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Some of the most important electrical changes
occurring in living tissues are (1) iezoelectricity, a
stress-generated  potential, ~ *7I8BEIT (9
pyroclectricity provoked by heating biopolymers, '
and (3) streaming potentials caused by the movement
of charged liquids. * Biological sysicms arc known 10
be greatly affected by electrical treatment. The growth
in higher plants can be stimulated by the application of
an clectric ficld, ¥ and in vitro applicd currents may
inhabit bacterial growth. * The application of an
electric or an electromagnetic field to various biologic
systems resulls in stimulation of growth and tissuc
repair. ¥ In vivo electromagnetic freatment of bone
lissue improves osteogenesis, > and has been used in
the treatment of nonunion ™° and congenital
pseudarthrosis. ** Electrical potentials also stimulate
the IE"EDEIEIHOII. of damaged nerve and muscle
structures ** and accelerate surgical wound healing,
Electrical smnulaLIon has even been used to treal skm
decubitus ulcers. **** Important advances have been
madc in the analysis of bioelectricity, particulurly by
chnical cxperimentation. Tnasmuch as (he biologic
aspect of bioelectricity has still been insufficientty
explored, an attempt is made to analyze and explain
some of the biochemical e¢fects Lthal occur in skin
tissue duoring in vitro treatment by electric current.

MATERIALS AND METHODS

The skin of locally inbred, male Wistar R rats, just
finishing their first hair-cycle at 21 days of age. was
used. Tn these circumstances metabolism of (he sking
was 1n rest phasc, After removing he hair of the back
by plucking and disinlection with 0.05% chlorhexidine
(ICT), the skin samples, measuring approximately 5 x 6
cm and 0.5 mm in thickness, were isolaled and the
subcutancous [a1 and connective tissue removed with a
scalpel.

This tissne was longitudinally cut in two cqual
parts: one part was electrically stimwulated, and the
other served as a nonlreated control,
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Either the entire skin flap was used or the tissue was
partially cut in longiludinal strips (3-5 mm widc),
remaining attached at both ends to the communal tissue
base.

The skin samples were slightly clamped at both ends
between adjustable platinnm or stainless steel plate or
wire electrodes fixed on a Perspex frame. This entire
system. placed in an appropriale plaslic conlainer, was
submerged in Krcbs-Ringer bicarbonate buffer, pH 7.4,
containing 100,000 U of penicillin 100 mg of
streptomycin, and 20 mg of gentamycin/100 ml buffer.
Direct electric correnls varying from 1 pA to 30,000 pA,
were applied for up to four hours at a constant
temperature of 37 ° C. The direct current was produced
by a locally comslructed (ransistorized current sonrce
supplied by two 9-V batteries - (Duraccli, Mallroy,
England) and polentiometrically regulated (Fig. 1).
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FIGi, 1, Flectrical circuit of the currenl source. The direet
current is prodiced by a current source, which is supplicd by
two 9-V batreries. An operational amplilier (P 741) assures
cuch required current to be kept constant. The value of the
output current is controlled by potentiometer (P) and range
switch (8).

The folal clectrical resistance of skin was ¢stimated
as a function of the various cutrcnls applied, using the
four-point mecasuring (echnique. ** The cross-sectional
area of (he medium orthogonal to the curtent dircction
was 20 ain’. To follow the 'Lucorpomticn of amino acids
into the proteins, 40 uCi of [2-'*Clglycinc (specitic
activity, 48.9 mCi/mmol; The Radio-chemical Centre,
Amersham, England), L-|U-""CJalanine (specific activity
150 mCi/mmol), or L«{U-""Clisoleucine (specific activily
300 mCi/mmol) was added to 100 ml buffer. The
miracellular specific activities of (he added amino acids
were  determined after (issuc homogenization by
automatic amino acid analysis. ' By the addition of 100



nCi of [6-"H]thymidine (specific activity, 8 Ci/mmol)
to 100 ml of buffer, the incorporation into DNA was
measured.  while with 40 pCi of  o-[l-
M Claminoisobutyric  acid (specific  activity, 60
mCi/mmol) the amino acid transport through (he ccll
membrane was estimated. In a series of experiments,
the possible effects of negative protein balance were
avoided by adding to the incubation medium 4 ml of an
L-amino acid-glucosc mix(urc/100 ml Krcbs-Ringer
bicarbonate  buffer  (Vamin-glucose,  Vitrum,
Stockholm).

