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In a preceding paper (TASAKI AND FUJITA, 1948 ), the results were reported of our 
investigation of the effect of temperature changes on the action current of a single 
myelinated nerve fibre. In the present paper, it is proposed to present data on the effect 
ot temperature on the excitatory process set up by electric stimuli and upon the process 
of recovery from a previous activity. 

The excitability characteristics of the nerve fibre examined in this investigation 
are (I) the rheobase, (2) the minimal gradient or the constant of accommodation, (3) the 
minimum quantity of electricity required for excitation, (4) the time course of develop- 
ment of the excitatory state set up by a brief subthreshold shock, and (5) the recovery 
curve. 

The effects of temperature on these quantities are a much discussed subject, and 
the present investigation is in a sense a re-examination, with isolated single nerve 
fibres, of previous experiments carried out by GOTCH AND McDONALD (I896), SCHRIEVER 
(I932), ADRIAN (1914) and many others. But, since it has been revealed that the rules 
governing the process of electric excitation of an isolated single nerve fibre are somewhat 
different from those already known (TASAKI, I942 ), it has been thought worth while 
to secure rigid experimental data showing how these quantities are affected by the 
change in temperature. 

METHOD IN GENERAL 

The material  used was isolated single motor  nerve fibres of the toad exclusively. The method 
of isolation and s t imula t ion  was the same as t h a t  adopted previously (TASAKI AND FUJXTA, 1948). 
The single fibre prepara t ion  was mounted  on a bridge-insulator  and was introduced, together  with 
the s t imula t ing  and lead-off electrodes, into a special nerve chamber  of which the t empera tu re  was 
controlled by ice or by an electric hot  plate supplied with direct  current .  

PROCEDURES AND RESULTS 

i. The effect of temperature upon the vheobase and the minimal gradient 
In  this series of experiments ,  the a r rangement  shown in Fig. t was used. With  the contact  

K 2 in the figure closed, opening of the contact  K 1 ini t iated an exponent ial ly  rising s t imula t ing  voltage. 
The t ime cons tan t  of voltage rise was controlled by changing the capaci ty of the condenser  C in the 
figure, and the final voltage was adjusted to threshold by means  of a potent ia l  divider of I ooo ohms.  
The s t imula t ing  cur rent  was in te r rup ted  by opening the second contact  K 2 abou t  o. 5 second after 
the onset  of the s t imulus.  The pause between each trial (stimulation) was about  6o seconds. The t ime 
required for readjus t ing the  t empera tu re  in the nerve chamber  was abou t  io minutes .  And abou t  
io minutes  af ter  the t empera tu re  of the chamber  had become s teady a t  a new level, threshold deter-  
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minat ions were begun. In  this  experiment,  the response of the muscle was generally taken  as index 
of nerve excitation. 

In  isolated single nerve fibres, as in the whole nerve t runk  (SCHRIEVER, Z930; SOLANDT, I936 
and others), the relation between the timc constant  of voltage rise and the final voltage which barely 
excites is represented by a s t ra ight  line. I t  should be added however t ha t  the deviat ion of the ob- 
served relation from a s t ra ight  line is far less in the single nerve fibres than  in the nerve trunks.  

The data presented in Fig. I, left, are an example of the results of the investigation. 
In this figure, the final voltage V is plotted as ordinate against the time constant of 
voltage rise rc as abscissa. The rheobase (LAPICQOE, 1909) is the threshold voltage for 
rc = o, and the minimal gradient (LucAs, 19o7) is given by the slope of the straight 
line relating V and re. HILL'S time constant of accommodation (1936) is given by the 
xheobase into the reciprocal of LOcAs's minimal gradient. 
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Fig,  i .  A: Arrangement  used to determine the threshold for exponentially rising voltages. B: Time 
constant  of accommodation determined at four different temperatures.  The arrows indicate the order 
of the measurement .  C: The relation between the t ime constant  of voltage rise rc and the threshold 
final voltage V in excitation by exponential ly rising voltages a t  various temperature.  D: Time 
constant  of accommodation determined a t  eight different temperatures.  The preparation is the same 

as tha t  used in C, and three points are taken from the data  of C. 

