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A B S T R A C T  The effects of formaldehyde, glutaraldehyde, l-fluoro-2,4-dinitro- 
benzene, and 1,5-difluoro-2,4-dinitrobenzene on the electrophysiological 
properties of cardiac Purkinje fibers were studied. At concentrations of 2.5 n ~  
the aldehydes produced a transient hyperpolarization, lengthening of the 
plateau of the action potential, and an increase in action potential overshoot 
and upstroke velocity. If exposure to aldehyde was continued, the fiber failed 
to repolarize after an action potential and the membrane potential stabilized at 
about --30 my. If exposure was terminated before this, recovery was usually 
complete. At the time the fibers were hyperpolarized the input resistance was 
increased without much change in length constant, leading to an increase in 
both calculated membrane resistance and calculated core resistance. Although 
it was anticipated that an effect of the aldehydes on the membrane was to in- 
crease fixed negative charge, it was difficult to explain all the electrophysio- 
logical changes on this basis. The major effects of the fluorobenzene compounds 
were not the same; they produced a shortening of the action potential and a 
rapid loss of excitability. 

I N T R O D U C T I O N  

Knowledge of the physiological effects of the various fixatives used in the 
preparation of tissue for electron microscopy is scanty. As we become in- 
creasingly aware of the importance of exact morphological information to an 
understanding of the function of tissues, it becomes essential to learn what 
physiological alterations are produced by the fixatives. The  cardiac Purkinje 
fiber is commonly used for electrophysiological investigation. We have studied 
the effects of formaldehyde and glutaraldehyde on the electrical properties 
of this tissue. 

The  lower aldehydes are highly reactive substances in aqueous solution (1). 
One important  chemical reaction resulting from exposure of biological tissue 
to formaldehyde is a covalent combination with positive amino groups on 
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protein molecules, resulting in a loss of positive charges (1-3). This reaction 
has been called the Sorensen reaction, when used to titrate amino acids. 
Sarcolemmal membranes and myoplasm are thought to contain structural 
proteins, so that an alteration in their isoelectric point in the positive direc- 
tion would result in an increase in net fixed negative charge at neutral  p H  
(4). Such a change might have important  effects on membrane  ionic per- 
meabilities and ionic movements, and change the electrical properties of the 
tissue. Further,  an understanding of the action of these agents might offer 
some insight into the role of membrane  and cellular fixed charges in the con- 
trol of cellular electrical events. 

These agents also affect the activity of various cellular enzyme systems, 
probably by  a similar reaction (5). Some of the reactions of aldehydes produce 
cross-linkages that tend to make cells more rigid (1). Similar reactions with 
proteins also occur with 1-fluoro-2,4-dinitrobenzene and 1,5-difluoro-2,4- 
dinitrobenzene. Some studies were made on the electrical properties of the 
Purkinje fibers using these fluorobenzene agents to see whether they produced 
effects similar to those produced by the aldehydes. 

M E T H O D S  

Cardiac Purkinje fibers of young sheep were used in these experiments. The hearts 
were removed immediately after death at the slaughterhouse and placed in a thermos 
bottle containing cold (4°C) oxygenated Tyrode solution. Purkinje fibers were dis- 
sected in the laboratory within 30 min after the animals were killed. They were placed 
in a Lucite chamber through which solutions of the desired composition were perfused. 
The temperature was maintained at 30°C during the experiment. The control meas- 
urements were made in Tyrode solution of the following composition: NaCI, 137 raM, 
MgC1, 1.05 mM, NaHCOs, 13.4 mM, NaH~PO4, 2.38 mra, CaCI2, 1.8 raM, 5 mM glu- 
cose, and KC1 in concentrations of 2.7 or 5.4 raM. The solution was saturated through- 
out the experiment with a gas mixture containing 95 % 02 and 5 % CO2 and the 
final pH was 7.2-7.4. Low chloride solutions were prepared by replacing NaCI by 
sodium acetylglycinate, which was obtained by dissolving acetylglycine in distilled 
water in the presence of sufficient sodium hydroxide to yield a pH of 7.4. 