To detect a possible latent effect of electrical
stimulation, an initial electrical stimmlation for 30-24(0
minutes in buffer without radicactive precursors
present was followed by a subsequent incubation
during two hours al 37 ° C in fresh Krebs-Ringer
bicarbonate buffer containing the appropriate 1racers.
This sccond incubation occwred without amy
accompanying cleetrical (rcatment, The  control
samples did not receive any electricily, bul otherwise
were treated identically.

Aflcr incubation, the skin samples were cut in
portions of 200 mg and prepared for ligquid scintillation
counting as prcviously described. ' The radioactivity
incorporated into the prolcing and into DNA, or taken
up by the cells, was expressed as disintegrations per
minute (dpm),

Adenosine-5'-triphosphate (A'l'P) concentrations in
controls and eleclrostimuylaied skin samples were
assaycd aficr incubation. The tissue (200 mg) was
submcrged in liquid nitrogen and in a deep cooled steel
mortar at — 196 * C, reduced to a finc powder wilh the
addition of 0.2 ml of 0,9 M perchioric acid (HCLO,
Mercl), After the further addition of 1.8 ml of HCLO,,
ATP cxtruction took placc overmight at 2 ° C, After
centrifugation for 20 minutes at 12,000 g, the
precipitate was again washed with 2 ml of 0.2 M
HCLOy, and (he supernatants were combined, The pH
was adjusted with 2 M KOH (o 6.8-7.4 and the KCLOy
precipitate removed. Affer dilution with I'Hs-EDTA
buffer (0.1 M pH 7.75) the ATP concentruions were
measured by (he lucifcrin-lucilerase reaction (LKB,
Wallac, Luminometer 1250). * Standard errors of the
mean and p values, employing Student’s {~lest, were
caleulated,

RESULTS

On dry rat skin, (he clectricul resislance was
cstablished by the four-poinl measurement technigue.
** {is value, R., was high and decreased linearly with
the applied current up o 50 pA (Fig, 2A), At higher
currents the resistance levelled off, to the point at
which tissuc destruction occuired. The clectrical
resistance ol skin submerged in buffer  was
considerably reduced, as only a fraction of the applied
current passed through the tssue. Indeed. (he (otal
electrical resistance between the two electrodes was
modelled by a combination of four resistances, twice
the clectrode-skin resistance, which was by e (he
largest, and (he parallel combination af (he resislances
of the skin (Ry) and the buffer (Ry) (Fig. 3). The
electrode-skin resistances were mainly the result of

polarization of the electrode-skin interfaces. The values
of the resistances Ry and Ry could be separated [tom the
electrode-skin resistances by the four-poinl lechnique
(Fig. 2A). At low currents, the current through (he skin
was about onc-sixth of that through the buffer (Fig. 2B).
Al currents exceeding 50 pA, however, (he currents
through the skin were limited to about 6 pA, whereas the
current through Ry kepl rising as a funclion of the
applicd currents,
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Figs. 2A and 2B, (A) The resistance of dry skin (Ky) and
skin submerged (Rp) in Krebs-Ringer bicarbonate buffer, as a
function of dircct currenf, is mensured by (he [vur-point
technique. (B) Currents through dry skin (Is) sud submerged
skin (1) as a function of lolal applied current.
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the skin and bufler wedivm (R and R; >> Ry ), respectively.




During incubation, the intraccllular  specific
radioactivity in the total free glycine pool determined
after amino acid analysis of the homogenized tissne
amounted to 0.035 pCi/umol. "' The [2-''C)glycine
incorporation into the skin proteins was significantly
stimulaled by a constant. cleetric currenl, varying from
10 pA 1o 1000 pA, The highest stimulatory cffects
were obtained with 50 pA to 1000 pA, with glycing
incorporation increased by as much as 75% compared

wilh nonfrcated conurols. Higher current intensities,
exceeding 1000 pA, inhibited the protein synthesis by as
much as 50% with currents of 15,000 pLA. An analogous
pattern was obtained when the c~[1-'"Claminoisobutyric
acid uptake through the cell membrane was examined.
Constan( currents [rom 100 pA 1o SO0 pA increased the
transported amino acid analog by 30%-40% above
control levels. Stmulalion with higher intensitics
reduced the «-aminoisobutyric acid uptake,

