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SOME ACCOUNT OF THE FUNDAMENTAL DISCOVERIES
OF THE GREAT PIONEER OF THE BIO-CHEMISTRY
OF CRYSTALLO-COLLOIDS IN LIVING CELLS

It is often notable, on consulting the original writings of master-
workers in any domain of knowledge, to what an extent these contain,
crystallized out in single sentences, or short paragraphs, discoveries of
great beauty or intense importance, which have afterwards been
re-discovered and related at ream's length by subsequent writers.

This observation will strike anyone who cares to dive into the
original papers of Thomas Graham on colloids, and it is no less striking
in the writings of his colleague, Sidney Ringer, on the correlated subject
of the crystallo-colloids and the balanced activiti6s of the inorganic
constituents in regulating and controlling the energy discharges of
living cells.

Both physical chemists and bio-chemists have nowadays come to
realise that the most fruitful ground of both chemistry and biology lies
in the land of colloids, and of colloidal and crystalloidal relationships.
It is a remarkable fact that the master-discoveries in these two closely
related domains belong to two men identified with the same institution,
who, keen though they were over their experiments, dimly, if at all,
realised the vast extensions which lay before their discoveries. Graham
does appear to have dimly seen that there was a relationship betweeii the
energetics, of .the colloidal state and the life processes of cells, and draws
attention to the fact that colloids are unstable and all the time suffering
slow energy changes, while crystalloids are inert and inactive in stable
equilibrium.

Ringer equaily appreciated the importance of the inorganic salts in
living processes, in stimulating or stilling muscular activity, or in
varying the velocity of growth a id repair in living cells of all types.
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But the state of advancement of knowledge at the time the dis-
coveries were made precluded either observer from surveying the whole
field and seeing how much all these researches were complemental to
one another, and that the ultimate substrate for the energy display was
the delicately balanced equilibrium between colloid and crystalloid.

Ringer's researches, which yield such a magnificent demonstration
of the applicability of the fundamental principles of the ionic theory,
were made independently of it, and before it had gained any general
acceptance. Accordingly, one can only marvel now at the experimental
inspiration and clear logical following out of sequences which enabled
him to develop one fact after another, track out one possibility after
another, and eliminate everything extraneous until he had found the
true connection between the phenomena with which he was dealing.

Remarkable accuracy in observing detail, thoroughness in investi-
gating every factor in the problem, however trivial at first sight that
factor might seem, and untiring energy in repetition of experiment
until he was quite certain he held the whole truth of the case with-
out omission or exaggeration, were the traits which went to make up
Ringer's character, both as a scientific observer in the laboratory and as
a clinician in the hospital. At the active period of his scientific work he
.was a most prolific writer, yet all his work, so far as he was responsible,
has stood the test of time and grown in beauty in men's eyes with the
lapse of the years.

In one of his later conceptions only was Ringer misled by a Cir-
cumstance over which he had no control. The laboratory supply of
distilled water contained an unsuspected impurity, viz., a trace of
copper, due to a defect in the still, and this misled Ringer as to the
action of the supposed pure distilled water upon living organisms. The
writer happened at the time to be working in collaboration with him at
another piece of work, and, at his request, tested the laboratory water;
he can still well remember Ringer's chagrin and disappointment when
the presence of copper in the water was demonstrated to him. This
incident, although he could not possibly have foreseen it, troubled him
not a little; he temporarily ceased work upon his beloved subject, and
other events which meanwhile occurred in private life conspired to
prevent him ever afterwards taking up laboratory work with his wonted
energy, so that he never contributed further to the subject, with the
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exception of a short note to the Physiological Society, published about
two years later.'

The first of the remarkable series of papers which record Ringer's
discoveries of the actionis of inorganiic salts (or ions). upon the beat of the
heart, is contained in the third volume of the Journal of Physiology,
1881-2, under the title ' Concernilng the influence exerted by each of the
Constituents of tlle Blood on the Contractioln of the Ventricle.' This
first paper demonstrates clearly Ringer's scientific insight and doggedness
of purpose. He shows that certain changes in the ventricular beat,
which, at this stage, he thinks are due to normal sa.line (0715 per cent.
solution of sodium chloride), but whichl in a later paper he finds out are
due to a trace of calcium salt in the supply of New River Water with
which the saline has been made up-he slhows that these changes cani be
obviated if a certain amount of dried blood is added to the saline.
Proceeding further, he finids that diluted white-of-egg added to the saline
produces a like result in maintainiing the niormal heart-beat. The ordinary
investigator would probably lhave stopped here, thinkilng he had done
well aild probed nmatters to the limit. Not so Ringer, and this is
precisely lhow lhe made the first step that couints so nmuch towards his
great discovery. Having discovered that both dried blood extract aind
diluted egg-whlite act upon tile coontracting venitricle, hle does not jump to

