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told that the reality behind the phenomena
of sense must be unknown and unknow-
able, because we can never come at abso-
lute truth. But may not the naturalist be
moved to ask whether the conclusion fol-
lows from the premises? May it not prove
to be only the final transformation of the
protean fallacy of the undistributed mid-
dle? Instead of showing that we can
never know anything as it really is, may
not the relativity of knowledge show that
nature, as it really is, is, relative and
dependent—that its being is not in itself?
““As no man fording a swift stream,”’
says Huxley, putting into vigorous Eng-
lish a thought that has often found expres-
sion; ‘‘as no man fording a swift stream
can dip his foot twice in the same water,
S0 no man can, with exactness, affirm of
anything in the sensible world that it is.
As he utters the words, nay, as he thinks
them, the predicate ceases to be applicable;
the present has become the past; the ‘is’
should be ‘was,” and the more we learn
of the nature of things, the more evident
is it that what we call rest is only unper-
ceived aectivity. Thus the most obvious
attribute of the cosmos is its imperma-
nence. It assumes the aspect not so much
of a permanent entity as of a changeful
process, in which naught endures save the
flow of energy and the rational order which
pervades it.”’
"~ Every reflective student will, no doubt,
feel a responsive chord vibrating in his
own thoughts in unison with those of Hux-
ley ; but should he not ask himself whether
the words, ¢ flow of energy-and the rational
order which pervades it,” mean anything,
except that the reality in which the flow-
ing river of nature endures and has its
being is rational energy, the energy of a
reason, the activity of a mind?

Biological science seems to me to show,
with ever-inereasing emphasis, that it is in
one sustaining mind that we ourselves, and
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all we know, or can hope to know, have
being. Even if this be neither absolute
truth nor necessary truth, may it not be
that still better truth, a scientific discov-
ery; and the greatest of all scientific dis-
coveries because it has, so far, been veri-
fied in every act of knowing?
W. K. Brooxs.

Jouns HorPkins UNIVERSITY.

THE NATURE OF NERVE STIMULATION AND
OF CHANGES IN IRRITABILITY*

Ag the conclusions of this paper supple-
ment those of Professor Lioeb, and as he is
unable at present to publish an account of
his work simultaneously with mine, a brief
statement of the relationship of our work
appears to us both to be desirable.

It is well known that Professor Loeb has
for the past several years been applying
the conclusions of physical chemistry in
the investigation of the phenomena of life,
as he was convinced that these conclusions
would clear up many physiological phe-
nomena. Of the several discoveries which
have rewarded his insight there are two of
apparently the most fundamental nature.
One of these was made several years ago

1899. It conmsisted in the demonstration
that muscle would only beat rhythmically
in solutions of electrolytes. This practi-
cally established the fact that contractility
was in its essence an electrical phenomenon.
About two years ago he expressed to me
the opinion that other life phenomena were
electrical, and not chemical or thermody-
namical, A second fundamental generali-
zation was made last summer at Woods
Holl and published in Pfliiger’s Archiv,
Volume 88, 1901, to the effect that the toxic
and antitoxic action of salts was a fune-
tion of the number and sign of the elec-

* This paper was prepared for publication early

in January, but has been delayed in its appear-
ance.
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trical charges their ions bore. During the
summer, and later in a lecture before the
Medical Society of the University of Chi-
cago, he applied these results to the action
of toxines and antitoxines. He was, how-
ever, unable to discover any series of facts
for the anions similar to those he estab-
lished for the kations, and he referred the
poisonous action of a pure sodium chloride
solution to the monovalent kations the salt
possessed instead of to the anions. In his
work on muscle, also, the stimulating
action of sodium chloride was referred to
the sodium ions and I provisionally adopted
the same explanation in my preliminary
paper on the action of salts on nerves pub-
lished in the Journal of the Boston Society
of Medical Sciences last spring. Professor
Loeb’s attention was thus drawn chiefly to
the kations. He attributed the undoubt-
edly greater stimulating action of the
bivalent and trivalent anion sodium salts
to their ecalcium-precipitating properties,
having been brought to this conclusion by
the peculiar action of fluorine.