According to the conclusion reached in our previous investigation (SAKAGUCHI 

AND TASAKI, I943), the necessary and sufficient condition for a slowly rising voltage 
V(t) to excite a nerve fibre is to make the stimulating voltage cross the rheobasic voltage 
b at a rate of rise greater than the minimal gradient m of the fibre, i.e., at the moment 
when V(t) = b, dV(t)/dt = > m .  It  can be easily shown that, if this requirement is fulfilled 
by a set of exponentially rising voltages with varying constants of rise, the relation 
between the constant of voltage rise rc and the final, threshold voltage V should be 
expressed by a straight line which intersects the voltage axis at a slope equal to the 
minimal gradient m. In excitation by these slowly rising voltages, action currents are 
set up soon after the stimulating voltages surpass the rheobase (see Appendix I). 

The experimental result furnished in Fig. I indicates very clearly that  the minimal 
gradient s h o w  a tendency to be decreased by cold while the rheobase remains practically 
unaffected by temperature changes. I t  is further demonstrated that  the minimal gradient 
is not a simple function of the temperature but it varies according to the history of the 
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fibre. The data  presented in Fig. I, B and D, show how it depends upon the sequence 
of the measurement.  In these figures the data  are presented in terms of IhI.I.'S time 
constant .  

Demonstra t ion of hysteresis in the effect of temperature  changes upon the minimal 
gradient  of the nerve would probably  not be very new, al though CoPef£~.: (~04 o) did 
not  seem to pay  much at tent ion to this phenomenon.  SCHRIF.W-R has shown, in 1932, 
tha t  his "Einschleichzeit"  gradual ly  changes when the nerve is subjected to constant ,  
low temperature.  His data  clearly indicate tha t  at a constant  temperature  the rheobase 
and the chronaxie of the nerve remain practically constant  while the minimal gradient  
changes gradual ly  as time elapses. He has further  shown, in collaboration with ('VmULL.t 
(1938) , tha t  preparat ions taken from frogs which have been kept at low tempera ture  
show distinctly smaller minimal gradients than those taken from ordinary frogs. 

I t  should be pointed out now that ,  among all the quantit ies characterizing the 
state of the nerve fibre so far examined, the minimal gradient  is the only one that  shows 
a pronounced hysteresis. I t  is in fact surprising tha t  a nerve fibre is capable of retaining 
the effect of its previous environment.  

Turning now to the effect of temperature  changes upon the rheobase, all the pre- 
vious investigations seem to indicate tha t  it is significantly decreased by cold (GOTCH 
AND McDONALD, I896; WALLER, 1899; SCHRIEVER, 1932; SuzuKI, 1939 and m a n y  
others). In the experiments on single nerve fibres, there seems also a slight tendency for 
it to be decreased by cold, but  this tendency is too small to account  for the results 
with nerve trunk.  

In  the experiments in which whole nerve t runks are used, the rheobase is considered 
to be s trongly affected by  the changes in the resistance and polarizability of the sur- 
rounding tissues and the body  fluid. This effect of the shunt  seems to become especially 
significant when the rheobase is measured in terms of the current,  and not in voltages 
(SuzuKI, 1939). Thus the discrepancy between the present and previous results may  
probably  be accounted for by  some complication in the lat ter  case resulting from the 
surrounding tissues. 

2. The min imum quantity of electricity required for  excitation and the time course of the excatatory state 

In this series of experiments, the effect of a subthreshold current pulse, either a bricf shock or 
a long rectangular pulse, was investigated by the shock test method at varying temperat:ures. The 
arrangement shown in Fig. 2, A, was generally used. Test and conditioning shocks of about o.o3 
millisecond in duration were obtained with a HELMIfOLTZ pendulum by the technique dc scribed by 
HOZAWA (I928); P and P' in the figure indicate keys which close the circuit for such a brief perioci. 
When a long rectangular voltage pulse was to be employed as the conditioning stimulus, ordinary 
break contacts K 1 and K, of the pendulum were used instead of the "Punktkontakt" P'. The time 
intervals hetween the shocks were controlled by shifting the positions of the contacts of the penclulum. 
The strengths of the shocks were varied by means of pot{ ntial dividers. 

