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Summary. The influence of sound waves  on the  s t a t iona ry  m e m b r a n e  conduc t iv i ty  of the  axon m e m b r a n e  in my-  
e l inated nerve  was invest igated.  Sound fields wi th  f requencies  wi th in  the  aud i to ry  l imit  sh i f t  the  t rans i t ion  vol tage  
Vtr and  cor respondingly  the  th resho ld  vol tage  of the  act ion po ten t i a l  in polar isa t ion direct ion.  The resul ts  indica te  
t h a t  these  changes  of the  electrical  m e m b r a n e  behavior  are due to a d i rect  mechanica l  in te rac t ion  be tween  low fre- 
quency  sound fields and m e m b r a n e  s t ruc ture .  

S t eady  s ta te  ion conduc tance  of nerve  m e m b r a n e s  are 
vo l t age-dependen t ,  showing 2 s table  s tates ,  a 'h igh ohmic '  
s ta te  for t he  hyperpoiar ized  and a ' low ohmic '  s ta te  for 
the  depolar ized membrane .  Wi th in  a cer ta in  vol tage 
range b o t h  s ta tes  con t inuous ly  change f rom one to the  
other.  The posi t ion of this  t rans i t ion  range wi th  respect  
to the  res t ing  po ten t i a l  (V = 0) can be def ined by  the  
t rans i t ion  vol tage Vtr 2. Formal ly  this  conduc t iv i ty  t rans i -  
t ion is cons i s ten t  wi th  the  electrical behav ior  of l iquid 
crys ta ls  and  is also a condi t ion  for b i s tab i l i ty  and dif- 
fe rent ia l -negat ive  res is tance 2, ~ 

109A 

1~ 7 80-KCi-Ringer 

10 9 

Fig. 1. Stationary I-V characteristics of a nerve membrane at normal 
and 80-KC1 Ringer's solution. The Vtr-shift caused by decreasing the 
] Ca++ I ~ (below) is compared with the Vtr-shift due to a sound field 
(above). 

