
M E T H O I ~  

S I M U L T A N E O U S  M E A S U R E M E N T  OF E L E C T R O M O T I V E  FORCE AND 

CURRENT S T R E N G T H  ( Q U A N T I T Y  OF ELEI. T R I C I T Y )  

AS A M E T H O D  OF I N V E S T I G A T I O N  OF BIOELECTRIC P H E N O M E N A  

A. $. M o z z h u k h t n  

Department of Physiology, The Order of Lenin S. M. Klrov Milltffsy Medical Academy, Leningrad 

(Received December 13, 1956. Presented by Academician L. A. Orbell) 

FolIow~g the work of V. L Ch~govets (1896, 1903), the concept of b!ocurrents originating in a peculiar 
concentration element formed beP, ceen Injured or excited and L~t~u=t or "resting" areas of tissue has persisted 
In modem eleex@hysfology. 

Such a generator, like any generator in general, can be characterized either by current strength or by 
electromotive force (e,m. f~- voltage In the external circuit of the generator- .and their changes under various 
conditions. In order that certain current strength ~ d  voltage be maintained In the external circuit of the genera- 
tot the generator must tran,~form ~me form of energy into electric energy; in o6her words, energy transformation 
and its e• occur only when the generator Is working: current flows In the external circuit and the differ- 
ence of potential at the generator terminals tends to zero. it Is for the maintenance of this difference that the 
expenditure of transformed enelgy Is, In the fined ~alysis, requited. The quantity of generated electricity Q 
characterizes dan work of the generator. This work can be calculated ~ceordlng to" the formula: A =ItE, where 
A - work; I - current strength; t - time; E - e m f; It = Q where Q - quantity of eloetrtct~. 

/n chemical zources of cmrent it is the heat of the chemical reaction or osmotic work Involved In equal- 
lzing ionic concentrations that is transformed. The question naturally ari~s as to the nature of energy which It 
traslsformed into biocurrent on excitation and injury of tts~,~e. It may be suppe~ed that such energy In any tl~ue 
of a living organism must be chemical, L e., energy ef  metabolism, since it has been s,ho~m in a number of 
fnvestigadons that a coP.nectton exhu between the state of metabolism in the tl,~ae end bioe!ectrte phenomena 

The main method u~d in modem elcctrophysiology L~ the meamrement o f e  m f o f  tL,~le as a more 
precise index da~ current strength and independent of changes in the fraternal resistance of the generator (tissue) 
when the compensatory me~od of e m f mea~trement is employed. 

Using ordinary nonpolarJzing e!eetrodes (Zn-ZnSO4) with a ~ r  c.ock~ with considerable resistance (many 
thousand ohms) and completing the circuit for very brief perlods with balanced measurement of e m f conditions 
~e  cre~ted under which no appreeiaMe current flows In the generator circuit and, therefore, the generator Per- 
foams no work, It~ order to me*retain them eondftlons rnodff~eatlon of the methods u~d in studying blocurrentt 

t~ requited. 

In ~ attempt to study the relation of lr0m3t enrreuts ( e.m 0 to ti~ue metabolism (energy being transform, ed), 
and taking ~e  hypotheses cited above as a basis, the following Pelnt~ were investigated In the present work: I)  
relation of fall In e m f ~ d  ~ strength of Injury current to electrode resistance; 2) relation be,'-ween some as- 
peet~ of tt, sae metabolism ~ad the quantity of electric energy generated by the tissue. 
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The r  ~ performed on the sactorlus muscle of autumn and wInter frogL The pelvic end of 
the muscle was I n J ~  b T a special clamp. The muscle was placed in a paraffLrf bath w that the Injured end 
was in one thumbed of  ~ bad~ and the intact end in the other. Each chamber was fll~d with Risger solution 
es so!utica of the s~brr..~r162 whose effect was being studied. The chambers were divided by a partition consist- 
leg of a m3xuu~ of p~a~ wlth p~raffin off. Injury current was led offby nonpolarlzhag elecuodes (Zn-ZnSO4) 
with reslstau~ce of 800. L/5.300 2.200, 11,000, 60,000 ohm~ Low resistance electrodes (800 ohm) wero prepat6d 
acceding to the ~2:eme ~escribed by A. V. Lebedlnsky and A. S. Mozzhukhin [~]. In order to obtaIn electrodes 
with resistance of 1.50~. ~.~00, 11,000 and 50,000 ohms the original 800 ohm electrodes were connected with 
apptopr resistance. To mea_~ure the current strength (quantity of electricity generated), th~ muscle was 
Iscluded by m e ~ s  of  ~ ' ~ r ~ t a t e  electrodes in the circuit of a mirror galvanometer with resistance of 2,000 
ohms, graduated wi~a r e ~ c t  to current strength, for 6 hours. To measure the e-m h the muscle was In~luded 
in the circuit of a b a l a c ~  ln~allation tn which the same mirror galvanometer served as the "zero" Instrument. 

