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FOREWORD

Tins book 1s the result of the co-operation of a clinician, a radiologist, a
physiologist, and a pathologist, each making n his own way his essential
contribution to 2 common problem. It 1s an example of true team-work of
a kind which mught with profit be more often undertaken. It describes a
Titherto little used techmque applicable to many fields of investigation and
demonstrates the existence of a mechamsm for the control of the circulation
mn the kidney of the rabbit which, 1f present in man, will certainly pro-
foundly influence our concepts of the physiclogy and pathology of that
organ
For me the work has had a special fascination as it illumines much on which

I have long pondered. One of ! e oo ’ T
emergencies 1s the developmen

by the pathologists as ‘acute . N )
oceur in association with a wide variety of conditions such as trauma, incom-
patible blood transfusion, obstetric shock and accidental haemorrhage,
blackwater fever, gall-bladder operations, and severe mtoxications as in diph-
thersa, septic abortion, and gas gangrene infection. The paradox in these
cases 1s the lack of a morbid anatomical lesion in the kidney adequate to
explam the occurrence of anuria. In fatal cases all that is seen is a focal
interstitral inflammatory mfiltration, wsually of slight degree, with some
tubular epitheltal necrosis. This may be accompanied by a variable amount of
pigment cast formation which, though frequently advanced as an explanation
of the anuria, has always seemed madequate to the purpose. In some of
the above-mentioned conditions an apparently identical disturbance of
function is associated with massive cortical necrosis of the kidney with sharp
delineation between the necrotic cortes and the relatively unaffected medulla.
For these phenomena the occurrence of an alternatve intrarenal circulation,
so beautifully demonstrated by the authors, through which, when active, the
blood by-passes the cortex, offers an attractive explanation

The demonstration of a vascular mechanism leading to cortical ischacmia
immedrately leads to speculation on its possible relation to arterial hyperten-
sion in which renal ischaemia has 1n recent years been shown to play a
fundamental role. If renal pressor substances are responsible for the produc-
tion of the malignant form of essential hypertension, a severe and prolonged
renal 1schaerma must be postulated and the basis of this ischaemia must be
funcuonal sinee, as 1 have repeatedly emphasised, organic vascular changerin
the hidneys are minimal in the carly stage. It is tempting to scdﬂ&aﬁl&'ﬁii
tion in the mechanism the authors have revealed.
v
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The significance of their observations is not, however, confined to the
kidneys Anatomical studies give reason to suppose that similar by-passes
may be widely distributed in the body. The functional demonstration
of such a by-pass in the kidney may now lcad to a clearer understanding of
their physiological significance. Indeed, it may well happen that this demon-
stration of rapid and extensive change in the calibre of main vessels associated
with a variable by-pass regulating the site and extent of capillary activity
may lead to a new concept of the circulation and its regulation

1t is, therefore, wath particular pleasure that I write this foreword to a study
that not only throws much light on renal problems which have been my
special interest, but also may well open up new concepts of vascular
function in other fields.

Artaur W. M. Ervus,
OxFoRrD,
April, 1947.



PREFACE

Anong the many proofs of sympathy and friendship which I have received
from my colleagues during the researches described in the following pages,
not the least is that they have invited me to write a preface to this mono-
graph. They have done this, they tell me, because I first conceived the
possibility of the remal vessels being mvolved in a proximally-spreading
vasoconstriction, and because the studies carried out in 1941 by Dr. J.
Barnes and myself were a prelude to the present ones. I appreciate this
generous gesture more than I can say.

In the following chapters we give an account of the progress of a research
from 1ts inutial stage, involving the elaboration of a hypothesis, to one in which
the wealth of data obtained are capable of a ratonal integration To me
the results are a twofold cause of satisfaction In the first place, they have
strengthened my bebef that from the happy association of climcians interested
in research and laboratory workers medicine can acquire new powers for the
conduct of original research In the second place, they have confirmed my
long-standing conviction that the health or otherwise of an organ or system
is ultimately dependent upon the state of its circulation It 15 upon this
principle that the treatment of accident wounds is based, and it is also my per-
sonal belief that the great reduction in the number of gas gangrene infections
during the second world war has been in large measure due to the progressive
acceptance of the same principle

It is unfortunate, I think, that the great majority of centres for medical
research are orgamsed and run without the collaboration of clinicians, 1t is
cqually regrettable that clinicians so frequently attempt to solve problems by
themselves without adequate hnowledge and experience of the specialised
methods by mecans of which theory can be replaced by a chain of proved
facts

It has been of great good fortunc tome that the Nuffield Institute for Medical
Research, Oxford, holds the door open to clinicians with problems to salve
The 1dea of this research centre, in which radiological techniques are em-

ployed as the basis of experimental studies, was duc entirely to the vision of
the physiologist of our team (K J. F ), who brought to his aid a radio-
logist of long-standing experience (A. E B); the latter in his turn intro-

duced the third collaborator of the Nuffield Institute rjg;\rdf"l'g“\?}
(M.M L P). S aEDg
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To these three people Dr. Barnes and I appealed early in 1941 to ask for
help in investigating the possible part played by reflex stimulation caused by
trauma on the blood supply of the kidney. This request was readily granted,
although at that time Miss Prichard was the only member of the team who
was able to take an active part in the research. The results of this early work
were encouraging, but under war conditions it was impossible to undertake
more than a preliminary investigation, and it was not until the war was over
that we were able to take up the research again,

In September, 1945, the work was continued, the team now consisting of
Dr Franklin, Dr. Barclay, Miss Prichard, and myself. Dr. Barnes was no
longer in Oxford and his valuable co-operation was not therefore available.
The close collaboration of the team of four workers rendered possible a rate
of progress that brought us to realise in less than three months that the blood
distribution in the kidney had not the constancy which is commonly assumed,
but on the contrary that it could vary. We realised at once the implications
of this finding and the necessity for confirming 1t and for determining the
channels through which the blood was diverted as an alternative to the
accepted pathway. This latter need made it necessary for us to add to the
team a new member (Dr, Daniel') with specialised knowledge of microscopic
anatomy. It thus became possible to integrate the physiological data collected
from our radiological studies and from our visual observations of changes
in the circulation of the kidney with the relevant anatomical findings and so to
produce a more complete story

The work we took up again in 1945 15 not yet finished, and the account
in this book should be considered in the light of a progress report upon one
section of it. We felt, however, that our researches had reached a stage at
which they must be wrtten up 1f we were to be in a position to survey our
results as a whole, and mn addition we had had many requests from those who
had seen some of the work that we should publish our findings.

