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4 Chapter

Till recently there have been two schools of thought with regard
to the meaning of the figures given. Of these the first teaches that
the sources of analytical error are so great as to make more accurate
analysis impossible, whilst the second, represented chiefly by the late
Professor Bohr of Copenhagen, frankly admits that the want of uni-
formity is so great as to render untenable the idea of haemoglobin
as a simple substance. He explains the divergencies which we have
noted as being due to a mixture in different proportions of four
substances which he calls a, 2, v and & haemoglobins™, each with a
different oxygen capacity from the others.

To the two schools mentioned above has now been added a third
which teaches that the combination of oxygen and haemoglobin is
not in the old-fashioned sense a chemical combination at all, but that
it is a manifestation of the physical phenomenon known as adsorption,
and that it therefore depends essentially on the surface conditions of
the molecules of oxygen and haemoglobin respectively. The pro-
perties of these surfaces may presumably be altered by all sorts of
variations in the collateral substances which are present in the
solution of the uniting molecules, The amount and nature of the
salts present for instance might be supposed to alter the charges on
the molecules, and in so doing to affect the amount of oxygen with
which a given quantity of haemoglobin would unite.

Within recent years, partly on account of the improvements in the
analytical methods both for oxygen and iron and partly on account
of the increased importance of the subject, it has become more and
more desirable that some re-investigation by divect methods of
this specific oxygen capacity of haemoglobin should take place. |
mean by methods in which the oxygen is measured as such, and the
iron as a salt of the metal, as opposed to the indirect spectro-photo-
metric methods which have given uniform, and apparently excellent
results in the hands of Butterfield ®. This investigation has lately been
undertaken by Peters® ; for the purpose of estimating the oxygen he
has used the differential method of blood analysis based upon the
observation of Haldane® that oxygen is eliminated from haemoglobin
quantitatively by potassium ferricyanide. The theoretical accuracy of
the method has been confirmed by the researches of Professor Franz
Miiller 1 in Berlin, while its practical details have been so far simpli-
fied that some half-dozen analyses can easily be performed with as
many cubic centimetres of blood in two hours. Peters therefore has
heen at a great advantage as compared with his predecessors, whose
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Fig. §.—Percentage saturation of haemoglobin with oxygen at 37° C. corresponding to
oxygen pressures of 0, 10, 20, 40 and 100 mm. of oxygen respectively.

Fra. 6.—The same spaced with the oxygen pressure as the abscissa.

Fia. 7.—Dissocintion corve representing the equilibrium between oxygen, oxyhaemoglobin |
{red) and reduced haemoglobin (purple),














































30 Chapter 111

less—namely this. Assuming the truth of the eguation we have all
the data for the determination of ¢. Now if our assumption is
correct we may determine ¢ not merely from the values of K at
these two temperatures, but from the values of K at numerous other
temperatures; and the test lies in the fact that the values of
<o determined should all be identical, they being independent deter-
minations of a definite physical constant—the heat of formation
of one gram-molecule of oxyhaemoglobin. Apart from the law of
mass action such an identity would be mere coincidence as unlikely
as if half a dozen church spires of different design taken at random
proved to be the same height. This test was applied; it was not
necessary to work out the whole curve in each case. Assuming
as a result of the law of mass action the hyperbolic nature of the
curve at each temperature, or, to put the matter in another way,
that K has a constant value for each curve, it was only necessary to
take one point at each temperature. The simple method of doing
this was to put a small quantity of haemoglobin solution into a flask
with a large quantity of an atmosphere containing but little oxygen,
and to determine the percentage saturation of the haemoglobin with
oxygen at several temperatures. The volume of gas must of necessity
be so large in comparison to that of the haemoglobin solution that
any reaction which takes place between the two may be regarded as
not altering the composition of the gas.  Apart from the necessary
apparatus for blood gas analysis no further equipment was needed
for this experiment than a sancepan, a litre flask and a thermometer.
The saucepan lid was perforated to allow of the neck of the flask
protruding ; the flask was filled with nitrogen containing a small
quantity of oxygen; about 10 c.c. of haemoglobin solution were put in.
The saucepan was filled with water which surrounded the flask, and
the lid was fixed immovably on the saucepan. At any temperature
it was a simple matter to establish an equilibrium between the
haemoglobin solution with its amall volume and large surface and
the gas in the flask.  When the equilibrium was once established the
apparatus was inverted. The solution ran down into the neck, where
it presented a very small <urface to the atmosphere above it, and
therefore did not alter sensibly in percentage saturation whilst a
sample was being abstracted for analysis. Such an experiment
carried out at five different temperatures gave values as follows
for the percentage saturation :

Temperature ..........cco. 167 29° ag° aa" 45.5!“
Percentage saturation ... 92 7l 87 18 (1}





























































o0 Chapter 1V

highly probable that it depends upon the method employed. The
following are the data of the curves obtained for man and the dog:

Blood at approwimately 40 mim. tension of CO, and 37—39° C.
Abscissa .0 15 20 25 88 85 40 45 50 60 B0 100 160 mm. Oy

Ordinate f i . :
rdinstedor ) . g1:p 455 505160 755 BU 88380 8% 8LS 985 97°,

Oudlnale r ) w105 165,20k S3adie5 H0D 610 0D g0 885 90—

It is scarcely possible to leave the subject of the action of salts
upon haemoglobin without saying what there is to be said on this
question of how they act.

This has to some extent been foreshadowed in the previous
chapter. The theory which we wish to discuss is that, while the
actual union of the oxygen and the haemoglobin is a chemical action,
the quantity and character of the salts present cause the molecules
of haemoglobin to adhere to each other in varying degrees. Any
alteration in the degree of aggregation of the molecules would by the
laws of mass action entail an alteration in the dissociation curve.

First of all let us discuss the question of whether there is any
independent reason for supposing that the presence of salts does
produce such an aggregation of the molecules.

The evidence on this head is two-fold :

(1) Roaf showed that the osmotic pressure of haemoglobin in the
presence of salts, i e. in blood laked with water or with very dilute
sodium bicarbonate, corresponded to aggregates of about two mole-
cules. Hiifner and Gansser with pure haemoglobin obtained results
corresponding to one molecnle.

(2) Mines has shown that a dialysed solution of haemoglobin is
precipitated by minute quantities of trivalent ions in just the same

way as it is by acids, and precipitation is only one stage fuvther than

aggregation.
The colloidal nature of haemoglobin®.

Although it is certain that the union between haemoglobin and
oxygen is a true chemical combination and not a mere surface ad-
sorption, the colloidal condition of haemoglobin Temains of great
importance as a factor influencing the equilibrinm between haemo-

t relatively low oxygen tensions.  For although

globin and oxygen & :
the oxygen capacity of haemoglobin must be independent of the state

# T am indebted to Mr Mines for the following note.
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H4 Chapter V

who were the discoverers of the influence of carbonic acid on the
dissociation curve.

Carbonic acid however is not specific in its effect. Lactic acid
acts in precisely the same way ®: =0 alzo do mixtures of lactic and
carbonic acids.

Having made the rough statement that the effect of acidity is to
reduce the eftective concentration of oxygen, I must now state more
precisely {1) what I mean by “reaction,” and (2) what I mean by
reduction of the effective concentration of oxygen.

It seems that the influence of acids depends on the change in
hydrogen ion concentration which they cause in the blood: and this
appears to be different from the change of hydrogen ion concentration
which they would cause in water or salt solution.

For instance, mineral acids in equal molecular concentration arve
generally much more powerful than acids such as lactie, acetic or
carbonic. They cause a much greater concentration of hydrogen
ions. Yet when they are added to serum the change in the hydrogen
ion coneentration which they produce is nearly the same. This change
has been measured by the method of titration with an indicator which
changes colour gradually over a considerable range of hydrogen ion
concentrations.

Added to normal salt solution the following strengths of acid
would produce equal changes in the hydrogen ion concentration :

Lactic Hydrochlorie Formic Agetic
M2 = M 300 — M /a0
M1 = M/200 - M/130 M50
M50 = M/1T0 —_ . —
AM{10 = M /130 - —

But the relative quantities of these acids which produce equal
changes in hydrogen ion concentration in serum are

Lactio Hydrochlorie Acetie G Hydrogen ion cone,
Mj200 = M /200 = — 10-5%
ML/ 100 = M /120 - — 151
M 1040 wealker than M /100 - -—
29 = exposure to atmosphere of 100 =, 10749

These results were obtained by titration with the indicator
referred to above.

Now so far as the affinity of the ha,cumglul}m for oxygen is con-
cerned, the same change is wrought by increasing the concentration







a6 Chapter V

100°/, to 357/, in 15 minutes, while when it contained M/130 HCI
and M/120 lactic acid the same reduction was effected in about 65
and 7'5 minutes respectively.

100 10 40 80
s Marmpi Blood
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Fras. 27 and 28.—Ratio of reduction of blood with a uniform stream of oxygen free gns.
Percentage saturation vertically. Time in mins. horizontal. Fig. 2?.—ﬂampnnm‘n
| on normal blood, with blood containing lactic acid and with blood reduced by nnrhum::'.
avcid instead of nitrogen. Fig. 28.—Shows the approximate equality of Mf130 HCI
and M[120 lactic acid in their effects.

Having made it clear that the sense in which I use the '.vfn-:‘i
“peaction ” is the strict one, namely the hydrogen ion concentration,
| I will leave this point and pass to the consideration of the effective

concentration of oxygen.
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58 Chapter V

defined be true the oxygen pressures on the two curves (0 U0, andl
40 mm. C0,) for any given percentage saturation should be in the
ratio of 10 to 24. In other words the effect of the CO, is to make
24 mm. oxygen pressure behave like 10 mm., and & mm. pressure
behave like @ x 44,

Here we find onrselves facing the guestion of whether the effect
of “reaction” iz of a fundamentally different character from that of
salts, The effect of salts was to produce a curve essentially different
from that which would be obtained in their absence. The dissociation
curve of pure haemoglobin is a hyperbola, that of haemoglobin in
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Fig. 30.—Ordinate = percentage saturation with oxygen. Abseissa =0xygen pressure in
mm. The abscissa corresponding to any percentage eaturation on Curve I is 1120,
on Curve II 16/20, and on Cuorve TI1 2720, of the abscissa corresponding to the same
percentage saturation on the dissociation curve of my blood at 40 mm. C0, pressure.

Determinations: = 3 mm, & 20 mm. g2 90 mm. 004 pressure.

salt solution is something else, namely an S-shaped curve. But if
I have correctly described the effect of “reaction,” it does not affect
the essential character of the curve, but merely the scale on which
it is drawn. This conception is fundamentally different from that
with which I finished Chapter IV. There was no other snggestion
in it than that the effects of acids and salts might turn out to be
the same. '
The question is one which must be put to the test of experiment.
The effect of acid, as I have described it, was suggested to Douglas
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and acids to haemoglobin it may be profitable to give a brief sketch
of an attempt which has recently been made to find a physical expla-
nation of these facts.

Any such explanation starts from the proven fact that the dis-
sociation curve is a rectangular hyperbola, representing a simple
reaction

Hb + 0,<= HbO,.
This reaction involves single molecules only, and has a definite
equilibrium constant.

The equation for this curve may be written

y Ka
100 1+ Ka’
where y = the percentage saturation of the haemoglobin with oxygen,
@ = oxygen pressure, and K is the equilibrium constant of the curve.

This curve, as | have said, assumes that the molecules of haemo-
globin are single ones. Hill® amplified this equation with the ohject
of ascertaining the shapes of the dissociation curves which would be
obtained on the assumption that the molecules of haemoglobin fall
into aggregates as the result of the addition of salts. At the end
of Chapter IV I pointed out that there was independent reason to
suppose that this was the case.

If on the average there are n molecules in each aggregate, the

equation becomes
l - Eﬂ}"
100 1+ Ka™

The solution is conceived of as containing haemoglobin in the various
degrees of molecular aggregation, the reactions of which would take
place in the following way:

Hb + O0,==HDbO,,

Hhb, 4+ 20, == Hb,(),,

Hb, + 30, = Hb,0,, &c., &c.

The equation however has certain limitations of which the only one
to be considered, so long as we are confining our attention to oxy-
haemoglobin, is that there is no considerable quantity of intermediate
oxides such as Hb.O, in the solution®. The theory does not preclude
the formation of such substances. It is highly probable that Hb.,O,
for instance iz a stage on the way to Hb0O, But to make the
equation hold, the suboxides can only exist as stages in the reaction;
in short the assumption is that if two molecules of Hb.0, met, they
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66 Chapter V

of these remains constant over a large series of curves. It is very
improbable that such a constancy is merely fortuitous. 1

The classical example of this principle was first put forward by
Laplace with reference to the direetion of the orbits of the members
of the solar system. In its up-to-date form it is as follows : “...the
tale of the asteroids has now approached five hundred and out of this
huge number of independent planetary bodies there is not a single
dissentient in the direction of its motions. Without any exception
however they all perform their revolutions in the same direction as
the sun rotates at the centre. When this great host is considered
the numerical strength of the argument ™ (that the arrangement is
referable to a physical cause and is not purely fortuitons) * would
require about 150 figures for expression * 7 Fyen before any of the
asteroids were discovered, Laplace considered the argument a strong
enough one to justify the nebular hypothesis.