The energy 8ene.zs~ by the muscle was calculated [3] according to the formula: 

~,~O.P.qO Uo, + Cl Ur -2} 
5 

where Q =Iepr . .  
where E - energy in m a ~  c.alories; Q - quanr2v t of electricity; U - e m f; I -  :,.a'rent strength; t -  time; 
Uep and I cp  were e ~ c ~  az a mean of a number (7) of measurements during the 6 hours of experiment. The 
value of l ~ r a t e d  ~er, erg~ ~'a~ expressed in microcalotles for the sake of more convenient comparison with the 
majority of  Ilmraturr d~ta. 

The infiueaee o f  ~T.~Lrrnent of carbohydrate-phosphorus metaboll~m was studied tn experiments In which 
the in,.act end of the m ~ e  was poisoned by substances listed In the ~able. The concentrations Indicated In the 
t~.ble ate, according to ~ available In the llterature(13elit.~er[1], Pi~--nas, 1940 and others) the most effective 
in disturbing earbohy~77,hosphorus metabolism in skeletal muscle. 

In ~ s t  of the ex~- r~en t s  the Intact portion of the muscle was subjected to the action of the various sub- 
~anees d'a'oughout ~-e ~,9"_~e experiment (6 hours). In some experiments the intact portion of the muscle was 
exposed to the action o f  ~'~;vno~odoacetate solution for only 30 minutes; the substance was then replaced by 
Ringer solution ot ~lu~ ~f vitamIn B 1. which is designated in Fig. 2 as "washIng ~. 

RESULTS 

Figure 1 shows ~ - ~ e s  In ~engu~ of current generated by uhe mu~le with vatLous resistance of the ex- 
ternal cL-culL The . ~ e a - ~  current strength Is observed when this resistance equals 3500-4200 ohms (electrode 
resisra.~cc 15n0-2'2O0 c~rr~.~ Mea-~rrement of resistance ha the area of she musc!e lying between the electrodes 
accordk~g to A. V. L e b ~ k y ' s  scheme [2] yields a value equal t03000-4000 ohms. These data show good 
correspondence wl~ ~ e  ~-H-kr~evm fact that the generator performs most work (and hence the greatest trans- 
formation of  energy) w h ~  ~ e  Lr~remal and external resistances of a circuit are equal. This fact was utilized 
is exper~ents  In whick &e quantity of electric energy generated by the muscle ung, er conditions of Impaired 
c~rbohydr~t~e-phospi~c~u~ =.~t~ro!lsm was being studied. The results o! these experiments are pre~ented in ~e  
tgble &'~d m Fig. 2. T~e ~L~za show that impalement of carbohydrate-phosphorus metabolism by one or other 
ep2yme poison lower~ ~ e  ~ec t r ic  energy generated by the inJuered muscle. 

I~ follows from ~e  ~ l . e  and Fig~. 1 and 2 that, on the one hand, under certain conditions the maximal 
electric energy liberated ~y the Injured muscle can be measured, and, on the other hand, the value of energy 
~us liberated Can tmder'~ a change when carbohydrate-phosphorus metabolism is disturbed. Changes in genera- 
tion of electric energy ~-~ ~0s~ marked when the muscle ts poisoned by monoiodoacetate, fluoride and hydraztno 
(which Interfere witfi the ~acrtons connected with transfer of phosphate to the ATP-phosphocreatine system), 
2,4-dhaitzophenot (whlc~ ~ r f e t e s  w~th conjugated oxtd'atlve~ pbospherylation) and veratrine (which accelerates 
breakdown of P h o ~ o r ~  ~mpounds). 
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Suength of current generated 
by the muscle with various reslstaece 
in the external circuit. 
A) 4200 ohm; B) 3500 ohm; C} 2800 
ohm; D) 1300 ohm; s 82000 ohm 
(electrode resistance; A) 2200 ohm; 
B) 1500 ohm; C) 800 ohm; D) 1100 
ohm; E) 80000 ohm). 

It can thus be assumed that dut~g generation of  
injury biocurrent energy liberated in the process of  c.mbo- 
hydrate-phosphor-~t metabolism is used up. 

There h a concept at present which proposes that 
liberation of energy in muscle tissue takes place by way 
of the ATP-phosphocreath,e system. It it possible that 
this system Is the direct energy source in the generatloa 
ofbiocurrent. It may be supposed that both g lycogen 
breakdown and respiration area energy sources In the 
:es),n~esis of this synem. The energy potenu~t of tho 
ATp-phosphocreatine system exceeds several times the 
quantity of energy required for the generation of injury 
current. However, formalin-fixed muscle which It, 
apparently, free of even traces of met~bolic processor, 
still gives some difference of potential. But this differ-- 
ence of potential ts not g~eat (one half to or.~ third of 
the e m fo r  control muscle) aad the formalin-treated 
muscle cannot produce any significant quantities of elec o 
trlc energy (the team mnount of electric energy genera- 
ted by control muscle is 8-10 times greater); the formMln o 
treated muscle behaves as a discharged accumulator 
(element):. when it 1 raltched in by way of low resistance 
electrodes it ahows, m the first few momenu. =om'r dlf- 
ference of potential and current strength but these values 
decrea~ markedly In the cour.~ of a few seconds.- All 

thes~ considerations not only do not refute ~e dependence of injury current on metabolic proceeds but would 
even appear to rapport this hypotbesh (A. S. Mozzhuldain [4]). 