1. This note takes up the matter of the supposed action of distilled water on
Tubifex, and is characteristic of Ringer, both in its carefulness and exactitude and in
the candour and honesty with which it admits the truth of Locke's position : that the
supposed poisonous and disintegrating action of distilled water obtained by distillation
from a metal still and condenser are due to infinitesimal traces of heavy metals in the
water. He first of all re-distilled from glass thirty litres of the type of water used
originally with poisonous effects, and now found the distillate harmless, and the residue
to containi copper and be violently poisonous until after exposure to air for some days.
Then be collected Nature's own distillate in the form of rainwater on hiis Yorkshire
moorside in eartheniware vessels, and demonstrated that this water was lharmless to the
organisms although it containied no trace of calciutm salts. On placing a few small
pieces of copper filings in this innocuous water it became poisonous and disintegrated
Tubifex in a few hours. As a result of this careful enquiry he frankly admits that:
These experiments appear to me to establish Locke's conclusion that copper in even

infinitesimiial quantities will disintecrrate Tubifex, whilst water free from copper or other
Iheavv metals, aid without any salts such as calcium salts, can sustain the life of
'l'ubifex.' In' spite of this disappoinitmenit it is interesting to observe Ringer's mental
activity in seizing the opportunity to demonstrate to the hilt the most inmportant fact
which hle had earlier observed as to the antagonism of the potassium and calcium effects.
He says, ' I next tested with this rainwater from the moors the antagonism between
potassium chloride and calcium chloride. I placed Tubifex in a 01 per cent. solution
of potassium chloride, in about four hours they were almost motionless, and with the
microscope I was uniable to see the vessels contract; they appeared quite paralysed except
just below the head of the animals. I then placed the Tubifex in a 0-1 per cent. KCI
and 0-1 per cent. CaCl2 and almost at once spontaneous mQvement increased, and in
five minutes they became quite active. Seven hours later they were moving
energetically; before movement was so much restored the microscope showed that the
vessels, even to the tail were contracting vigorously.' (Proc. Physiol. Soc., December
1897, Jonirtn. of Physiol., Vol. XXI, pp. 14, 15.)

* .
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what, at that stage of our knowledge, would be the most obvious
conclusion, viz., that this cominioi good result arose fromii the ntutrition
of the conitractinig ventricle bv the proteinis common to both fluids.
IHere are the discoverer's owni w-ords oIn the subject: -' Blood, theni,
obviates the changes occurring in the contractions of a velntriele
receivinig onlyv s.alille solution, aind tl)e (Iquestioni arises, whichl conistituenit
of the blood hals tlis p)roperty

I finid that a smlll.t qualnitity of white-of-egog comp)letely obviates
the (changes occurring w\itth saline solutioni. I first took tracilngs with
blood imlixture; I tlheni replaced the blood10 -itlh 100 c.c. of salinie, anid
got the usual great p)rolongation of dilatationt. I tlheni added to the
saline 25 c.c. of whlite-of-egg misxture, comiiposed of onie part wvhite-of-egg
in twvo pairts of water. In twi-o miiinutes the contractions became exactly
as thlev w-ere wh1en thl)e hcart w-as supplied w\ith blood mixture.
Wlhite-of-egg consists of albuminsiland cliloride of potassium and sodium,
chieflv chiloride of potasilun. It is obviows in the precedinig experimiienlt
thiait the effect of w\Ohite-of-egg could not be due to the sodium chloride.
Tlhe poNer to obviate thle great pr-olontgationt of the dilatation occurring
w^heni the venitricle w-as sup)p)lied with saline soluitiont mulst, thell, be due
to the albuminis or the potassium chloride.'

' I finid thlat potassiumll chloride in smlall (Iiianitities, muclh smnaller
thlani exists ini seruimi, Will completely anid speedily obviate the character
of the trace occ.urrinig wi-ith saline soluitioin, anid give a trace in all respects
like that occurring wbhen the venitricle is supplied with blood mixture.'
[References to thle tracings here.] ' I first took a tracing witlh blood
Imixtu1re, anid tlhenl replaced the blood with 100 c.c. of saline solution.
After about 1.5 miniutes I obtainied the usual great prolongation of thle
ventricular dilatation. I theni added to the 100 c.c. of circullating salline
O cC.c. of 1 per (eCt. so]ution of potassiunl clhloride at the poinit
indicated by the arrow; very speedily the contraction became muodified,
the dilatatioin becominig nmuchli slhorter. Teni uminutes after the -addition of
the potassiuiii chloride the contraction l)ecame just like those at the
beginning of the experinmenit when the ventricle was suipplied writl
blood. Froml numiiiierous experimnents, I finid that from 06G c.c. to 1 c.c.
of 1 per cent. solutioni of potassiuml chloride to the 100 c.c. of saline
soluitioni is sufficient to remove the prolongation of dilatation occurring
waith saline solution.'

At the date of this paper the ionization theory of Arrheniius had not
yet aippeared oni the scientific lhorizoni, and hence it is most initeresting to
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observe Ringerj in complete ignorance of it of course, proceeding to
accumulate evidence in strong support of it had it only been known later
to the supporters of the theory in their days of battle.

In the same manlner, as recounted ill his owni words above, Riniger
proceeded to test the actions of phosphate of potash and phosphate of
soda (as he calls them), anad founid that phosphate of potash had precisely
the 'same action as potassium chloride, while phosphate of soda had nio
actionl. His conclusion is that, ' the effect, tlhen, in potassium phosphate
is due to the potassium anld not to the phosphoric acid.'

' Probably any potassium salt is sufficient to obviate the prololnged
dilatation occurring wlhen the venitricle is fed with saline solution only,
for I have produced normal contractions by adding to the saline solution
potassium chloride, potassium phosphate, potassium sulphate, potassium
citrate, potassium bi-carboiiate, potassium chlorate, potassium niitrate,
potassium acetate, and potassium carbonate.'

Througliout this paper Ringer is ignorant of the fact that the
prolonigationi of ventricular relaxation antagonized by the potassium
salts is due to the presence of aln unbalanced trace of calcium salt in his
salinie solutioii. It is a remarkable piece of scientific good fortune that
this accidenit had occurred, for although the diminution in force of beat
anid stoppage in pure distilled water plus sodium chloride is characteristic
enough as compared with the full 'Ringer's effect' as now kniown to us,
yet any such slowing down without the long tailing off produced by
unbalanced calcium ionl would probably not have attracted Ringer's
attenition in these earlier d'avs, or called forth his energies to the same
extent.