In 1897 Professor Loeb directed my at-
tention to physiecal chemistry, and his
results on musecle appeared so remarkable
that I began, three years ago, a study
of the stimulating action of salts on
nerves. The relationships were so complex
that a long series of observations were
necessary, but, during the spring of 1901,
I published a preliminary paper in which,
owing to incomplete results, I fell into
several errors. The stimulating action of
the higher anions was provisionally re-
ferred to the hydroxyl ions the solutions
generally contained, and the peculiar ac-
tivity of sodium compounds to the dif-
fusion of Na ions into the muscle.

Further experiments showed me that
certain of the conclusions were wrong.
After reading Hardy’s paper on ¢ Colloidal
Solutions’ and hearing Professor Loeb’s
lecture on the possible importance of the
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valence of ions, and more particularly of
the kations, in determining their poisonous
character, I had the opportunity of putting
together my experiments. After com-
puting the degree of hydrolysis and
the number of H and OH ions in the
solutions, it appeared that it was not the
OH ions which were the cause of the
stimulating action of the borates and
citrates. The resemblance of my results to
those of Hardy on colloidal solutions was
apparent, and, apart from certain execep-
tions left for future investigation, I was led
to infer that stimulation was due to the
negative ions, and that the positive ions pre-
vented stimulation; and also that as the
stimulating action of the anions generally
increased with an increase in valency, the
stimulation was due to the electrical
charges the ions bore. Following out this
idea, which, as will be seen, was the exten-
sion of Lioeb’s idea of the importance of
valence, the electrical relationships of
nerves, the nature of stimulation and of
changes in irritability and the nature of
the nerve impulse appeared in a new light.
The main results and conclusions were pre-
sented before the Medical Society of this
University on December 2.

Meanwhile, unknown to me, Professor
Loeb had begun to doubt that the caleium
precipitation by the higher anions was the
real cause of their action. Upon hearing
my results and conclusions he perceived
that they agreed with his facts as well.* It
is with gratitude that I acknowledge my
indebtedness to Professor Loeb, who
showed me in which direction to look and
who as a pioneer has opened one of the
most fruitful fields of science. My own
conclusions supplement and, it seems to
me, make more precise those general ideas
which were guiding him.

* Since this paper was sent to the editor,
Professor Loeb has published in the February
number of the American Journal of Physiology a
portion of his results on muscle.



494

My observations were made on the sciatic
nerve of the frog and stimulation of the
nerve was shown by the contractions of the
gastrocnemius muscle. I have tried about
nine hundred experiments on frogs at dif-
ferent seasons of the year, so that the
observations are numerous enough to offset
most individual variations. The nerves
were immersed for the greater part of their
length in the solutions to be tested.

1. Nerves are stimulated by the with-
drawal of water. The non-electrolytes
sugar, urea and glycerine will stimulate if
the osmotic pressure of their solutions is
equal to, or greater than, twelve atmos-
pheres. This is more than twice the osmotic
pressure of the nerve. Nearly all electro-
lytes tested, quite irrespective of their
nature, will also stimulate if their solutions
are as,concentrated as this. The nerve
always increases in irritability (katelectro-
tonus) before impulses large enough to
cause the muscle to contract are generated.
After complete loss of irritability in the
non-electrolytes the nerves will be com-
pletely restored by placing them in M/8
sodium, chloride solution. These facts
demonstrate anew the truth of the gener-
ally accepted opinion of physiologists that
the change in the nerve which generates
the nerve impulse can be set up by the
withdrawal of water.