In the example of the experimental  results furnished in Fig. 2, the direction of the 
condit ioning shock was ascending with respect to the muscle and tha t  of the test shock 
was descending. At I 5 ° C  (B in the figure), the threshold for the test shock (applied 
alone) was 0.34 volt. This resting threshold level was modified by a condi t ioning shock 
of o.2 volt in s t rength and about  0.o 3 millisecond in durat ion as indicated by  the circles 
connected with a continuous line. In this figure, the threshold for the test shock is plot ted 
against the time interval from the onset of the conditioning shock to the beginning ot 
the test shock. A constant  voltage of 0.02 volt  changed the resting threshold level as 
indicated by  the triangles connected with a broken line. 
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W h e n  this  p r epa ra t i on  was cooled to 3 ° C 
(C in the  figure), the  res t ing threshold  for the  
tes t  shock increased to 0.74 vol t ,  and  ' th is  
th reshold  level was modif ied b y  the  condi-  
t ioning s t imuli  as shown b y  the  curves  in the  
figure. The t ime course of the  whole process 
is dec idedly  slower at  the  lower t e m p e r a t u r e  
than  a t  the higher  t empera tu re .  

A t t e n t i o n  should  be cal led in these expe-  
r iments  to the  fact  t h a t  the  threshold  level 
for the  tes t  shock is charac te r i s t i ca l ly  modif ied 
b y  the condi t ioning s t imulus  even when the 
tes t  shock precedes the  condi t ioning s t imulus.  
An exp lana t ion  of this  expe r imen ta l  fact  has  
been ful ly  descr ibed in a previous  pape r  
(TASAKI, 1942 ). An outl ine of t ha t  exp lana-  
t ion is as follows: 

The excitatory state set up in the nerve fibre 
by a brief subthreshold shock does not reach the 
maximum at the moment at which the shock termi- 
nates. This state rises first gradually and then 
quickly, and reaches a maximum about 0. 3 milli- 
second after the termination of the brief shock (at 
room temperature). After this maximum is reached 
it finally begins to decay, As a result of this delayed 
maximum, the "excitability change" as revealed 
by the shock test method gives us the information 
on the state of the fibre about 0. 3 millisecond after 
application of the test shock. 

The magnitude of the excitatory state increases 
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Fi~. 2. A: Arrangement used to determine 
the variation in the threshold resulting from 
application of a brief subthreshold shock or 
a long rectangular current pulse. P's are 
HOZAWA's "Punktkontakt", and K's break 
contacts of a HT'LMaOLTZ pendulum. B: 
Curves showing the variation in the thre- 
shold caused by a brief shock and a long 
rectangular pulse determined at x5 ° C. The 
strengths of the conditioning stimuli are 
given in the figure. C: Similar experiment 

doric at 3 ° C on the same preparation. 

proportionately with increasing shock strength. When many subthreshold shocks are applied to the 
nerve fibre in succession, the excitatory states set up by these individual shocks are superposed upon 
one another. As a consequence of this law of superposition, the excitatory state set up by a long 
rectangular voltage pulse is given by the intregration of the effects of all the voltage elements of 
which the continuous voltage can be regarded as composed (see Appendix II). 

In  the  expe r imen ta l  resul t  p resented  in Fig.  2, one m a y  a t  once not ice  tha t ,  a t  
eve ry  t empera tu re ,  the  g rad ien t  (or the  first der ivat ive)  of the  broken  line gives a curve 
which closely resembles  the cont inuous  line. This fact  is in accordance  wi th  the  s t a t emen t  
ou t l ined  above.  I t  is also to  be expec ted  from the above  s t a t emen t  t ha t  the  broken  line 
should  be ob ta ined  b y  comput ing  the a rea  between the  d o t t e d  line (represent ing the  
res t ing th resho ld  level) a n d  the  cont inuous  line (from t = - e ~  to  an a r b i t r a r y  va lue  
of t) and  mul t ip ly ing  the  area  ob ta ined  b y  o . i  (the ra t io  of the  vol tages  in bo th  cases). 
On ac tua l  compu ta t ion  b y  the  graphica l  method,  one finds t h a t  this  r equ i rement  is 
fulfilled to a first app rox ima t ion  (cf. Append ix ,  equat ion  6). 