TABLE 1. Effect of Electric Current on the |2-'*CGlycine Incorporation into the Proteins and on the
o-(I-'*C] Aminoisobutyric Acid Uptake by the Skin

Electric [2:7°C] Glyeine Incorporation a-[1="C] Aminvisobutyric Acid Uplake
Current DPM/200 mg Tissue DPM/200 mg Tissue
App;:jd i Conrrols Treated Conrrols Treated
1x10% 582172114 5917.2+2416
FATE 59726 232 4 5729.1+2243
1  5713.3%243.1 6329.3 = 244.0
1x10 5828.0% 2612 8146,6+ 310,7 16789.3 % 964.5 17376.0 = 877.6
P <0.001
2.5x 10 6000.0+2546 |  7246.6 %2677 17820.5 £ 745.9 [ 197802 £ 911.6
L P <0.01
5x10 5637.3+2362 | 8157.3£324.6 176413 £ 824.9 [ 17318.6 + 754.2
P <0,001 ____P< 0001
1x10° 6078.6% 2486 | 9917.3+377.2 19036,1 = 767.4 | 27270.6 + 1274 8
o P <0.001 P < 0.001
2.5x10° 6257.1%272.4 | 10385.0 « 3G7.9 186163 £897.0 | 242053 = 1149,5
P <0.001 P <0.01
5x 107 5348.0+189.9 [ 9360.0 +267.9 182426 +979.4 l 259402 £ 1381.0
P <0.001 H P <001
7.5x10° 5356.1+234.6 | 9106.6 2980 19161.1 + 10675 | 233573 + 1296.7
P <0.001 _
I x 107 5740.2+2086 | 8609.3 +267.6 17166.6 = 8649 | 18066.6 + 941.1
P<0.001 B
5x10° 5874.6 L 174.9 5962.6 1 208.6 19764.1 = 1090.6 15818.6 4 821,3
1x 107 6148.1£237.9 5200.5+213.7 18642.6 + 825.8 13664.5 £ 761.0
P<0001
1.5x107 65266+2621 | 3296.0+ 154.6 |
' P < 0,001 _
3x 107 63013+2861 [ 3289.3%154.9 16961.3 = 822.1 [ 3357.3+315.8
P <0.001 P <0.001

Rat skin tissue flaps, measuring 5 x 6 cm, clamped between two adjustable elcetrodes were incubated for 2 hrs at 37 ° C in 100 m!
of Krebs-Ringer bicarhonate buffer, pFl 7.4, conlaining cither 40 pCi of [2-"*Celycine or 40 pCi of rew[1=""Claminoisobutyriv acid, us
well as the usual antibiotics. Treatment with different constant clectde currents varying from ) x 10 2 HA 10 3% 10 * pA was carried
oul during (he incububtion period, wid the results were compared with those of conlrols not receiving any electric treatment.
Subsequently, the incorporated radioactivity in 200 mg tissve was counted, Each value represents the mean of 8 experiments + SEM,
p valucs between controls and treated samples are given where significant.

Wilh currents ol 10,000 pA and of 30,000 pA, the
o-aminoisobulyric acid uptake was reduced 1o 73% and
20%, respectively, of the control valucs (Table 1),

After the addilion lo (he incubation medium of a
mixture of L-amino acids, the absolute glycine
_ingorporation valucs and c-aininoisobulyric acid uptake
increased. The electrostimulation had resulled in a
stimulatory effect even more pronounced (han hal
obscrved in buller without amino acid supplement.