In the course of our work we have read, or re-read, much past literature,
and our bibliography gives some idea, though it is not a complete list, of
the books and papers which we have consulted With three previous workers
in particular we have found ourselves in special sympathy, namely, William
Bowman, who was led through structure to function; Claude Bernard, who
became interested in structure through function; and Richard Bright, who was
the first to appreciate the altered function and structure of the kidneys in
diseasc. We have therefore dedicated this book to the memory of these three
great men, but we have also had in mind, in so doing, all those others who

1 OF the Department of Pathology, Radcliffe Infirmary, and the Nufficld Department of Surgery, Unnersty
of Oxford



PREFACE ix
contributed in various measure to the sum total of knowledge which was
available to us in the literature.

‘Alguna fi en aquest mén se troba;

1o és vera fi, puis que no fa 'hom felix.

Es lo comeng per on l'altra s'acaba,

segons lo curs que entendre pot un home.’t

Josep TRUETA.

WrvortELD-Morris OrtHOpAEDIC HOSPITAL,
Oxrorp.

3 “\hatever end man aims at in thrs world
18 not the final end, for 1t gives not man ruu happiness
What was an end becomes a new begunt
accordmg 1o the course that man can undemand ’

Auris March (r393+1439), Calalan poet and phulosopher,
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STUDIES OF
THE RENAL CIRCULATION

CHAPTER I
Preliminary Studies on Vascular Spasm

In March, 1941, while Britain was suffering heavily from air-raids, Bywaters
and Beall published the first ) Y of a post-traumatic
condition which they had recognised and for which they coined the name
‘crush syndrome’; they reported four cases in which the victims had died
from kidney failure after having had one or more limbs crushed for several
hours under fallen masonry, stones, or heavy beams

In these four cases, as in others subsequently reported, there were several
features in common, including:

1. A continuous compression of one or more limbs (usually, though
not invariably, the legs).

2. In most instances, temporary improvement of the patient after
release from the compression.

3. Progressive impairment of kidney function until death from renal
failure occurred about a week after the infliction of the injury.

The chmcal picture of the syndrome became steadily clearer as more
cases were recognised and reported. In some of the cases published there
was not only evidence of impairment of renal function, but there were also
indications of impairment of the circulation in the injured limb, such as
coldness and the development of oedema and blisters, but at necropsy these
cases showed neither evidence of gross damage to the main arteries nor
the presence of emboli or thrombi in these vessels.

At the ume it was thought by many workers that the impairment of renal
function was due to damage to the kidney produced by toxic substances
liberated by the crushed tissues It occurred, however, to onc of us (J. T.)
that the onginal injury might causc spasm of the main arteries of the aflected
limb and that this arterial spasm might extend proximally and even involve
the renal arterwes  Such spasm of the renal acteries might lead, wo temal
anoxia and thereby to imparment of renal function. This hypothesis was
based on some published records of oliguria and even anuria noted during the
course of hysterical attacks  Laycock (1838), who had published reports of
two such cases, was one of the first physicians to recognise the relationship
between a nervous disorder and a disturbance of renal function. Some-
what later Charcot (1877), although originally sceptical of the realite afab
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disorder descrll_)ed by Laycock, found that he had to modify his opinion as a
result of studying a remarkable case of what he called hysterical ischuria
{a term used alsa by Laycock)z which he investigated with great thorough-
ness m }izs wards at the Salpériére Hospital over a period of several months.
Charcot’s patient had severe contractures of all four limbs, a feature which
had also been observed by Laycock. From the vivid account of the case given
in his lectures, it is clear that Charcot appreciated the influence of the
nervous system on the output of urine.

A consideration of these and similar cases suggested that the mechanism
w.hxch produced the oliguria or anuria was a nervous one, operating either
directly on the kidneys themsclves or on their vessels, or possibly indirectly
by reflexes initiated in the contracted muscles It seemed possible that some
such mechanism in which the nervous system was an important link might
be brought into operation by a crushing injury.

To discover whether prolonged constriction of a limb could cause persistent
spasm of its main arteries, a series of experiments was carried out by Barnes
and Trueta (1942). The radiographic studies on which this research was
primarily based were carried out at the Nuffield Institute for Medical
Research, and the experimental technique used was suggested by the findings
in a human case briefly reported by Griffiths (1940). A tourniquet had
accidentally been left in position for six hours; eighteen hours after its
removal, the signs of ischaemia persisting, the limb was explored and the
femoral artery was found to be in a state of spasm. Accordingly, Barnes
and Trueta decided to use a tourniquet as the constricting agent and to sce
whether in experimental animals the application of a tourniquet to one of
the limbs for a period of several hours would cause persistent spasm of the
main arteries in that limb. Rabbits, anaesthetised with intraperitoncal
nembutal followed by open ether, were used for the research. The fur of one
leg was clipped and a tourniquet, consisting of' a piece of flexible wire enclosed
in rubber tubing to avoid injury to the skin, was applied to the root of the
thigh. Applied at this site, a tourniquet exerts pressure over the femoral
vessels at a level where they lie relatively exposed in the groin. To prevent
it slipping down the leg, the tourniquet was hooked over the ischia) tuberosity
befare being tightened. The wire was tightened with pliers until the blood
flow 1 the femoral artery was completely arrested. The tourniquet was !cft
in position for four and a half hours; this period of time was chosen arbitrarily,
but as the preliminary results were satisfactory it was adhered to throughout
the research. .