The  d a t a  p resen ted  in Fig.  3, left, indicate  tha t ,  a t  every  t empera tu re ,  the  magn i tude  
of the  change in the  threshold  for the  tes t  shock is p ropor t iona l  to the  s t r eng th  of the  
condi t ioning rec tangu la r  vol tage  pulse. Test  shocks were in th is  case condenser  dis-  
charges of t ime  cons tan t  0.02 mil l isecond a n d  were app l ied  4 mil l iseconds af te r  the  
onset  of condi t ioning s t imul i  of va ry ing  s t rengths .  The  observed  values  lie on good 
s t ra igh t  lines, except  in cases where the  condi t ioning s t imul i  are  near  the  rheobase.  
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In the above conception of treating the experimental data, two quantities serve 
to characterize the state of the nerve fibre: the minimum quantity of electricity required 
for excitation and a time constant which measures the period during which the exci- 
ta tory  state set up by a brief shock persists. Since it is not necessary here to know 
the absolute value of the quant i ty  of electricity, one may represent it simply by the 
product of the strength of the threshold shock into its duration. As the time constant, 
one may  adopt the area under the "latent  addition curve" (the curve indicating the 
threshold variation set up by a brief shock) of which the height is taken as unity. 

From the above relationship between the continuous and broken lines in Fig. 2, 
the total area under the latent addition curve can be obtained from the plateau level 
of the broken line, or, what is the same thing, from the slope of the straight line obtained 
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Fig. 3. Lef t :  Re la t ion  be tween  the  s t r e n g t h  of the  (condit ioning) r ec t angu la r  vol tage pulse v and  the  
th reshold  for the  (test) shock  S d e t e r m i n e d  a t  va r ious  t emp¢ra tu r e s ,  l~'ight: Tho area  unde r  the  
l a t en t  add i t i on  curve ,  q3, and  the  m i n i m u m  q u a n t i t y  of e lectr ic i ty  requi red  for exc i t a t ion ,  e, as 
func t ions  of t e m p e r a t u r e .  All the  d a t a  in th i s  figure are ob ta ined  for one prepara t ion .  

in the experiment of Fig. 3, left. The slopes of these straight lines multiplied by the dura- 
tion of the test shock gives the area (having a dimension of time) under the latent addi- 
tion curve (see Appendix, equation 7)- 

An example of the experimental results furnished in Fig. 3, right, shows how the 
minimum quant i ty  for excitation (top) and the area under the latent addition curve 
(bottom) vary as the temperature.  The changes in these quantities resulting from tem- 
perature changes are reversible, i .e . ,  there is no hysteresis. Both of them are increased 
by cold. The changes in the two quantities are parallel. Between 8 and 20 ° C the temper-  
ature coefficient was approximately 1. 7. At low temperature there seems to be a slight 
decrease in the temperature coefficient, but it is possible that  this is due to some error 
resulting from the inadequacy of the nerve chamber used in this experiment. 

There is an extensive literature dealing with the effect of temperature changes 
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upon the excitability, the chronaxie and the strength-duration relation of the nerve 
(GoTcH AND McDONALD, 1896; LUCAS AND MINES, 1907; L. AND Mme LAPICQUE, 1907; 
GRANBERG AND HOLLANDER, 1927; DWORKIN AND FLORKIN, 1930; HOU, 1931; 
SCHRIEVER, 1932 ; BLAIR, 1935 ; SUZUKI, 1939, and others). In the present investigation, 
I made no direct measurement of the temperature coefficient for the strength-duration 
relation and the chronaxie. But, since WEISS' empirical formula holds good for the 
strength-duration relation in the single nerve fibre and consequently the chronaxie is 
given at every temperature by the minimum quanti ty divided by the rheobase, the 
effect of temperature upon the chronaxie is already evident from the experimental 
results stated above. As the rheobase is shown not to vary appreciably with temperature, 
the change in the mirlimum quanti ty indicates directly how the chronaxie is affected 
by temperature. The coet~icient of about 1. 7 given above seems to agree well with most 
of the previous results. 

3. The recovery curve 

When one sends two induction shocks into a nerve fibre through a pair of electrodes 
placed on the nerve trunk of a single nerve fibre preparation, one generally obtains a 

Recovery (~e )  a 

100 . . . .  

/ ..! 
/ / 

o s ,o ' ,'s io  
Shock ;n fervol  (ms~.)  

Fig. 4. The recovery, curves of a nerve fibre determined at  four different temperatures.The numerals 
in parentheses indicate the order of the determination.The broken lines are so drawn that  the whole 

curves can be expressed roughly by continuous exponential functions. 

recovery curve such as shown in Fig. 4. In this figure, the reciprocal of the threshold 
tor the second shock, as a percentage of the resting value, is plotted against the interval 
between these two shocks. Cold retards the process of recovery remarkably, as was 
first demonstrated by BRAMWELL AND LUCAS (1911). 