2. All salts of H, Li, K and NH, which
were tested of which the anions are mono-
valent, such as KCl, KBr, KI, LiCl, NH,Cl,
and others; all salts of bivalent kations
united to monovalent or bivalent anions,
such as MgCl,, MgSO,, Mg(NO,;),, ZnCl,,
ZnS0,, BaCl,, Ba(NO,),, CuSO,, SrCl,;
all salts of trivalent kations wunited to
monovalent anions, such as Fe,Cl, and
Al,Cl; will generally stimulate if their
solutions have an osmotic pressure of
twelve atmospheres or over. In solutions
weaker than this they all annihilate nerve
irritability without stimulation, H, K and
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Fe, salts most rapidly. Irritability may
generally be restored, if the nerves are not
left too long in the solutions, by immersion
in M/8 NaCl solutions. All these salts,
therefore, stimulate by withdrawing water.
The salts themselves will in each case de-
stroy irritability.

3. All acids tested with the exceptions
(possibly) of phosphoric and oxalic will
not stimulate, except in solutions of high
osmotic pressure (twelve atmospheres).
Hydrogen ions do not appear hence to stim-
ulate the nerve. On the contrary in
weaker solutions tested, nerve irritability
was lost without stimulation. This con-
firms Griitzner and others. My experi-
men‘cé, however, are not complete on this
point.

4. Alkalies such as NaOH, LiOH, KOH,
Ba(OH), will stimulate in approximately
N/20 solutions. The hydroxyl ion, in other
words, at certain concentrations stimulates
the nerve.

5. If we compare the stimulating action
of NaCl, NaBr, and Nal we find that these
salts stimulate even in solutions of the
same osmotic pressure as the nerve. The
stimulating action of the salts increases as
we pass from the chloride to the iodide.
Hence stimulation is in some way a func-
tion of the anion, because the rate of dif-
fusion of these salts is approximately the
same and the number of Na ions is con-
stant. It is not a function of the atomic
weight, since the fluoride stimulates more
than the chloride or iodide. These observa-
tions confirming Griitzner led to the con-
clusion that the stimulating action of salts
is due to their anions. On comparing the
action of Na,SO,, Na,C,0,, Na,HAsO, and
other bivalent anion salts we find that these
are more powerful than the monovalent
anions; and the trivalent anion salts such
as sodium ferricyanide, sodium citrate and
Na,PO, are still more powerful than the
bivalent anion salts. Thus NaCl and NaBr
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will stimulate slowly in solutions of -one
gram molecule to 8,000 c.c.; Na,SO, in
one gram molecule to 25,000 c.c.; and Na,
citrate in solutions of one gram molecule to
50,000 c.c. The power of stimulation as
indiéated by the prolonged tetaniec and
simple eontractions of the muscle extend-
ing over hours is also greater than that of
the monovalent salts. These observations
clearly support the inference that stimula-
tion is a function of the anions and also
establish the fact that it is a furction of
the charges the ions bear, They thus sup-
port Loeb’s general idea that valence or
the electrical charges of ions determine
their physiological action, but demonstrate
that it is the negative ions which stimulate.
As will presently be shown, however,
valence, as such, possibly has no direct
influence, but only indirectly determines
the action of these ions.

6. The conclusions just drawn led me to
infer that the positive ions must prevent
stimulation and render the nerve non-
irritable. This is shown to be the case by
a comparison of HCI, LiCl, KCl, NH,Cl
and NaCl. The last salt stimulates; in the
others the chlorine ion will not stimulate
and the nerves lose their irritability. This
can only be explained, I believe, by assum-
ing that the stimulating action of the
chlorine ion is overbalanced by the non-
stimulating action of the positive ion, and
of these positive ions it appears that H
overbalances most, K less, Li still less and
NH, least. If this idea is true it should be
possible, by combining these positive ions
with di- and trivalent more potent anions,
to obtain a stimulating compound. This is
indeed the case. KCI never stimulates ex-
cept by the withdrawal of water; K,SO,
will occasionally stimulate the most irri-
table nerves in solutions of about the
osmotic pressure of the nerve; K, citrate
and K, ferricyanide will stimulate in solu-
tions of a gram molecule to 22,000 c.c.,
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of which the osmotic pressure is less than
that of the nerve. The same is true for
other salts. Li, citrate stimulates in a
gram molecule to 30,000 c.c. and (NH,),
citrate in a gram molecule to 40,000 c.c.
‘We thus come to the conclusion that stimu-
lation is due to the negative charge of the
anions and that the kations prevent stim-
ulation. It follows from this that the
chemical properties of an acid or a salt are
determined by the balance between the
anion and the kation. In NaCl the ions are
nearly equivalent, but the chlorine slightly
overbalances. This idea of the mutual
antagonism of the anion and kation may
possibly throw light on chemical processes
and properties generally.