At various intervals after the remaval of the tourniquet angiographs were
made? of both hind limbs. The abdomen was opened, and 5 ml. of a 50 per

* Throughont thi book the tegm angiograph 3 v 10 dote & Q‘é%;?:f’%ff"—}é‘, ‘v‘,’;;&‘ ,"&:’d;ﬂ“in(:a-

g

vascular mpection of contrast medim,
1narder 10 cover the two processes, namely, the mjecting
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cent solution of sodium iodide in saline were injected into the aorta through
a fine needle, the injection taking from six to ten seconds. The hind limbs

FiG 1 showing the d 1n the normal d rablat of contrast medium myected,
aftee laparstamy, tnto the abdnounal aoria  The tadwogtaphue expasuce was tade just before completion of
thenjection  (The same techmque was used 1n making the angiographs reproduced as Figures 2 to 4 ) The whole
arterial tree of both hind limbs 1$ well filled, and the contrast medium 15 returning through the vems,

were held m position over a wide-angled V-shaped support, a separate film

the pictures, A first exposure was made towards the end of the injection when
45 ml. had been injected; the films were then quickly changed, and a second
exposure was made about ten seconds after the first.

A group of animals was used to serve as controls, no tourniquet being
apphed In these the whole arterial and venous tree of the two hind limbs
was secn to be well filled in the first angiographs, the filling of the veins
being particularly noticeable (Figure 1).
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In one group of the tourniquet animals angiographs were made within an
hour of the removal of the tourniquet. In every case the artery of the leg to
which the tourniquet had been applied was constricted; in one animal the

Fgure 1

i ised, but in the rest it affected the whole femoral
arter}:} tsxiis‘l?cl‘ovis tifec?:jzl ’of the tourniquet, and the C!istal branches were
af:;; empty or very poorly filled. In some of the animals there was, in
;tidition a well marked spasm of the femoral artery qf the umrfjuredh l\rq:),
the spas;n beginning at a level corresponding approXimately wnlth 1: € siln§
of the tourniquet on the other limb (Flgurg 2). Ir_: all thcs? animals the 1vdt:om
were never seen in the first ﬁlmg of the ze}lla\l :n?:g;-:é)};;,ﬂ:];c:n?;:sszr lom

i in the second films. im ;
;crf)’\];pa:gt ?xfll; ?xl:xlsy t{:r:l}{c,rial tree of both limbs, injured and uninjuted, ina
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state of spasm at and below the level of the site of the tourniquet, but th_c
femoral artery of the injured limb was also in marked spasm above this
level, the spasm extending to the upper limit of the film (Figure 3).

Fic 3 Angiograph mde 1} hours afier removal of a tourmquet which had been applied 10 the nght thigh
for a penuxd of 4 hours The thigh of the 1njured Timb v markedly swollen  Note the ntense spasm of the
femaral artery 1n both and Jimbt below the Jevel of the sute of the tourmiquet  On the ight (inyured) side the
spatm 1« seen 10 affect the artery adore, a3 well as below, the level of the site of the tosrniquet, and this spasm

extends 1o the upper margin of the flm  The more perapheral sewels of buth hind banbs are unfilled, and no
seins are seens

In another group of rabbus angiographs were made at intervals up to
scventy-two liours after the removal of the tourniquet, and these showed that
P L e .

L IORDE SRS VR

ol e arteriil tree ol the atiected imb, and a somewhat better but neverthe-
Tess relatively poor filling of that of the unminjured limb  In neither leg 1s the



6 STUDIES OF THE RENAL CIRCULATION

injected contrast medium seen to have reached the veins in this the first angio-
§ragh of the serial set, indicating a reduced circulation through both hind
1mps.

R

Fic 4 Angiograph made 72 hours after removal of & tourniquet which had been
1n position on the right thigh for a period of 44 hours It will he seen that cven after
1 considerable interval since the mfliction of the myury the circulation through both
hind Limbs 15 still mpatred, the artenal spasm being particularly pronounced on the
myured side  Corupare with Figures 1 to 3

These experiments showed that the prolonged constriction of a limb by
a tourniquet produced in the rabbit three significant effects on the vessels:
1. A severe and persistent spasm of the arteries of the injured limb.
2. A frequent though not imvariable spasm of the arteries of the
uninjured limb.
3. An occasional extension of the arterfal spasm proximal to the site of

the injury.
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Not only, therefore, had the evperiments provided the answer to the
immediate problem of the investigation, but they had shown that the spasm
produced by the tourniquet was not necessarily limited to the arteries of the
injured limb, for the arteries of the uninjured limb might be affected to an
almost equivalent degree. OF still greater significance, however, was the ob-
servation that arteries proximal to the level of the constriction might be
mvolved in the spasm. Since the constriction of one thigh could produce not
only spasm of its own arteries, but also a reflex spasm of the arteries of the
oppostte thigh, and at the same time a spasm proximal as well as distal to the
level of the constriction, it was possible that a reflex spasm might affect a
considerable part of the arterial tree of the body, including the renal arterics,
as had been postulated in the original hypothesis

How far the spasm might extend proximal to the level of the constriction
could not he determined by means of the technique used in this scries of
experiments, and the next stage in the work, namely, a study of the effects
which the application of a tourniquet and other expenmental procedures
might have on the abdominal vessels, and in particular on the renal vessels,
is described in Chapter 11,



CHAPTER II
Angiographic Studies, with Special Reference to the Renal Circulation

THE experiments described in Chapter I had shown that the application
of a tourniquet to the thigh of a rabbit caused an arterial spasm which might
extend proximal to the level of the site at which the tourniquet had been
placed. The next stage of the research was to determine whether this spasm
ever extended far enough to involve the arteries in the abdomen, and in
particular the renal arteries.