It may be urged that the analogy is not sound, for it looks like
a comparison of something qualitative with something quantitative.
The planet must go round either clockwise or counter-clockwise,
whereas all that we can say of n is that it remains constant. within
the limits of 2:45 and 2:55 over all the curves which have been deter-
mined for human blood. Closer than that we cannot determine it.
Fven so, the solar system will not fail us for an example. The orbits
of the seven planets lie in the same plane within 9° of arc. The
chance against this taking place withont a physical explanation s
abont 10,000,000 : 1. This was Kant's argument in favour of the
nebular hypothesis.

We can calculate the value of #—on any one of the eurves of which
we have been speaking—to within about four or five per cent., and
within these limits it is the same for all. I leave it to some
mathematician to say what the chances may be of n being the same
within four per cent. in a dozen curves, when, if it were a perfectly
fortuitous mathematical expression, it might be anything between
zero and infinity in any given case; but T have probably said enough
to convince the reader that since » remains so constant it is probably
the expression of some definite physical fact.

It is clear that any theory which applies to the formation of
oxyhaemoglobin must also apply to (10-haemoglobin. Therefore the
equation may be put to the further test of applying it to the parallel
data with regard to the dissociation of carboxyhaemoglobin in the

* (Quoted from the Eartl's Beginning by Sir Robert 8. Ball, 1909, p. 316,
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('0-haemoglobin curves. It is so chosen that the middle point of the
C0 curve (Fig. 35, 4) at 42 mm, CO, pressure coincides on paper with
the middle point for the corresponding curve of ox yhaemoglobin.

I then tested whether curves drawn from Hill's equation

Ka

] + K"
fitted the points, with the result which may be seen in Fig. 35. Not
only do the lines fit the points absolutely in the case of each of the
four curves given, but as in the case of oxyhaemoglobin the lines are
all obtained with the same constant value of m, 2°5, and with a change
merely in the value of K. The 42 mm, CO, curve therefore not only
coincides with the similar curve for oxyhaemoglobin at the point of
50 per cent. saturation, but is the same identical curve with the same
value for #. The identity does not stop here, for the curves for other
(0, pressures are identical in Figs. 34 and 35. In fact Fig. 35 is the
exact counterpart of Fig. 34 but for the trifling difference caused by
the disparity between Douglas’ blood and my own.

The aggregation hypothesis forms a complete explanation of the
facts that are known concerning the reactions :

Hb + 0. = HbO.
and Hb + CO == HbCO.

The more complicated case remains for consideration—that of
the reaction

{100 =

HbO, 4+ CO = HbCO + 0.

There are several remarkable facts about this reaction, any one of
which might prove upsetting to a general theoretical explanation.

(1) The reaction, unlike those which we have discussed, is repre-
zented by a rectangular hyperbola.

(2) This hyperbola, unlike the curves of haemoglobin in the
presence of oxygen, Or of CO separately, is almost unaffected by
acids and by salts,

(3) While the curve of the reaction

HbO, + €O == HbCO + 0,
is a rectangular hyperbola in the presence of an ample supply of
(), and CO, it ceases to be so when there is insufficient CU and (),
present to saturate the Hb, i.e. when there is a considerable quantity
of reduced haemoglobin present. Under these circumstances the
entire form of the curve changes in the way which is shown in
Fig. 360Y,

e e —


















& Thapter VI

Steletal musele. Nevertheless I cannot pass over the bold attempt
made by Chauveau and Kaufmann @, My reasons for drawing atten-
tion to their work on the levator labii superioris and the masseter
muscles of the horse depend less upon the results which they obtained
(some of which do not altogether inspire confidence), than on the grasp
which they had of the problem. Their work was conceived along
physiological lines; their idea was to determine the gaseous exchange
of the muscles with the least possible abnormality in the conditions
of the animal. They took no elaborate precautions against clotting
of the blood : they simply had recourse to the horse as an animal
whose blood did not readily clot. They wanted a considerable
quantity of blood, for their samples for analysis had to be of the
order of 100 c.c. each. They therefore chose a smallish musele and
one belonging to an animal so large that the bleeding entailed was
not felt by the animal. They record their surgical operation as
being so simple that the animal did not cease chewing its oats while
they were at work: thus they reaped the double advantage that the
museles which they were studying had (a) a normal stimulus and
(b) a metabolism which was unhampered by anaesthetics whether in
rest or activity. There is one final point in which one could wish that
other workers had been able to follow Chauveau and Kaufmann—
they made an attempt to measure the degree of activity which was
induced in terms of absolute units of energy. For this purpose they
made measurements both (a) of the work done, by attaching a weight
to the muscle, and also (b) of the heat given out by the muscle during
‘e contractions. Nothing in short could have been more complete
than the scheme of their research. It has been a loss to science that
the actual number of experiments performed was small and that the
complete scheme was not carried throngh in any one experiment.

The following is an example of the figures which they obtained :

Batent of Gaseous Exchange in the Levator Labii Superioris
of the horse in cc. per gram of muscle per minute.

Activity

| 0-0028

o

Oxygen absorbed i OOy given out

Oxygen absorbed

G0, given out

1 00032 | 0-0019 0-054 0-063
9 0-0079 00058 0014 0-018
5 - 00026 0+010 0-018







Exp.
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76 Chapter VI

(1) During the contraction. The adequacy of the oxygen supply
depends upon the rate of blood flow in the muscle and this in turn
depends upon the pressure in the blood vessels.

(2) After the contraction. The response to the call is in every
case at its maximal value after the tetanus passes off, which shows
that the call for oxygen continues for some time after the actual
work is performed which the oxidation is designed to meet.

1 ¥ T 1 T T
1] 0 o L i (=t 00 bl R E L] 00 Rt

Fra. 40.—0xygen used by gastrocnemius muscle, Ordinate=ec.e. per gram, Abscissa=
seconds. The dotted vertieal lines signify points at which the kymograph was stopped.
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=0 Chapter VI

the chemical activity, whether expressed as heat or as the eall for
oxygen, is not merely something which aceompanies the contraction
of the muscle, but the contraction sets going a chain of chemical
events which are necessary for the restitution of the muscle into its
former state ; that the increased functional activity is responsible
for the increased oxidation is certain.

In the light of what has since been published one is inclined to
wish that the actual work done by Verzir on muscles had been of a
more definite character. 1t consisted of lifting a weight and keeping
it (or failing to keep it) at the height to which it had been lifted.
(‘learly this is a very complex process. The first portion of it is readily
to be expressed in grm.-cms,, the second is somewhat illusory and at
once brings us to the brink of controversy. We must avoid the
use of vague terms such as statical work. In some further, as yet
unpublished, experiments Hill has shown that the heat produced by
a sartorius muscle of the frog in maintaining for 1 second a tension
of 1 gram weight in 1 centimetre of muscle length is, including
recovery processes, about 25 x 107 gram-calories. This exceedingly
large number corresponds to the oxidation of 6x 107 grams of
carbohydrate, which would correspond to an amount of O, used,
44 % 10-° ce.  In Verzar's experiment there was 05 e.c. of O, used,
as a result of 25 sec. stimulus, or an average amount of 002 cc.
per sec. In a muscle 5 cm. long Hill's number should give about
92 % 10~* c.c., so that if his result is comparable with Verzar's, the
gastrocnemius used by Verzir would have exerted a tension of
1000 grams weight in an isometric contraction. It is a pity that
Verzar's experiment was not conducted isometrically and the ten-.
sion exerted expressed in absolute units. In all future work on the
subject, isometric contractions, as Hill has repeatedly urged, should
be used. In any case it is very striking that the tension that could
be exerted, according to Hill's figures, is exactly of the right order
of magnitude. The gastrocnemius preparation of the cat, as used by
Verzar, could certainly lift about 1000 grams weight. It would be
of the greatest interest to ascertain exactly the amount of O, used
by a muscle in maintaining a tension, per second, per gram weight
of tension maintained, per centimetre of muscle length. As Hill has
urged, the tension exerted and not the work done is the fundamental
quantity in the muscle: and therefore the O, used in maintaining
unit tension for unit time on a muscle of unit length is the funda-

mental unit of oxidation. : ‘
The Heart. The pioneer work on this subject was carried out by
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Dixon and myself @ : it was a simple investigation into the question
we are discussing, namely whether the oxygen consumption and the
carbonic acid production of the heart varied with the functional
activity. I call it the pioneer work because in the light of the
beautiful researches which have since been performed on the subject
by Rohde™ and his colleagues in ]Iﬂ:iilf}lburg and by Evans ™ at
University College, London, it seems now as | read it over but * poor
stuff”’ ; nevertheless, I remember, we were not a little proud of it at
the time it was done, for to tell the truth it tested our powers to the
uttermost and I can only claim for it what Dr Johnson elaimed for
the preaching of women, “Sir,a woman's preaching is like a dog’s
walking on its hind legs, it is not well done but you are surprised to
find it done at all.” However it did prove the point at issue in a
primitive sort of way. Since many of the methods of altering the
functional activity which we chose have not been tested in the more
finished work of our successors and as the points which we raised
are those which have been elaborated by them, it forms a suitable
introduetion to the later work,

The first point about the work in which it falls short of the ideal is
that it is not strictly quantitative—by which we mean that while the
gas measurements were quantitative there were no other recordsof
the changes in activity than the obvious alterations shown by the
graphic records of the heart’s contraction. There is therefore no
means of judging of the relation between the functional activity of
the heart and the gaseons exchange, other than a comparison of the
figures for the blood gas exchange with the tracing.

This comparison we therefore proceed to give.

(@) The first case is that of cardiac angmentation with adrenalin,

Oxygen used per gram per min.

Period I Before adrenalin 19'010 c.c.

{0000 o, 0,
Y : {0045 e.0,
Period IT  After adrenalin 10045 e.0.
. I II
F1e. 43.—Showing two periods, preceding and succeeding injection of adrenalin,

B. R. F, o
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SO 1
(b) Before and after pilocarpine.
1
1
Gas per gram per min. 1\
o - s et . I_
Oxygen Gy |
e 1" Ti0dl nsed given out i |
I Before pilocarpine 00050 0048 o.0. | I
[1 After pilocarpine 0010 0-003 c.c. |
I 11 1
Fia. 44.—Pilocarpine injected between periods I and II. 1
(e¢) Effect of atropine following on that of pilocarpine.
rriiehi .|-.|I|||| j
W it 1
/ ”jf({/ﬁl 'JI:III'III'III ,II il
HTHL T i
f .
1
1 1T 111 Iv ¥
Fia. 45.—Record of puppy’s heart. Upstroke=systole. Period I is normal. Period II
shows the effect after injecting 5 mgs. of pilocarpine and Period 11T after 20 mgs.
Periods IV and V show the recovery of the heart after two successive doses of
atropine.
Gas per gram per min,
Period Oxygen ao,
I o drog ..cccceeevenmmnmmssmnsnemiomnaee 033 041
1T After 1 c.c. 05 °f, pilocarpine ...... 014 {0a6 i
111 e BT i s pilocarpine ......... 009 =5
IV . 2o 2°, atropine ............ 0L 005 |
N ;i Boo 3%, atroping ............ 021 008 ;
[
[
|
[
.I
|
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() The effect of potassium chloride on a feebly beating heart.

n A A ot ik (1'.{;_5 ]u_-.r_.grl.:.:n per :||:'|E:|.
Pariod fjl:.c:,q{.-n Carbonie acid

1 Before KOl 030 (1

II After o +(JT 48

Later ...... {20 (20

£ Lavtoar ...... 12 (0T

Fra. 46.—Before and after KO,

(¢) The effect of barinm chloride following upon potassium
chloride (the same heart as above).
Oxygen per gram per min.

Fig. 46. Period IT, under inflnenee of KCL...... 012
Fig. 47. Period I, after injection of BaCl, ...... LA

(f) The effect of a further dose of barium chloride which
induces contraction.

Gas per gram per min.

B et pr - 'ﬁ"__'\q\
Oxygen ca,
Pariod I ...... (0 (110
Peried II...... 00 ‘13

I 1T

Fia. 47,—8howing the effect of barinm chloride,

f—2
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(g) Effect of chloroform. i

| 1

'i;‘!*'f'ﬂf'f’h’i‘"‘s‘ﬂm*»fﬁ‘ﬁf”!ﬂ':t"m* Ll

4

b

Fig, 48, —Upper tracing represents record of puppy’s heart. Lower tracing = blood pressure
of the perfusing animal. Feriod I=normal. Period II shows the effect of injecting
o) minims of CHCly water. The gignal mark represents the time during which the
sample of blood was taken.

(ias per min.

Oxygen Carbonic acid
Period I. Before injection of chloroform water ... 30 c.e. 85-8 c.c.
Period 11. After injection of chloroform water ... 0-37 c.e. 18 o.c.

(h) Stimulation of the vagus.

S =
1 11 I11
Frs, 49,—Hecord of the movements of the heart of a small eat perfused from the
sirculation of a large eat. Upstroke=systole. Period I=normal. In Period II
the signal mark represents the time of vagus stimulntion {eoil at 10 cme.). The
third period corresponds to the after effect and in this period the third sample of
blood was taken.
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Gas per gram per min.

{]-.:-;_','g-.'n Carbonic acid
Period I, Beforestimulation ...... 0:014 c.e. 00838 o.0.
II. During S =008 .o, 0-005 c.o.
111, After - cranas 00022 0.0, 0:015 e.c.

[t is sufficiently evident from the examples which we have given
that obvious changes in the activity of the heart run, roughly speaking,
pari passu with changes in the call for oxygen.