7. KMnO,, NaMnO,, and NaClO, will
stimulate in solutions of a gram molecule
to 12,000 c.c. This stimulation is possibly
due to the liberation of some bivalent
oxygen anions. :

8. These results are similar to those of
Hardy and others on colloidal solutions.

"Colloidal solutions, the particles of which

are positively charged are precipitated by
OH ions and anions and the precipitating
action of these anions is in proportion to a
power of their valence. They seem to be
held in solution by hydrogen and possibly
other positive ions. As it is well known
that protoplasm contains colloids in solu-
tion, a fact Hardy has particularly em-
phasized, it occurred to me that stimula-
tion might be due either to a gelation of
the colloids or to their passage into solu-
tion. Loeb has frequently mentioned his
belief that a variation in the state of the
colloids in protoplasm is of importance in
protoplasmic activity and particularly irri-
tability. He and others have repeatedly
deseribed processes of liquefaction of pro-
toplasm, and several years ago he attempted
to refer changes in irritability to an altera-
tion in the viscosity of protoplasm. T
infer that stimulation consists in a-
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passage of the particles from the solution
to or toward the gel, and that if we can
prevent gelation stimulation is prevented
and irritability is lost. This is indicated
by the following facts among others:

The nerve contains colloids. Colloidal
solutions, the particles of which carry posi-
tive charges, are precipitated by negative
ions. Nerve irritability is inereased by
cooling and diminished by warming. The
stability of the hydrosol is probably dimin-
ished by cold and increased, like common
gelatine, by moderate warmth. Also when
coagulation by heat occurs the nerve is
stimulated. Coagulation is but the forma-
tion of an irreversible gel. Darwin’s obser-
vations on Drosera and other plants by
optical evidence demonstrates also this
welation. Darwin observed in his work on
¢ Insectivorous Plants’ that the passage of
the impulse over plant cells, which corre-
sponds to the nerve impulse in animals,
was accompanied by a visible precipitation
or gelation of the protoplasm, the nature

of which he did not understand, but which’

he called aggregation. He states that the
molecular change supposed to occur in
mnerves may thus actually be seen in plant
cells. There can be no doubt that he was
right in comparing this change to the nerve
impulse. He found that it was produced
most readily by the citrates and phos-
phates, and was checked by Ba, K and
other such salts. -Thus his facts correspond
closely with those I have found for the
nerve. Aggregation was prevented by
ether, by CO, or lack of oxygen. It could
be produced by the extraction of water.
His description of the process leaves little
doubt that he is describing the formation
of a reversible gel. The aggregated par-
ticles afterwards dissolved. The action of
ar~sthetics and the electrical phenomena
of the nerve also support the idea that stim-
ulation is a process of gelation. This will
be discussed later.
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These facts indicate the truth of the fol-
lowing general statements:

I. Protoplasm consists essentially of a
colloidal solution, the particles of which
are positively charged. It is a reversible
hydrosol.

IT. Stimulation consists in the passing’
of the solution to or toward the gel. Irri-
tability is reduced or abolished if we make
the sol state more stable, or if gelation is
complete. In other words, irritability
varies inversely with the stability of the
hydrosol.