We decided that for this series of experimentsa technique of angiography
must be developed which would permit the abdominal vessels to be demon-
strated without opening the abdomen, and with a minimum of operative
interference. The sodium iodide used as a contrast medium in the preliminary
studies for demonstrating the vessels of the lower extremities was unsuitable
for this investigation owing to its toxicity, and another radiopaque substance
had to be selected.

For this series of experiments, as for the previous group, rabbits were used,
since they were the only animals of adequate size available in sufficient number
at the time. Anaesthesia was induced with intravenous nembutal, in a dosage
of 0:45 ml. per kg body weight, supplemented with open ether as necessary.

Earlier studies of the circulation undertaken at the Nuflield Institute in

TmLtno g

wi g

a similar technique could be used for demonstrating the abdominal vessels.
Preliminary experiments were carried out to de.termmc.(x) the most suitable
contrast medium, (2) the amount of this medium which must be injected
to demonstrate the abdominal vessels with sufficient clarity to permit measure-
ment, and (3) the proper timing of the radiogr.aphic exposures in relation to
an injection of the contrast medium by the Jugu]?r vein. First tests were
carried out using perabrodil (diodrast), an 1?dmc compound which is
excreted by the kidneys and which, therefore, might have been.uscd for the
dual purpose of demonstrating the blood flow to and from the kidney and of
In the 35 per cent solution, however, whll:ih pre-
the con-

studying renal excretion. 1 4

vious work had shown to be well tolerated by experimental animals,

trast was insufficient for satisfactorily demonstrating the renal blood vessels,
8
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and in a solution of 70 per cent this substance, while providing good contrast,
was found to cause a marked fall of blood pressure (Figure 54), which contra-

WORMAL $ALINE

THORGTRAST
20mL

Owu

Fic 5 Records of artenal blood pressure in two rabbats showing {a) the fall produced by an wntrasenous
injection of perabrodil in a concentration of 70 per cent, and (b) the abeence of effect followng 2 smalar
smyection of thoratrast

indicated 1ts use  In view of the need of a medium of maximum radiopacity
for the adequate visualisation of vessels so far distant from the site of injection,
we turned to thorotrast, a colloidal substance containing 25 per cent of
thorium dioxide This provided excellent contrast and was found to have
no effect on blood pressure (Figure 58). Thorotrast, however, is not excreted
by the kidneys but is ehminated from the blood stream by the reticulo-
endothelial system, especially by that part of the system which is located in
the splecent and liver; hence, with this contrast medium, our observations
concerning the kidney were limited to the blood vessels. For a radiographic
study of renal excretion another series of experiments, with contrast medium
appropriate for this purpose, had to be undertaken, but this work is still far
from complete
vei . "
the . ',
including the renal artenies The ventro-dorsal projection, with the rabbit
lying on its back, proved to be the most satisfactory for showing the renal
arteries and veins, and was for this reason generally used, though lateral
films were occasionally found uscful as they prowvide a better picture of the
aorta, which 1n the ventro-dorsal projection overlies the vertebral column.
Prelimmnary films were made by direct cineradiography (Barclay, Franklin,
rricularly dense shadow of the spleen above the left kidney w a striking feature in many of the angsos

' The
graphs which are reprecuced in this chapter, and 1 due to the concentration 1 this organ of thocotrast ingecied
atearher stages in the experiments (see Fiqures 10b, 11, 123, 14, 138, , and 300y
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and Prichard, 1944, p. 37), at a recording rate of 200 frames per minute
(3°3 frames per sec(.)nd), to determine the times taken by the contrast medium
to pass from t!le site of injection to the renal artery and vein respectively
and also the times of their optimum shadows. We found that the renal
artery. was best_seen three seconds from the moment of injection, and that the
best time for visualising the renal vein was from three to four seconds later.
After prolonged anaesthesia or operative procedures these times tended to be
very slightly longer. Having thus determimed the times of appearance of
the renal vessels, we were able to record by means of two single films, exposed
at the appropriate times in relation to the injection, the shadows of the renal
arteries and veins. Straightforward serial radiography, with separate films,
was used for the majority of this series of experiments in preference to direct
cineradiography, because it permitted a much larger field to be studied,
better definition to be obtained and, last but not least, because 1t involved
much less expenditure of film. The films used (size 15 inches by 6 inches)
covered an area extending from the upper part of the thorax to the lower part
of the thighs (see Figures 6, 12, and 13). In view of the extension of our field
of observation from the small area (5 inches by 5 inches) of the direct cine-
radiographic films, the quantity of thorotrast injected was doubled, and the
time of the arterial exposure was delayed by half a second to permit the filling
of the more distal vessels. In many cases a third film was exposed three or four
seconds after the second film to provide data about veins, particularly those of
the extremities, which are seen better at this later stage

The animal was positioned on a thin wooden board with a tunnel for
the film-cassettes beneath, and a metronome was used to tick the seconds.
Three workers were needed, one to make the injection, another to change
the cassettes and the third to operate the X-ray set, and it was a great help
to have a fourth person for general assistance. Good team work, practice,
and above all concentration of attention, were essential for making a rapid
serial set of angiographs.

