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BISTABTL JTY OF THE N ERVE MEMBRA N E: MECHAN IC A L A N D 
TH ERMAL C HANGES IN N ERVE F IB ERS DURING EXCITATION 
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A BSTRACT 
In view of the g rea t advancemen t in recent studies of bi tabi liry , osci ll a ting reactio ns 
and t rave ling waves in chemical systems, a renewed intere t i arou ed in ex pl a ining the 
proce  excitation of nerve fibers on the basi s of bi labi lity of t he nerve me m b ra ne. 
The re ults of recent measu rements of rapid mechanical and therma l changes in ne rve 
fibers during excitation are in consonance with thi explanation. 

Since the early 1970's , there has been a rapid rise 
in interest of chemi t in tudies of bistability, 
o cillating reaction and traveling waves in 
homogeneou chemica l y tern ( ee chap. 7, 10 
and 13 in ref. I). The lack of interest in the pa t 
in o cillating chemical reaction resulted. at least 
partly, from the lack of a ound theoretical ba is 
for stud yi ng uch reactions. The advent of 
thermodynamics of non-equilibrium states (2) 
kindled the enthu ia m of the chemists working 
in this field. Although the structure of a nerve 
fiber i quit e co mp lex. there i a clo e analogy 
between thee phenomena taki ng place in inani-

mate chemical ystems and what are observed in 
nerve fibers. 
In the fie ld of neurophy iology. a stud y of 

bi tabi lty of the nerve membrane was commenced 
by the late Prof. Sus umu Hagi wara and myself in 
1957 (3). U ing quid giant axons treated inter-
nally wi th tetraethylammonium ions. it was 
demon trated that in the nerve membrane there 
are two table state eparated by one unstable 
s tate, a nd that the process of excitation can be 
explained as representing a tran sition from one 
table tate to the other {see Fig. 1A). A lthough 
thi s finding was largely ignored by p hysio logists, 
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Fig. 1 A: Demonstration of two stable states in the internally perfu ed 
giant axon. ote that the perturbations of the membrane potential, V. by
ap plication of weak pulses of transmembrane current (i) die away shonl y 
after the end of tbe pul se . indicating the two potential levels are stab le. 
8 : Schematic representation of the proce s of action potential production. 
The numeral s in thi s diagram correspond to those in Diagra m A. See the 
text fo r the detai ls. 
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sustained efforts have been made in this labora-
tory to elucidate the physicochemica l basis of the 
bistability of the nerve membrane. We have 
proceeded from the following premises: 

I) The membrane potential observed in axons 
represents an E.M.F. and is determined by the 
mobilities and selecti\ ities of the ions in the nerve 
membrane. 
2) An increase of the water-content of the 

membrane profoundly enhances the ion mobil-
ities Exchange of monovalent cations for 
divalent cations in the membrane brings about a 
rise in ion-mobilities by increasi ng the water 
content. 
3) The process of action potential production 

is a 'cooperative' phenomenon. The pathways of 
ions in the membrane (ion-channels) do not 
behave independently of one another. 
Fig. 1B diagramatically illustrates the process 

of action potential production on the basis of 
bistability of the nerve membrane. Here. we are 
dealing with an axon internally perfused with a 
salt of monovalent cation (e.g. Na+) and immers-
ed in a medium containing both monovalent and 
divalent cation (Na+ and Ca2+). The abscissa of 
this diagram repre ents the ratio of the square of 
monovalent cation concentration, C 1, to the 
divalent cation concentration in the medium. C2, 
The ordinate repesents the fraction, f, of the 
negatively charged membrane sites cr.oss-linked 
by divalent cations. The heavy line marked 'I' is 
an S-shaped theoretical cation-exchange isotherm 
(4). representing the existence of two stable states 
(represented by the so lid portions of the line) and 
one unstable state (the broken portion). We have 
made an additiona l assumption that there is slow 
rise in the intracellu lar divalent cation concentra 
lion near the inner surface of tthe membrane, C, (1), 
during the period in which the membrane is 
staying in its highly conductive state. This slow 
rise brings about a gradual displacement of the 
isotherm. creating a folded surface referred to by 
chemists as ·folded slow manifold" (I). 
The resting tate of the axon is represenred by 

point '1' A stimulating current pulse lowers the 
\alue off and pushes the state of the axon to '2' 
by driving monovalent cations into the mem-
brane. The ensuing transition from '2' to '3' is 
fast. Then, due to interdiffusion of the cations 
across the membrane, a slow drift of the state 
from '3' to '4' takes place. T he transition from '4' 
to '5' is fast. The final drift from '5' to '1' brings 

the axon to the original state. Many aspects of the 
behavior of internally perfused as well as unper-
fused axons can be explained on the basis of 
bistability of the nerve membrane. 
In recent years. we have directed our research 

effort toward detection of rapid mechanical and 
thermal changes during excitat ion in various 
nerve fibers. Using both squid giant axons (5) 
and garfish olfactory nerves (6), we found that 
there is, during excitation. a readily detectable 
radial expansion (i.e. swelling). The peak of this 
swelling coincides fairly accurately with the 
maximum of the membrane conductance. 
Furthermore, this swelling is associated with a 
decrease in the density of the macromolecular 
structure of the fiber (7), suggesting that the 
electrostatic repulsion between the charged sites 
in the membrane is enhanced during excitation. 
We believe that these findings are quite consistent 
with the explanation of the process of action 
potential production described above. 
Our st udie of thermal changes were performed 

usi ng the garfish olfactory nerve (Fig. 2). In the 
figure, the peak of heat production (i.e. the 
maximum of the rate of temperature rise) is seen 
to coincide roughly with the peak of the action 
potential. Since replacement of Ca-ions in ion-
exchangers with monovalent cations is exother-
mic (see p. 248 in ref. 4). we attribute the heat 
production also to the cation-exchange process in 
the membrane. 
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Fig. 2 Top trace: An example of thermal responses 
of the garfish olfactory nerve. Bouom trace: Action 
potential recorded from the s ite of thermal record-
ing. (Tasaki et a! .. 1989) 

The process of action potential production is 
obviously reversible. Hence, the exothermic pro-
cess that takes place during the action potential is 
expected to be followed by an endothermic pro-
cess. In fact, we found that about 75% of the heat 
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generated is absorbed by the nerve fibers near and 
after the end of the action potential. 
In conclusion, bistability is the property that 

plays a crucial role in the process of action 
potential production. A further investigation of 
th is property is expected to lead us to a better 
understanding of the mechanism of nerve excita-
tion. 
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