imposed field acted by mim-
icking Singer’s neurosurgery. Our work
with Xenopus regeneration points in the
same direction (Borgens et al. 1979c¢).

HUMAN
REGENERATION

Exploring the role of bioelectricity and
regeneration has been an intellectually
rewarding enterprise. Are these studies
of any practical worth? The regeneration
routinely achieved by cathodal stimula-
tion of adult frogs has been modest in-
deed; is there any point in embarking on
a search for conditions that would result
in reliably producing more complete
structures? So far, we have felt that
achieving a better understanding of the
role of natural regeneration currents in
urodeles should precede such a search.
We are guardedly optimistic, however,
that such a search might ultimately be
fruitful.

Already procedures are being devel-
oped for the electrical stimulation of
healing of skin ulcers in humans (Wheel-
er et al. 1971), healing of chronic bone
fracture nonunions in humans (Frieden-
berg and Brighton 1974), and the regen-
eration of articular cartilage in rabbits
(Baker et al. 1974). Even without experi-
mental intervention, young humans are
able to regenerate lost fingertips with re-
markable completeness, at least from ex-
ternal appearance (Douglas 1972, II-
lingworth 1974). This capacity is retained
through the first 11 years.

It would be exciting to investigate the
extent to which bioelectricity might be
critical for this regeneration. Currents do
leave such wounds: Since around the
time of the Civil War, currents leaving
human skin wounds have been reliabily
measured (DuBois-Reymond 1860). Such
wound currents are widespread in mam-
mals and birds, and are similar in current
density and direction to currents leaving
the amputated stumps of amphibian
limbs (Herlitzka 1910, see also Borgens
et al. 1977b). Therefore, there is some
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promise of practical benefits from stud-
ies of bioelectricity and regeneration.

REFERENCES CITED

Baker, B., J. Sporado, A. Marino, and R. O.
Becker. 1974. Electrical stimulation of ar-
ticular cartilage regeneration. Ann. N.Y.
Acad. Sci. 238: 491-499.

Becker, R. O. 1960. The bioelectric field pat-
tern in the salamander and its simulation by
an electronic analog. IRE Trans. Med.
Electronics ME. 7: 202-207.

Benos, D. L., S. A. Simons, L. J. Mandel,
and P. M. Cala. 1976. Effect of amiloride
and some of its analogues on cation trans-
port in isolated frog skin and thin lipid
membranes. J. Gen. Physiol. 68: 43-63.

Bishop, W. R., M. W. Mumbach, and B. T.
Scheer. 1961. Interrenal control of active
sodium transport across frog skin. Am. J.
Physiol. 200: 451-453.

Borgens, R. B.,J. W. Vanable, Jr., and L. F.
Jaffe. 1977a. Bioelectricity and regenera-
tion. I. Initiation of frog limb regeneration
by minute currents. J. Exp. Zool. 200: 403-
416.

. 1977b. Bioelectricity and regeneration:

large currents leave the stumps of regener-

ating newt limbs. Proc. Natl. Acad. Sci.

USA 74: 4528-4532.

. 1979a. Reduction of sodium dependent

stump currents disturbs urodele limb regen-

eration. J. Exp. Zool., in press.

1979b. Role of subdermal current

shunts in the failure of frogs to regenerate.

J. Exp. Zool., in press.

. 1979c. Small artificial currents enhance
Xenopus limb regeneration. J. Exp. Zool.
207: 217-225.

Douglas, B. S. 1972. Conservative manage-
ment of guillotine amputation of the finger
in children. Aust. Paediatr. J. 8: 86-89.

DuBois-Reymond, E. 1960. Untersuchungen
uber tierische Elektrizitdt II. 2. Reimer,
Berlin.

Friedenberg, Z. B., and C. T. Brighton. 1974.
Electrical fracture healing. Ann. N.Y.
Acad. Sci. 238: 564-574.

Geddes, L. A., and H. E. Hoff. 1971. The dis-
covery of bioelectricity and current elec-
tricity. The Galvani-Volta controversy.
IEEFE Spectrum 8: 38-46.

Grahm, L., and C. H. Hertz. 1962. Measure-
ment of the geoelectric effect in coleoptiles
by a new technique. Physiol. Plant. 15: 96-
114.

Herlitzka, A. 1910. Ein Beitrag zur Physio-
logie der Generation. Wilhelm Roux Archiv.
10: 126-158.

Hyde, I. H. 1905. Difference in electrical po-
tential in developing eggs. Am. J. Physiol.
12: 241-275.

Illingworth, C. M. 1974. Trapped fingers and
amputated fingertips in children. J. Pediatr.
Surg. 9: 853-858.

Illmensee, K., A. P. Mahowald, and M. R.
Loomis. 1976. The ontogeny of germ plasm

during odgenesis in Drosophila. Dev. Biol.
49: 40-65.

=+ Jaffe, L. F. 1966. Electrical currents through

the developing Fucus egg. Proc. Natl.

Acad. Sci. USA 56: 1102-1109.