In hiis next paper, however, in the fourth volume of the Journal of
Physiology,l lhe has discovered the great influence of minute traces of
calcium uponi the lheart. Previous work of his own and of others uponi
the antagonistic action upon the heart of differenit alkaloids had
prepared hiis mind, and the tlhought of an anitagonismi, as he calls it,
betweeni calcium anid potassium fell upon prepared grounid. In this
second paper he clearly shows how different inorganic constituents can

balance or antagonise one another, and this is reiterated in paper after
paper of the succeeding members of the long series, and upon one type

1. The papers are not dated in these earlier volumes of the Journal of Physiology,
anid it is somewhat difficult to accurately assign dates; the paper immediately preceding
Ringer's is dated November, 1882, so the date must be the end of 1882, or early in
1883. A later reference given by Ringer himself in Vol. XVI of the Journal of
Physiology places these earlier papers in 1883 (See Jouirn. Physkol. Vol. XVI, p. 1).
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of material after another, such as ventricular muscle, skeletal muscle,
growing frog's eggs, tadpoles, small fishes, tubifex worms, and so on.
It is indeed remarkable that any man should have so reiterated and
driven home a discovery of suclh first-rate importance, himself recognising
its great value, although naturally he did not realise its more modern
extensions, and that then for years he should be almost unknown in
connection with it, save perhaps as the inventor of ' Ringer's solution.'

The description, in the discoverer's own words, of how he came upon
the calciunm effect is hiighly iinteresting. He says:-' After the
publication of a paper in the Journal of P'hysioloqy, Vol. III, No. 5,
entitled, " Conicerning the influence exerted bv eaclh of the Constituents
of the Blood on the Conitraction of the Veintricle," I discovered that
the saline solution wlhichl I lhad used lhad iiot been prepared with distilled
water, but with pipe water supplied by the New River Water Conmpany.
As this water containis minute traces of various inorg,anic substances, I
at once tested the action of saline solution mnade with distilled water, and
I found that I did not get the effects described in the paper referred to.
It is obvious, therefore, that the effects I had obtaiined are due to some of
the inorganic conistituenits of the pipe water.'

He then quiotes a detailed analysis of New River Water, showing
that amonigst otlher thinigs it contains 3883 parts in a millioni of calcium,
and proceeds experimentally to inivestigate calcium effects upon tlle
venitricle. He slhows that saline made from distilled water with pure
sodium clhloride does not give the rounided top anid slow tailinig off, but
only shows a gradual cessationi of activity altogetlier; then lie adds a
trace of calcium salt anid obtains the now%, well-kniowni resuilt prev-iously
given by the New River Water salinie. Further addition of the niecessary
small amount of a potassium salt takes away the slow relaxationi anld gives
a niornal beat which does not diminish anid cease like that in presenice
of sodium clhloride only, but remainis strong and good for hours. After
mnuch experimentatio-n anid eliminiatioin or due appraising of actionls of
different constituents, Riniger describes the separate and conmbined effects
as follows -

The lheart's contractilitv ciainnot be sulstainied by saliine solutioni,
nor by salinie conitaininlg potassium chloride, nor witlh salinie solution
containinig bicarbonate of soda, nor by saline solution containing
bicarbonate of soda and l)otassiIim chloride; bhut after contractility has
ceased, the additioni of a lime salt will restore goo(d coitractility. Tlhe
Addition, too, of a calcium salt to any of thle above soluitious will sustfain
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contractility. I conaclude, therefore, that a lime salt is necessary for the
maintenance of muscular contractility.' 'But wlhile calcium salts are
necessary for the proper conitraction of the heart, yet if unaltagonised by

Iotassiuin salts the beats would become so broad and the diastolic
dilatationi so prolonged that miuclh fusioni of the beats would occur and
the venitricle would be thrown into a state of tetanus.' ' As the ventricle
will conitinue to beat perfectly for hours without anv sodiumnr bicarbonate,
it is evident that the niormal trace is the result of the antagontising actioni
of calciumi and potassium salts.' ' If tlhese. two salts [we should say iolns
at the present day] are not presenlt in the correct proportions, then the
trace beconies abnormal. If too little potassium is present, the
contractionis becomie broader, etc., anid there results fusiona of the beats.
If too much potassium is presenit, or too little lim.e salts, then the
contraction of the velntriele is imiiperfect, anid by iniereasinig tlle quantity
of potassiunm salt the beat becomiies w-eaker anid weaker till it stops.'
' As the heart will continiue to beat quite niornmally for lhours witlhout
albumen or lhaemoglobinl, it is obvious that these substances are niot
immiediately ntecessary for contractioin, but of course they are niecessary
to recoinstruct the tissues from thle loss duie to contractions.'

In these few senitences we lhave the wlhole law anid gospel of the
action of iniorganic conistituenits ont contractile tissue, and sinice theni there
has beeni chliefly adding of detail. A great deal of detail was added in
this aind later papers by Riniger hiimself, and he denioilstrated the samie
relationship in the excitationi of rlhytlhmic conitractionls in skeletal milsele
anid their inhllibitioni by the antagonistic salts. In the next paper Rilnger
tests the effects of ani excess of l)otassium salts, antd finds thlat tlle latenlt
period is greatly proloniged, anid also the period of diminiishled
excitability, so that the frequenicy of beat becomnes dimiiinislhed. In this
paper also lie poinlts out a remiiarkable clhanige to faradic stilmulationi of
thUe venitriele induced by potassiumi. In abseince of any excess of

p)otassium, faradization cauises a fusion of beats in a conitracted or

systolic condition whlicll Riinger, followinig Alarey, speaks of as tetanus;
in presence of an excess of potassium there is a reverse action, for now

faradization completely arrests the contractions which recommence on
discontinuing the faradization.