Treatment with 100 pA increased the glycine
incorporation by 72% (p < 0.001) and the o-
aminoisobutyric acid uptake by 41% (p < 0.001) above
the nontreated control valucs. Electrostimulation with
500 pA increased the glycine incorporation by 123% (p
< 0.001) and the w~uninoisobulyric acid uptake by 90%
(p < 0.0001) (rable 2). Because electrical (rcalmen
during incubation with [2-'*Clglycine was prolonged,
(he stimulatory effects observed with 500 pA became



progressively more pronounced, amounting to 85%
above control levels after an incubation period of four
hours (Table 3). The effects of electrical treatment in
skin incubated in Krebs-Ringer bicarbonate bulTer
conlaining other amino acids, e.g., L-|U-"*CJisolencine
or L-[U-""C}alanine, were anatogons to those observed
after incubation with [2-'*Clglycine. The stimulatory
effects of ¢lectric currenis on the protein synthesizing

activity began at 10 pA, while the o-aminoisobulyric
acid uptake only became cvident aficr treatment with
100 pA. With incrcasing clectric currents, the inhibirory
effect on w-aminoisobutyric acid appeared at 750 pA,
while glycine incorporation was still stimulated after
Irealment with 1000 pA (Fig. 4). These results were
identical during static incubation or after constant
shaking of the medium.

TABLE 2. Effect of Electric Current on the |2-"*C]Glycine Incorporation into the Proteins and on (he
o-|1-'C| Aminaisobutyric Acid Uptake by Skin During
Incubation in an Amino-Acid Containing Medium

Flectric i .?—”(.7 Gl pcfné :!'ﬂmrpr.?mtmn a-fi ;‘.”C] Aminoisobutyric Acid Uptake
Current DPM7200 mg Tissue DPM200 mg Tissue
Applied
pﬁ;:L Controls Treated Controls Trearecl
100 7200 £ 510 12400 + 840 20895 £+ 1050 29549 + 1840
l_ 500 7520 =570 16810+ 1050 21040+ 1124 39974 £ 2080

The skin was essentie]ly treated as outlined in Table 1, The Krebs-Ringer bicarbonate huffer, however, contained 2.2 mM glucose
an a supplement of the following 1.-amino acids expressad as pmol/100 ml buffer; alanine, 134.4; argininc, 75.6; aspartiv acid, 123.2 ;
cysteine/eystine, 32.8; glutamic acid. 244.4: glycine, 111.6; histidine, 61.6: isoleucine, 118.8; lencine, 161.2; lysine, 100.2; melmonine,
50.8; phenylalonine, 132.8; proline, 281.2; scrine, 285.2; threonine, 100.4; tryptophan, 19.2; tyrosine, 10.X; valine, 146.4. Kach value is

the mean of ejght experiments £ SEM.

The |6-"H]thymidine incorporation into DNA of
skin tissue was not affected by treatment with various
consian( clectric currents,

To delect a possible latent cffect of clectrical
stimulation, skin tissue was treated with direct currents
varying from 1 pA to 1 x 10 ! pA in Krebs-Ringer
bicarbonalc buffer for up 10 240 minutes withous
labelled precursors present. This initial incubation was
followed by a second incubation without any electricat
treatment for one or two hours in buffer containing
either [2-''Clglycing, o~[1-""Claminoisobutyric acid, or

{6-"H]thymidine. 'I'he uptake of radioactive tracers was
never affected by amy prcvious clectrical Ircaiment,
eliminating the possibility of a latent effect.

‘I'he electrical stimulation of protein synthcsizing
activity and of amino acid transport through the cell
mcmbranc only occurred when the skin was aftached to
both electrodes. Skin tissuc flaps attached (o0 onc
electrode only, with thc other end freely foaling in the
buffer toward (he sccond electrode, were not affected by
clectrical stimulation. (Table 4),

TABLE 3. The Effect of Time of Treatment by Elcctric Current on the [2-''CGlycine
Incorporation in the Proteins of Rat Skin

" Time of Treatmenr | [2-7CGlycine Incorporation. DPM/200 mg Tissue N
{rmin) Controls Skin Treated with 500 14
30 26745+ 1356 - 3265.5+ 156.7
60 39246+ 162.7 6098.8  276.8
P <0.001
120 5862.0  364,0 Y965.4 + 476.2
P <0.001 |
180 7245,6 = 564,2 13013.0 = 771L.7 |
] P <0.001
240 82243 +662.1 15288.9 <8323
P <0001

Skin tissue weated as outlined in ‘t'able | was incubated for difTerent durations varying from 30 (o 240 min, in 100 ml Krebs-Ringer
bicurbonate buffer, pH 7.4, containing, aparl from (he usual antibiotics, 40 pCi|2-"'C)glycine. The incorporated radioactivity in
sumples treated with a constant electric current of 500 pA was compared with nontreated controls. lach value represents the mean of 8
experiments = SEM; p values between controls end treuted samples are given.