In the experiment of Fig. 4, fluid electrodes of the type used by ADRIAN (1914) 
were employed. The preparation was placed in the nerve chamber, and the recovery 
curve was determined by taking as index the action current of the single nerve fibre. 
The strength of the first induction shock was fixed at double the resting threshold. 

The recovery curve of a single nerve fibre thus obtained is discontinuous; the curves 
always become vertical at a certain time interval. This fact has often been noticed by  
ADRIAN (I914) , who attributed it to some kind of decreasing conduction of the second 
impulse. In a previous paper (TASAKI AND TAKEUCHI, 1942 ) direct evidence has been 
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presented indicating that  this discontinuity is due to a decrease in the safety factor of 
transmission during the refractory period. In the early stage of the refractory period 
the threshold of individual nodes of R.,~NVlER at the site of stimulation is so decreased 
that  the reduced action current becomes ineffective in exciting the neighbouring node. 

The discontinuity is thus a direct consequence of the electric transmission of the' 
impulse, and the recovery curve without such discontinuity is due to some artefact 
resulting from the use of the propagated multifibre response as index. 

Quanti tat ive consideration leads us further to infer that  the recovery of excitabihty 
at the interval where the recovery curve becomes discontinuous should be greater 
than about 20%. The safety factor in the resting fibre is about 5 (TAs:~KI AND 
TAKEUCHI, 1942); this means that, if the excitability of the node is decreased to 
I /5th the normal value, transmission should be suspended even when the size of the 
electric response from the individual node remains normal. Since the size of the res- 
ponse, as is well known, decreases during the refractory period, it should be i~npos- 
sible for transmission to take place when the excitability is only 20% of normal. 
Although the problem of the duration of the testing current is considered to compli- 
cate the mat ter  somewhat, all the experimental  data  hitherto obtained seem to verify 
this inference. 

At the site of stimulation there is naturally no such discontinuity in the recovery 
curve, and the extension of the recovery curve indicated by the broken lines in Fig. 4 
can actually be observed. I t  is therefore wise to distinguish the "absolutely refractory" 
period from the "non-conducting phase" in the relatively refractory period. The end of 
the non-conducting phase may by properly termed the "least interval" required for 
setting up two transmit ted impulses in the nerve fibre. 

Turning now to the temperature coefficient of the recovery process, the variation 
in the duration of the absolutely refractory period resulting from temperature changes 
is best discussed in connection with that  in the spike duration. In the preceding paper, 
it was shown that  the temperature  coefficient of the spike duration is 3.5 for a change 
of IO °. If the duration of the absolutely refractory period has a temperature coefficient 
very different from that  of the spike duration, the time interval between the end of 
the spike and the earliest return of excitability should vary according to the temperature. 
~ ~ : : 2  If, on the contrary, there is no difference in the temperature coeffi- 

• ,¢..,,:~. cients of the two processes, then the relative positions of the spike 
' ~  and the end of the absolutely refractory period should remain 

~ ~ unaffected by  a change of temperature.  
t . Experiments carried out to test this point indicated that  there 

is no detectable difference in the temperature coefficients. I t  was 
shown further that,  as AI)RIAN (1921) has pointed out, the end of 

, , . , ~ _  the spike always coincides with the end of the absolutely refrac- 
tory period, regardless of the temperature. Fig. 5 shows the method 
and an example of the results of the experiments. 

Fig. 5. Action currents of a nerve fibre evoked during the "non-conducting 
phase" in the relatively refractory period. The first spikes were induced by 
induction shocks, and the second subnormal spikes by rect~mgular pulses of 

= ~ 200 millivolts. Tile interval between the two stimuli was w~ried at a step of 
1.5 millisecond. Temperature was between 8 and 7 ° C. "lime marks below i 

............................ millisecond apart. 
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A single motor nerve fibre, mounted on a bridge-insulator, was excited by an induction shock 
applied to the nerve trunk. As the portion of the fibre on the distal side of the bridge-insulator had 
been treated with a o.2 % cocaine Ringer solution, the action current was completely "mononodal". 
The second stimulus, a reactangular current pulse, was applied to the operative region of the fibre. 
To suppress the displacement of the base line in the action current record by the stimulatingcurrent, 
the technique of the direct current Vv'heatstone bridge was used. The interval between the first 
(induction) shock and the second (rectangular) pulse was controlled with a HELMHOLTZ pendulum. 
The strength of the second pulse was about 6 times the rheobase. 