In each animal control angiographs, such as those illustrated in Figure 6,
were made after anaesthesia had been induced but before any experimental
procedures had been carried out. These films served as the animal’s own
normal, and were compared with the subsequent angiographs made after
the trauma had been inflicted or other experimental procedures had been
carried out. A close study of the films was made, and the calibres of the ves.sels,
as shown by the contrast medium, were measured w:ith an instrument specially
adapted for the purpose. A pair of engineers’ calipers, operated by th.umb-
screw and fitted with a vernier scale, had two small rectangular strips of
transparent X-ray film attached to the, jaws in such 2 way that the strips wox_:ld
lie flat on the radiograph. A stop was incorporated at the new closing point
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Ei b Senat paw of angoographs of & normal rabbit, sk ng, the tharotran (4t i the wreral and b i
she senous wetent  She radigraphs @ and §) were expred 93 and 6 seconds sevpeciisels after the moment
of the smevtoon f rontsat meium 10ty e JURUIE MR\ HEUr tchnnjue way ueed 10 making of) angio-
K337t seprehi T ) wbvenuent Bigures, althoueh e Sunes when e 5adagrarlo expowre wrre made were

ctasnath altrred o meet speeial combtons The eatis of the seveels studied 16 the 1nsestugatsms
described i thiy chapter 1 indecased 1 the dongea sepeeutucrd as bapure 7
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to prevent damage to these extensions of the ; Jaws. Measurements were
made from the original radiographs, viewed by transmitted light. The free

mesEuTERI

i
o7 REMAL yau |
T

T ARTERY

I

LEFT RENAL
VEIN

FeMORALY ARTERIES

Fie. 7 KeytoFigure 6 This diagram shows the position of the vessels studied in the

experuments described i this chapter  Note 1n particular the positions of the Jeft renal
artery and left renal ven

edges of the two strips of film were aligned on the outer margins of the shadow
of the vessel and the reading on the scale was noted. After some practice
with this instrument we found that we could determine the calibre of a vessel
with a very small margin of error, as shown by the consistency of measure-
ments when repeated on several occasions. The cross-sectional areas of the
vessels, calculated from the measurements of their calibres on the assumption
that the lumen in each case was arcular, were used in the assessment of the
results, These areas, of course, were not absolutely precise, partly because
of the above-mentioned assumption and partly because of the increase,
produced by squaring, in any error present in the original measurement.
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They served, however, as a general indication of the degree of vascular
change. .

The number of animals used in some of the groups of experiments was
small, and on occasion it was insufficient to prove that a given result was
necessarily due to a specific experimental procedure. Nevertheless, each
series of experiments, though imperfect for statistical purposes, led us step by

Fia 8 Angugraphs showing he reduction tn calibre of the fermoral artery of the
wtomured hrab which 1s ofteny een while 3 {ou7nuEuet 15 m poatian on the opposite thigh
(a) before appliacon of the tourmquet, aed (3, 1ame anmal, afier the turnaguet had
been i podtsun fir 4 houry

step to a senes of observations of unequivocal character. We therefore describe
them 1o show the stages by which we proceeded to our ultimate findings.
Certain other features of the renal crculation were demenstrated in the
angrographs of this series of experiments, but 1n view of their special character
they are deseribed in later chapters where, i the light of findings made
tmn the later stages of the investigation, their significance witl be more fully
apprecated

We found it advantageous from the outser to concentrate our attention
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mainly on the vessels of the /2 kidne
: : Y, because these vessels are Ton,
easily seen and more readily accessible than those of the right ﬁdﬁi;’.mgf

.

Fic 9 Angiographs showing a reduction 1n calibre of the Icft renal attery caused by
the applicanion of a tourniquet to the left thigh (2) before apphcation of the toutniquet,
and (b)  hout afier the tourmiquet hiad been applied and while it was sull in position

the experiments summarised in the present and subsequent chapters, there-
fore, all procedures involving the use of taurniquets or of nervous stimulation
were carried out on the left side of the animal and observations were made

primarily on the left kidney.

The new angiographic technique having been established, it was used first
for a series of fourniguet experiments A tourniquet, similar to that used in the
experiments described in Chapter I, was applied to the left thigh for a period
of four and a half hours. Angiographs were made at various times both
during the period while the tourniquet was in position and also up to two
hours after tts removal.

The results showed that there was a general constriction of the arteries
while the tourniquet was in position and that this constriction was increased
after its removal. The degree of diminution in calibre varied with the different
vessels: the decrease was most marked in the femoral arteries (Figure 8),
next in the abdominal aorta, and then in the renal artery (Figures g and 10).
The mesenteric artery, on the other hand, remained normal in calibre or
showed even a slight dilatation (Figure 10) and the renal vein showed very
frequently a dilatation of considerable degree (Figure 11).

The individual sensitivity of each animal to the tourniquet was reflected
in the variable extent to which the calibres of the vessels were altered. Ina
few animals the cross-section of the renal artery showed little or no change,
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Fio 10, Angiographs of a rabbut (o whose left thigh & fourniquet was apphrd for 8 perod of 4} hours,
{8) before application of the tourniquet, and (3) 70 mnutes after ws removal - Note in (8) the reduced calibres
of the aorta and left renal artery, and by contrast the dilatation of the mesenteric arfery (The thorotrast
injected for making angiographs at earlier stages 1 the experment has been taken up by the spleen, which
consequently casts the dense shadow seen sowards the top right hand cornrr of 4}

FIa 11 Anglograghs showing the markes dilatation of the 1ot renal vein which s
frequently seen 10 tourniquet ammals. (4} control venous angrgraph, shawing the
calibre of the renal vein before applicstion of the tourniquet 3 (5) venous angwaraph
made Bo minutes aficr remawal of the tourniquet, which had been 1n poution on the
left thagh fox 4} hours.

* The film shown here a1 (4) belongs actually to the srcond serual set of anguosraphs of this experiment
It has been uned bere m place of the venous ariomraph of the control serul set brcaw the artre wau s’
suitable for reproduction  The calibre of the renal vein was the same in bath =nawarsnis
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but in the great majority it was substantially decreased, both during the period
while the tourniquet was in position and also after it had been removed.