Electrostimulation of the tissue resulled in remarkably increased A1P concentrations. With currents from 50 A to
1000 pA, the ATP lavels were nereased threefold o fivetold. With curments from 100 pA (o 500 pA, the stimulatory clfeets were
similar, With currents exceeding 1000 pA, the ATP concentration levelled, and with 5000 pA, they were even reduced slightly as

compared with the nontrested controls (‘Table 5).



Fig. 4. Effect of electric
current {realment on
glycine incorporation and
on u~arnonoisobutyric acid
uptake. The stimulatory
and inhibitory cffects of
different DC cwrents on
the incorporation of [2-
YC)glycine ( @ ) into the
proteing and on the cellular
upiake of =] 1-
"“Claminoisobutyric acid
(O ) are expressed as
percentages of (he control
incorporation values of
skin not submitted to
electrical treatment, Each
value represented is the
mean of 8 experiments +
SEM.
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TABLE 4. Effect of DC Current on Skin Attached to One or Two Electrodes

Treatment with 500 pA (. [2-"*CGlycine Incorporation, o/ 1-"C[Aminoisobutyric Acid
Current for 2 hours (DPM/200 mg Tissue) Uptake (DPAM/200 mg Tissue)

Skin altached (o lwo clectrodes | 14485 + 759 33719 + 1864
Skin attached to one electrode 7994 & 877 . 17894 = 1052

The skin, cssenlinily (reated 4s outlined in Table 1, cither was attached to bolh elecltodes or anly attached to one electrode,
incubation occurred for 2 hours at 37 ° C with DC stimulation of 500 pA. The incorporation or uptake values arc expressed as
disinlegration/min (mean of 8 experiments = SEM),

Table 5. The eflects of Electrostimulation on the ATP Concentrations in Rat Skin.

Flectrical Treatment Current | ATP Concentration
e e e e (tonol/gm 1issue)
Controls (Without) o 32+08
10 100+1,5
S0 142+12
100 ] 169% 1.9
500 ' 20.1+2.2
1000 150+ 1.8
5000 ,. 3.9+ 0.6

After incubstion in amino acid containing butter for 2 haurs without or with electrostimulation, 200 me tissue was reduced to
powder 4l =196 ° C with 0.2 ml of 0.9 M pervhloric acid, [ollowed by a further addition of 1.8 ml of HCLO,. ATP Extraction wus
carricd out overnight at 2 © C (Materials and Methods). ATP concentrations were assayed by the luciferin-luciferase resction. Tuch
value represcnts the mean of eighl experiments £ SEM.

DISCUSSION
Minimum current intensitics of approximately 50 the cument passing through the skin does not increase
KA ate necessary 10 oblain @ maximal stimulatory elfect significim(ly. These stimntatory effects are maintained

on protein synthesis. When higher currents acc applicd, to 4 level ol approximately 1000 (A, The application of



a speeilic current implics (hat only a small fraction is
responsible for the metabolic cffects. ‘This is particularty
noticeable with skin that is attached on one side only to
an electrode, with the other end floating freely in the
buffer, In (his system (he skin is not aflecled by (he
clectric currents, which obviously only pass through the
buffer from one electrade to the other. Possible
electrolytic effects are negligible with the smaller
currents. Only when high currents, above 1000 pA, are
applicd, may clectrolysis adverscly affect mctabolism.
Although electrolysis depends on the voltage changes, it
is not expected to occur in this systern, because the
voltages measured at the interfaces never exceed 1.5 V
with the platinom and stainless steel electrodes.
Congtant shaking of the medium or static incubation of
the skin docs mot affcct the metabolic resulls, indicating
that interference by accumnlated clectralyte praducts is
not probable.