The chemicals used were formaldehyde, glutaraldehyde, 1-fluoro-2,4-dinitro- 
benzene, and 1,5-difluoro-2,4-dinitrobenzene. The formaldehyde solutions were 
prepared by stirring paraformaldehyde overnight in distilled water and adding the 
appropriate quantity to Tyrode solution. 1 The pH was examined after addition of 
formaldehyde and the other chemicals and it was not altered. Preliminary experiments 
showed that high concentrations of formaldehyde killed the tissue too rapidly to permit 
measurement of many of the membrane properties. A concentration of 2.5 rnM for- 
maldehyde was found to produce a slower development of changes, allowing time 
for measurements to be made, and this concentration was used for the studies to be 

1 T h e  pa ra fo rmaldehyde  was p robab ly  not  complete ly  dissociated by  this technique ,  so the  con- 
eent ra t ion  indicated should not  be  taken  as an  exact  chemical  activity. 
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reported. The glutaraldehyde 2 was 70 % concentrated and stored with an inert gas. 
For the same reasons mentioned above for formaldehyde, glutaraldehyde was also 
used in a concentration of 2.5 mM. The  fluorobenzene compounds were dissolved in 
1 cc of methanol and added to stirred Tyrode solution drop by drop to yield a con- 
centration of 0.5-2.5 n ~ .  

Glass micropipettes were filled with 3 M KC1 and selected for resistances of 5-20 
M~. Membrane  potentials were measured as the voltage differences between a 
pipette within the cell and one adjacent. Each signal was led through a Picometric 
amplifier 3 for recording. The  tracings were displayed on a Tektronix 565 oseiiloscope, 
from which a photographic recording was made. Resting potentials were measured 
by withdrawal of the electrode from the eeU and subsequent reimpalement to con- 
firm the original value. When diastolic depolarization was seen, the maximal dia- 
stolic value was used. Cable analysis was performed as described by Weidmann (6) 
and Fozzard (7). Current was monitored across a 68 K ohms resistor in series with 
the ground circuit. The dV/dt was obtained electronically with an operational 
amplifier (Type O, Tektronix). Conduction velocity was measured as the time of 
conduction between two intracellular electrodes inserted at a distance from each 
other. Depolarizing current steps were made through an intracellular pipette to 
measure threshold. 

In  each case control measurements were made in normal Tyrode solution and at 
1 min intervals after the tested chemical was introduced. The fibers were usually 
exposed to formaldehyde or glutaraldehyde for 10 min. After removal of the drug, 
the fibers were allowed 30 min or more to recover, until a steady state was reached. 
For the fluorobenzene compounds the time of exposure was usually shorter. 

When experiments were performed in solutions of different ionic composition, 
control measurements were made first in normal Tyrode solution, then the fiber was 
maintained in the modified solution for 30 min prior to introduction of the chemical. 

R E S U L T S  

The Resting Potential 

U p o n  exposure  to 2.5 m u  fo rma ldehyde ,  the  t r a n s m e m b r a n e  po ten t i a l  be-  
c a m e  m o r e  nega t ive  in every  e x p e r i m e n t  bu t  one,  wi th  an  ave rage  change  of 
5.6 4- 1.8 m v  4 in 10 fibers (Tab l e  I ) .  Whi le  the  a l te ra t ion  in t r a n s m e m b r a n e  

po ten t i a l  b e g a n  as soon as the f o r m a l d e h y d e  r eached  the  tissue, this effect  
increased  for 8-10 min .  A typica l  t ime  course  is i l lus t ra ted in Fig. 1. R e c o v e r y  
occu r r ed  af ter  the f o r m a l d e h y d e  was exc luded  f r o m  the perfusate ,  of ten wi th  a 
t r ans ien t  depo la r i za t i on  before  r e tu rn  to cont ro l  values  af ter  20-30  min .  T h e  
effects of  g l u t a r a l d e h y d e  were  s imilar  bu t  smaller ,  w i th  on ly  a 2.0 4- 0.4 m y  
h y p e r p o l a r i z a t i o n  in four  fibers. R e p l a c e m e n t  of  ch lor ide  b y  ace ty lg lyc ina te  
in six add i t iona l  expe r imen t s  did  no t  a l te r  the  results. 