9. Electrical stimulation. If stimulation
is due, as I believe, to the negative charges
the ions bear and is prevented by the posi-
tive, the identity of electrical and chemical
stimulation is thus demonstrated. It
makes no difference whether we put the
negative charges into the nerve on ions or
whether by touching the nerve with elee-
trodes we bring about, so to speak, a sur-
plus of positive charges at one pole and
negative at the other. The end result is
the same. It is thus plain why the stimu-
lus begins at the negative electrode, or
kathode. In this region by the action of
the kathode, the negativity of the nerve is
increased and gelation oceurs. In what
manner this negativity is increased will be
discussed in the full paper, but it may be
due indirectly to the hydroxyl ions. Elec-
trotonus is also explained. - By the pas-
sage of the current the negative charges are
in excess or preponderate in their action
near the kathode and positive charges pre-
ponderate near the anode. The stability of
the hydrosol is diminished near the former
and increased near the latter. Irritability
is altered as just explained. These conclu-
sions are supported by Hardy’s observa-
tions on the movement of colloidal particles
in the electric current and their precipita-
tion at the kathode if positively charged.
If the nerve is already near gelation (very
irritable by cold or drying) we may have



MARCH 28, 1902.]

gelation occurring sufficiently abruptly to
cause tetanus during the passage of the
current. A true condition of katelectro-
tonus may also be produced by taking
water from the nerve,

10. The current of injury may also be
explained on this hypothesis. At the cut
end aggregation or gelation is taking place
as a result of the disturbance of the me-
chanical conditions of the nerve. Here
positively charged colloids are going out of
solution and negative charges are tempo-
rarily set free. The cut end becomes nega-
tive to the uninjured portion. This conclu-
sion is supported-by the fact that warming
the nerve locally causes the warmed por-
tion to become electro-positive to the un-
warmed, and cooling it causes the cooled
portion to be electro-negative to the rest of
the nerve. It is similar to what occurs
when zine goes into solution. The undis-
solved zine becomes negative to the solu-
tion. It is also well known that if by heat
we produce an irreversible gel (artificial
heat section) of the nerve, the coagulated
portion is negative to the rest.*

11. Mechanical stimulation may possibly
be understood as follows: By the mechan-
ical coalescence of the neighboring col-
loidal particles their surfaces become less
than the sum of the surfaces of the sepa-
rated particles. A portion of the negative
charges formerly induced in the water sur-
rounding each particle is accordingly set
free. These immediately act like nega-
tively charged ions and precipitate the next
layer of colloids. The process may pos-
sibly be similar to that which occurs on
jarring an unstable hydrosol or a supersat-
urated solution. The observations of Dar-
win and others show that jarring will
bring about aggregation in protoplasm.

12. The nerve impulse may consist in

* The relation of this explanation to Waller’s

idea that the cut end is positive will be discussed
in the full paper.
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the following process. By the precipita-
tion of each layer of colloids negative
charges are regenerated; these precipitate
the next layer of colloids and are again
regenerated, and so on. That something
of this sort oceurs is indicated by the fol-
lowing facts:

~ (@) Darwin’s observation that the pass-
ing of the impulse in plant cells is accom-
panied by a progressive precipitation.

(b) The facts that negative charges are
set free in the nerve by the action of each
successive segment. These charges consti-
tute the negative variation.

(¢) The fact that negative charges pre-
cipitate positively charged colloids.

(d) The fact that negative charges stim-
ulate the nerve.

(e) The fact shown by the action of
ether and other poisons that the negative
variation is not a simple movement of inor-
ganic ions, but is dependent for its propa-
gation upon the state of irritability (state
of the colloids) of the nerve. This fact
has already led many physiologists to infer
that the negative variation stimulates each
successive segment of the nerve and is
regenerated by the change it itself has
brought about.