Rubidium in all respects acts similarly to potassium, but the hiigher
member of the alkali group, viz., caesium, possesses a quite different
action.

' Caesium, indeed, produces for the most part the opposite effects to

SIIDNEY RINGER Vll
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potassium, broadening the trace, rounding its top, inducing fusioln; yet
in spite of this great differelnce in its actioln, still caesium, like
potassium, possesses the property of obviating the effect of calcium on the
dilatation.' He finds that calcium and caesium make a fairly good
balance; but strontium and caesium will not make a good working pair.
Stronitium and potassium work; but not barium and potassium. The
separate action of caesium resembles that of barium, but barium anid
calcium do not balanice as do caesium anid calciumll.

' It is interesting to compare the effect of chemical similarity on
physiological similarity in the group calcium, strontium, anid bariumli,
and in the group including potassium, rubidium, and caesium.'

' Strontium is clhemically more allied to calcium than barium is to
calcium, and whilst strontium is in its physiological actioni very similar
to calcium, barium is far less similar to calcium. So it is with the group
potassium, rubidium, and caesium. Rubidium is chemically more allied
than caesium to potassium, and rubidium is almost identical in its
physiological action with potassium, whilst caesium differs in most of its
physiological effects from potassium.'

The effects of saline media on fishes are discussed in a communication
to the Physiological Society in December, 1883, and in a most interesting
paper appearing a few months later in the Journal of Physiology
(Vol. V, p. 98). In these researches muclh interesting matter is brouglht
together as to the behaviour of both fresh-water and salt-water fish wheni
subjected to variations in the salinity of the mediuni in which they are
living. It is demonstrated by Ringer that eveni fresh-water fish, such as
minniiows and sticklebacks rapidly perish when kept in distilled water,l
a.nld the effects of variations iil oxygen supply being ruled out by
experiment, it is slhowni that sodium, l)otassium anid calcium salts are
niecessary to life in water. He shows that calcium in simall amounts
greatly prolongs life in distilled water, and that additionial increase of
longevity is obtained wlheni sodium carbonate and p)otassiunm chloride are
a]so added.

The concentration of calciumn necessary for the sustenanice of life is
verv low, but this can be exceeded maniifold withouit causing the death
of the fislh; thus, as muclh as 0 5 per cent. of calcium chloride in the
water could be borlne by minnows.

In the next paper Ringer proceeds to examilne the effects uponl heart

1. In view of later discoveries it would now be of interest to repeat these earlier
experiments of Ringer on the action of distilled water on organisms.

Villl
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miuscle of lairge toxic doses of calciuImii an1d potatssium iil the un;ibalanced
aniid balanced colnditions, anid shows that a dose of eitlher salt (or ioln)
whiclh would be manyiiv times sufficeitt to poisoni the veinticle cani be borlne
without ill effects when lbalalnce(l by its antagonist. rT'lle paper imiglht
rank as a studv of a balanced reaction at, the l)pisellt day, now abouit
twe]ltv-six y-ears later. 'T'hie w-hbole s-ubject illtustrates tlie balancing of
toxin1 anld anti-toxini, as sh1owni w-itlh inorg.anic ion1s. Tlle C;alcium ntild
potassium ions do niot unite in stochiomietric relationships with one
another; in fact tlhev have nio appreciable clhemical affinlity for eacl
other; but botlh are clhinants foir the bio-plasm of the ventricular
muscle-cells, anid in prop)er proportionts detelrminied by their chemical
coefficienits for the bio-plasm., w-e get baltancing anid the to-anld-fro beat
of the heart. This ratio (can evidently exist at mian1y correspoildinlg
conlcentrations of potassiumll anld( calciumll, but a balailce m11ust be
inainiie(l. To each conicelntrationi of eitlher of thle two, there iS a short
range withlini whliel the otlher ionm111ust lie.

Tlje iiext paper, also in the fiftlh -voltumie of the Journal of
Phhysiology, demonistiates that ver'atri.a behaves silmilalrly to calciumiUIu)Ol
thie lheart ventricle, anld caneven1 rieplatce limiiie salts, tlhouglh somewhat

imllperfectlV. The interesting fact is zalso shlown-1 thliat veratria and
potassiull, just like calcium an1d potassiumm, armetIllUtallly aInltalgonlistic.

In a seciiod papei, dealing also with veratrila and potassiumi,
Riinger attemipts some analysis of the different iiiolecular re-actions, as lhe
terms tlhemii, occurrlilng (lurlilg conitraction, rela.xationl, and reparationi inI
the venitricular tissue. Ilis words shiow\v a reiarhkable insight for thle
perio(d at wi-hlich thlev -were written, and historically are worthy of