As will be seen in the records, the size of the second response decreases continuously 
with decreasing shock interval. The relation between the size of the response and the 
interval between the stimuli indicates that the earliest return of excitability occurs 
immediately after the end of the spike. And this was true in all five experiments done 
at varying temperatures between 5 and 17 ° C. The interval from the end of the first 
spike to the earliest second spike (obtained by the extrapolation) was always less than 
about 15% of the total spike duration. 

The effect of temperature changes on the time course of the whole recovery curve 
was investigated in only two cases. In the example illustrated in Fig. 4, the temperature 
coefficient for the 50% recovery was between 3.3 and 3.8. In the other case, in which 
determinations were made at 13 °, 7 ° and 19 ° C, the coefficient was found to be about 4. 
Although the accuracy of these determinations is not very satisfactory, it seems safe to 
conclude that, confirming ADRIAN'S previous finding, the recovery curve is affected by 
the temperature changes to the same extent as the spike duration. 

All the findings described above are in general in good agreement with the results 
obtained by previous investigators. In 1914 , ADRIAN found that the temperature coef- 
ficient of the recovery curve is the same whatever the specific percentage of recovery 
at which the comparison is made. AMBERSON (1930) made a thorough investigation on 
the temperature coefficient Of "the least interval" for the double impulse. These authors, 
as well as GASSER (1931) who made use of a cathode ray oscillograph for the experiment, 
obtained a coefficient of approximately 3. In the results obtained by SCHOEPFLE AND 
ERLANGER (1941) on single nerve fibres, the coefficient varied as the temperature; at  
lower temperature, it seemed to approach about 4. 

DISCUSSION 

In a preceding paper, it was shown that, in single nerve fibres of the toad, the 
.temperature coefficient for the conduction rate, the spike height and the spike duration 
are 1.8, 1. 3 and 3.5, respectively. By cold, the process of conduction and of recovery 
are retarded and the spike height is slightly decreased. After the manuscript of our paper 
had been submitted for fiublication in this journal, the reprint of SCHOEPLE AND 
ERLANGER'S paper (1941) became available, in which they reported the results of similar 
experiments on single nerve fibres. Their results are in general consistent with ours, 
except that in theirs cold increased the spike height instead of decreasing it. This dis- 
crepancy seems to be fully accounted for by change in the resistance of the inactive 
tissues which surround the fibre under observation in their preparation. 

I t  has been shown by YAMAGIWA (1935) that the size of the action potential from 
a single nerve fibre is markedly augmented by an increase in the resistance of the sur- 
rounding fluid and tissue. The action potential of the nerve is determined by the resist- 
ance of the inter-electrodal portion of the nerve and the currents produced by individual 
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nerve fibres. Thus an increase of the nerve action potential by cold seems to attest  to 
a decreased conductivity of the interelectrodal portion of the nerve. ('old increases, as is 
well-known, the specific resistance of the electrolytic solution; but its effect upon the 
connective tissue sheath of the nerve is not known yet. 

SCHOEPFLE AND ERLANGF.R investigated further the effect of cold upon the duration 
of the ascending and descending phases of the action potential. In their experiments, 
however, the inter-electrodal distance is long and several nodes of RANVIER are inwflved 
between the two lead electrodes. An action potential record obtained ill such circum- 
stances should arise by virtue of the currents flowing between these nodes, but a direct 
comparison of these results with our data is not very easy at present. 

Nervous conduction is a process intrinsic to the nerve fibre, and therefore the 
conduction rate does not vary significantly according to the method of measuring it. 
There is a remarkable agreement among the data, old and new, on the effect of tempera-  
ture on the conduction rate. The temperature coefficient obtained by I.L'CAS (1908) is 
just the same as that  obtained by use of the single fibre technique. The duration of the 
refractory period seems to depend to some extent upon the experimental arrangement 
adopted, but still almost all investigators give approximately the same absolute values 
and the same temperature coefficient. The threshold and the chronaxie are influenced 
greatly by the method of measurement, and consequently the agreement among the 
data of different investigators is not very good. 