13. The action of anmsthetics. This con-
sists, on the hypothesis so far sketched, in
increasing the stability of the hydrosol or
solution, and so preventing precipitation.
There can be no doubt that the anssthetics
have this action as is shown by the follow-
ing facts: Darwin observed that they pre-
vent the process of aggregation or precipi-
tation in plant cells, and it has been shown
by Loeb, Budgett, Zoethout and others that
they liquefy or dissolve the cells of infu-
soria and other animals and egg cells. The
effect of a mixture of ether and water on
starfish eggs is remarkable. The egg dis-
solves in it very rapidly. Furthermore,
Overton and Meyer have shown that the
anwsthetizing action of substances is pro-
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portional to their fat-dissolving powers.
The colloids in protoplasm are in all likeli-
hood fat or lecithin proteid combinations
like the sheath of the red blood corpuscles,
and like the latter they are, no doubt, more
soluble in ether and water than in water
alone. So far as I can see, this explana-
tion of the action of anssthetics is in har-
mony with the facts. It supports the gen-
eral conclusions drawn as to the meaning
of changes in irritability and it explaing
the often-noted similarity of action between
hydrogen ions, certain poisons, potassium
ions and the anwmsthetics. All these sub-
stances increase the stability of the hydro-
sol and liquefy protoplasm.

14. Stimulation by light and ether vibra-
tions. In paragraph 5 it was stated that,
in my cpimion, stimulation by the nega-
tive ion was not due primarily to the va-
lence of the ion. It is not the charge itself,
but its motion, which determines stimula-
tion. This is shown, I believe, by the varia-
tion between the action of fluorine, chlor-
ine, bromine and iodine, and between potas-
sium, sodium and hydrogen. The hydroxyl
ion, although monovalent, stimulates like
a bivalent anion. Since the fact is appar-
ently established that it is the electrical
charge which stimulates, and not the atom
with which it is associated, and also since
the charge associated with chlorine does
not differ in nature from that associated
with fluorine, the difference in action
between these ions can only be due to some-
thing the charge does; in other words, to
the motion of the charge or of the atom
with which it is associated. When a charge
is moved it produces a disturbance in the
ether. It is well known to all that the
vibrations of the ether will produce those
changes in protoplasm which the iong pro-
duce, and further the character of the
change in protoplasm produced by light
varies with the wave-length or the number
of impacts per second. Violet light or the
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ultra-violet rays stimulate protoplasm,
while the red rays as a rule do so very
feebly or inhibit movement. By the elec-
tromagnetic theory of light the ether dis-
turbances which we call light must be due
to the movement of electrons or charges in
the sun, either constituting a part of the
sun’s atoms or associated with these atoms.
In other words, it is not the presence of the
charges in the sun which stimulates proto-
plasm, but the movements of the charges.

These facts are ground enough for the
hypothesis that it is not the charges or the
number of charges, but the movements of
the charge which produce the change in
protoplasm called stimulation, and, T may
add, which must determine chemical action
as well. This idea will agree, I believe,
with the suggestions of J. J. Thomson,
Larmor, Nernst and others in regard to
the association between atoms and elec-
trons. This motion of the electron may be
cither translatory on the atom, which
will agree with the kinetic theory of solu-
tions, or it may be a rotatory motion. For
various reasons I am inclined to assume
that the charge is either revolving with the
atom or about it, but a detailed considera-
tion of this point will be given in the full
paper. Knowing, however, that charges in
motion affect the ether; that the impulses
thus given produce chemical changes; that
substances in solution or as solids actually
give out what we call ether vibrations; hav-
ing established the fact that monovalent
ions differ among themselves in stimulat-
ing action, although the charges are the
same on each, and also that ions stimulate
by the charges and not by the atoms, I see
no escape from the conclusion that it is
not the charge, but its motion and its sign,
which ultimately determines its action. In
other words, chemical stimulation and light
stimulation are identical.

A. P. MATHEWS.
UNIVERSITY OF CHICAGO.