There are two remaining points in the research which may here
be considered and which I am inclined to emphasise more strongly
than I did at the time, in view of the fact that they have both since
been confirmed by the work of Evans ™,

I IT

Fia, 50.—Record of puppy’s heart. Period I shows the condition during the incompetence
of the mortic semi-lunar valves (i.e. the isometric condition), Period II shows the
recovery after a tube had been introduced into the left ventriole (i.e. the isotonic
condition),

The first deals with a case in which the change in the activity ot
the heart is not evident. It is distended with blood to such an
extent that it cannot contract. The condition of the heart may be
expressed in more than.one way; in our paper we stated that it was
undergoing isometric contractions: in the licht of the more recent
work of Rohde® and of Hill®, to which we shall shortly refer, we
would say that each beat expended itself simply in a change of
tension and not in a change of form.

The question then that was thus accidentally forced upon us was
whether, in the absence of evident contractions, there was increased
oxidation. The following is our description of this experiment :—
“The cavities on the left side of the heart were much enlarged,
The heart was endeavouring to contract but the resistance to the
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outflow of blood (i.e. the pressure in the aorta) being greater than
the force of contraction, it was performing a series of approximately
isometric movements. At the point where the tracing changes it-:-x
character the resistance to the outflow was abolished by introducing
a tube throngh the wall of the left auricle into the left ventricle
g0 that now the heart could drive its blood up the tube at each
contraction. In the first period the heart bore some resemblance to
an enlarged heart with incompetent semi-lunar valves: this is
characterised by the rapid pulse and the failure to produce effective
contractions. In the isotonic period the rhythm had returned to

-

-

O,% O, cc per g per min

—— ==Hate of Pulse
= o o

b
o

Fia. 61,

+ts normal rate and the contractions were well marked. The oxygen
consumption in the first period was °174 c.c. per minute, in the
second 169. Another point of interest arises in that the slightly
greater oxygen consumption was associated with a reduced blood-
flow. In the isometric period the blood passing through the coronary
system was 1'9 c.c. per minute, in the isotonic it was 26.”

The other point to which we would refer is the apparently much
greater irregularity of the figures for carbonic acid than of those for
oxygen. This irregularity is due to a number of causes, such.for
s hstance as the solubility of the gas in the blood and any change in
the acidity (hydrogen ion concentration) of the heart itself, for it

s
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maximal increase of pressure in the beat and N the frequency,

¢ 1 nstant quantity

= 18 A const i Y

NT > | .

Isometric curves from left ventricle of a surviving cat's heart
during a 2 hours research.

Time in scconds,

A quarter of an hour after commencement of eireulation with Locke's solution,

Half an hour ditto. One hour ditto.

One and a quarter hours ditto. 3 hours ditto.

Commencement of rise in pressure.

Fia. 53,
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(2) In the natural process of death the same change takes place.
(3) In the case of hearts treated with drugs, numerous depressing
drugs—chloral hydrate, atropine, KCN, muscarine and veratrine—also

cause an inerease in the ratio N

On the other hand, strophanthin, adrenalin and—from the
physiologist’s standpoint most important of all—vagus stimulation

The significance of this latter conclusion is very great, from the
point of view of the theory of inhibition, for it has been held by
Gaskell and others that the essential factor in the anabolic process
was a storage of oxygen.

Now when the vagus is stimulated the absolute quantity of
oxygen used goes down, but so does the number of contractions. One

— ] Consumption of Dxygen
S in cmm.

! —':LF’ number of beats

i pe= Maximal pulse pressure

. ! . ' p P

1 | . H

] I i 0

) L]
B b e |
Muscarine little much Adrenalin

Atropip
Fra. 55.

might express the above theory of inhibition as follows. Relatively
to the functional activity of the heart there should be more oxygen
taken up during vagus stimulation than af other times; the experi-
ments of Rohde seem to show that this is not so.

We are tempted to enlarge upon the future that we see before
the type of experiment which we have heen deseribing ; this however
we will leave to Rohde himself and must now pass to another series
of experiments conceived on the same lines. 5

The Kidney. Next to the contractile organs which we have just
studied, probably the best attested case of functional activity going
hand in hand with oxygen consumption is that of the kidney. There is,
so far as I know, no case where the kidney does work in which there
is not also an increased oxygen consumption by the organ. Now it
is necessary here to use the words “does work " in a strictly physical
sense, and not in the loose and general way which lends itself to
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all manner of false deductions. There is only one method by which
a measurement of the work ean be made, viz. by the use of the
second law of thermodynamics and the laws of osmotic pressure.
Whenever a given solution (e.g, the blood), containing any number
of substances dissolved, is separated into two or more separate parts
of different concentrations (e.g. blood and urine), then work is done :
and this work is always positive and can never be negative. [t
always requires the liberation of free energy outside to effect the
separation of a selution into two different solutions.

In order to avoid confusion we must emphasise that actually and
commercially (so to speak), to carry out the separation of the several
bodies, far more work will probably be done than is theoretically
necessary. In the same way the theoretical minimum work in foot-
pounds, which it is necessary to do in order to carry bricks up a hill,
is given by the weight of the bricks in pounds multiplied by their
vertical rise in feet: in practice, however, it will inevitably be the
case that very much more work than this will actually be done in
carting the bricks up the hill, depending on the state of the road, the
wind, the friction of the wheels, and the training of the horse, or the
internal friction of the engine which carries them up. But, in spite
of that, the only general and valuable estimate of the work to be done
is the product

(weight of bricks) x (vertical rise in feet),
for the actual amount of work expended depends entirely on the
method adopted, and the mechanism by which the work is done
and that of course we do not in general know. The secretion of
urine may be regardtd as the separation of one fluid, the blood, into
two fluids of the same total volume, the concentrated blood and the
urine. The acfual energy used in carrying out the process of secret-
ing a given sample of urine we cannot calculate, until we know the
inner mechanism by which secretion is performed. All we can do is
to calculate, from the “molecular concentrations” of the several salts
in the urine and the blood, a certain quantity W, which is the minimum
work which would have to be impressed on the blood in order to
separate it into concentrated blood and urine. W is always positive
for every conceivable change, as will be shown below, and is obtained
on the hypothesis of reversible changes being carried out in concen-
trating the blood by means of semi-permeable membranes: there are
many processes by which the separation can be carried out, but the
second law of thermodynamics asserts that whatever be the Process,
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provided it be reversible, the work done in accomplishing it must
be the same guantity W, while if the process be not reversible the
work done will be greater than W.

Whatever then be the mechanism by which the secretion takes
place, we may assert definitely, and beyond the possibility of error,
that free energy to at least the value W must have been provided,
presumably at the expense of oxidative processes.

How then ean we caleulate W, the least work which must be done
in the secretion of a volume V litres of urine ?

Let the blood be assumed to contain the several constituents
A,, A, ... A, at molecular concentrations® ¢, ¢, ... ¢;, and the urine
secreted from this blood to contain the same bodies in concentrations
e, ¢, ... ¢, Then the minimum work which it is necessary to do to
separate this urine from the blood is

W=VRT[cl’logf;—1-—~{::1’--3,}+c;]ugi_—”—[c;-c.,}+..],

where R is the gas constant (approximately two calories) and 7" the
absolute temperature.

"

Now each of the terms ¢ 1og%~—(c’~s}, which may be written

o
¢ [!ug%— (1 —EH, can be shown mathematically to be positive

for all values of ¢ and ¢. Hence whatever type of urine has been
secreted W is the sum of a series of positive terms, and is therefore
positive. Every constituent A, therefore, whose concentration is
greater or less in the urine than in the blood, has added its quota
to the total minimum work it is necessary to do to secrete that
urine.

It has been assumed that the minimum work which is necessary
to separate a given urine can be calculated merely from the freezing
points of urine and blood. This is absolutely fallacious. These lower-
ings of freezing points give no clue as to the value of the expression
for W given above: they merely tell us the value of the two ex-
pressions

(o e T
and & e+ e
and therefore of the part of the expression for W given by

(e =)+ (e —e)+ -0

* (oncentrations reckoned in gr. mols. per litre.
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It must however be remembered that these results were obtained
by methods which are now quite out of date; moreover the presence
of CHCI, in the blood may have caused some inaccuracy unsuspected
at the time.

The more recent developments of the discussion of the relation
of activity to oxygen used, as in the case of striped muscle, have

l

?.--:l.”u; 350 400 450 500 B0 800

Fia. 57. —Ordinate = volume of oxygen used in ¢.c. per minute, Abseissa=time in seconds.
Upper signal =duration of flow of saliva. Lower signal = duration of chorda stimnla-
tion. I, short stimulation, IT, long stimulation. ITI, fatipued gland.

gone to show that the oxygen is not used entirely at the time of the
secretion, but that it continues to be used for some little time after-
wards. This is not only so in the case of stimulation of the chorda
tympani, but it is also the case when saliva is elicited by the injection
of adrenalin. The experiments have been done on the cat.

Fig. 57 I, IT and 111 shows the relation in time between the low

T—2
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of saliva and the call for oxygen which is initiated by stimulation
of the chorda tympani. |

No. I (Fig. 57) gives the rate of oxygen consumption which follows a
short stimulus, 20 seconds, while No. 11 shows the consumption follow-
ing a stimulus of ten times the duration. Not only does the oxygen
consumption long outlast the stimulus in each case, but it does 5o
for a much longer time in the case of the longer stimulus. This is

Fio. 58.—a, b, ¢, oxygen used in active as compared with resting glands in individual
exps. d, line represents mean rate of salivary gecretion in c.e. per minute in the
three Exps. S—S=base line for saliva. Black area=oxygen nsed by the active as
compared with the resting gland. 0O—0O=oxygen baza line.

probably a fatigue effect to some extent, for in No. I11, in which the
animal was in bad condition as a result of surgical shock, the call for
oxygen only manifests itself very slowly and has scarcely passed its
maximum at the right of the figzure, that is to say almost six minutes
after the stimulus has ceased.

Nor is it only as the result of chorda tympani stimulation that
we have this prolonged call. In the cat it follows upon stimulation
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With the blood-gas pump :

Oxygen absorbed per min.

Reaﬁfing PANCTEAE Aptive punnguu.s
40 .0, 58 e,
o 31 c.0.

The Liver. Lastly we come to an organ which is perhaps more
obscure than any of which we have yet treated—the liver. It is
possible to express the mechanical work performed by muscle for it
is doing a definite thing ; it is possible in the case of the kidney to
lay down lines for calculating at least the minimum work done by
that organ ; but who shall express in units what the liver is about.
Its functions are so manifold and in many cases so ill understood, and
the evidence of those functions is so difficult to estimate even when
they are understood, that at present there seems to be but little hope
of getting any accurate notions of its work. All that we can do is to
attempt to excite it by what we may regard as its normal stimulus,
namely the presence of food in the intestine. It seems at least a fair
assumption that the liver will increase in activity during digestion.

But the estimation of the oxygen used by the liver offers a very
difficult surgical problem ; fortunately it fell into the hands of a
skilful operator in the person of Shore, and it proved possible to
attain reliable results in a very considerable percentage of the
experiments. :

The blood had to be collected from

(1) an artery,

(2) the portal vein,

(3) the hepatic vein,
in such a way that one could obtain one’s samples and measure the
rate of flow in each of the two last vessels, without upsetting the
vaseular conditions of the liver.

This is perhaps scarcely the place to describe the operative pro-
cedure in detail ; in a few words however the blood which runs into
the inferior vena cava from all organs except the liver is conveyed in
a hirudinised animal round to the superior vena cava. The vena cava
inferior is then tied above the renal veins and a canmula inserted
just above the ligature. By pinching the vena cava in the region of
the diaphragm, the blood from the liver may be collected by the
cannula.  For the collection of the portal blood a cannula is intro-
duced into the splenic vein. Into this cannula the blood may be

e e N
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We need not however stop at this point. Nothing could be more
unsatisfying than to prove that such a diuresis was due to mechanical
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Fi. 60, —Line=oxygen consumption, Black area=uringe excreted.
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Fia. 61.—Line=oxygen consumption, Black areq = urine excreted.

causes without making any effort to see what the mechanical causes

at work might be.
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Is this or is it not due to increased activity on the part of cells of
the kidney ?*

The record of such an experiment is given in Fig. 62. The animal
which was the subject of the experiment was secreting 0705 c.c. of
urine per minute, its blood pressure was 95 mm. of mercury ; 22 cubic
centimetres of blood were taken out and 25 c.c. of Ringer's solution
were injected : the secretion at once rose to 0'4 c.c. per minute (see the
notch on the record of the diuresis at 12.23), the arterial pressure being
then but 52 mm. The susgpension of corpusecles (25 c.c.) was put into
the jugular vein, the arterial pressure at once rose to 84 mm., and the
diuresis reached the very large figure (for a rabbit) of 2:35 c.c. per
minute. The rate of flow of blood through the kidneys was slightly
slower in the diuretic period than before it, being 1 c.c. in 43 seconds
as opposed to 1 c.c. in 29 secs. The urine attained a value of 0°95°/,
of chlorides during the diuresis, and the oxygen taken in presented
scarcely any variation.

Duri
Before diuresis ,_Ij E_\ After
Oxygen taken in per gram of kidney per minute 0104 e.c. 0-108 0105  0-09

Similar results were obtained in a second experiment of the same
nature (Fig. 63). In it the oxygen taken in before the diuresis was
0-11 c.c. per gram per minute, during the flow 0°10.