(?ur findings, therefore, confirmed the suggestion provided by the earlier
series of experiments that arterial spasm, resulting from the prolonged applica-
tion of a tourniquet, might extend proximally to affect the renal artery.

In view, however, of the fact that the tourniquet experiment involved at
least five hours of general anaesthesia, it was necessary to determine whether
the factor of prolonged anaesthesia in itself caused a change in the calibre of the
vessels. A group of rabbits was anaesthetised in the same way as the tourni-
quet animals and angiographs were made at the beginning of anaesthesia
and at various intervals up to six hours from the time when the anaesthesia
began. Although the vessels occasionally showed a difference in calibre
after prolonged anaesthesia, this difference was relatively slight by comparison
with that seen in animals which had had both prolonged anaesthesia and the
application of a tourniquet; moreover, it was less marked in the renal arteries
than in other arteries. Figure 12 shows how negligible might be this change
in calibre.

From these two groups of experiments we concluded, firstly, that a marked
constriction of the renal artery might occur in anaesthetised rabbits after a
tourniquet had been applied to one thigh and, secondly, that the part played
by the anaesthesia in causing this constriction was at most slight.

There was one other feature in the angiographs of the tourniquet animals
to which reference should be made. The shadows of the vessels were seen to
become increasingly dense after each successive injection of contrast medium,
particularly the shadow of the renal vein, the increased density of which
appeared to be greater than could be explained by the increased calibre of
this vessel. The various possible interpretations of this finding have not yet
been fully considered and require further investigation.

The next step in the investigation was to determine whether the alterations
in calibre of the renal vessels were the specific effects of the application of
the tourniquet to the limb, or whether they were merely the results of 2 fall

in arterial blood pressure. .
We found that the only reliable method of recording the rabbit’s blood

pressure was the standard laboratory technique, in which a mercury mano-
meter 1s connected to a cannula in the carotid artery. This method, however,
could not conveniently be used to record changes in blood pressure over a
period as long as five or six hours when angiogr'aphs had to be ma(_ic at
intervals; consequently, changes in blood pressure in our tourniquet animals

were not recorded.
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To determine what effect a raised or lowered blood pressure has on the calibre
of t.he vessels, and in particular on the renal vessels, we used several drugs
which were known to cause an alteration in blood pressure, and made
number of angiographs simultaneously with the recording of blood pressure
on a smoked drum. .

The first drug to be used for this purpose was adrenaline hydrochloride.
When the mercury manometer had been connected to the carotid artery and
the tracing of the blood pressure had started, control arterial and venous
angiographs were made, Ten to fifieen minutes later, adrenaline was injected
intravenously in a massive dose intended to produce a marked effect {the
dosage ranged from o'y 10 017 mg. per kg. body weight). As soon as the rise
of blood pressure bad reached its peak a second serial set of angiographs
was made. A third set of angiographs was made when the blood pressure had
completed the fall which followed the initial rise. Records were thus obtained
of the calibre of the vessels both under normal conditions and also when the
blood pressure had been raised and lowered by a known amount.

The angiographs made when the blood pressure had been raised to its
maximum (rises ranging from 34 to 54 mm. Hg.) showed a consistent picture
in all cases. The renal and femoral arteries showed an intense conshiction,
while in striking contrast the aorta showed a marked dilatation in both
its thoracic and upper abdominal segments, where at some levels its cross-
section was more than twice its normal value. The renal vein showed a marked
constriction.

‘With the subsequent fall in blood pressure {falls ranging from 10 to 47 mm.
Hg. below the normal starting levels), 2 less consistent effect was seen. For
example, one rabbit, with a fall in blood pressure to xo mm. Hg. below its
normal level, showed a slight dilatation of the lower thoracic aorta, whereas
another animal, with a fall in blood pressure to 47 mm, Hg. below its normal
level, showed this part of the aorta to be of normal calibre. In these same
anirals the renal artery showed a constriction in each case, but ihe
constriction was more marked in the animal which showed the greater fall in
bload pressure

As regards the renal vein and mesenteric artery, the results were more
consistent throughout the experiment; in every animal, irrespective of whether
the blood pressure was raised or lowered, the renal vein showed a definite
constriction and the mesenteric artery 2 marked dilatation.

The most spectacular feature of the an.giographs of these anim‘als was the
great increase in the size of the aorta whxc.h, at the peak of the rise of blood
pressure, showed not only a very marked increase in calibre, but also a con~
siderable extension in length, which gave the vessel a tortuous appearance
(see Figure 13},

Qur experiments with adrenaline seemed to us to indicate that the changes
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Fio 13 Artersal angiographs, Made with the rabbat 10 the laterst prautun, showing the effects prodaced by an
Inteavenous tnyectun of adrenatine hydrochlonde in hagh dimage () contred angmeraph, made before ngection
of adrenaline, ths flm was exponed 4 secands after the iyrchon of contrast medium () angiograph msde

48 seconds alfier wjecnion of adrenaline, when the sabbin's blood preoure was 54 mm Mg aboae 11s normal
Seuel thes B seas eaomed 18 sconds afer the snyeetion af the comtrast mecium. ote fhe diatatron of the heart
and the great increase in calie® of the thoraci and upper alalntunal segments of the aorta The tortuosity
of the tharacic s0r1a, due t 1Teae in 168 length, 1 st stiking The intense prripheral s asconstricting has
prevented Ui secord injectun of contrast medium from reaching the dital sorta, the thae, and femoral arteres
The great diminution 1 the shadows of the kudneys will be appreciated by compartson.selth e, ot sRE
graph (o)



20 STUDIES OF THE RENAL CIRCULATION

in calibre of the renal vessels were unrelated to the level of the blood pressure,
since a marked constriction of these vessels had been noted both when the
blood pressure was raised to its maximum and also when it had fallen to its
minimum. It appeared more likely that the constriction of these vessels was
dependent on some specific action of the adrenaline rather than on any changes
in blood pressure

Another drug used in this series of experiments was pilocarpine nitrate.
Angiographs of a rabbit made when the depressor effect of this drug was fully
aperative (blood pressure reduced by 24 mm. Hg. from its normal level)
showed that, while the aorta was markedly constricted, the calibre of the renal
artery was within normal himits, and that of the renal vein was substantially
increased. At the time of the subsequent blood pressure rise to above the
original normal level, the renal vessels were of the same calibre as in the depres-
sor stage but the aorta, while still constricted, showed a calibre more nearly
that in the control angiograph. Thus with pilocarpine, as with adrenaline,
the altered levels of blood pressure appeared to play no part in determining
the calibres of the renal vessels.