(1liotatiolt.
'In a im-uscular contraction tlhr'ee distinct foI-Iris of mtoleculalr' change

ar-e obvious; nlaiiiely, the chfaniiges occurringi (lurhing the latent lperio(l,
the changes whlich occiil during contration, adtlle changes cau silng
tIme dilat.ation.' ' rlose niolecular changres w-which leald to dilatation arle
genierallv conisider-ed restorative or1 reparative; they i)lel)plre n1ewi- miiaterial
for the enisuinig conitractioin, or remo+ove w\aste products w-hicllh, would retard
or prevenit conitractioni; or thley consist of botlh of these processes
combinied.' ' The inidepenidenice of those imiolecular chalnlges whiclh occur

at the teriiiniationi of a conltractiomi (anId which cause dilatation1) fronm the
reparative chainges is well shmown by the action1 of linme oni tme veentriele.
Calcium chloride, added to saline solutionl, greatly delays dilatation, but
does not inI aLny degree delay the reparative chainges, so that nio matter at
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what period, the excitationi is made, the succeeding contraction. is
complete, eveni though the excitatioin is applied before dilatation is
finished. Here, tlhen, we have a drug whiclh, like veratria, retards those
molecular changes that lead to dilatationl, but, unlike veratria, in lno
degree lessens the rapidity of the reparative changes.'

' We have seen that both veratria and potash salts retard the
reparative changes, veratria more so than potash, and yet wlhen these
substances are botlh added to the circulating fluid they do naot in this
respect inltenisify eaclh other's actioni, but distinctly antagolnise each
other, the reparative clhaniges occurrinig inuch more rapidly after the
addition of potash to the veratrized circulating fluid. We lhave, theni,
aniotlier instance of drugs lhavinig a comimon actioni, and yet wNhen botlh
are conijointly added to the circulatiilg fluid, one antagoniises the other
in respect of this comiimon effect.'

In a somewlhat lengthy paper eniterinig ilnto a discussion of coi,i-
temporary continenltal opinaion as to whetlher organic niutritioll is directly
necessary to the heart-beat, Ringer attempts to separate all salts
by dialysing albumin solutionis, but finds it impossible to get rid of tlle
calcium which adlheres after prololnged dialysis. He theni shrewdly
suspects what we now know to be the correct view, that it is this strongly
adherent calcium which enables albumin solutions to keep up conitractionis
without the addition of iniorganic calcium salt.

The next contribution is a most interesting one oni the effect of lime
salts upon the absorption of water by laminaria and other organiic
structures. It is full of interesting observationis, the details of wllich
cannot be entered upon here; but it is well worthy of perusal to-day by
anyone interested in the modern problems of absorption of salts by
colloids.

In a set of three papers following rapidly on this, Ringer
demonstrates most clearly the action of calcium and other ions upon
skeletal muscle. The first of the series is by Ringer alone, and in it the
muscle is simaply immersed in the various saline solutions. In a later
paper, in collaboration with Dudley Buxton, the similar effects are
described which are obtainied when the various solutions are perfused
from the aorta.

These papers are of great historic interest to all students of the
action of inorganic ions on living cells, and since Ringer's connection
with this work appears to have been well nigh forgotten, some
recognition may here be made by quoting his main findings from the

i
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earlier, paper, anid reproducing certaini of his tacings.I The paper is
contained in the Journal of Physiology, Vol. VII, -pp. 291-308, 1886.
It is noteworthy that it w^as lhere that Ringer first commenced to use
calcium phosphate in hiis circulating fluid, having previously used
clhlorides only of sodium, lpotassiui anld calcium, tllhat is pl till this
stage, he lhad himaiself always used what is niow a mnoderln modification
of Ringer's solutioni. It is also of interest thlat hiis calcium phosphate, as
lie tells us, was analysed for him by hiis colleague Dr. Graham,
Professor of Chemistry at UTniversity College. After exhaustive
experiments on the periods durinig which skeletal muscles kept in various
saline combinations retained their direct faradic excitability, he
classifies them in the following order anid then proceeds to describe hiis
experiments on the contractionis of skeletal muscle in saline solutions:-

'We see then that these solutionas in. respect of their efficienacy to
sustain contractility stand iIi the followinlg order. Salinie solution is tlle
least effective, next follows saline containing sodium bicarbonate, then
phosphate of lime saline, rnext phosphate of lime saline containing
potassium chloride. Phosplhate of lime saline containling potassium
chloride and phosphate of lime saline containing potassium chloride and
sodium bicarbonate sustain contractility about an equal time. Phosphate
of lime saline sustainis contractility longer than saline solution containing
sodium bicarbonate.'

' Now this being the order of their efficieincy as circulatinig fluids for
the heart, it would appear that lime and potaslh salts are as necessary to
the metabolism of muscle at rest as to the metabolism occurrinig during a
muscular contraction.

Another circumstance however explains in part the efficacy of lime
and potassium salts in sustaining contractility in quiescent muscle.

I noticed in the muscles placed in saline active contractions. This
was much more apparent in muscles that were partially detaclhed, anid
especially noticeable in the sartorius when torn from the rest of the
muscles and attached o-nly by its lower end. Now these contractions must
consume the energy of the muscles anid hasteln exhaustion and the advent
of rigor mortis.
* In February I commenced a further series of experiments regarding

the effect of saline solution and saline solutioln conitaininig otlher salts to
produce contractions.

1. For permission to make these copious extracts, and to reproduce the
accompanying traces, the thanks of the writer are due to Prof. J. N. Langley, the
Editor of the Journal of Physiology.
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Since I made these observations I find that Biedermannl lias
made similar experiments with results quite iu accord with mine. Our
methods however differed in some respects, and I recoulnt here certain
alidditional experiments to those lie performed.