At this point something may be said about the theory of caffeine
diuresis. Up to the present time two theories have been put forward
to explain it, (1) that the caffeine acts as a specific stimulant to the
kidney cells and (2) that it acts by causing vaso-dilatation, accom-
panied to some extent by a paralysis of the hypothetical reabsorptive
mechanism of the tubules.

The idea that mere dilution of the protein constituents of the
plasma could cause a copious diuresis without any activity on the
part of the cells of the kidney was to us =0 interesting that we felt
bound to pursue it further. There seemed to be two possible ways
of explaining it. The first of these was that owing to the decreased
viscosity of the blood the pressure in the capillaries was greater than
formerly, the arterioles not damping the pressure to their normal
extent, and secondly, an explanation might be found by expanding
a conception put forward some years ago by Starling®. To explain
the fact that the flow of urine normally stops when the arterial
pressure is abnormally reduced, Starling pointed out that the proteins

# The main points in the following discussion on the kidney have been confirmed
by the independent work of Prof. Tangl of Buda-Pest.
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The oxygen used was the same in each of the three cases; there-
fore any difference in the quantity of urine was not due to a different
degree of activity in the kiduney. Yet in the second case there was

almost no diuresis whilst in the first and third there was copious |
diuresis,
’ . i . s i
(2) In control experiments starch in place of gelatine was added 1
- - - I
to the Ringer's solution. The addition of soluble starch produces no |
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Fio. 66.—Urine = black area. Blood pressure = broken line. The black line just below
the blood pressure shows the oxygen consumption by the kidney. Abscissae=time in

honurs.

increase in the osmotic pressure of Ringer's solution but the flnid
has twice the viscosity of blood : yet when injections of Ringers
solution with and without starch were made alternately the diuresis
was almost the same in every case.

(3) A 5 per cent. solution of gum acacia has almost no greater
viseosity than has the saline solution, but on the other hand it has a
considerable osmotic pressure though not quite equal to that of t.-hu
plasma of the gelatine. The result was the same as that of injection
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of the gelatine though corresponding to the slightly lower osmotic
pressure ; there was just a little greater diuresis than in the case of
the starch, though still the diuresis was but small as compared with
that of the Ringer’s solution which contained no gum acacia.
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Fi6. 67.—Urine and blood-pressure plotted Fia. 68.—rine, blood-pressure and
a2 in Fig, 66, blood-flow through the kidney

Plotted as in Fig. 6,
The following are the data of the osmotic pressure

Lamotic pressnra

Solution Temp. of colloid
b %f; gelatine in normal saline are o, 28 mm. Hg
4 %/, gum acacis in normal saline a7= 0, 12 mm, Hg
3 °f, soluble starch in normal saline a7° . 2 mm. Hg

These figures for gelatine and for gum acacia are considerably
lower than the figures given by Moore and Roaf. This is to be
explained in part by the fact that they were dissolved in Ringer's
solution instead of distilled water and thus the “solution agererates”
of the colloids were altered :

B. E. F.
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The comparative viscosity of the solutions used was determined by
measuring the time of flow of a given quantity through a tube of small
bore. The apparatus used was kindly lent by Mr W. B. Hardy. It con-
sisted of a capillary tube and arrangements for causing flow at constant
temperature and under constant pressure. At a temperature of 37" C.
and pressure of 37 mm. of water, the results were as follow :

Comparative viscosity from average time of flow.

Distilled water = 1 min. 5 #ee.
Gum acacia (5 °/,) in salina .. 2 ., 224

Defibrinated blood ... 5 ,
(Felatine (5 °fg) in saline ... & .,
Boluble starch (8 9/.) in saline ... e CALDE A R

It is clear therefore that the efficiency of starch, gum acacia
and gelatine in counteracting the effect of the Ringer's solution is
in proportion to their osmotic pressures and not in proportion to
their viscosities. Nor can this effect be attributed to changes in the
rate of flow of blood through the kidney, to the general arterial
pressure or to the activity of the cells.

But if further proof of the mechanical nature of Ringer diuresis
be needed it may be found in the fact that these characteristic
actions of gelatine and starch can only be obtained on those forms of
diuresis which are unaccompanied by a call for oxygen. Salt solution
seems frequently to act in just the same way; in such cases what we
have just said about Ringer's solution might with equal truth have

' been said of a solution of sodium chloride. Sometimes however

sodium chloride may cause a secretion by the tubules as well as
its mechanical diuresis. :

We have already shown that diuresis obtained by sodium sulphate
is not of this character. There is increased work done by the kidney
as evidenced both by the call for oxygen and by the tact that the urine
is, or may be, almost a pure solution of sodium sulphate.

The presence of gelatine in the sodium sulphate solution injected
does not counteract the action of the sodium sulphate or at least it
does so only to a trifling extent, for although sodium sulphate has a
specific secretory action it must of course have a salt action as well.

The information which has been recounted in the preceding pages
appeared to be in conflict with a statement which is often put
forward as being one of the fundamental facts with regard to urinary
secretion, namely that a kidney, the artery of which has been clamped,
does not secrete urine for a long time. Winfield and I determined
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The statement then that the kidney does not secrete after being
clamped is subject to certain limitations. If the word “secrete”
is used in the specialised sense it is true, but it can excrete if the
mechanical conditions are so altered as to promote increased
filtration.

Another problem very similar to that which we have just studied,
in which the “call for oxygen” has been used as a test of the
activity of the cells, is furnished by the work of Brodie and Vogt.
The question was, Does the passage of water through the cells of the
intestine involve the activity of the intestinal epithelium ?

First let me consider cases in which the fluid is passing from the
lumen of the intestine to the blood, i.e. cases of absorption from the
intestine,

When physiological saline is placed in the intestine and thence
finds its way into the blood, work is not necessarily performed in
order to satisfy the energy conditions of the system. In practice
of course there is likely to be some, just as some expenditure of
energy is necessary to drive even the most facile bicyele along the
most level and perfect track. The absorption of distilled water is
still more interesting for then work might actually be done on the
system. There is therefore no @ priort reason for supposing that
the absorption of these fluids from the intestine either is or is not
a process involving the activity of the cells.

The simple way of putting the matter to the test was to deter-
mine the effect on the oxygen used up by the intestine. In practice
the experiment is far from simple, but in the hands of a physiologist
who probably has no superior alive at the present time in the type of
manipulative procedure involved, the experiments were satisfactorily
carried out. The result was an increase in the oxygen consumption,
which clearly showed that the absorption of water was an active
process. The following are the data of a couple of experiments from
Brodie and Vogt's paper.

1. Absorption of Physiological Saline.
11.25. Operation completed.
11.45. B.Fl.—46'875 c.c. per min.=0433 e.c. per grm. per min, B.P.=95.
11.49. Blood eamples taken, Stage I.
11.55. Injection of 100 ¢.c. of warm sodium chloride solution, 093 °f..
11.58. Rate of absorption 04 c.c. per min.
12.04. 4 0 140 g.e. per min,
12.06. B.Fl.=4B'875 c.c. per min, =0-488 c.c. per grm, per min. B.P.=130.
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CHAPTER VIII

THE METABOLISM OF THE BLOOD ITSELF

ONE of the subtler problems in physiology, and one which has
made a considerable appeal to some minds, is that of the extent to
which the blood itself can be regarded as a living organ of the body.
In some works blood is described as one of the * connective tissues,”
the essential difference between it and for instance cartilage being
that the matrix is fluid instead of solid. This question brings us back
to a statement of what we regard as the essential criteria of life.
Without indulging in any general statement on the subject it is fairly
obvious that any tissue which we regard as alive must have a meta-
bolism of its own, and for that reason various workers have from time
to time tried to estimate the amount of oxygen used up by blood
per minute and the amount of carbonic acid given off by it. If such
a metabolism were proved to exist, it would be natural to discuss
the extent to which the plasma, the red corpuscles and the white
corpuscles respectively participated in it.

The early work on this subject was of course wholly vitiated by
ignorance of the growth of microorganisms, the so-called metabolism
of the blood being simply evidence of bacterial action.

Within the last few years, the problem has been taken up afresh
by two workers, Warburg ™ and Morawitz®, both at that time working
at Heidelberg, though in different laboratories. As will be seen they
worked from different points of view.

Before describing their work in greater detail there is one point
which should be made clear. The oxidative processes in the blood, in
so far as they exist, are of two quite different natures which must
not be confused. In the first place there may be substances which
are readily oxidisable, which have found their way into the blood
in [small quantities from the tissues and which take up a certain
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These observations were so controlled as to make it clear that the
effects were not in any way due to leucocytes.

The reaction just described between oxygen and the nucleated
corpuscles of the goose has been used by Warburg as a typical re-
action by which to test the action of narcotics upon living matter.
Having determined the rate at which reduction takes plage in
the manner we have described he went on to determine the rate
at which it is inhibited by various substances. The results of a
single set of determinations will show the general plan of the
research.

Suppose the problem be to determine the effects of various
strengths of potassium cyanide upon living matter; the corpuscles
were suspended in ‘9 °/, NaCl solution containing the required
strength of potassium cyanide and incubated for 5 hours (in the
case of other organic substances usually 2 hours). The degree of
reduction which was found would then be expressed as a percentage
of what it would have been had the potassium cyanide not been
present. .

The following figure will show the elegance of the results which
may be obtained by this method.

In contradistinetion to the small amount of metabolism which
normal blood exhibits, a most interesting fact was discovered by
Morawitz®, namely that the blood of anaemic animals had a very
considerable metabolism.

The technique is simple. Healthy rabbits were given daily in-
jections of phenylhydrazine hydrochloride until they became anaemic.
When the haemoglobin content had reached about 20 °/, of its normal
value, the blood was withdrawn from the carotid or other artery as
the result of an aseptic operation, defibrinated by shaking with glass
beads and thoroughly shaken with oxygen. One portion of the
blood was analysed at once in the Bareroft-Haldane apparatus, the
remainder, about 3 c.c., was placed in a glass bottle from which
air was excluded, and kept in a water-bath at known temperature
and for a known time. The oxygen present was then analysed. An
example will perhaps make the method most clear.

Rabbit No. 3. Made anaemic by injections of phenylhydrazine
between 10 May and 4 June. Haemoglobin value sank to 18°/..

Bled and killed on June 4. Maximal oxygen capacity of 1c.c. of
blood 00043 c.e. After two hours at room temperature—oxygen in
blood nil.







124 Chapter VIII

Rabbit, Male, 2000 grams.

e | Maxim. O; per cent. i
Date o Haldsnes | Estimated| i
after | corpuseles z:rﬂ-.?uwtf' haemoglobin: from U koms uugf up | Bleeding
Mesding omater haemoglo- | Observed
{dn¥a) Millions per cent. binometer per cent. | per cent. oG
I reading |
1 | 521 | 6500 82 i Rl W
3 479 8250 T4 187 g iﬁfﬁi 186 | 20
5 445 1850 B8 1246 09 %g‘-n]ii 211 | 80
7 | 406 | 5000 62 125 | 128 | 27 e00 | 85
9 320 | 6500 54 100 } 0h E',g! w0 | —
| |

= — - - —

The second experiment we quote shows the effect of a single
violent haemorrhage after which observations were made from day to
day. On the first and third days of the experiment 600 and 400 c.c.
of blood were removed from a dog of 20 kilos, which may therefore
be supposed to have started with less than a kilo of blood. From
the last column but one it will be seen that the intensity of the
oxidation in the blood and therewith the rate of regeneration of
red blood corpuscles reached its maximum about the eighth day
and then gradually diminished.

Dog, 20 kilos.
Red Hb by Maxim. 0y per cent. 0y
il P Hald after i)
hll?.:s;? BOTPUSELER z:ﬁci-?n‘l’f hwi?mngﬁm- L - __| 5hours | used'up | BreotinE
e Millions purun:. Estimated | Ohserved | per cent. | par cent. g
1 6095 | 14000 110 9044 {‘gﬂ; }g:g:- 170 | 600
3 503 | 10000 78 144 ﬁﬂ ﬂﬁ} 2.8 | 400
. : 128 | 47| : ik
5 485 | 20000 68 12:6 {m,ﬁ o | 627
" " I
8 418 | 19500 66 12:2 Hg‘; i,g-j exs | —
12 £42 | 17500 6 141 {ﬂg }g:“:. 260 | —
: {149 | 12:2) : -
15 596 | 14000 80 I 148 | 1138 | T2 28

In the third experiment given here he again controls the question
of whether the increased oxidation in the blood can be attributed
to the nucleated elements. For this purpose he divides the blood
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of the tumours. The interpretation of this would have been—the
bigger the tumour the more acid the blood. My suspicion was
aroused by the great degree of reduction which some of the blood
underwent. This caused me to do control experiments in which I
treated some of the same blood with air instead of 17 mm. of oxygen ;
these control experiments led us to suspect that the blood reduced
itself.

A second series of experiments were undertaken for the object
of testing this point. The technique was simple. The rats were
killed by cutting the throat. The blood was whipped with feathers,
thoroughly saturated with air and placed in a 1 c.c. glass syringe.
(lare was taken to prevent air entering the syringe which was placed
in an incubator at 37°C. for § hour. The blood was then expelled
into the bottle of a differential apparatus under ammonia. The
percentage saturation was measured in the usual way, and as a known
quantity of blood was used the total oxygen capacity was also
obtained.