One further observation is of interest  We produced a fall in blood pressure
of 34 mm. Hg. in one animal by administering amy! nitrite by inhalation,
While the aorta showed a marked constriction throughout its length at this
stage, the renal artery showed a definite dilatation.

This group of experiments satisfied us that a constriction of the renal artery
did not necessarily coincide with a fall in arterial blood pressure, and inclined
us to the view that the diminished calibre of this vessel, which had been an
almost invariable feature in our tourniquet experiments, was due to a cause
other than a marked hypotension.

The next experiments undertaken were designed to determine the effect
of a decrease in blood 1olume on the calibres of the vessels, and particularly of
the renal artery and vein. Under nembutal and ether anaesthesia, several
rabbits were bled in quick successive stages until finally about a third of their
total blood volume had been withdrawn. Angiographs were made im-
mediately after each bleeding, and the calibres of the vessels were correlated
at each stage with the known amount of blood which had been removed.
The results showed a general constriction of all the vessels, including the
renal arteries and veins and the mesenteric artery, proportional to the amount
of blood withdrawn (Figure 14). Such similarity in response of the renal
and the mesenteric arteries had not been observed in any previous group of
experiments. .

The angiographic picture seen after haemorrhage did not, therefore,
correspond with that seen in our tourniquet animals, for in the latter the
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mesenteric artery showed a normal or even a slightly increased calibre, and
the renal vein was often dilated to a remarkable degree.

Hia 14 Angwcraphs showing the effect on the abdominal vewels produced by severe, rapid harmorthase,
() and (¢} serial angiographs shoving arterics and vens respectively befure hacmorthage 74} and (d) serial
aniographs showing arferies and veans respectively aficr haemnerhage

Tn () snd () the redueed calibres of the genal srssels are clealy scen  Note also the reduction i cahibre of
the meentenc veuels

Having failed to reproduce the picture shown by the tourniquet animals
n any of the experiments so far undertaken, we tried to sce if we conld achieve
our object by stimulation of different types of nerves by various means. We
selected the sciatic nenve as the first to be stimulated, since this nerve is easily
accessible and 55, moreover, the main mined nerve of the extremity to which
the 1ourniquet had been applied in the expenments described carlier in this
chapter

Under the same anacsthesia as before, the left sciatic nerve was exposed,
ligated, and then duided distally to the igature. In some animals the central
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end of the cut nerve was stimulated by clamping it with a pair of artery
forceps; in others bi-polar faradic stimulation was applied for a period of two
minutes. Angiographs were made at various times ranging from one and a
half minutes to one and a half hours after the conclusion of the stimulation.
Some of these angiographs corresponded closely with those of the tourniquet
animals, showing a marked reduction in the calibre of the renal artery and a
dilatation of the renal vein; the aorta, the mesenteric, and femoral arteries
also showed changes in calibre similar to those seen in the tourniquet animals.
These findings were not, however, constant mn all animals, and the lack of
uniformity in the results suggested that the response to the stimulation varied
considerably with the individual subject.

In those animals in which the renal artery was seen to become constricted
after stimulation of the central end of the divided sciatic nerve, this effect was
interpreted as a reflex reaction due to afferent impulses travelling up the

e left renal
Ter ve

ilatation of the
Anoiopraphs showing Teduction i calibre of the left repal artery 2!1:1‘51” et o e T
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injured nerve and reaching the artery by an cfferent pathway located in the
splanchnic nerves. Accordingly we subjected another animal, after lapa-
rotomy, to faradic stimulation of the left splanchnic nerve for two minutes.
Angiographs were made at various times from three minutes to two and a
half hours after stimulation, and some of these angiographs gave pictures
closely comparable with those seen in angiographs made after the application
of a tourniquet, or after effective sciatic stimulation; in fact, in the angio-
graphs made after splanchnic stimulation (Figure 15) the constriction of the
renal artery was even more marked than that scen in cither of these two
types of experiment.

The results of all the various groups of experiments that have been described
had provided an increasing body of facts which favoured our original hypo-
thesis that the blood supply of the Lidney can be reduced by a constriction
of the renal artery through the intermediation of the nervous system in
response to varjous stimuli.

To put the hypothesis to a conclusive test we decided to see whether section
of the splanchnic nerves would prevent the reflex response of the renal vessels
to the application of a tourniquet

The splanchnic nerves of several rabbits were divided bilaterally, and a
period of five weeks was allowed to elapse so that degencration mught occur
in the nerves and their terminations. Then, under nembutal and ether
anaesthesia, a tourniquet was applied to the left thigh in the usual way and
the customary number of serial sets of angiographs was made.

The control angiographs, made immediately before the tourniquet was
applicd, showed some striking features. The calibres both of the renal vessels
and of the mesenteric artery were remarkably large when compared with the
calibres of the other vesscls of the arteral tree, the renal arteries being wider
cven than the iliac arteries, a picture just the opposite to that usually seen
1 the normal animal (Figure 16).

In the angiographs made while the tourniquet was in position and after
its removal, all the vessels presented an appearance typical of that shown in a
tourniquet e\periment, wath the exception of the mesenteric artery and the renal
tessels, these showed a very slight degrec of constriction, but were almost
unaffected.  Consequently, the calibres of the mesenteric and renal arteries
were now still larger in proportion to the calibres of the other vessels than
they had been in the control angiographs.