Ini his experimeints lie eimployed the sartorius of a strongly curarized
frog. He suspelnded tlle muscle in a solution consisting of a litre of water,
5 grams NaCl, 2-5 grams Na2HPO4, and 0 4 gram Na_,CO3, and in most
of hiis experimenits lie ksept the temperatule below 100 C. He obtained
contractions in all respects like those described in my experimenits, but
I employed all the muscles of the thigh cut into thlini ribands and
attaclhed oDly at the kniee. I did not curarize the frog anid I placed the
limb in simple salinie. Biedermann took no tracings of the contractiolls.

It is obvious therefore that the alkaline soda salts do not play so
important a part in the productioln of these contractioils as Biedermannii
supposes. I shall show that phosphate of soda or caustic soda added to
saline increases somewhat the frequency and the strength of the
contractiolns. As I have said tlhough working under different circum-
stances I obtain the same results, so well described by Biedermanni.

We both filnd that temperature strongly influences these contractionis,
these being more frequent anid more vigorous at a. temperature betweeln
20 anid 30° C. tlhain below 10' C. At a low temperature the contractioiis
become sonmewhlat rhytlhmical. There occur long pauses free froi
conitractioils, varying froimi tenl seconds to two or three minutes, anid then
a series of conltractioiis talke place of much the same strength anld
separated by about the same intervals. Occasionally tlle beats for a
minute or two are quite rhytllmical.

I cut off both hinid limbs of a frog tlhrouglh the hip joilnt anid after
strippiiig off the skini I (lut the tlhigh museles inlto thini ribainds, and left
them attached olnlv at their lower eld close to the kniee joinlt. One
limb I suspended in 200 c.c. *6 per cenit. salinie solutioni, the other in a
similar quanitity of salinie solution conitainiiig some other salt.

Oni placing the limb in salinie solutioni the strips of muscles at once
conitract frequenltly, and one sees both massive and fibrillary contractioni,
i.e., the whfole muscle or piece of muscle is contracted, anid in additioni
one sees the contractioln of fibrillae merely. The contractions begini soonest
anid are most markedl ini the thigh muscles cut inito tllin bands. Later
fibrillary coiitractions occur in the uiiiiijured lower leg muscles causing

1. Wien. Sitzungsbericht. Bd. LXXXII, 1880, p. 2157.
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twitclhing of the toes. These contractions persist often for hours and
contilnue longer in the uninjured than in the thiglh miuscles cut into
ribands.

As Biedermanin noticed witlh his solutioni so I finid that wllen the
contractions lhave ceased they often recur oni renewinig the saline
solutioni.

(in remlovinig the limb from salinie, strong fibrillar-y conitractiolns
l)eisist for some time, and wlieni they cease the excitation of a contractioni
by the faradic current brings them back agaiin to persist without aniy
furtlher stimulationi for half a imiinute or eveni longer.

The muscles of the fellow limb placed in phosphate of lime saline
solution twitch much less, and in some cases no contractions at all occur.

The addition of 1 c.c. of 1 per cent. solution of potassium chloride to
each 100 c.c. of the testinig fluid very slightly lessenis tlle fibrillary
twitchlinlg of the muscles in saline solution. The twitchings of the
muscles in phosphate of lime saline solution are greatly lessenied or eveni
utterly arrested; but onl replacinag the muscles in their originial fluid the
twitching again increases, and oIn the further additioni of potassium
chloride the same effect follows as oni the first addition.'

' I find that small doses of potassium chloride 1 c.c. to 4 c.c. of 1 per
cent. solutioni added to 100 c.c. of salinle somewlhat lessen thle contractions.
These quaintities added to phosphate of lime salinie solutioni at onice
check aniy movemienits, tlhough, as I lhave said, phosphate of lime
without the aid of potassium chloride generally prevenlts any movements.'

Saline made with tap water prevenits these twitchinigs, as the follow-
ing experiment proves.

On Jan. 20 I placed one posterior extremity in 200 c.c. distilled
water saline, the other in 200 c.c. tap water saline. The muscles in the
distilled water [saline] began to twitch in three minutes anid in ten
minutes became quite brisk, the lower leg muscles quiverilng actively as
well as the partially detached muscles of the thigh. The twitchings
conatinued all day and were quite eniergetic eight hours from the
beginning. The m-uscles in tap water saline did not twitchl at all.

Contrary to what one would expect distilled water causes few or no
twitchings.

On Jan. 20 I placed olne hind limb of a frog in 200 c.c. distilled
water saline and the other in distilled water. Active twitching
persisted in the muscles in saline solution three hours, but had ceased
in five hours and a half. In the muscles in distilled water one twitch
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occuilred five minutes after the immersion but no other movement, and
all the muscles soon passed inlto firm rigor.'

'Mere alteration in the percentage amo-unt of salt ilnfluieniees tlhe
con.traction, as the following experiment slhows. Onl April 13 I placed
thle sartorius in 0 5 per cent. saline solution. For the first three minutes
ontly the fainitest conitractions occurred. Thev then for two or three
imiiiutes becamile imloderately strong and againi grew weak. I then added
25 c.c. 2 per cent. solution of salt to 200 c.c. of 0.5 per celnt., whilich mucl
iniereased the activity of the conltractionis. I tlhein returnied to 0 5 per (cet.
solutioii anid in about a minliute thle colntractioins became muclh weaker. I
tlheni added 25 c.c. of 2 per ceint. solutioni to 150 c.c. of 0'5 per cent.
solutioin and the conitractioins became greatly increased. I added another
25 c.c. of 2 per cenit. solution anid still further inacreased the contractions.
Againi I returnied to 150 c.c. of 0 5 per celit. solutioni and the colntractiolns
greatly lessenied, occurrinig in paroxysms witlh quiescenit periods of lhalf a
miniute. I then added 50 c.c. 2 per cent. solution, and againi greatly
increased the frequency of the conitractions. On returning to 150 c.c. of
0 5 per ceint. solution conitractionis ceased but returned for a slhort tinme
oni addinig 50 c.c. of 2 per ceiit. solutioin of sodiumii chloride.