Many of the samples showed a great degree of reduction. In
the series there were two classes of animals, those with tumours of
5 grams and under and those with tumours of 13 grams and over.
The blood which reduced itself to a great degree during the
45 minutes incubation came in each case from the rats with large
tumours, but the degree of reduction followed the total oxygen
capacity of the blood more closely than the weight of the tumour.
Roughly speaking the more anaemic the rat the greater was the
amount of reduction in the blood. The following table gives the data.

Control
Number of 1at ..o n |mial72a) 78 |14 T | Taa| 15 | peep’s blood
Weight of tumour (grams) 1 |0+ | 23 | 13 | 34 1 b | 14 -
Percentage saturation of
blood after § hoor inml-} 85 | 89 | 49 0| 64 | B4 | B8O | 66 98
bation ..cociinererenarnenens

aﬁ‘ “ifl'n‘j'ﬂ'_,.ﬂﬂ’“f e.c. "'{ 14 | -111 | 070 | 044 | -088 | 184 | -182 | -089 2
E‘;E‘ Gower-Haldane hae- 7 | 60 | 38 | 24 a7 | 8 | ™| %8 e
T

moglobinometer ...

Fig. 70 represents these data in the order of the }maemuglul%in
value showing how close is the correspondence hat'.feeu the degree
of anaemia and the power of the blood to eat up its own oxygen.
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been made since the experiments of Morawitz and Masing which we
are abont to deseribe. Douglas® in Teneriffe obtained the following
data upon my own blood.

l Oxyvgen capaoity Total oxygen :
Date Hb %, in o, o, par ce. capReity ui‘rhlund h(’mm’; o Volome
of blood in body aemoglobin | of blood
s s a o
Cambridge.

Feb. & 1Mk 1856 1017 140 5500
el 100 <185 1053 146 AT00
m 100 185 1025 142 5650

Mean for...... 100 | ‘185 1082 148 AbRE
Orotava (sea level).
March 21 103 161 95 144 5220
ol ool 104 194 — —_— l —
o5 | 1185 210 1000 157 4770
Claiiadas (7000 feet).
March 29 108 200 | - —= | —

April 2 108 20H) 450 142 | 4750

sl g 4, i 1075 i |l e
11 111 206 G40 145 i 4580

The last two columns indicate that in my own case there was no
inerease in the amount of haemoglobin, but from some cause or other
a concentration of the blood. ) :

To return however to Morawitz and Masing, they showed that an
appreciable rise took place in the metabolism of the blood itself, as
the result of bleeding to the extent of 400c.c. To put this in another
way, if the body is called upon suddenly to make haemoglobin to the
extent of 8°/, of the haemoglobin in the body, the formation of young
corpuscles with high metabolism will be sufficient to be appreciated
by their desire for oxygen. The experimental procedure was to
shake the sterile blood, incubate it for 5 hours, at the end of which
time the oxygen in the blood was measured by a gas analysis apparatus.
Normal blood would have lost less than *01 c.c. of oxygen per c.c. of
blood, while that from the patient after bleeding would have lost more
than ‘01 c.c. of oxygen.

If then there were at high altitudes a formation of new blood,
erythrocytes corresponding in guantity to those in 400 c.c. of normal
blood, the blood would acquire the power of a considerable degree of
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conclusion as Morawitz, namely that in spite of all that has been said
and written on the subject they could detect no considerable increase in
the number of corpuscles or the amount of haemoglobin in the blood.

At the time we were at Col d’Olen, Haldane and his collaborators
Douglas, Yendell Henderson and Schneider ™, were investigating the
same problem on Pikes Peak (14,000 feet high). They went into the
matter with great care ; estimating (1) the number of corpuseles by
two different types of haematocytometer, Biirker's and Thoma-Zeiss' ;
(2) the oxygen capacity of 1cc. of blood by a haemoglobinometer
and by direct determinations with ferricyanide ; (3) the total blood

[

Fro, 71.—Pikes Peak observatory, Colorado, altitude 14,000 feet (Haldane,
Donglas, Henderson and Schneider].
volume and total oxygen capacity of the body by the CO method
already described. The following charts show clearly that the results
which they obtained for the various members of the party were VEry
uniform. ‘
In each case there was a gradual rise in the total oxygen capacity
which reached its maximal value, only after some time, about three
weeks after the ascent. This perhaps is the essential ]}L:in.t, for it
proves quite clearly that the body reacts to the altitude either by
of haemoglobin or by retaining what

producing increased quantities ! T :
This at least is a positive reaction.

would otherwise be broken.












CHAPTER IX

THE REGULATION OF THE SUPPLY OF OXYGEN
TO THE TISSUES

From the consideration of the call of the tissnes for oxygen, I pass
to the mechanism by which that call is met. The information about
the passage of oxygen from the blood to the organs may be considered
under two main headings: firstly the provision for bringing to the
organ the quantity of oxygen which is required, and secondly the
physical process by which the oxygen is transferred from the capillary
blood vessel to the cell. In the case of most organs of the body the
sole channel by which the organ receives its oxygen is its nutrient
artery. One organ, the liver, has two channels of supply; it is by
no means obvious whether the portal vein or the hepatic artery
provides the essential oxygen supply. I shall clear the ground by
first considering this question of the liver, then I shall pass to the
functional fluctuations in the oxygen supply of organs generally and
the mechanism by which these fluctuations are brought about.

Cloncerning the liver, then, let me quote two text-books of physio-
logy currently read by students: (1) “The liver has a double blood
supply: the portal vein which supplies a rich capillary anastomosis
round every liver cell and carries venous blood from the alimentary
canal, and the hepatic artery, which carries oxygenated arterial blood
and supplies chiefly the connective tissue surrounding the bile ducts
and blood vessels in the division between the lobules, known as
Glisson’s capsule.” (2) “The hepatic artery, the chief function of
which is to distribute blood for the nutrition of (lisson's capsule, the
walls of the ducts and blood vessels, and other parts of the liver.”
No one reading these statements would have been surprised had
a quantitative investigation of the oxygen supply of the liver shown
that the hepatic artery brought but a trifling quantity of blood to
the liver and found oxygen merely for the accessory structures. Yet
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fvadic current is used, the issue is complicated by the fact that
the blood is almost entirely cut off from the oland at times, but with
stimnulation by means ot adrenalin all is in our favour; we get a good
flow of saliva, a good dilatation, and the effect of the primary con
striction, as far as rate of blood-flow is concerned, is largely counter
halanced by the increased arterial pressure. The experiments were
performed on cats. A eraduated tube was fixed into Wharton's duct;
an observer registered the rate of flow of saliva on the kymograph
with a signal 'ru;:l tapping key. The blood from the gland was collected

Fia. 77.—d and B form continnous portions of a gingle tracing. From above downwards
|:]} arterial pressure, (2) time of injeetion of adrenalin, [3) each mark of the :q'!g;ll!'l.l Bl
nifics the flow of 0-01 e.c. of saliva, (4) blood signal marks correspond to 0-1 o.c.

in a cylindrical 1 c.c. pipette placed horizontally, the pipette was
eraduated in tenths of a eubie centimetre and the moment at which
the blood meniscus passed each graduation was also recorded. The
zeneral arterial pressure was registered from the femoral artery.
Samples of arterial blood for comparison with the blood from the
gland were obtained from the other femoral artery. The figure given
below shows the general time relations of the experiment, while we
have seen in Chapter VI that there is a great increase in the
metabolism of the gland as shown by the oxygen used up.
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Oat killed with ehloroform about 11 a.m. perfused with warm Ringer's fluid.

11.48 80, 30, 30 drops per half minnte.
11,50 Inject 1 e.c. pilocarpine.

11.58 14, 44, 456. Saliva.

12,22 47, 87. Salive stops.

12.25 BH ‘1
12.81 a6
12.54 36 - MNo saliva.
12,45 a6 I
12,49 36 J
12, 5f
12,51

The same gland next day :
10,149 20, 18, 18, 16, 17. Inject adrenalin. 4, 3, 3, 4, 3, 8.

Inject 1 e.c. adranalin.
A0 9, 10, 10, 10. No saliva.

1 =l

B

Fin. 78.—Effect of injecting adrenalin on the rate of blood-flow of sulmaxillary gland.
A normal, B after clamping artery for 1 honr and 50 minntes,

We need not, however, have resort to artificial perfusions in order
to find out that adrenalin does not cause dilatation but constriction
when the gland is incapable of secreting. It is only necessary in the
living animal to clamp the submaxillary artery, wash out the gland
with cold saline, and leave it so for a couple of hours; at the end of
this time the circulation of blood is reestablished. On the injection
into the arterial stream, close to the origin of the submaxillary artery,
of 05 e.c. of 555 adrenalin®, we find that constriction only ensues
and that no saliva is secreted ; under normal circumstances saliva

* The advenalin comes out from the gland with the blood whose rate of flow

i5 being measured, and so never reaches the general civeulation.
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heat is due to the liberation of energy caused by the stimulation
of the secretory fibres; the challenge has come to the dilatator fibres.
Are there really such things, or is the dilatation a “functional dila-
tation "¢ This question must arise from general considerations and
from special considerations. Generally there is reason to believe that
a functional dilatation accompanies funectional activity; particularly
the proven functional dilatation of the vessels when adrenalin is
injected raises the question whether the same explanation does not
fully account for the chorda dilatation.

I say “fully ” becaunse 1 think it will scarcely be challenged that,
even if there were no vaso-dilatator fibres in the chorda tympani,
there would be some degree of dilatation of a functional nature when
it is stimulated. The question then really is this: Is the dilatation
due to stimulation of the chorda tympani the result of two mechanisms
or of one? If the dilatator fibre in the chorda is put on its trial, can
it prove its title ?

Were I to act as its counsel and attempt this proof I would be
well advised to seek for some instances of dilatation, produced by
chorda tympani stimulation, which do not appear to involve the
functional activity of the gland. Two such may be cited.

(1) The most obvious case for consideration is that of the atropin-
ised gland. The experiment is one of the best attested in physiology,
namely, that if atropin is administered intravenously in certain doses
saliva will not flow on stimulation of the chorda tympani, but dilata-
tion takes place. With smaller doses of atropin saliva is obtained ;
with larger ones dilatation is not evoked, but between these extremes
you may get the dilatation without the secretion. If the flow of
saliva is the true index of the functional activity of the gland, the
title is proved. But it is not a foregone conclusion that some sub-
liminal degree of functional activity may not take place unless it
finds its expression in a flow of saliva. Therefore it is necessary
to measure the metabolism of the gland. The results of numerous
experiments of this character are summed up in the table on p. 147.

In every case there is some degree of increased metabolism when
the chorda tympani is stimulated. Certain criticisms of the experi-
ments which we have gquoted may rise in the mind of the reader.
The first is that on comparing atropinised with unatropinised glands
the increased metabolism elicited by the stimulation is considerably
less in the former than in the latter. That is true, but it is alzo true
that the dilatation is not maintained in the atropinised glands in the
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there is increased chemical action taking place in the gland. My
experience has been that in those cases in which I have been able
to obtain the reflex there has been increased oxidation, whilst in
the cases in which I have obtained no increased blood flow the
oxidation has remained normal. But the experiments which I per-
formed were few,

The answer then to the question, “ Is it possible to demonstrate
that the vaso-dilatation which follows upon stimulation of the
chorda tympani involves a definite neuro-muscular vaso-dilatator
mechanism?” is “It is not possible on the evidence at hand either
to prove it or disprove it.”" The functional dilatation involved may
be held to account for all known cases of dilatation in the sub-
maxillary, but it is not proved to do so. The dilatation which takes
place on stimulation of the atropinised gland is of relatively short
duration, It is not impossible that under normal circumstances
dilatation may be instituted by dilator fibres and maintained by
metabolic products.

The pancreas. The transition from the submaxillary gland to
the pancreas is a natural one. Adrenalin does not canse any flow
of juice however from the pancreas; we must therefore give the
appropriate stimulus, namely secretin, The effect of secretin on the
vessels of the pancreas formed the subject of a research by Otto
May %, who showed by plethysmographic tracings that there was an
snerease in the volume of the pancreas when it was secreting and
also that there was an increase in the “ pulse volume ” on the tracing.
May attributes the dilatation to metabolic products acting on the
vessels, and it is certain that there is ample evidence of increased
chemical activity taking place in the pancreas iteelf inasmuch as
the amount of oxygen which the pancreas uses is increased about
four-fold when secretin is eliciting a flow of juice. The proof in the
case of the pancreas is however less satisfactory than in the case of
adrenalin in the submaxillary gland, because solutions of secretin
usually, and in the case of May’s experiments admittedly, contained
depressor substance. The “ depressor” substance is depressor in
virtue of the fact that it dilates the vessels all over the body.