. 1979. Control of development by ionic
currents. Pages 199-231 in R. Cone and J.
Dowling, eds. Membrane Transduction
Mechanisms Symp. Soc. Gen. Physiol. 33.

Jaffe, L. F., and R. Nuccitelli. 1974. An ultra-
sensitive vibrating probe for measuring
steady extracellular currents. J. Cell Biol.
63: 614-628.

. 1977. Electrical controls of develop-

ment. Annu. Rev. Biophys. Bioeng. 6: 445-

476.

=+ Jaffe, L. F. and R. I. Woodruff. 1979. Large

electrical currents traverse developing
Cecropia follicles. Proc. Natl. Acad. Sci.
USA 76: 1328-1332.

=+ Kandler-Singer, 1., and K. Kalthoff. 1976.

RNase sensitivity of an anterior morpho-
genetic determinant in an insect egg
(Smittia sp., Chironomidae, Diptera). Proc.
Natl. Acad. Sci. USA 73: 3739-3743.

Kirschner, L. B. 1973. Electrolyte transport
across the body surface of freshwater fish
and amphibia. Pages 447-460 in H. H. Us-
sing and N. A. Thorn, eds. Transport
Mechanisms in Epithelia. Munksgaard, Co-
penhagen.

Lassalle, B. 1974a. Characteristiques des po-
tentiels de surface des membres du triton
Pleurodeles watlii, Michah. C. R. Acad.
Sci. (Paris), Series D 278: 483-486.

. 1974b. Origine epidermique des poten-
tiels de surface du membre de triton,
Pleurodeles watlii, Michah. C. R. Acad.
Sci. (Paris), Series D 278: 1055-1058.

Lund, E. J. 1925. Experimental control of or-
ganic polarity by the electric current. J.
Exp. Zool. 41: 155-190.

Marsh, G., and H. W. Beams. 1946. In vitro
control of growing chick nerve fibers by ap-
plied electric currents. J. Cell Comp.
Physiol. 27: 139-157.

Monroy, A. 1941. Ricerche sulle correnti
elettriche dalla superficie del corpo di Tri-
toni adulti normali e durante la rigenera-
zione degli arti e della coda. Pubbl. Stn.
Zool. Napoli 18: 265-281.

Myers, R. M., W. R. Bishop, and B. T.
Scheer. 1961. Anterior pituitary control of
active sodium transport across frog skin.
Am. J. Physiol. 202: 444-450.

Novak, B., and F. W. Bentrup. 1972. An
electrophysiological study of regeneration
in Acetabularia mediterranea. Planta 108:
227-244.

Nuccitelli, R. 1978. Ooplasmic segregation
and secretion in the Pelvetia egg is accom-
panied by a membrane-generated electrical
current. Dev. Biol. 62: 13-33.

=+ Nuccitelli, R., and L. F. Jaffe. 1974. Sponta-

neous current pulses through developing fu-
coid eggs. Proc. Natl. Acad. Sci. USA 71:
4855-4859.

. 1975. The ionic components of the cur-
rent pulses which cross the growing tips of
Pelvetia embryos. Dev. Biol. 49: 518- 531.

473



Niisslein-Volhard, C. 1977. Genetic analysis
of pattern-formation in the embryo of
Drosophila melanogaster: characterization
of the maternal-effect mutant bicaudal. Wil-
helm Roux Archiv. 183: 249-268.

Polezhaev, L. V. 1972. Loss and Restoration
of Regenerative Capacity in Tissues and
Organs of Animals. Harvard University
Press, Cambridge, Mass.

Robinson, K. R., and L. F. Jaffe. 1975. Polar-
izing fucoid eggs drive a calcium current
through themselves. Science 187: 70-72.

Rose, S. M. 1944. Methods of initiating limb
regeneration in adult Anura. J. Exp. Zool.
95: 149-170.

Rose, S. M., and F. C. Rose. 1974. Electrical
studies on normally regenerating, on X-
rayed, and on denervated limb stumps of
Triturus. Growth 38: 363-380.

Sander, K. 1976. Specification of the basic
body pattern in insect embryogenesis. Adv.
Insect Physiol. 12: 125-238.

Schotté, O. E., and J. F. Wilber. 1958. Ef-
fects of adrenal transplants upon forelimb
regeneration in normal and in hypophy-
sectomized adult frogs. J. Embryol. Exp.
Morphol. 6: 247-261.

Singer, M. 1954. Induction of regeneration of
the forelimb of the postmetamorphic frog
by augmentation of the nerve supply. J.
Exp. Zool. 126: 419-471.

. 1965. A theory of the trophic nervous

" control of amphibian limb regeneration, in-
cluding a reevaluation of quantitative nerve
requirements. Pages 20-32 in V. Kiortsis
and H. A. L. Trampusch, eds. Regenera-
tion in Animals and Related Problems.
North Holland Publishing Co., Amsterdam.

. 1974. Neurotrophic control of limb re-
generation in the newt. Ann. N.Y. Acad.
Sci. 228: 308-321.