2 L a d d  Resea rch  Industr ies  C o m p a n y ,  Burl ington,  Vt .  
8 I n s t rumen t a t i on  Lab ,  Inc.,  Wate r town,  Mass.  
4 Dispersion of exper imenta l  results is indicated by 4-1 SEM. 
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The Action Potential 

Formaldehyde always caused a striking increase in the duration of the action 
potential; by 10 min the action potential duration averaged 245 ± 20 % of 
control duration (Table I). The increase resulted entirely from a change in the 
slope of the plateau, with the early repolarization phase and the r ap id t e rmi -  
nation of the plateau being affected much less (Fig. 2). A similar effect 'on' the 
duration of the plateau was seen with glutaraldehyde (Table I). If  the expo- 
sure to formaldehyde or glutaraldehyde was continued, the fiber eventually 
failed to repolarize after an action potential, and the t ransmembrane potential 
stabilized about - 30 inv. Recovery was complete if the exposure to the alde- 
hyde was terminated by 15 min (Figs. 1 and 2). During the early part  of the 
recovery phase, fibers often showed spontaneous activity. Simultaneous with 

TABLE I 

Formaldehyde (11 experiments) Glutaraldehyde (5 experiments) 

Action potential  durat ion 245 4- 20% 357 4- 28% 
Maximal  upstroke velocity 105 -4- 7% N o  change 
Hyperpolarizat ion 5.6 4- 1.8 my 2 ± 0.4 my 
Increase in overshoot 11.2 ± 2 my No change 

Values are reported as averages -4-1 s~.m The statement "no  change"  means that  any possible 
changes were smaller than the limits of measurement.  The action potential  durat ion was meas- 
ured as the total time of depolarization beyond resting potential.  

the onset of hyperpolarization on exposure to formaldehyde, a rise in the 
overshoot of the action potential was seen, as in the experiments illustrated in 
Figs. 1 and 2. This was frequently, but not always, accompanied by an in- 
crease in the maximal upstroke velocity. These effects of formaldehyde on the 
action potential upstroke were not influenced by chloride removal, and they 
were not seen with glutaraldehyde. 

Conduction Velocity, Input Resistance, and Threshold 

The effect of formaldehyde on conduction velocity of the action potential was 
examined in four experiments. It fell slowly reaching an average of 62 + 
11% of control after 8 rain of exposure to formaldehyde. At this time hyper- 
polarization and increase in overshoot had occurred in each experiment. 
Input  resistance was measured in 12 fibers; this value rose to 151 ± 13 % of 
control after 8 min. It  usually returned to control values 30-40 min after 
perfusion with formaldehyde was stopped. The  current  required for stimula- 
tion of an action potential was reduced as input resistance increased, but  the 
voltage level for threshold was not changed (Fig. 3). The input resistance was 

D
ow

nloaded from
 http://rup.silverchair.com

/jgp/article-pdf/53/5/530/1244520/530.pdf by guest on 05 February 2023



5 3 4  T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  5 3  " x969 

also found to be increased more  t han  50 % at  the t ime fibers were  depola r ized  
to - 2 0  or  - 3 0  mv  by pro longed  exposure  to fo rmaldehyde .  

Cable Analysis 

I n  three  fibers cable  analysis was pe r fo rmed  before and  dur ing  exposure  to 
fo rma ldehyde  (Tab le  I I ) .  T h e r e  is a fairly wide scat ter  in the results, pa r t ly  
because  of  inheren t  inaccuracies  in the t echn ique  (6) and  par t ly  because  the 

f 
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FIGURE l. Response of a cardiac Purkinje fiber to 2.5 mM formaldehyde. Exposure was 
begun at the time indicated by the downward pointing arrows and was terminated at 
the time of the upward pointing arrows. Action potential duration was measured as 
the total time of depolarization beyond resting potential. Overshoot and resting potential 
are reported in millivolts. Maximal upstroke velocity of the action potential is reported 
in volts/second. 