Therefore the question really is this: Does the solution con-
taining secretin and depressor substance produce a greater degree
of dilatation in the pancreas than the same solution would do if the
secretin were absent? The answer to this question is given by May
in the following words: “...there was an expansion of the small
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The activity of the heart was altered very much in degree in
different ur:-:]w;'imuulﬁ, and in various ways, by the ;lﬂll]illiﬁﬂ':ﬂ.'-llﬂl
of adrenalin, pilocarpine, atropine, chloroform, vagus stimulation,
ete. : one general fact which emerged from the experiments was the
close relationship between the output of carbonic acid and the rate
of flow of blood. This is shown for the series of experiments m
Fig. 81. The correspondence between the two is extraordinarily
complete. It is incredible that such a coincidence should happen
merely by chance, but whilst it must be admitted, I think, that the

o L

b 11,0 A

Fio. 82.—Upper tracing represents vecord of puppy's heart, Lower tracing = blood
pressure of the perfusing animal. Period I=normal. Period IT shows the effect of
mjecting 1'2 e.e, of CHCly water, The signal mark represents the time during which
the sample of blood was taken.

blood flow and the CO, output are in some way related, an analysis of

this relationship is necessary before the assertion that the change in

the eross-section of the coronary vessels was caused by the changes
in the metabolie activity of the perfused heart is warranted.

The other possibilities are as follows :

Drugs which tend to increase the activity of the perfused heart,
adrenalin for instance, would also tend to increase the activity of
the perfusing heart: this would tend to raise the general arterial
pressure in the perfusing animal and so alter the blood flow through
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| Bate of flow through

Pari il Condition of Oxygen conanmed CO, given out
BT |

haark nc:rr;m;:_\-r 1']::::3“‘ per gram per min, | per gram per min.
o0, pe I
il normal 67 'E_H": 'UI‘]E;I
i | YRGS 4G (MY MG

111 after vagus 60 N2 015

Another possible cause of the changes in the rate of flow through
the coronary system is the rhythmie contraction of the ecardiac
musecles, which may be held to promote a more rapid flow of blood
along the coronary system.

I i IIT

F1o. 88.—HRecord of the movements of the heart of o small cat parfoged from the cireulation
of & large cat. Upstroke=egystole. Period I=normal. In period IT the signal mark
represents the time of vagus stimulation, The third period eorresponds to the after
effect and in this period the third sample of blood was taken.

At first sight it seemed difficult to analyse the complex of
processes into the elements necessary for a decision whether the
variations in the activity of the heart produce their effect omn the
blood flow by the mechanical method of squeezing the blood inter-
mittently along the vessels, or by the chemieal method for producing
dilator substances. Fortunately nature has performed the analysis
for us. The output of C,, as I have already indicated in Chapter VI,
lags to some extent behind the actual variations of the frequency and
power of the contractions. The time relations of the activity and the
CO, output are shown in Fig. 84, also those of the changes in blood
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From this experiment which we have repeated on several occa-
sions it would appear that CO, is not the only, nor is it the most
powerful dilating metabolite. _

Before leaving the subject of the auntomatic supply of blood to
the tissues there is one aspect of it which must not be overlooked.
The metabolic products continue to exercise their influence for some
little time, amounting perhaps to minutes, after the funectional
activity of the organ has passed off. Whether we call this a happy
accident or a beauntiful mechanism it matters not, so long as we
anderstand the true inwardness of the facts which we ave Htilil}'i] 12,
For the demand of the organ for oxygen is essentially something

& Blood Flow
— in cc permin

- -0y cc per g per min

- = ——Hata of Pulse

o

[
(=}

o]
(2]

O Lyad hinh gD

o

Fio. 84.—Rates of pulse and 00, exeretion and blood flow from the coronary system.

which follows upon the activity of the organ, not something which
eauses the activity nor yet something which absolutely synchronises
with it. The time relations of the activity of an organ and the
oxygren used up in it make a story which I have already told. So
far as can be gleaned from muscle and from the submaxillary gland,
organs which by means of nervons stimuli can be thrown instan-
taneously into violent activity, activity which can be suspended
almost as rapidly by a cessation of the stimuli, it would appear
that contraction of the muscle or the secretion in the gland is not
itself a manifestation of oxidation in the sense that the work of an
internal combustion engine is a direct manifestation of the oxidative
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percentage =aturation iz arvived at. We ecan, then, determine the
percentage saturation of the arterial and venons bloods and, by
laying them off on the dissociation curve, we can determine the
pressure of oxygen in the artery and the vein, and in that way at least
ascertain within limits the pressure in the capillary at a given time.
We need scarcely interrupt the course of our discussion to point out
to the reader the extreme fallibility of the methods in which we are
engaged. We are in the position of one navigating a difficult channel
in foggy weather. Nevertheless, it may be that the points which we
have to observe are sufficiently obvious to stand out even in the fog,
that in short there are fixed laws determining the pressure in the
tissues which can be appreciated by methods as fallible as the best at
present. within our reach.

Let us assume then that we can determine @ and p. Can we
now vary one or other of these and see whether the relation holds
== p? By the following means Verzar varied p. The cat which was
anaesthetised with urethane was made to breathe gas from a gaso-
meter by means of water valves attached to the trachea tube. The
gasometer contained air, but as the animal drew upon the supply
of air, the gasometer in turn drew upon the contents of another much
larger gasometer which was filled with nitrogen, this in turn being
displaced by water. Thus the cat was getting gas which constantly
and gradually became less and less rich in oxygen, and in time the
oxygen pressure in its arterial blood began to fall visibly as indicated
by the colour of the blood. When this process had gone far enough,
samples of blood were again taken for analysis.

For the following reasons it will be best to consider the experiments
made on the salivary gland first. They gave very uniform results
which were easy to interpret. They were free from the complica-
tions of alteration in the blood flow since it has been shown by Miiller
and myself® that the amount of oxygen acquired from the blood by
the resting submaxillary is not appreciably affected even by great
changes in the rate of flow. In the third place experiments Gll.t-]l&
submaxillary follow naturally upon the investigations deseribed
above relating to intra-capillary pressure of oxygen in ﬂ}e same
organ, What a satisfactory organ the submaxillary gland is—easy
of access, easy of control, relatively unaffected by the usual
anaesthetics ! . =

The experiments can best be understood by following a single
one in detail. Let it be Experiment L
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We wish to find p’ in the first period, in which p is represented by
C, and g’ by T\,

@@y 1 {jl_?ll:gg-Th

C: = T;g: 16.
025 _Ci=T_ 1o ,
b“t' C. = ﬁl, i T]_ = 43,

On the assumption that T, = 0, T, = 43, the extra-capillary pressure
cannot be less than 43 mm. But also 7T, eannot be more than 43 for
this is the venous pressure, and by a reversal of the above calculation
7', cannot then be more than zero. It appears therefore that within the
limits of experimental error the line 7—7'. does represent the extra-
capillary or tissue oxygen pressure, and that this almost coincides
with the oxygen pressure in the vein, so that the blood has nearly
got into equilibrinm with the tissue before it leaves the gland.

The other two experiments tell the same story. The oxygen
pressure in the tizsue is, within the limits of experimental error, equal
to that in the venous blood. So far from the intra-cellular oxygen
pressure being nil, asit is usually stated to be in elementary books on
physiology, it is rather considerable, over 40 mm. in each of the three
experiments cited.

Herein lies the importance of this fact : if the intra-cellular pres-
sure is 40 mm. with a certain value for ¢, there is room for it to
fall down to zero, in which case the pressure gradient would increase
from 18 mm. to 61 mm., providing for a corresponding increase in the
value of ¢ should the cells demand it,

We have no corresponding data unfortunately with respect to the
active submaxillary gland ; so the submaxillary story must end here.

We pass to skeletal muscle; the experiments are not so uniform,
nevertheless they seem to justify certain positive conclusions. 1 will
take the two extreme (Exps. V and VII in Verzar's paper) cases as
examples becanse they are satisfactory inasmuch as the blood flow
in each remained fairly constant. The first one for consideration is
Exp. V (Fig. 90). In this the values of € and € were 43 and 19 mm.
respectively. Let us endeavour again to ascertain the value of T} by
assuming that 7', is nothing.

Q, =043, @,=016 cc. per min., C;— T.=19 mm.,,
043

. — :1‘. .=|" F
"G‘. 415 ],ixmﬁ 50 mm
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[t is clear then that in this experiment there was a positive
pressure oxygen in the tissues during Period I. 1 picture the course
of the experiment thus : as the value of €' fell along the line C\—0C\,
that of 7' fell along a parallel line T'—7, until it reached zero, after
which the intra-cellular pressure would remain at zero and the
quantity of oxygen diffusing out of the vessels would vary with the
intra-capillary pressure. The other two experiments quoted by
Verzar are intermediate between these two.

It seems to me to be certain (1) that there is a greater difference
between the venous oxygen pressure and the intra-cellular oxygen
pressure in muscle than in the submaxillary, (2) that the blood
therefore does not leave the muscle in equilibrium with the tissue,
(3) that there is at times a definite though small pressure of oxygen
in resting muscles,

Two other organs have been investigated, namely the kidney and
the heart. Of the latter we have nothing certain to say. It proved
impossible with varying capillary pressure to keep the quantity of
oxygen used by the heart constant. In that respect it resembled
musele. On the other hand it also proved impossible to maintain
the beats at a constant rate under conditions of oxygen want. With
regard to the kidney very interesting results were obtained, but they
were also less simple than in the case of musele and the submaxillary
gland. When the capillary pressure of oxygen falls, the amount used
by the kidney (@) rises provided that the amount of oxygen brought
to the kidney is at least sufficient to allow it to rise.

For the moment I will pass over the interest of this as a problem
in metabolism and consider it solely as a problem in physics. It is
clear that whatever be the need of the cell for oxygen there cannot
be less than no oxygen pressure in it. Therefore let us consider the
limiting case where p’ = 0.

Q==(p—p)

At this point @ is observed experimentally to have, and therefore
(p —p') must have, its maximum value. With higher values of the
capillary pressure p, ¢ is observed experimentally to be less, and
therefore ( p — p') must be less. Thus p', the tissue pressure, can no
longer be zero, but must be even nearer to p the average capillary
pressure than it was before. But p’ can in any case not be greater
than the venous pressure of oxygen, for otherwise the blood could
never by diffusion have got reduced to its venous condition. But in
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represents the actual measurement of the tensions of oxygen and
carboniec acid which he obtained, and which are not inconsistent
with the facts as stated above. So far, therefore, as our knowledge
of the difference of pressure necessary to maintain an adequate
current of oxygen through the lung is concerned, we may assume
that the oxygen pressure in the blood cannot exceed about 1 mm.
less than that in the alveolar air for every 100 c.e. of oxygen
absorbed by the organism, but we are at present somewhat in the
dark as to how much it is less than that amount.

The invasion coeflicient applies only to the one portion of the
physical process of the passage of a gas through the lung, namely the
entrance of the oxygen into the moist surface. Bohr® made some
experiments shortly before the close of his life upon the physical
constants involved in the whole process—a subjeet which had pre-
viously been investigated by Hiifner®, and Zuntz and Loewy .
What pressure head is necessary to force the amount of oxygen
which can be taken up by the human lung through the epithelium
in the time? The method of experiment is as follows: Carbon
monoxide is assumed to pass through the lung by diffusion, it is
then taken up by the haemoglobin. The amount that is taken up in
a given time can be measured. Within certain limits the pressure of
(O produced in the blood may be neglected. The amount which
diffuses through will then depend simply upon the external pressure
of C0. Now the pressure of CO in the alveolar air and the volume
of O which passes through the epithelium in a given time are
both measurable and may be related directly to one another. This
relation is called the diffusion coefficient for the lung. When it is
once determined for CO it is assumed to have been determined for
oxygen from the known relation of the diffusion constants of the two
gases in physical experiments outside the body.

According to Bohr the diffusion coefficient for the lungs was of
such an order as to allow of the actnal quantity of oxygen used at rest
to pass through the epithelium at the usual alveolar oxygen pressure,
but if his determination of the diffusion coefficient were correct it
would be impossible for the amount of gas which traverses the epi-
thelium during exercise to pass by diffusion, as also the quantity of
oxygen which goes through at rest, when the person is exposed to
low pressures of oxygen. ‘

To sum up the situation as it was three or four years ago. The
diffusion theory rested upon aerotonometer experiments, which for
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of gas measured to the minimum quantity consistent with the preser-
vation of the measurement being a simple measurement of length.
This of course is accomplished by narrowing the bore of the burette,
and as it appears to be as easy to draw a capillary tube of uniform
bore as a more capacious cylinder, the real limit of the process
is arrived at where serious errors are introduced by unavoidable
inequalities in the surface of the glass. Moreover, gas in capillary
tubes is in many ways easy to manipulate ; if enclosed between two
fluid surfaces there is not the same tendency for the gas to escape.
You can lay the tube down, set it on its end, expel the bubble of
gas, withdraw it, manipulate it in all sorts of simple ways, and still
you have it, and have it under conditions in which it is, so to speak,
all surface.

Whilst in this country Brodie and I were pushing these principles
to what we regarded as considerable lengths for the purpose of
determining the gaseous exchange of the frog’s kidney and found to
our own surprise that we could analyse 1/10 c.c. of gas with sufficient
accuracy, Krogh was working out a technique along the same
general lines, by the side of which ours appears crude to the last
degree. Nothing could be more beautiful or fascinating than his
method of analysing almost microscopic bubbles of gas, that is to say,
bubbles of about 1/100 ¢.e. This technique reformed aerotonometric
methods. A bubble of such small dimensions rapidly attains equi-
librinm with any liquid with which it is in contact. If placed in
a stream of cirenlating blood, it is tossed to and fro, its surface and
that of the blood in contact with it are constantly changing, and the
stream in which it is may be so small that each corpuscle is out of
the animal but a very short time. Therefore there is no opportunity
for self-reduction of the blood, and moreover there is no amount of
haemorrhage which signifies. Krogh's method at once received the
acclamation of physiologists, partly because of its own beauty a:lnrl
partly on account of the consciousness of its limitations which its
inventor betrayed. In a series of papers which are at once a mcz:de]
of certainty of touch and modesty in presentation, he has revised
the whole ﬁe]d of the relation of oxygen pressures in the blood an.d
the alveolar air, in so far as it can be revised by methods of this
kind. :

Krogh investigated the eriticism levelled against aerotonometric
experiments generally, that their results yield too low an oxygen
tension owing to self-reduction of the blood. He found that self-
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pressure in the blood really is—after all, our theory must extend to
these facts. Beautiful, therefore, as Krogh's work is, its application
to man is beset with many difficulties.