In  l ight  of the  visco-elast ic p roper t ies  of l iquid-crysta ls  4, 5, 
the  s t u d y  of the  effect  of sound  waves on the  t r ans i t ion  
vol tage Vtr seems to be a p romis ing  approach  to a be t t e r  
ins ight  into the  mechan i sm of s t a t i ona ry  m e m b r a n e  
conduc t iv i ty .  In th is  communica t ion  we repor t  pre-  
l iminary  resul ts  of such exper iments .  
Methods. A single myel ina ted  nerve  fibre (N. ischiadicus 
of male Rana esculenta) was m o u n t e d  in a 3-electrode 
device wi th  air gap isolation% The t es t  node,  N2, in t he  
cent ra l  tube  could be a l t e rna t ive ly  r insed by  d i f ferent  
solutions.  The subsequen t  nodes  on bo th  sides are in 
th roughs  wi th  Ringer ' s  solution.  In  measur ing  the  s ta-  
t iona ry  cu r r en t  vol tage  (I V) curves,  the  impressed  
vol tage V across the  axon m e m b r a n e  of N2 was var ied  
cont inuous ly  by  a r a m p  genera tor  wi th  a veloci ty  d V / d t  < 
3 mV/sec  and recorded s imul taneous ly  wi th  the  m e m b r a n e  
cu r ren t  I by  a X - Y  recorderL Normal  Ringer ' s  solut ion 
is used to de t e rmine  the  res t ing  po ten t i a l  (V 0). The 
actual  Vtr was then  de t e rmined  as the  inflection po in t  
of the  I -V-curve  wi th in  the  t rans i t ion  region. To get an 
accurate  measure  of this  inflect ion point ,  the  I -V-curve  
has to show a p ronounced  region of different ia l  nega t ive  
resistance.  Therefore  the  node was depolar ized by  Ringer ' s  
solut ion in which 80 mM Na + are replaced equ imolar ly  
by  K+; i sosmolar i ty  is not  changed.  
Sound fields wi th  f requencies  be tween  200 Hz and  2 MHz  
are p roduced  by  a quar t z -ce ramic  and coupled to the  
Ringer ' s  solut ion of one side t rough.  This t rough  was 
mechanica l ly  isolated from the  res t  of the  a p p a r a t u s ;  
therefore  the  sound was conduc ted  to N2 only  by  the  
nerve  fibre br idging the  air gap. The quar t z -ce ramic  
could be exci ted to mechanica l  oscil lat ions of d i f fe rent  
ampl i tudes  and  frequencies  by  means  of a func t ion  
genera tor  (datapulse) .  
Most  of the  e x p e r i m e n t s  are carried ou t  using sound  
frequencies  in t he  range b e t w een  200 Hz and  50 k H z  
(see results).  W i t h i n  this  range,  the  re la t ive sound in- 
t ens i ty  was a lmos t  i n d e p e n d e n t  of f requency.  An in- 
crease of in t ens i ty  wi th  f r equency  is i m p o r t a n t  only  for 
higher  f requencies  (resonance f requency  of the  quar t z  
ceramic _~ 2 MHz).  Var ia t ions  in the  sound in tens i ty ,  
which migh t  be possible even at  low frequencies  due to 
the  special g eo me t ry  of the  qua r t z  oscillator, could be 
ruled out  expe r imen ta l ly  by  using several  oscil lators of 
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d i f ferent  size and  form. Because of the  theore t ica l  and 
expe r imen ta l  difficulties in measur ing  the  sound energy  
ac tua l ly  en te r ing  the  t issue s, no a t t e m p t  has  been  made  
to measure  the  sound in t ens i ty  on an absolute  scale. 
Resul ts .  Looking a t  the  I -V charac ter i s t ic  of the  depola-  
r ized m e m b r a n e  (in 80 KC1-Ringer 's  solution,  see method) ,  
sound  waves  in the  aud iof requency  range al ter  the  t rans i -  
t ion region p rov ided  t h a t  the  sound- in tens i ty  exceeds  
a cer ta in  m i n i m u m  value.  These a l te ra t ions  resemble,  
even  in detail ,  those  p roduced  by  decreasing the  ex te rna l  
Ca ++ concen t ra t ion ,  Iga++lag: This  is seen in figure 1, 
which  shows I - V  charac ter i s t ics  f rom the  same nerve  
p repara t ion ,  d e m o n s t r a t i n g  the  s imi lar i ty  of sound-  and  
Ca++-effect. In  normal  R inger ' s  solution, the  same sound 
fields cause a reversible  depolar i sa t ion  of the  m e m b r a n e  
of abou t  the  same order  as observed by  decreas ing the  
lCa++la 1~ In b o t h  cases, sound  field and ICa++la-decrease, 
the  m e m b r a n e  depolar i sa t ion  is accompanied  by  similar  
a l te ra t ions  of the  I - V  character is t ic .  Both,  the  specific 
a l te ra t ions  of the  I - V  charac ter i s t ic  and the  depolar isa-  
t ion of the  m e m b r a n e  in normal  Ringer ' s  solution, can 
be expla ined  b y  a shif t  of only  1 pa ramete r ,  Vtr, in 
polar isa t ion di rect ion ~ In  ag reemen t  wi th  these  Vt~- 
shifts,  the  th resho ld  vol tage  of the  act ion po ten t i a l  was 
observed to be shif ted in the  same direction.  Due to 
this  shift ,  the  m i n i m u m  ampl i tude  of a s t imula t ing  pulse 
is decreased.  This also could be verified exper imenta l ly .  
All observed  s o u n d - d e p e n d e n t  changes  of the  m e m b r a n e  
behav io r  are reversible p rov ided  t h a t  the  sound- in tens i ty  
does no t  exceed an upper  l imit.  In  addi t ion  it could be 
shown expe r imen ta l ly  t h a t  these  changes  are no t  due to 
secondary  electrical  effects of the  sound field. 
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Fig. 2a. Relative V~r-shift as function of sound frequency. 
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Fig. 2b. Relative Vtr-shift as function of sound amplitude at different 
frequencies. 