measuremen t s  in fo rma ldehyde  were  m a d e  while the fo rma ldehyde  effect  was 
increasing. Yet  there  were  several consistent findings. T h e  input  resistance 
rose as seen in o ther  exper iments ,  and  the  m e m b r a n e  t ime cons tant  t ended  to 
increase.  T h e r e  was little change  in the length  constant .  In  each  expe r imen t  
ca lcu la ted  specific core  resistance rose; the average  contro l  va lue  was 202 f~ 
cm and  the average  va lue  in fo rma ldehyde  was 300 f~ cm. Calcu la ted  m e m -  
b r ane  resistance also rose in each  expe r imen t  f rom a cont ro l  average  of  707 ~2 
cm 2 to 1297 ~2 cm ~ af ter  exposure  to fo rmaldehyde .  M e m b r a n e  capac i t ance  d id  
no t  a p p e a r  to change  significantly. 
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1,5-Difluoro-2,4-Dinitrobenzene 

T h r e e  fibers were  exposed  to 0 .5-2 .5  rnM 1 ,5 -d i f l uo ro -2 ,4 -d in i t r obenzene  in 
T y r o d e  solution. T h e r e  was  a t rans ien t  increase  in overshoo t  a n d  ac t ion  po-  

I-'- 0.5 SEC ------4 

~_ | l 1 
CONTROL 4 MIN I0 MIN RECOVERY 

I ,- 2.5 mM FORMALDEHYDE I 

FIGURE 2. Recordings of the action potential and the upstroke velocity are shown be- 
fore, 4 and 10 rain after exposure to 2.5 mu formaldehyde in Tyrode solution, and 20 
min after exposure was terminated. At each time the action potential was recorded at a 
slow sweep speed, 0.5 sec for the period indicated, and at a higher sweep speed, showing 
only the upstroke phase. For the latter the time period represents 10 msec. The lowest 
tracing is of the derivative of the action potential. 

t'--0.5 SEC.--I 

i \ \ 

CONTROL 2 MIN 5 MIN 

" 2.5 mM FORMALOEHY[~[ I 

FIGURE 3. Superimposed recordings of 250 msec depolarizing current pulses. As the 
current was increased a level was obtained that just barely provoked an action potential. 
No change in the voltage value of threshold was found after exposure to formaldehyde, 
but the necessary current was reduced because of an increase in the input resistance. 

tent ia l  d u r a t i o n  du r ing  the  first 2 m i n  of  exposure  to the  drug .  W i t h  fu r the r  
exposure  to the  d r u g  the  ac t ion  po ten t i a l  b e c a m e  shor te r  a n d  the  rest ing po-  
tent ia l  decreased,  resul t ing in a loss of  exc i tab i l i ty  af ter  5 m i n  of  exposure.  T h e  
i npu t  resis tance was  increased m a r k e d l y  af ter  5 m i n  exposure  to the  d r u g  a t  
the  t ime  w h e n  the  f iber  was no  longer  exci table .  T h e s e  effects were  no t  re-  

versible.  
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1-Fluoro- 2 , 4-Dinitrobenzene 

Four fibers were treated with 0.5-1.25 mM 1-fluoro-2,4-dinitrobenzene in 
Tyrode  solution. The  effects were in general similar to those with I,  5-difluoro- 
2,4-dinitrobenzene with the exceptions that no transient increase in overshoot 
was observed and that  as the fiber became inexcitable it developed a low input 
resistance. The  effects developed more slowly than with 1,5-difluoro-2,4- 
dinitrobenzene. 

T A B L E  II 

Experiment 
No. Radius Time in formaldehyde Vo/Io X r Ri  Rm 

t~ kil mm mse¢ [1 on i'~ rmt 

1 68 C o n t r o l  160 1.10 9 .5  254 904 
5 m i n  210 0 .92  9 .5  480 1206 

2 50 C o n t r o l  106 1.70 5 .4  61 699 
12 m i n  140 1.85 12.0 104 1418 

3 55 C o n t r o l  136 0 .70  7.1 290 517 
7 m i n  140 1.05 9 .5  317 1268 

A v e r a g e  va lues  

C o n t r o l  134 1.17 7 .3  202 707 
In  f o r m a l d e h y d e  163 1.28 10,3 300 1297 