On the otlher lhanid, lesseniing the relative amoult of NaCl, as by
addinig distilled water to the salinie solutioin lessens or prevents tllese
nuscular conitractionts. For instance, reduciing the 0 6 per cenit. to 0 5
per celnt. NaCl decidedly lessens the contractions. HIere I will record onle
experimientt slhowinig the effe(t of dilutioni. I first toolk a trace witlh 200
c.c. 0(6 per ceiit. saline solutioni, aiid obtaiied actiive conitractionis. Oln
adding 50 c.c. distilled water, the contractions ceased and failed to return
oni addinig aniotlher 50 c.(c. anid a thlird 50 e.e. distilled water. On
returninig to 0 6 per cent. saliine, sliglht contractions recomntnienced, anld
the further additioni of 9 c.(. of 9 l)ee (cent. BaCl, iniduced active
contractiolns.

I lnext tested the effect simply of distilled water oni the conttractioils.
I first took a trace with 0 6 per cenit. salilne solutioni, and tlheni replaced
this by distilled water, wheni the contraetions ceased at once, tllouglh in
some experiments a few single strong contracietiolns occurred at many
mlinutes' interval. T'lhe distilled water lhowvever induced soume persistent
contraction, wvhiclh passed away oni the addition of salinie, provided niot too
long a term had elapsed, before adding thle NaCI, i.e., about eiglht to ten
minutes.

Wlhen these coiitractions brouglit out by immersion in salinie cease
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contractility still persists, and stimulating the muscle witlh a faradic
current the coil, standing at 15 to 20, will excite good contractions.
MIoreover, the additioni of substances like bariimn chloride at once
developes active conitractioi; inideed barium chloride will produce coIn-
tractiolns anid persistent spasimis much more marked than with saline at
the beginniing of the experiment.'

' I made twelve experimenits to test also the effect of calciumi chlori(le
using 1 per cent. solution. I added 2 to 4 c.c. of this to 200 c.c. of saline
solution. After testing the effect of simple saline I added at once 4 c.c.
of calcium chloride solution. In every instance I tried this solution
it almost immediately to a great extent lessenied thle contractions, anid
in many instances all but arrested tlhem, in soi-me, quite stopped themi.
In several cases after a few minlutes sliglht conitractions returlned but were
much less than with saline at the beginning of the experimeent. In
eight of the experiments at one period after the addition of lime
chloride the conitractioni became literally rlhythmic, i.e., the contraction
occurred at pretty equal initervals anid in miluclh the same force. The
following slhort accounit of an experinment is a good example of the
experimaents. Oni April 5 the sartorius in saline contracted actively.
'T'he additioni of 4 c.c. of CaCl2 solution at onice almost arrested the con-
tractionis wlhich wi-ere rlhytlihmic in character. I theni returnied to saline
solutioln, wbhiel induced active contractionis, and these were at once
arrested oni the addition of 4 c.c. of calcium clhloride solutioni. Again
I placed the muscle in siiniple saline anid again active contractions
occurred, wlich were at onice arrested oni adding 4 c.c. of 1 per cenit.
solutioln of potassium clhloride.

The addition of linme clhloride arrests not only the rapid conitractiolns
but also removes the persistent conltractioni, so that the trace rises hiigher
above the base linie. These effects are slhown in fig. 3.

In many experiments nmade w%ith potassium chloride I finid its action-
is largely influenced by temperature. My experiments have been made
genierally with the fluiid at from 10° to 16' C. Soon after adding 4 c.c. of
1 per cenit. solutiomi of KCI to 200 c.c. salinie solutioni the musele strongly
contracts, dragging dowii the recording lever far below the level reaclhed
even when tlle conitractions are well marked with salinie; the muscle
then slowly relaxes, but before it lhas much elongated fresh con-
tractions set in, or whleni at its maxinmumn contraction frequent well
mar'ked contractions occur, anid tiLese cease and the muscle slowly
relaxes, see fig. 4. Thlen the mluscle remainis quiiescenlt for a variable
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Fig3
' Shows the effect of saline. At the cross 4 c.c. 1 per cent. CaCI,

were added to 200 c.c. saline.'

Fig 4
'Effect of adding 4 c.c. 1 per cent. solution of KC1 to 200 c.c.

saline solution added at the point indicated by a cross.'

Fig 5
'L ater effect of potassiurm chloride.'
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time, ten seconds to onie or two minLutes, wheni conitractionis like those
recorded in fig. 5 occuir cand again the muscle becomes quiet, or after a
few miniutes again contracts as slhowni in the figure. By degrees the
contractions become less marked and at last merge inlto a silngle slight
contraction wii-ch relaxes slowl-yv. With some niuscles only- these slighter
contractions oceur tlhrouglhout the experimiienlt. Witlh a higher tempera-
tuire the addition of potassium chloride solution, just like calcium clhloride
at once arrests the contractions. 1 c.c. of 1 per cenit. solutioni diminishes
tlhe conitractions greatly, but 2 c.c., i.e., 1 part of KCl in 5000 well-niigh
stops them or stops themi altogether, anid oni returniing to simple saline
solutioni the contractions recoinmenice activelv.