A P P E N D I X  

I. The  threshold [or the exponent ia l ly  r is ing voltage 

The time course of an exponentially rising voltage can be described by the formula 

V ( t )  = V ( r -  e--tl'c), 

where V stands for the final voltage and rc for the time constant of voltage rise. The 
time z at which the stimulating voltage crosses the rheobase b is given by the equation 

b = V ( z - -  e-,I,c). (i) 

The rate of voltage increase at this moment  is given by 

uv(o ] v 

This rate must be greater than, or at least equal to, the 'minimal gradient m of the 
fiber in order that  excitation can occur. Thus, for a threshold excitation, 

I 
V - -  e-'l'~ = m.  (2) 

YC 

Eliminating z from equations (I) and (2), we obtain the formula 

V = mrc + b (3) 

which is fully verified by experiment. 

Re[erences p. 5o8/509. 
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2. The  exci tabi l i ty  change /or  a rectangular current pulse  

We shall denote the "latent addition curve" (the continuous line in Fig. 2 B or C) 
by the equation 

Q = e + q . v / ( t  J, (4) 

where q represents the quanti ty of electricity of the conditioning shock and Q the thres- 
hold (quantity) for the test shock. This curve extends over the negative side of the time 
axis as far as t = -a,  owing to the delayed maximum of the excitatory state mentioned 
in the text. 

When a series of conditioning shocks, of which the quantities are given by qt, qt, 
q8 . . . . .  are applied to the nerve fibre in succession at times t = o. dl,  da . . . . .  then the 
threshold for the test shock applied at time t is given, according to the law of super- 
position established by a previous experiment (TASAXX, 1942), by the equation 

Q = e + q l . ~ ( t )  + q , . v / ( t - - d l ) +  q a . ~ ( t - - d ~ ) +  . . .  (5) 

A continuous constant voltage v may be regarded as a succession of brief voltage 
pulses having a quantity vdx. Then the contribution to the threshold from the voltage 
pulse bounded by t = x and t = x + dx should be given, as in the preceding case, by 
v .  dx .  ~v (t  - -  x). As all the elements of pulse between the time zero (at which the voltage 
starts) and t + a contribute to the variation of threshold at the time t, the value ot 
Q at t is given by t+ a 

Q = e + v / v / ( t - - x ) d x .  

0 

By the substitution y = t -  x,  we finally obtain the relation 

t 
t ~  

O = e + v / ~ o ( y ) d y .  (6) 
t /  

- - Q  

The area under the latent addition curve is defined by 

o o  o o  

- - ( 2 ~  - - a  

For a sufficiently great value of t, equation (6) assumes the form 

O = e + re .  (7) 

This equation represents the linear relation between Q and v in the experimental 
results of Fig. 3, right. The ordinate S in Figs 2 and 3 corresponds to O divided by the 
duration of the test shock. 

SUbI"MARY 

x. An  exponen t i a l l y  r is ing cu r r en t  exc i tes  a n  isolated single nerve  fibre when,  and  on ly  when,  
it  r ises  above  and  crosses  t he  rheobase  a t  a r a t e  of  rise g rea t e r  t h a n  t he  m i n i m a l  g r a d i e n t  of  t he  fibre. 
The rheobase  is n o t  a t tected by  changes  in t e m p e r a t u r e .  The  m i n i m a l  g r a d i e n t  shows  a t e n d e n c y  
to be increased by  cold, b u t  t he re  is a m a r k e d  hys te res i s  in t he  eiiect  of  t e m p e r a t u r e  changes  on  t h e  
m i n i m a l  g rad ien t .  

Re/erences p. 5o8/5o 9. 
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2. A brief  sub th r e sho l d  shock  produces  an  exc i t a t o ry  s t a t e  which  f r s t  r ises and  t hen  falls af ter  
t he  end of the  shock.  T he  t ime  course  of th is  process  is r e t a rded  by cold. The  m i n i m u m  q u a n t i t y  
of  e lec t r ic i ty  needed  to exci te  a single ne rve  fibre is increased by cold, i ts t e m p e r a t u r e  coefficient 
be ing  1. 7 for a change  of io ° C. 