Whilst Krogh emerged complete master of the field which he had
so successfully circumvented, his victory was to some extent a
Pyrrhic one.  For whilst he had been laying his plans the enemy had
left the position which he was about to capture and they had retired
to another, which they disclosed almost simultaneously with the news
of Krogh's conquest. Their position as put forward by Haldane and
Douglas was this: Oxygen secretion is a function of oxygen want.
Under normal cirenmstances there is abundant oxygen and therefore
there is no oxygen secretion—diffusion is good enough—but when
the body demands more oxygen than it can readily obtain, whether
by reason of diminished oxygen supply or increased oxygen demand,
oxygen secretion in the lung sets in.

Krogh's investigations do not touch this new situation, yet it is
oge which eannot be neglected, if it is true that it affords one of the
most important and most beautiful forms of physiological adaptation.
That an essential consequence of exercise is an automatic means of
obtaining a forced draught for the necessary combustion is a physio-
logical conception which cannot be treated with anything but respect.
Moreover the conception is an extremely reasonable one, for were
there any possibility of secretion in the epithelium from which the
lung is derived, the process of natural selection would tend to
preserve it.

We must give some account of the reasons which led the Oxford
school to abandon their former position in favour of their present
one. The validity of the experiments of Haldane and Lorrain Smith
depends upon the correctness of the following assumptions.

1. That the curve given in Fig. 97 which was determined with ox
blood is correct for the blood of all the animals to which they sub-
sequently applied it.

9 That this curve which was determined at the laboratory
temperature, correctly represents the facts at the body temperature.

3 That the relative affinities of the blood of different species for
oxygen and carbon monoxide are the same.

4. That the relation of oxygen and carbon monoxide to blood is
unaffected by dilution. :

5. That the same relation is unaffected by the presence of
carbonic or other acids.
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to the alveolar air then the blood must have been exposed to a
greater pressure of oxygen in the lung than in the alveolar air. The
results of some of their experiments are given in the table which
faces this page.

In discussing the work of the Oxford School 1 have intentionally
withheld all reference to their method of estimating the relative
quantities of oxygen and carbon monoxide associated with the
haemoglobin. Clearly the whole value of the results which they
obtained depends upon the accuracy of their estimation and no
critical account or investigation of the subject can omit to take
cognisance of it.

The essence of their method is as follows. Some blood is taken
from the object of the research before the C0O is administered : this is
diluted and set on one side : let us call it A. The carbon monoxide
is administered: some more blood B is taken from the patient. B is
a different colour from A since it contains €O haemoglobin, but by
adding carmine to A the colours of the two may be matched. The
amount of carmine solution added is noted down, call this z. B is
now saturated with €O, its colour again changes, but again A may be
made to match it by the addition of more carmine to the extent of
y c.e. From the relation of @ to y (which is not a simple linear one),
the percentage saturation of B with CO may be calculated.

Apart from the statement made above, that the real estimation is
that of the ratio of CO haemoglobin to total haemoglobin, whilst it
professes to be an estimation of CO haemoglobin to oxyhaemoglobin,
i e, it assumes that there is no reduced haemoglobin in the blood—
an assumption which is probably justifiable when there is no oxygen
want and but little CO haemoglobin—the possible sources of error in
the above method fall into two general categories which have to do
with (1) the possibility in practice of matching the tints, (2) the
theoretical soundness of the method. Haldane and Douglas obtained
results which closely agree for any particular sample of blood, though
they have told me that the quantities of carmine they use in the
operation differ. The method is claimed to be accurate to 2°/,. This
statement must be treated with great consideration. I have no
sympathy whatever with persons who attack a method of this kind in
a light-hearted way, and having failed to get consistent results after
a few titrations or even a few days spent in the endeavour, condemn
the method. The method is essentially a subjective one. The accuracy
which can be obtained by subjective methods with long and incessant
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practice is very great. A farmer by mere inspection will tell you the
weight of a bullock with an accuracy which probably exceeds that
claimed by Haldane and Douglas for the carmine method of titra-
tion.

I have never myself made a carmine titration, and had I made a
few 1 have little doubt that I should have failed to obtain concordant
results: but such a failure would have formed no just eriticism of the
work of those accomplished in the method and would therefore have
been a mere waste of my own time.

Anyone who reads the recent work of Haldane and Douglas must
be struck by the way in which the method has served them in the
determination of the physical relation of oxygen and carbon monoxide
to shed blood. Take for instance the curves given in Fig 35—and
these are a sample of many determined since—they are mathemati-
cally fair curves with equations, and not only so, but there is inde-
pendent reason to believe that they are not only fair curves, but that
the properties of haemoglobin are such that they could not be of any
other shapes than the ones shown. Such curves do not result from
unsound experiments.

In spite of the last consideration enough has been said to form
a sufficient apology—if apology were necessary—for Hartridge to
take the ground that an independent® method of determining the
(!0 haemoglobin present in blood was a desirable preliminary to an
independent examination of Haldane’s results.

Apology is not necessary however. It is of the essence of sound
experiment that the experimental methods should be varied in every
possible way. This, at all events, is the school in which T have been
brought up. It is the school in which my foretime lecturer, now my
friend and colleague Mr C. T. Heycock, F.R.S., untiringly pointed the
moral from the work of Stas on the atomic weight of silver.

I should never concede on the one hand that a blood gas worker
in the Cambridge laboratory owed an apology to his predecessors for

# Hartridge commenced in 1909 with the idea of revising the method as used by
Haldane and Lorrain Smith. Between the summer of that year and the spring of the
following, my results on salts, temperature, &c. were published. They materially
altered the problem for him and also caused the work to be taken up again by Haldane
and Douglas who published their work to some extent as they went. Apart from this
I believe neither they nor Hartridge were cogmsant of the work of the other until
o short time before their final publication. The findings of the two sets of observers,
which agree very closely in so far as the physical properties of haemoglobin are con-
cerned, have therefore the merit of being independent.
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Therefore, of the two methods | have the greater reliance on the
spectroscopic one.  So I am forced at present to think that during
the exercise taken by Hartridge, with or without partial CO-poisoning,
there was no gecretion. But perhaps I may take the reader into my
confidence so far as to say that 1 wish it were otherwise.

But while it seems to me fairly certain that there was no secretion
in Hartridge's case, there is one possible line along which Hartridge's
results might perhaps be brought into harmony with those of Haldane
and Douglas. It has been shown that the call for oxygen follows
upon the activity. The exercise taken by Hartridge was of a violent
but spasmodic type, that of Haldane and Douglas was less violent and
more sustained. It is not an impossible supposition that the secre-
tion might show some lag after the exercise, and therefore be most
evident in the case of sustained work.

Lastly, apart from questions of the detail of individual experi-
ments there are certain general questions that cannot be overlooked
by the holder of the diffusion theory. Before this theory can be
regarded as proved on the positive side it must be tested under the
circumstances which are likely to strain it most. Two questions it
must answer. The first is, can it account for the passage of 3500 c.c. of
oxygen per minute through the pulmonary epithelium? Perhaps it will
be able to do so one day, at present it cannot. At the end of the last
chapter I spoke of the diffusion coefficient, here T will only say that
the more recent determinations of the diffusion coeflicient must be
materially changed before they will admit of 3500 c.c. of oxygen
traversing the lung along a pressure gradient dropping from 100 mm.
of mercury in the lung to 50 mm. in the blood. But if the test
of exercise is exacting that of exercise at high altitudes is more
exacting. I have granted a 50 mm. gradient and incidentally assumed
that the blood in the pulmonary artery is 80 °/, saturated with
oxygen. But what if the whole alveolar pressure iz but 30 mm.
(approximately that which must have obtained in the case of the
Duke of Abruzzi® and his party at 24,000 feet altitude). The
work of recent observers on the dissociation curve shows that if the
blood were in equilibrium with such a gas it would only be 50 °/,
saturated * with oxygen. What then are we to allow for a gradient?

% The fact that the dissociation curve of man at rest scarcely changes at high
altitudes is treated in Chapter XVIL During activity it becomes meionectic, and
thut this renders the position even more difficult on the diffusion theory is shown in
Chapter XVIIT.  When Roberts and T arrived at the Capanna Margherita our bloods
would have been about 30°°/, saturated at 25 mm. (}; pressure.
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value of K remains unchanged at '00025. This represents the reaction
of the blood. Such were the samples of Higgins' blood which have
been considered so far,

Now take two specific cases V and VI. Let me compare them
with (I), the normal blood.

The normal blood I, exposed to no CO, pressure, gives a value
for K of 0025 and exposed to the CO, of the normal alveolar air of
the patient (40 mm.) gives a value of 00025 for K. Either of these
may be found by a single determination of the percentage saturation
y at an oxygen pressure of @ Then, taking n, the number of
molecules y aggregated together, as 275,

R
100 1+ Ka®’
i
K 2" (100 — )

With this compare blood V. The alveolar CO, is found to be
27 mm. A point on the dissociation curve is found in the presence
of this quantity of CO,. It also gives the value of 00025 for K,
therefore the blood is mesectic. Now some of blood V is taken again
for the purpose of determining the acidosis. Free from CO., it
gives a value of K ='00065. From this it is clear that the amount of
the acidosis is equivalent to about '07°/, lactic acid. Now pass to
blood VI. The alveolar CO, is also found to be 27 mm. Exposed to
27 mm, CO, the value of K works out to be 00024, The blood is
therefore off the line, it is meionectic. The value of K in the absence
of €0, is ‘00075. This corresponds to an acidosis equivalent to “085 °/,
lactic acid. In this case therefore the acidosis and the CO, together
amount to more than the original C0O,. Blood VI being meionectic
the respiratory centre would be stimulated; blood V being mesectic
the respiratory centre would not be stimulated.

In all the cases I, III, V and VII, not only would the blood be
mesectie, since K remained normal, but the rhythm of the respi-
ratory centre and no doubt a hundred other things would remain
normal also.

Now consider another series, I, I, IV, VL. In this as in the first
the alveolar C0, decreases progressively, but the value of K decreases
also, since the aggregate of floating acids increases. In this case the
blood would become increasingly more meionectic and the respiratory
~ centre would become increasingly active.
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some feathers for the whipping, and a small stoppered test t-ll.l]f.‘. in
which to put the whipped blood. At the top of the uﬂc-::ut I nht{uuudr
a sample of alveolar air which proved to have a partial pressure {ﬂ.
35 mm. of CO, as opposed to 40 mm. at the sea level, also a sample of
my blood for analysis. The analysis was two-fold—firstly t_.llu‘hlnu-rl
was exposed to 17 mm. oxygen pressure in the absence of «EJ'I‘J'u ifn* tl.m
purpose of determining by Mathison’s method* the degree of .:L{!Id.ﬂ:’_«'lﬁ,
if any. The blood at 17 mm. was, as the result of two determinations,
54 °/ and 57 °/ saturated with oxygen, whilst before the climb it was

T

Fie. 112.—Carlingford, showing the elimb of 1000 feet.

- o

75 °[,. The difference corresponds to an added amount of acid which
is equivalent to ‘023 °/_ lactic acid.

Against this however the amount of (0, in the alveolar air
and presumably in arterial blood went down from 40 mm. to 35 mm.
The question at once arose, did this fall in C0, compensate for
the increase in other acids? In other words, was the actual blood
in the body pleonectic, mesectic, or meionectic? The answer of
course could only be found out by experiment. This experiment
formed the second part of the analysis. The blood taken at the end
of the ascent was exposed to oxygen pressures in the presence of (0,

* Hee p. 267.
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Our dissociation curves had been mapped out in England before
we left, they have been re-determined on several subsequent ocea-
sions in this country. We attached great importance to the accurate
determination of them at the time and still greater importance
now. At that time they were important merely as objects of com-
parison for our other curves, Now they are more important, for it is
known that if one eurve is accurately ascertained, any other curves
for the same individual can be found by the aceurate determination
of a single point.

Fie. 115.—The station in the Cafiadas (7000 feet), The peak in the hackground. (Douglas.)

We gave in Chapter XIV the dissociation curve of Douglas,
showing the points on it which have been determined by us, together
with those which have been determined by Haldane and Douglas for
the same carbonic acid pressure, namely 40 mm.