T h e  m e a s u r e m e n t  in f o r m a l d e h y d e  cou ld  n o t  be  m a d e  at  the  same  t i m e  in e a c h  f iber b e c a u s e  
of the  c o m p l e x i t y  of  the  m e a s u r e m e n t .  Vo/ Io  r ep r e sen t s  t he  c r u d e  i n p u t  r e s i s t ance  of  t he  f iber.  
k is t he  l e n g t h  c o n s t a n t  in mi l l ime te r s .  ~ is t he  t i m e  c o n s t a n t  in mi l l i s econds ;  it is e q u a l  to 
R,, ,C, ,  a n d  is t he  t i me  to 84% of  the  s t e ady  vo l t age  a t  x = 0. Ri is t he  specif ic core  res i s t ance  
and  R.~ is t h e  r e s i s t ance  t i mes  1 c m  ~ of  m e m b r a n e .  

D I S C U S S I O N  

In  concentrations usually employed for tissue fixation, formaldehyde and glu- 
taraldehyde produce membrane  depolarization by preventing repolarization 
after an action potential. Associated with this depolarization is an increase in 
membrane  resistance. These effects develop more slowly at lower concentra- 
tions of aldehyde, permitting more detailed observation of the sequence of 
changes and possibly some insight into the nature of the cell damage. 

The  initial hyperpolarization of the fibers when exposed to 2.5 rn~ formal- 
dehyde was small but  it was consistent. The  measurement  is difficult to make, 
but the problem of instability of the base line was avoided by use of the with- 
drawal technique. An alteration in the tip or junction potentials only in the 
myoplasm could have produced such an effect, and this cannot be completely 
excluded. But other changes in membrane  events-- the upstroke velocity and 
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overshoot of the action potential--also occurred and are consistent with a 
hyperpolarization. 

The  resting membrane potential is largely dependent  on the diffusion po- 
tentials of ions in the extracellular and intracellular phases. Normally the dif- 
fusion potential in heart muscle is dominated by sodium, potassium, and 
chloride, and alterations in their relative permeabilities could change the 
membrane potential. In  these experiments chloride ions did not appear to be 
an important  factor, since their replacement by acetylglycinate, a relatively 
impermeant  anion, did not influence the hyperpolarization. A fall in the 
P~,/PK ratio would be expected to produce hyperpolarization, although if the 
ratio is near 0.01, as reported by Page (8) for ventricular muscle, then the ef- 
fect would not be large. Further, the large increase in membrane resistance 
seen by cable analysis probably reflects a fall in PK. With such a fall in PK, 
other ions such as Mg ++ or H+ become relatively more important,  but  to pro- 
duce hyperpolarization their equilibrium potential would need to be more 
negative than that for potassium. A loss of 20 % of cell water would increase 
the intracellular concentration of potassium sufficiently to produce hyper- 
polarization of this magnitude without a change in the PN,/PK ratio, but there 
is no evidence that formaldehyde alters cell volume (9, 10). 

The  rapid inward current that is associated with the upstroke of the action 
potential was not reduced by formaldehyde, and it may have been increased, 
since the overshoot and upstroke velocity were often greater. However, the 
increase in overshoot and upstroke velocity could have resulted from the hy- 
perpolarization, since inward sodium current during a depolarization is 
dependent  on the preceding membrane voltage (I 1). Threshold voltage for 
inward current was not changed. A striking effect of the exposure to aldehyde 
was the lengthening of the plateau phase of the action potential. Since the 
ionic mechanism of the cardiac action potential plateau is still a matter of 
controversy (12-15), it is difficult to conclude how the plateau was altered in 
these experiments. An important factor in plateau generation is the low PK 
during this phase, characteristic of inward rectification of the potassium cur- 
rent, and if such a reduction in PK was produced by the aldehyde during the 
plateau, the action potential would be prolonged. 