The follow-inig experimient is a good example of the inifluence of
potassium clloride. OnI Feb. 2M6 a sartorius miiuscle placed in saline
colntracted eniergeticallv. To the 200 c.e. of saline I then added 2 c.c. of
1 per cenit. solutioln of potassium chloride and the contractionls all but
ceased. Againi I placed the muscle in 200 c.c. of saline solutioni and active
contractionis returnied. I againi added 2 c.c. of potassium chloride solution
amid againi great-ly restrainied tlie conitractions, y-et a tlhird timiie saline
solution restored the contractions, and this finial trial stopped the coin-
trlacting. In the previous experiment the changes w-ere made quickly,
l)ut after the addition of 4 c.c. of potassium chloride solutionl to 200 c.C.
salinie solutioni, if thle effect is watchled for a1 considerable time, it
generally happens thlat after an interval of tw-o or three miinutes
Contractions return, hut occutir in groups, a loing initerval often initervening.
'T'lie conitractions are often- very vigorous anid rapidly repeated; these
outbursts of contractions at long intervals grow weaker and then cease.
lit some cases the trace is in the form of an irregularly wavy line.

Potassium chloride then whlilst modifying considerably the character
of the contractioni induces v-erv marked conltr'actionls, anid oU1r l)revious
experinienits showed that pot.assium chloride added to salinie solutioni does
niot sustaini cointractility. Tihe difference betweeni calcium chlloride anld
potassium clhloride is verv strikinig, as the follow^ing experimeent shows.
Oni Mav G saline solutioni excited active contractions, whiich were at once
cut short on addinlg 4 c.c. of 1 per cent. solutioni of calciunm clhloride to 2900
c.c. salinie. After six minutes I replaced the sartorius in salinie and sooll
after added 4 c.c. of 1 per cent. solution of potassium cliloride. Tllis
produced the effect shown in fig. 5. I added 4 c.c. CaCl2 solution and at
onice stopped all contractions. In about four miinutes I replaced thle
muscle in saline w-ithouit iniduieing anv stronig conitractioils, as generall]
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happens when saline solution replaces saline solution containing
potassium chloride 1 part in 5000. Soon after I added 4 c.c. potassium
chloride solution and again induced the usual potaslh effect, which was
arrested againi though more slowly by adding 4 c.c. of calcium chloride
solution. I then again reverted to simple saline without ilnducing aniy
contractionis and again added 4 c.c. potassium chloride solution and
induced well-marked potash contraction. These were again stopped
though not so rapidly as on the first occasion by adding 4 c.c. of calcium
chloride solution. Again I returned to saline, then added potassium
chloride solutionl anid againi excited well-marked potash contractions,
whiclh calcium clhloride once nmore arrested. This action of potassium
chloride and the antagonism of calcium chloride I maniy times verified.'

In the later paper vith Buxton it is shown that perfusion of the
skeletal museles with ordinary saline leads to similar contractions to
which calcium salt acts again as a sedative. Skeletal muscle was found
to differ from cardiac muscle in tlhat, without any addition of calcium
salt to the perfusinig fluid, the period of relaxation became enormously
prolonged, so that the trace became like that obtained from a veratrized
muscle. Also, it was found that perfusioni with sodium chloride salinie
alonie very rapidly relndered the muscle iniexcitable to direct faradization,
but that excitability was restored on addinig a calcium salt to the
perfusing fluid.

Ringer's discoveries on the action of calcium salts upon eontractile
tissues and living organic processes in genieral led him to take a great
iinterest in tlle studies of Hamnmarsten and J. R. Green on the action of
the calcium salts in the coagulation of blood and milk, and to confirm
and extenid suclh observations in several importanit aspects. He showed
that this favourable actioln of calciunm salts was a gelneric property shared
in feebler measure by the otlher members of the calcium group, and that
it was to a certaiii exteint antagonised by sodium and potassiunm, although
tllis antagoniiism is but a feeble thinig compared to that existing in living
tissues. He also investigated the actioin of calcium salts upon metacasein
anid alkali albumin, showiing that, following in exaggeratel measure
the general rule for iniorganiic calcium salts, the protein calcium salts
are much less soluble at higher temperatures. These papers on the
action of calcium upon coagulation contain mnuch interesting material,
and many valuable suggestions; they are contained in the Journal of
Physiology, Vols. XI-XIII.

In the vears 1894 anid 1895, Ringer, in collaboration first writh
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Sainsbury,' and later with Phear,2 studied the action upon Tubilex
rivulorum, and upon growing tadpoles, of various saline constituents,
and although the results contained in these papers, in so far as the
supposed disintegrative action of distilled water is concerned, were
vitiated, as demonstrated soon after by F. S. Locke,3 by the presence of
unsuspected minute traces of copper, yet the experiments on mutual
antagonisms contained therein are still valid and valuable, as
demonstrated later by Ringer himself (see footnote, p. iii).

In addition to the pioneer work which chiefly forms the subject
matter of this sketch of Ringer's scientific labours, he published a
text-book of therapeutics which ran through many editions, and from its
originality of treatment denoted a scientific aspect of mind towards
medicine somewhat rare at that time. His contributions to pathology
and medicine are chiefly to be found in the pages of the Practitioner,
as also more popular expositions of his bio-chemical researches. A
biographical notice of Ringer's career, and of his work as a clinician,
will be found in the British Medical Journal, October 29th, 1910, p. 1384.

BENJAMIN MOORE.
DECEMBER, 1910.

1. Journt. of Physiology, Vol. XVI, p. 1, 1894.
2. Ibid., Vol. XVII, p. 423, 1895.
3. Ibid., Vol XVIII, p. 319, 1895.
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