Quaatlty of Electric Energy Liberated by ~]urcd Muscle During 6 Hottrt 
Under Various Conditions of Impairment of Carbohydrate-Phosphorus 
Metabolism (aLl figures ~e average of 10 experlment~) 

No. of 
experi- 
ment 

i 

2 

3 

4 

6 

"t 
8 
9 

10 

11 
12 

13 
14 

Enzyr,~e poison 
or metabolfm 

Control 

Sodium mor~olodoacetat~ 
Sodium fluoride 
Hydrazine sulfam 
2,4- dinltrophenol 
Sodium arsenate 
Ver~tzine 
Sodium cy~mlde 

l~nergy |Ibcr~ted 
in I0 -j micro- 
calories per 100 
mg muscle 

L0 
0.4 
0.5 
0.35 
0.35 
1.0 
0.4 
0.8 

Concentration 
of poison in ~hlch 
~he Intact portion 
of muscle was 
immersed 

0.001 M 
0.02 M 
0.02M 
1: 10 000 
0.02 M 
1 : 10 000 
0.02 M 

Phlortztn 
GIyceraldehyde 
Sodium p>Tavate 
Sodium lactate 
Sodium sulflte 
Formalin 

0.8 
0.65 
1.1 
0.95 
0.8 
0.1 

0.01 
0.02 
0.02 
0.02 
0.02 
20~ 

M 

M 

M 

M 

M 
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Fig. 2. The e f f ~ t  ofpolmuhag isolated muscle by agents which impair 
cazb~hydxate-phosi~horus metabolism on the quz~atlty of  energy genera- 
ted (~ep~fate experLmenu with initial current menglh of 1.5~ A and 
�9 m f of 50 my). 
Curves: A) 1) control, 2) monoiodoacetate polsoriing with Ringer *olu- 
tion "wa~hlng', 3) phlorizin poBoni~g, 4) mono~c~o~etate poisoning 
with vitmnin B l ~olution "wa~ing ' ,  5) Z,4-dinit~o~enol poisoning. 
B) 6) cyanide poBoning, 7) veratzL'~e poisoning. 8) hydtaztne" sulfate 
poisoning. 9) lactate treatment, l0 ar~nate pol.~ning. 

It is i~o*MbIe that those small e m f and current valuer ~,'hich ate observed in formalin treated muscle are 
determined by liberation of st~Jctutal energy c* repre,ent an ae.cumulatton of metabolic energy, or formalin 
may "fix" the differences of tonic concentratlons in the musole and the preparation represents a concentration 
element wl~out conLinuousty maintained difference of concentxatton~ which are quickly equalized. Whatever 
t~e slt~Jationo metabolism evidel~tly accouJ,::x for 0.9 of all the energy u~d in the generation of electric energy. 

Shmutt~eo~s mea~rement  of the quantity of electricity generated by muscle ~ d  of the e m f thu= pro- 
vides the opport~anR 7 for calculating the energy n~d in maintaining th~ potential difference between the injured 
�9 z~d intact &rea~ of ti~'ue. Decrea~ in electric energy o flnerated by the injured muscle when its carbohydrate- 
pobosl~otus metabolism i, tmpaixed proves that injury current and e m f ~ e  related to metabolism. 

S U M M A R Y  

Simultaneous meamrement of the qu~t i ty  of electricity generated by the muscle and of e m f gives the 
opport~ity to estimate the energy which Is used for maintenance of the difference of potentials between the 
inJ~ed and intact areas of  tissue. Reduction of # e  vklue of electric energy, generated by the injured muscle. 
when the p~cesses of carbohydrate,-phosphoms m tzbolism are dlsmrbed proves the relationship of generation of 
btoct~rrent of the lnJmed area to the condition of metabolism. 

L I T E R A T U R E  C I T E D  

[2] V. A. Belitser, ChemicalReactlom in Muscle. | Moscow-Leningrad, 1940. 

[2] A. Vo Lebedinsky, FizloL Zhur. SSSR, 16, No. 3. 45"/-450, 1933. 

140~ 



[3] ~ V, ~d~y, ~a.c~d ~ $~ MozzhuI~hfn. In ~e book. Problems ~ El~w~rophy~logy." Le.u.lJ~gra~d, 
19S0, pp. 5-18. 

(4] A. & ~ u k h f n , F i z l o l .  Zhur. SSSR, 35, No. 1.42-49, 1949. 

1407 