Increase in input resistance was a consistent finding in these experiments. 
Since this occurred in spite of a hyperpolarization, it was important to under- 
stand what cellular changes were responsible for this effect, and cable analysis 
was performed in three fibers. Little change in the length constant was found, 
in spite of the increase in input resistance. These measures led to a calculated 
rise in both core resistance and membrane resistance, with each increasing 
about 65 %. Accurate measurement of cell surface area is not possible in 
Purkinje fibers, since membrane folds, clefts, and possible transverse tubules 
appear to be present. However, the proportional change in the cable analysis 
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values is independent of the actual surface area and radius, provided they did 
not change on exposure to formaldehyde. The minimal change in total mem- 
brane capacity suggests that there were at least no large changes in surface 
area as a result of exposure to formaldehyde. The  rise in core resistance is able 
to account for at least part of the fall in conduction velocity. The conductivity 
of the myoplasm results mostly from its potassium ion content (17), and it is 
not apparent by what means formaldehyde could alter this property. How- 
ever, in heart muscle the internal resistance is thought to be largely the result 
of the transversely oriented membranes of the intercalated disk (16, 17). If 
the surface membrane and the intercalated disk membrane were affected 
similarly by the formaldehyde, then an increase in surface membrane and core 
resistance would be expected. 

Fixed charges in the membrane probably influence transmembrane po- 
tential and membrane conductances in several ways (18). First, charges lining 
membrane pores would affect ion movement in the pores. An increase in fixed 
negative charge in the pores would inhibit anion movement and promote 
cation movement, an effect that appears to have been shown for red blood 
cells treated with difluorodinitrobenzene (19). In  cardiac tissue chloride 
conductance is already low (15, 20), so that complete loss of chloride conduc- 
tance would not be expected to increase membrane resistance more than 20 %. 
Further, replacement of chloride with an impermeant anion did not block the 
rise in input resistance upon exposure to formaldehyde or glutaraldehyde. It  
therefore seems that the aldehyde effect cannot be simply explained by an in- 
crease in fixed negative charge in membrane pores. The boundary potentials-- 
Donnan potentials at the interfaces between extracellular fluid, intracellular 
fluid, and the membrane phase, are usually equal and opposite in sign at the 
two boundaries, so that they contribute to the membrane potential only in- 
directly by altering ionic permeabilities. However, an asymmetrical alteration 
of fixed charge by aldehyde might produce a transient asymmetrical change 
in these boundary potentials. The reduction in total membrane conductance 
could have resulted from the ability of formaldehyde to form cross-linkages 
between proteins in the membrane, altering the pathway or carrier for ion 
movements. A similar effect of the fluorobenzene compounds has been seen in 
squid axons, where both active sodium and active potassium currents were 
blocked (21). Formaldehyde is capable of binding to positive amino groups of 
proteins not only in the membrane but also in the cytoplasm. Such an effect 
could result in an increase in the "fixed" anion in the cytoplasm by release of 
protons from these proteins. 

As mentioned above, 1-fluoro-2,4-dinitrobenzene and 1,5-difluoro-2,4 
dinitrobenzene react readily with free amino groups, and would be expected 
to alter membrane fixed charge. Fibers were treated with these compounds to 
see whether effects could be produced similar to those seen with formaldehyde. 
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While the action potential plateau did lengthen slightly and briefly, there was 
no hyperpolarization and the action potential was rapidly abolished. These 
agents also probably interfere with various enzyme systems in muscle such as 
creatine phosphokinase (22), and the effects seen in the Purkinje fibers may 
have been produced by interference with enzymatic activities. 

These experiments demonstrate remarkable effects of formaldehyde and 
glutaraldehyde on the membranes of cardiac Purkinje fibers. I t  was difficult to 
explain all the effects by an alteration in fixed membrane charges. I t  seems 
likely that, in addition to an increase in fixed negative charge, some chemical 
combination occurs within the membrane, reducing its permeability to both 
sodium and potassium. An awareness of the dramatic effects of these agents on 
the excitable properties of cardiac tissue may assist in the proper interpretation 
of morphologic studies when these chemicals are used. 

This work was supported by United States Public Health Service grants HE 5673-04 and HE 
11665-02, the Otho Sprague Memorial Institute, and a grant from the Chicago Heart Association. 

Received for publfication 11 November 1960. 