When the relatively low amino acid incorporation
valucs arc considered in funclion of the intraccllular
specific  radioactivity, the glycine incorporation
beecomes even more significant, thereby proving this
skin system a viable preparation, '"'? The stimulatory
cffect of direct current on amino acid incorporation into
proteins precedes and exceeds the effects on amino acid
transport as expressed by (he «fl-""Claminoisobutyric
acid uptake, This metabolically inactive amino acid
analog 18 actively concentrated in (he cells and
transpotried through (he membranes by the same carrier
as glycine. '*?* With higher currents the inhibitory
effects are first observed on amino acid transport, which
is more drustically affected than protein synthesis.
Elccirostimulation  scems (0 increase  protein
synthesizing activity primarily and independently.
although subsequent stimulation of amino acid transport
results in an additional increase in the amino acid
incorporation into the proteins. Inasmuch as these
effects anly occur during the application of the current,
without any lalent cfTeets, clectrical stimulalion directly
affects protein metabolism, which cven reccives an
additional impulse from the increased availability of
free amino acids. The addition of a supplement of
amino acids to the incubalion buller accenluales the
stimulatory cffccts of clectric crrent on metabolism.

DNA metabolism is nat affected by electrical
stimulation, suggesting that the stimulatory and
inhibitory effects on protein synthesizing activity occur
independently of an effect on transcriptional processes.
The metabolic stimulation persists as long as the lissuc
remgins viable, When incubation is prolonged, the
incorporation valucs fevel, indicating structural damage
to the tissuc. " Electrical treatment has been observed Lo
stimutate in vitro growth of the epiphyseal plate of rats,
as well as protein synthesis in mature nucleated frog
gg_\g}?]rﬁcmcs without affccting  DNA  melabolism,

An increased ATP  gencration also occurs in
chloroplasts subjecled (o an artiticial electrical potential
difference induced by an external electric ficld, ™ An
artificial  proton gradicnt across Lhe (unctional
membrane. created by acid-base transitions, result in
ATP lormation in chloroplasts, ® These results support
the chemiosmotic theory of Mitchell, *™' The

stimulatory effects of electric current on ATP formution
in skin ftissue also can be explained by this principlc;
During elcctrostimulation, the clecirons react with watcr
molecules at the cathodic side to produce hydroxyl ions,
while al the anodic side, pratons are formed. Thus,
between the anodic and cathodic interface, a proton
pradient and a potential gradicnt across the tssuc and
the medium are created. Hence, protons under influence
of the cleetric ficld and the concentration difference
should move from anode to cathode. Sincc the ratc of
production formation at the anodic interface is equal to
the ralc of proton consumption at the cathodic interface.
the net pH of the system, medium and tissue, remains
undisturbed. As the migrating protons recach (he
mitochondrial membranc-bound H'-ATPase, ATP will
be formed. *°*  Substratc oxidation, which s
accompanied by proton migraton across the
membranes, may equally be stimulated by the
electrically induced proton cutrent, acting in a feedback
manancr. This vicw, however, does not exclude the
coniribution of other factors or, possibly, specific
reeeptor sysiems 1o the final cffects. A latent cffect of
current trcatment ncver has becn observed. As on
interruption of the current, the proton movement ¢cascs
and the reversible ATPase system is able fo restore
equilibrinm. Insofar as protein synthesis depends on
adequate ATP levels, the increased ATP production is
partially responsible for (he increased protein synihgsis,
“** Another factor resulting in the increased protein
synthesis is the amino acid availability, which is cquatly
increased due to the stimulated amino acid transport,
The clectrical cllecls on amino acid transport through
the cell membranes also may be mediated by changes in
tramsmural potential dilferences modilying ionic fluxes
and (ransporl. “* Although protein synthesis and
amino acid transport arc both stmulaled, (he
mechanisms of action by which electric current exerts
ils elTects difler.

SUMMARY

Direct ¢lectric currents ranging from 10 pA to 1000
pA incrcasc ATP concentrations in the tissue ard
stimulate amino acid incorporation into the proteins of
rat skin, The amino acid transport through the cell
membrane, followed by the o-aminoisobutyric acid
uplake, is stimulated between 100 pA and 750 pA. The
stimulatory effects on ATP production and on amino
acid transport, apparemtly mediated by different
mechanisms, contribute to the final increased protein
synthesizing activily, DNA metabolism followed by
thymidine incorporation remains unaffected during the
coursc ol current application. 'The eflfects on ATP
production can be explained by proton movements on
the basis of the chemiosmotic theory of Mitchell, while
the transport functions arc controlled by modifications
in the electrical gradicnls across the membrancs.
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