The second station in Teneriffe was at Las Canadas. From the
point of view of the meteorologist this station is of especial interest.
It is about 7000 feet above the sea-level and therefore not much
higher than many centres of population. Johannesburg, for instance,
is close upon 6000 feet—putting aside therefore such places as the
mining towns in the Andes, the Cafiadas are a fair example of the
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From the description I have given so far it might be supposed
that a sandy plain now stretched before our eyes, and that in the
distance six or seven miles away we saw the opposite lip of the old
crater before our eyes. But this is not so, for the new crater arose
out of this plateau; this was in front of us; it appeared as a majestic
peak, bursting suddenly upon us as we emerged from the Portillio,
and rising to a height of about 12,000 feet. All that is left of the
plateau is a ring of level sand, in close proximity to the almost vertical
lip of the old crater. On the outside of this ring rise the cliffs to
about 1000 feet in height, on the inside the gradual ascent of the

Fis. 117.—View from the Alta Vista hut, showing the Caiiadas and the Portillio. (Douglas. )

peak. It was on this sand that our station was placed. No place at
this altitude could have been more sheltered by natural barriers.

It was quite unlike any place to be seen in Europe. L‘-m.n]mrc it
with much higher altitudes in the Alps, and the comparison 1s a very
remarkable one. The complete dryness of the atmosphere at the
(anadas spells the lack of the beautiful vegetation which makes the
Alpine snow line so attractive. Go out of the laboratory ’ft' Col
d'Olen, everything is moist underneath your feet, the cracks in the
rock are filled with saxifrages and gentians, Not so at the Canadas
although the vegetation at lower altitudes in Teneriffe iz no less
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pummice is reduced to sand, as in the Montana Blanca or the
extreme summit of the Peak ; otherwise all is black, shading into
brown or perhaps red, all iz erumbling and broken. How different is
the ascent of the peak from the Canadas to the ascent of Monte Rosa
from the Col d'Olen Laboratory. There is no element of exhilaration
about the former ; you start in the afternoon, you sit on a mule, you
wonder at its skill in putting its fore feet on the appropriate blocks
of broken lava, you think perhaps it sees where it puts them ; but
when it comes to finding an explanation of how your mule places its
hind feet with equal certainty you “give it up.”

Fi¢. 119.—The Alta Vista Hut (11,000 feet). Standing near door dressed in black
ig Geheimrat. Professor Zuntz. (Douglas.)

How different from the Alps, from the bustle of guides and
porters and ropes before suurise, from the hope and the beauty
of new things that comes with the rising of the sun as you stop for
the party to be roped before it ventures among the crevasses, from
the sense of 2000 more feet behind you as you rest and have some
refreshment at the Capanna Gnifetti. Then, as you tramp across the
Lysjock Glacier, you make up your mind for the last 500 metres which
is to bring you to the Margherita hut on the summit. How white
and exhilarating it all is and how far from the mind is any thought
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the problem of getting your equipment there is much more simple.
You put it on the steamer, with due leisure, in Liverpool, London or
sSouthampton, and you take it off at Santa Cruz. If you do not mind
travelling in a steamer of 2000 tons, you may disembark under the very
windows of the Hotel Humbert and have your things carried up by
the hotel porter. We were fortunate enough at Teneriffe to be passed
through the customs—the same consideration, indeed, was shown to the
Monte Rosa expedition, for which I should like, here and now, to record
my thanks to the Ambassadors of France and Italy: yet, even taking
these acts of encouragement to scientific workers into consideration,
the difficulty of getting yvour apparatus intact to Col d'Olen is very
great. Think of the embarking and the disembarking on the channel
steamer, think of the terrors of the custom house, even if the lugrage
iz unopened, of the justifiable resentment of your fellow-passengers if
you take it in bulk in the railway carriage and of the impossibility of
putting it in the van ; delicate as my apparatus was, I brought all the
important pieces back intact from Teneriffe: little but broken gla.as
arrived in London from Col d'Olen.

But, perhaps, the greatest advantage of Teneriffe is that you can
start your work at the sea-level. On our Monte Rosa expedition we
made Pisa our base of operations. This, of course, is a far cry from
Col d'Olen as compared with the mule ride from Orotava to the
Cafiadas—that perhaps is a minor consideration and would not be a
consideration at all if Turin were made the base—but there seemed
to me a much greater difference between the climate of the plains of
Tuscany and that of the high Alps than exists between Orotava and
the Canadas. In the latter case there was the difference in the
moisture, upon which we have already touched, but the difference
in the temperature nothing near so great.

In spite, however, of these differences, altitude clearly had an
effect which was the same in both cases. There were two obvious
changes, both of them well known from the work of previousauthors,
which must, in some way, affect the amount of oxygzen in the
arterial h]md—both of these are evident from a study of the alveolar
air. The first is the diminished oxygen pressure in the inspired air,
the second the diminished earbonic acid pressure in the expired air.
Of these two, the latter shall elaim our interest first.

(ireat stress was laid by Mosso upon the diminished CO, in the
breath, not because its diminution is of any importance in the breath,
but because this is but the reflection of lowered CO, pressure in the
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differences which the diminished CO, pressure would produce ? Could
we, in short, by the same methods detect any difference in the dis-
sociation curves of our blood when exposed at sea-level to the two
carbonic acid pressures which obtain in the body at, say, Berlin and
Alta Vista ? This is a simple experiment to try. I have here three
cubic centimetres of blood withdrawn by means of a needle from one
of the large subcutaneous veins in Prof, Zuntz's arm. [ divide the
blood into two portions, the dissociation curve of each is determined,
one in the presence of 356 mm. CO,, the other in the presence of
23 mm. CO,, the alveolar CO, pressures at Berlin or Orotava and
Alta Vista respectively. The difference in the dissociation curves
is evident enough.

Moreover, the same is clear in the case of Douglas where the
disparity of tensions was not so obvious. It is shown in Fig. 122 in
which the dotted curve corresponds to Douglas’s normal blood
exposed to 34 mm. CO,. In Zuntz's case the tension at Alta Vista
was only two-thirds of what it was at Orotava—in Douglas’s case
it was about three-quarters ; but it is perfectly clear that the same
blood exposed to these different tensions gives dissociation curves
which are distinguishable from one another with ease and certainty.
What then are we to say ? In Berlin the same blood exposed to CO,
tensions of 23 and 35 mm. respectively gives quite different curves,
yet the blood of the same individual exposed to 35 and 23 mm.
(0, tension in Orotava and Alta Vista respectively gives quite iden-
tical dissociation curves.

There is only one conclusion: as we ascend, the CO, has been dis-
placed in the blood by something else which produces an equal effect
on the affinity of the haemoglobin for oxygen. Probably this something
else is another, but not a volatile, acid ; it is something which does not
go away in the breath. It follows from what we have said above that
we ghould be able to discern its presence. When we were in Teneriffe
we did not fail to try. With Orbeli® I repeated the experiment when
we arrived home by subjecting cats to a diminished oxygen pressure.
In the interval between the Teneriffe expedition and the Monte Rosa
expeditions Mathison worked out the method for estimating the
amount of acid so thrown in the blood. We used this method and
made estimations by it and by other methods at Monte Rosa. Up to
a certain point the matter is perfectly clear. Let us say what there
is to be said about it. We will take up the points in the order
in which we have enumerated them :




























The effect of altitude

Fia. 127 a.—Col d'0len showing track.

(Darig.)

Fio. 127 b.—Hut at Col d'0len. (Apgpazzotti.)
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hours. This time included a rest of an hour at the Capanna
Gnifetti. The gradient does not become steep until the last 1500
feet, which are up steps cut in the ice. The ascent up this final stair-
case, when made by a party roped together, is the most leisurely affair.
Apart from this staircase there is nothing that could even be called
elimbing : a path along the summit of a ridge soon brings the party

Fig. 131.—The Punta Gnifetti on the summit bf which may be seen the
Capanna Margherita. (Dorig.)

to a couple of glaciers. These are crossed diagonally with no par-
ticular effort, then bending round the corner of a rock and making
an ascent of a few metres the party found itself at the Capanna
(inifetti, the point at which the route to Zermatt diverges from that
which leads to the summit. After this point it is all snow and ice.
[mmediately in front of the party is the summit of Lyskamm, that







274 Chapter XVII]

the Margherita hut. At these rates of climbing the effect of altitude
to all intents and purposes is quantitative, the effect is clear at
15,000 feet, it is not to be found at low levels. It is in fact an acid
intoxication ; its extent may be gathered from the two sets of curves
given in Fig. 134. They are those of Roberts and myself. At the
present time they are the record cases of meionexy.

To pass from the actual degree of meionexy produced, let me
treat of the degree of acidosis, confining this term to the appearance
of unusual acids in the blood. We must ask two questions :

(i) To what extent did acid radicles appear in the blood
(ii) What were the acid radicles which appeared ?

Fra. 183.—View of Matterhorn from the Capanna Margherita at sunset. (Durig.)

Here again we must recapitulate what has been said about
acidosis in the last two chapters. The acidosis due to exercise
appears to be a lactic acidosis, that due to altitude does not appear
to be a lactic acidosis at altitudes of 10,000 feet, though at altitudes
of 15,000 feet there is some degree of lactic acidosis. As regards the
degree of acidosis the best determinations are those performed on
Mathison and on Camis, but especially the former, and this for
the following reasons : firstly Mathison started his elimb free from
acidosis both at Col d'Olen and at the commencement of his low level
station, which was the Sugar Loaf at Abergavenny ; secondly his
climb was in each case a very strenuous one, 1000 feet in 20—21 mins.
The data are as follows:
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And now to turn to the physiological significance of the meionexy
and of the acidosis.

The essence of any mechanism of adaptation to high altitudes
must be a “speeding up " of the whole process of respiration, physical
and chemical. The blood in the lung is exposed to a lower oxygen
pressure than usual ; it is saturated to a less extent with oxygen
than formerly. The tissues begin to suffer from oxygen want: a very
trifling change in the blood is enough to produce a great change in
the circulatory conditions ; the pulse guickens, respiration becomes
deeper and more rapid, the amount of blood which leaves the lung
increases perhaps twofold. Let the reader picture to himself each
corpuscle as a ship with its little cargo of oxygen and twice as many
of these are leaving the lung as before ; they go to the tissue and go
through the capillary at perhaps twice their former velocity ; but stay
—how are they to unload their cargo in the reduced time at their
disposal? How futilewould be the whole scheme if the corpuscle bolted
through the capillary carrying its oxygen into the vein with it. Here
is the advantage of meionexy. The meioneetic blood parts with its
oxygen with much greater rapidity than does the normal blood under
given circumstances, Therefore when the corpuscle gets to the capil-
lary it can discharge its cargo with unusual facility.

It is true that the meionectic blood is at a disadvantage in the
lung., It probably has not time in the lung to become saturated to
quite the degree that normal blood would. But blood saturates
itself up to 80 or 85 °/, very rapidly, and the organism must take the
risk of doing without the rest, it meets the small deficiency in the
degree of oxidation by a large increase in the quantity of blood
leaving the lung. The thing of course is a compromise, you must
lose something somewhere. You cannot pretend that the organism
is not working at a disadvantage at an altitude of 15,000 feet. It is
making the best of a bad business. The best it can make is meionexy.
Meionexy involves stimulation of the neuro-muscular mechanism of
respiration and quickening of the proportionate rate at which the
blood loses oxygen in the tissues.

But at slow rates of climbing the degree of acidosis is much
greater than the degree of meionexy. Including the carbonic acid
the blood becomes to a small extent more acid than formerly, but
the blood becomes much richer in other acids and poorer in CO, than
before. The carbonic acid is displaced in the blood and after a pre-
liminary rise it ultimately decreases in the alveolar air. Therefore the
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clinical adjective ; and I will write it down here in the terms in which
I think of it—* Lewis's dyspnoea.”

Nevertheless there are certain broad aspects of these cases which
seem to justify some comment. The prevalence of acids in the blood
coupled with the absence of acids which are abnormal in kind suggests
that the condition is due rather to renal than to metabolic disturbance.

Had we found excess of lactic we might have supposed that there
was general oxygen want in the tissues, had we found S-oxybutyric
we might have tried to link the condition with metabolic disorders,
but the evidence so far as it goes iz that the kidneys, instead of
keeping the blood at a certain composition which we call normal keeps
it at another and more acid character which we call abnormal. Such
a change might be wrought by a funetional renal disturbance so slight
as to be quite remote from the region of a visible lesion of the kidney.

The analogy between the condition which we have been discussing
and the condition of the body at altitudes of about 10,000 ft. is in-
evitable. Meionexy, fall in alveolar CO, pressure, increase in acid
character of the blood, are the obvious points of resemblance.

In each case the immediate cause of the change in the blood
seems to be renal, beyond this we cannot at present go.

In our study of the cases of Lewis's dyspnoea we compared them
with varions other cases which served as controls. In addition to
cases of dyspnoea referable to evident cardiac trouble such as . M.,
we compared cases of “ Lewis's dyspnoea” with ones which had no
dyspnoea but were in hospital for quite other reasons such as con-
valescent appendix or gastric cases. In these we found the value of
K to be singularly constant, much more so than in the case of persons
living an everyday life. This no doubt was due to the fact that these
control cases were all of middle age or rather more and were living
the same sort of life and eating the same sort of diet. The value of K
varied from 00024 to “00034, being thus higher than.in the cases of
dyspnoea from whatever cause they arose.

- But the most interesting controls were those of the patients
suffering from “Lewis's" dyspnoea ™ whose condition changed con-
siderably whilst they were in our hands.

For instance one case J. P. was seen by me first on February 14, he
was then suffering from the complaint, a month later he was sufficiently
well to be discharged; just before this I saw him on March 13th.
Within a month (April 7) he returned in a very grave condition and
died that evening. The day before his death his blood was tested again.













































































































o oo g

i bk, T IR
+ 8 -

.__..u..u._. S Al