Since the  sound- in t ens i ty  a t  the  axon  m e m b r a n e  of N2 
could no t  be measured  on an absolute  scale, the  analogy 
be tween  sound-  and  Ca-dependen t  a l te ra t ions  of the  I-V- 
curves  was used to normal ize  the  s o u n d - d e p e n d e n t  
Vtr-shifts to  the  Vtr-shift  caused by  a change of lCa++la 
f rom 1.8 mM to 0.9 mM as measured  a t  the  same node. 
Figure  2a shows the  d e p e n d e n c y  of Vtr-shifts on sound 
f requency.  The poin ts  deno te  Vtr-shifts (relative to the  
dependence  of Vtr on ICa++Fa ) which are de t e rmined  
f rom I -V-curves  measured  a t  the  same nerve  prepara t ion .  
Due to unavoidab le  differences in the  acoust ical  coupling 
of the  sound to N2, t he  re la t ive Vtr-shifts are s l ight ly 
d i f fe ren t  for d i f fe rent  p repa ra t ions ;  the  form of t he  curve 
in figure 2a, however ,  remains  the  same. The Vtr-shift  
shows a m a x i m u m  at  a f requency  v = 2 kHz  (+ 0.5 kHz) ; 
a t  v > 50 kHz no changes  of the  I -V-curves  could b e  
observed,  even wi th  sound- in tens i t i es  increased by  a 
fac tor  of 10. The d e p e n d e n c y  of the  Vtr-shifts on the  
re la t ive  sound ampl i tude  is seen in figure 2b for d i f ferent  
frequencies.  All measured  po in t s  are obta ined f rom ex- 
pe r imen t s  on one node. The l inear i ty  of this  dependency  
is i n d e p e n d e n t  of the  ac tua l  prepara t ion .  
Similar  V t r sh i f t s  are also observed in the  presence of 
10 -6 g/ml  T T X  in the  ex te rna l  solution.  Replac ing  the  
80 mM KC1-Ringer by  normal  Ringer ' s  solution,  and 
depolar iz ing the  m e m b r a n e  by  adding  10 .4 g/ml  vera t r i -  
dine, equ iva len t  s o u n d - d e p e n d e n t  Vtr-shifts are found.  
Discuss ion .  Shifts  of the  t rans i t ion  region caused by  
var ia t ions  of the  ex te rna l  ion-concent ra t ion  ( d i v a l e n t  
cat ions  shif t  abou t  20fold s t ronger  t h a n  monova l en t  
ca t ions  n) are normal ly  referred to  the  in terac t ion  be- 
tween  negat ive  fixed charges  a t  t he  m e m b r a n e  surface 
and the  ex te rna l  ions 1~. We therefore  had to t e s t  the  
reasonable  assumpt ion  t h a t  the  sound field acts  on the  
axon  m e m b r a n e  by  chang ing  the  surface charge densi ty .  
This was done using a micro-e lec t rophore t ic  me t h o d  to 
measure  the  effect  of s imilar  sound waves  on the  ~-poten- 
t im of myel in  membrane-ves ic les  f rom the  same nerve 
mater ia l  13. Since th is  ~-potent ial  has  the  same dependency  
on ex te rna l  ion concen t r a t ion  as Vtr , we assume a similar 
behav ior  of the  surface charges  for bo th  the  axon and  the  
myel in  membrane .  However ,  no inf luence of the  sound-  
fields on the  ~-potent ia l  of the  myel in  m e m b r a n e s  could 
be observed.  This resul t  cor responds  wi th  morphological  
observa t ions ;  the  morphologica l  a l te ra t ions  of the  
Ranv ie r  node by  a change  of the  ex te rna l  Ca-concentra-  
t ion 14 are no t  observed  dur ing  sound field appl icat ion.  
We therefore  assume t h a t  the  sound field acts  d i rec t ly  
on those  m e m b r a n e  s t ruc tu res  which  control  the  s t eady  
s t a te  conduc t iv i ty .  In  addi t ion ,  the  form of the  curve 
in figure 2a (resonance curve) and the  l inear d e p e n d e n c y  
of the  Vtr-shift  on sound ampl i tude  (figure 2b} po in t  to 
a d i rect  mechanica l  in te rac t ion  be tween  sound field and 
m e m b r a n e  s t ruc ture .  
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