3. At  eve ry  t e m p e r a t u r e ,  the  ear l ies t  r e t u rn  of exc i tab i l i ty  occurs  i m m o d i a t , l y  a f te r  the  vnd of 
t he  spike.  T h e  process of recovery  is af tected by t en lpora tu re  changes  to t hv s ame  . x t c n t  as the  
sp ike  du ra t i on .  

R~SUM~ 

I. Un  cou ran t  c ro issant  exponen t i e l l emen t  exci te  une  fibre ne rveuse  isol6e lorsque,  ct  s eu l emen t  
lorsque ce cou ran t  d6passe  la rh6obase  ~. une  v i tesse  de croissance  sup6r ieure  ~, celle du  g rad ien t  
m i n i m u m  dans  la fibre. L a  rh~obase n ' e s t  pas  modifi6e pa r  les c h a n g e m e n t s  de t e m p e r a t u r e .  Le 
g rad ien t  m i n i m u m  m o n t r e  une  t endance  A a u g m e n t e r  pa r  le froid, mais  il y a une  hys te res i s  no t ab l e  
dans  l ' inf luence des  c h a n g e m e n t s  de t e m p e r a t u r e  su r  le g rad ien t  m i n i m u m .  

2. Un  bref  choc sous- l imina i re  p rodu i t  un  6 ta t  d ' exc i t a t ion  qu i  d ' abo rd  crolt ,  pu i s  d i m i n u e  
apr~s la fin du choc. L a  dur6e de ce ph~nom~ne  es t  re tard6e pa r  le froid. La  q u a n t i t 6  m i n i m u m  
d'61ectricit6 requise  pour  exci ter  une  seule fibre ne rveuse  es t  a u g m e n t 6 e  pa r  le froid, le coefficient de 
t e m p e r a t u r e  6 ran t  de L 7 pour  un  c h a n g e m e n t  de 1o ° C. 

3. A chaque  t emp6ra tu re ,  le d6bu t  du  re tour  de l 'exci tabi l i t6 a lieu i m m 6 d i a t e m e n t  apr~s la 
fin du " sp ike" .  Le processus  de r6cup~rat ion es t  affect6 pa r  les c h a n g e m e n t s  de t e m p 6 r a t u r e  dc la 
m ~ m e  fa~on que  la dur6e du  " sp i ke" .  

Z U S A M M E N F A S S U N G  

I. E in  exponent ie l l  wachsende r  S t rom erregt  e inen isolierten e inzelnen N e r v  d a n n ,  und  nu l  
d a n n ,  wenn  er die Rheobase  f ibersteigt  u n d  m i t  e iner  S te igungsgeschwind igke i t  k r euz t  die gr6sser  
is t  als das  Mindestgefgl le  im N e r v e n s t r a n g .  Die Rheobase  wird du rch  T e m p e r a t u r A n d e r u n g e n  nicht  
beeinf luss t .  Das  MindestgefXlle zeigt  die Tendenz ,  du rch  Kiilte ve 'rgr6ssert  zu werden ,  j edoch  bes teh t  
elne betr l icht l iche Hys te re s i s  in der  E i n w i r k u n g  yon  T e m p e r a t u r l i n d e r u n g e n  au f  das  Mindes tgefAl le  

2. E in  kurzer  unterschwel l iger  Schock bewirk t  e inen E r r e g u n g s z u s t a n d  welcher  nach  E n d e  des 
Schocks  zuers t  wi~chst u n d  d a n n  a b n i m m t .  Der Ze i tve r lauf  dieses Prozesses  wird du rch  Kiil te ver- 
l a n g s a m t .  Die zur  E r r e g u n g  eines vere inze l ten  N e r v e n s t r a n g s  ben6 t ig te  Mindes tmenge  yon Elektrizi- 
t a t  wird du rch  K~,lte v e r m e h r t ;  der  Tempera tu rkoe f f i z i en t  be t r~g t  I. 7 ffir eine A n d e r u n g  yon 1o ° C. 

3- Bei jeder  T e m p e r a t u r  f indet  die frf iheste Rf i ckkehr  der  E r r egba rke i t  sofor t  nach  d e m  Ende  
der  "Spitze" s tar t .  Der  E rho lungsp rozes s  wird d u r c h  T e m p e r a t u r A n d e r u n g e n  in g le ichem A u s m a s s  
beeinf luss t  als die " S p i t z e n " - D a u e r .  
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