R E F E R E N C E S  

1. WALKER, J. F. 1964. Formaldehyde. Amer. Chem. Soc. Monogr. Ser., No. 159. 
2. Mormm~ZD, A., H. S. OLCOTr, and H. Fa~a~Nr,~L-CONRAT. 1949. The reaction of proteins 

with acetaldehyde. Arch. Biochem. 24:270. 
3. I.~v-v, M. 1935. Equilibria of the basic amino acids in the formol titration. J. Biol. Chem. 

109:365. 
4. Coox, G. M. W., D. H. HEARD, and G. V. F. SEAMAN. 1962. The electrokinetic charac- 

terization of the Ehrlich ascites carcinoma cells. Exp. Cell Res. 28:27. 
5. Som~mR, J.  R., and W. ~ t a 3 A c n .  1967. The effect of glutaraldehyde and formaldehyde 

on the calcium pump of the sarcoplasmic reticulum. J. Cell Biol. 34:902. 
6. W~'.mV, ANN, S. 1952. The electrical constants of Purldnje fibres. J. Physiol. (London). 118: 

348. 
7. FOZZA~, H. 1966. Membrane capacity of the cardiac Purkinje fibre. J. Physiol. (London). 

182:255. 
8. PAGE, E. 1962. Cat heart muscle in vitro. If .  The steady state resting potential in quiescent 

papillary muscles. J. Gen. Physiol. 46:189. 
9. KRAM~S, B., and E. PAGE. 1968. Effects of electron microscopic fixatives on cell membranes 

of the perfused rat heart. Biochim. Biophys. Acta. 150:24. 
10. HOpWOOD, D. 1967. Some aspects of fixation with glutaraldehyde. Jr. Anat. 101:83. 
11. WEmMANN, S. 1955. The effect of the cardiac membrane potential on the rapid availabU- 

ity of the sodium carrying system. J. Physiol. (London). 127:213. 
12. NOBLE, D., and R. W. TsmN. 1968. The kinetics and rectifier properties of the slow potas- 

sium current in cardiac Purkinje fibers. J. Physiol. (London). 195:185. 
13. DUDEI., S., K. I~PER, R. RUDEL, and W. TRAUTWEh~. 1967. The potassium component 

of membrane current in Purkinje fibers. Arch. Gesamte Physiol. Menschen Tiere (Pfluegers). 
296:308. 

14. I~UTER, H. 1968. Slow inactivation of currents in cardiac Purkinje fibers. J. Physiol. 
(London). 197:233. 

15. FOZZARD, H., and W. SL~.ATOR. 1967. Membrane ionic conductances during rest and ac- 
tivity in guinea pig atrial muscle. Amer. J. Physiol. 212:945. 

D
ow

nloaded from
 http://rup.silverchair.com

/jgp/article-pdf/53/5/530/1244520/530.pdf by guest on 05 February 2023



54 ° T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  5 3  " I969 

16. BARR, L., M. M. DEw~y, and W. BERGER. 1965. Action potentials and the structure of 
the nexus in cardiac muscle. J. Gen. Physiol. 48:797. 

17. WEmUANN, S. 1966. The diffusion of radiopotassium across intercalated disk of mam- 
maUan cardiac muscle. J. Physiol. (London). 187:323. 

18. TEO~LL, T. 1953. Transport process and electrical phenomena in ionic membranes. 
Progr. Biophys. 3:305. 

19. BERG, H. C., J. M. DIAMOND, and P. S. MAR~Y. 1965. Erythrocyte membrane: Chemical 
modifications. Science. 150:64. 

20. HUa'nSR, O. F., and D. NOBLE. 1961. Anion conductance of cardiac muscle. J. Physiol. 
(London). 157:335. 

21. Coor,~, I. M., J. M. DIAMOND, A. D. GRmNELL, S. I-IAGIWARA, and H. SArATA. 1968. 
Suppression of the action potential by nitrobenzene derivatives. Proc. Nat. Acad. Sci. 
USA 60:470. 

22. INFANaX, A. A., and R. E. DAVIES. 1965. The effect of 2,4-dinitro fluorobenzene on the 
activity of striated muscle. J. Biol. Chem. 240:3996. 

D
ow

nloaded from
 http://rup.silverchair.com

/jgp/article-pdf/53/5/530/1244520/530.pdf by guest on 05 February 2023