Smith, S. D. 1974. Effects of electrode place-
ment on stimulation of adult frog limb re-
generation. Ann. N.Y. Acad. Sci. 238: 500-
507.

Thornton, C. S. 1968. Amphibian limb regen-
eration. Pages 205-209 in M. Abercrombie,
J. Brachet, and T. King, eds. Advances in
Morphogenesis, Vol. 7. Academic Press,
New York.

Ussing, H. H. 1964. Transport of electrolytes
and water across epithelia. Harvey Lect.
59: 1-30.

Weisenseel, M. H., A. Dorn, and L. F. Jaffe.
1979. Natural H* currents traverse grow-
ing root hairs and roots of barley (Hordeum
vulgare L.). Plant Physiol., in press.

Weisenseel, M. H., R. Nuccitelli, and L. F.
Jaffe. 1975. Large electrical currents trav-
erse growing pollen tubes. J. Cell Biol.
66: 556-567.

Wheeler, P. C., L. E. Wolcott, J. L. Morris,
and R. M. Spangler. 1971. Neural consid-
eration in the healing of ulcerated tissue by
clinical electrotherapeutic application of
weak direct current: Findings and theory.
Pages 83-99 in D. V. Reynolds and A. E.
Sjoberg, eds. Neuroelectric Research.
Charles C Thomas, Springfield, IL.

474

Become an Institutional
Subscriber to BioScience

BioScience, the official publication of the American Institute of Biological Sci-
ences, is issued 12 times a year. Keep up to date on where we are and where
we're going in the biological sciences through the disciplinary and inter-
disciplinary articles and editorials carried in each issue. The Features and News/
People and Places sections feature interviews, in-depth reports, news, and com-
ments on biologists and academic, industrial, and government agencies, plus
information on government grants, recent awards, new publications, and up-
coming biological meetings through a bimonthly calendar.

Reviews of new books in biology and related areas, lists of new titles received,
announcements of new products, an employment section and letters to the editor
are other regular features to be found in each issue.

Request a review copy of BioScience. Decide for yourself just how useful it can
be for students, teachers, administrators, researchers, engineers, and techni-
cians using your library. Institutions can benefit from a full year of the journal for
only $32/domestic, $34/foreign. Subscriptions may be ordered through this office
or your local subscription agency.

SUBSCRIPTION RATES:
$32 domestic; $34 foreign

PLEASE COMPLETE AND MAIL TO:
BioScience Institutional Subscriptions
American Institute of Biological Sciences
1401 Wilson Blvd.

Arlington, VA 22209

BIOSCIENCE INSTITUTIONAL SUBSCRIPTION
APPLICATION

INSTITUTION:

City State Zip

O start subscription beginning [ Please send an examination copy
with the current calendar

year D Payment enclosed

Authorized signature
Title

Please limit address to 4 lines with no more than 29 characters per line.
Abbreviate where possible.

BioScience Vol. 29 No. 8




	Article Contents
	p.468
	p.469
	p.470
	p.471
	p.472
	p.473
	p.474

	Issue Table of Contents
	BioScience, Vol. 29, No. 8 (Aug., 1979), pp. 445-504
	Front Matter [pp.445-497]
	Letters
	Pesticides and Food [p.448]

	Erratum: Longevity and Aging in Vertebrate Evolution [p.448]
	Opinion
	Mining the Deep Sea [p.451]

	Features and News
	Human Disease Linked to Dioxin: Congress Calls for 2,4,5-T Ban after Dramatic Herbicide Hearings [pp.453-454]
	Interview with Lee Talbot: World Conservation Requires Rigorous World Views by Ecologists [pp.455-456]

	[Abstracts] [p.459]
	The Kiwi and Egg Design: Evolution as a Package Deal [pp.461-467]
	Bioelectricity and Regeneration [pp.468-474]
	A Clarification of Interactions in Ecological Systems [pp.475-477]
	Commentary: The Anatomy of Controversy: Freedom and Responsibility for Teaching [pp.478-481]
	Books
	New Text Asserts Psychobiology as an Independent Science [pp.482-483]
	Biography of Thomas Hunt Morgan [p.483]
	Jukes on Chargaff [p.484]
	Regression Analysis Handbook [p.484]

	Erratum: Cancer: A Developmental View [p.484]
	Books
	Conserving Germplasm Resources [p.485]
	untitled [p.485]
	Transition States and Enzyme Kinetics [p.485]
	Mesquite & Creosote [p.486]
	History of Theories about Cancer Genesis [p.486]
	Marine Chemical Ecology [p.487]
	Soil Chemistry [p.488]
	Molecular Biology Text [p.488]
	New Titles [pp.489-490]

	Features and News
	Drugs in Animal Feeds Face Ban by FDA [pp.493-495]
	Senate Airs Some Novel Plans for Stimulating Innovation [pp.495-496]
	BioBriefs [p.496]

	People and Places [pp.498-501]
	Back Matter [pp.502-504]