It will thus be scen that by section of the splanchnic nerves we were able
to prevent the marked constriction of the renal artery which we found 1o
occur m tourniquet_animals with their splanchnic nenes intact.  How
cffective the denervation had been was shown not onle hy the mininmitsmm—a.
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of constriction which occurred in the renal artery after the tourniquet had been
applied, but to even better advantage by a2 comparison of this minimal
constriction of the renal artery with the marked constriction of the arteries
supplying the hind extremities.

5 M N Y Aol s N
Fic 16 Angiographs to show the dilatation of the renal and mesenteric arterses which occurs after bulateral
division of the splanchmc nerves (a) angiograph of rabbit whose splanchmc nerves had been divided 5
weeks p ly, (5 of rabbit with hnic nerves intact, for comparson  Note mn (4) the large
cahbre of the renal and mesenteric arteries of the denervated animal It will be seen that the left renal artery 1s
of even larger calibre than the ihac artertes, a picture the reverse of that secn 1n the normal animal (2).

In these experiments, in which a tourniquet was applied after splanchnic
denervation, we found for the first time that the renal and femoral arteries
responded to an experimental procedure in a divergent manner, in striking
contrast to their strictly parallel response to experimental procedures in
all the other groups of experiments.

We had previously been impressed by the closely parallel behaviour of the
arteries which supply the kidneys and those which supply the hind limbs,
and by the opposite behaviour of the artery which supplies the intestines,
the mesenteric artery (whose response was parallel to those of the renal and
femoral arteries in the haemorrhage experiments alone). This finding is of
greater interest in view of the embryological derivation of the tissues of these
parts of the body. Both the kidneys and the limbs are derived essentially
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from mesoderm, whilst the other abdominal viscera are derived essentially
from endoderm.

In the course of all these experiments we had made certain other observa-
tions which changed the focus of our interest from the renal artery and vein
to the arculation within the Liduey itsell. One of these observations is
described in this chapter since it was made directly from our angiographic
studies; an account of others is given in Chapter I11.

As has already been explained, when making the angiographs we exposed
two separate films, carcfully timed so that they would show the contrast
medium 1n the renal artery and the renal vein respectively. In the angio-
graphs of the tourmiquet animals we noticed that occasionally, after the tourni-
quet had been applied, although the renal artery and vein were scen, as they
usually are scen, in the arterial and venous angiographs respecuvcly, the
arterial angiograph showed a certain amount of contrast medium 1o be
present also in the renal vein. In some cases the shadow seen in the vein may
have been due to a residue from an earlier injection, but in others this
explanation seemed improbable.  We were surprised by this observation as
1t scemed to indicate that the con-

; f 1
trast medium was taking less time TOURN‘OUREE’:PER MENT
than usual to pass from the renal
artery through the kidney to the RENAL CIRCUIT TIMES
renal vein. BEFGRE JOURING T ON a4 AFTER

. . Sonne | w0 [T or il ot
To mvestigate this point more

accurately, angiographs of one rab- N W A N N -\
bit were made by direct cineradio- | . ‘ ‘
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©
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per sccond)  The result of this ex-

periment is shown in Digure 17, [ cross SecTioN of REwaL vesstls 1
where 1t will be seen that the time Pore o1 % 24 ‘:g'

mterval between the first appear-
ance of the contrast medum in the

renal artery and is first appearance e 17 Table based on measurements taken from
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tenval was decreased still more after (2 et T O et all theae hangrs were
the tourmquet had been removed.  apparent both while the tournujuet was in painon and
Simultancously with thus ase Abo aficr 13 remonal The relatnely shicht tanatons ia
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films showed the characteristic features of the tourniquet experiments,
namely, a diminution in calibre of the renal artery and a dilatation of the
renal vein,

The result of this experiment, carried out with a technique permitting
accurate timing of the radiographic exposures, thus confirmed our previous
suspicions that after the application of a tourniquet the intrarenal circuit
time might sometimes be noticeably reduced. At the same time, the renal
artery showed a marked reduction in calibre, which suggested to us that
the flow of contrast medium (that is, the blood flow) reaching the kidney was
reduced in volume. We conclnded, therefore, that the more rapid appearance
of the contrast medium in the renal vein, at a time of reduced arterial inflow,
was due to the fact that in its passage through the kidney the head of the
column of contrast medium was taking a shorter course than it had taken
before the tourniquet was applied.

It was this observation, made in intact animals, which first suggested to us that
a short-circuiting of the blood flow mght occur in the rabbit’s kidneyt We
had as yet no idea as to where in the kidney this short-circuiting was taking
place, but we realised the possible implications of an altered course of blood
flow, and for the next stages of the work we diverted our attention from a
study of the vessels by which the blood enters and leaves the kidney to an
investigation of the circulation within the kidney itseif.

aal carh that 2 dimsnished
the resistance of
»e unchanged of
wervations, since
sm within the

Kudney



CHAPTER 1II
Prelimnary Studies of the Intrarenal Circulation

Tue observations which above all others dirccted our attention from a study
of the renal artery and vein to that of the circulation within the kidney
itself were obtained from an expeniment which was designed as an angio-
graphic study similar to those described in the previous chapter. Since these
observations, which had been obtained by the use of an injected dye after the
usual series of angiographs had been made, led us to continue our rescarches
by means of other approaches, they arc described as the starting-point of the
next stage of the work.

The primary object of the experiment had been 1o record the effects, on the
renal vessels, of another type of nervous sumulation. Faradic stimulation
of the central end of the divided sciatic nerve had shown results which
approximated to those scen in our tourniquet animals more closely than the
results of any other procedures. The stimulation had, however, been limited
to a single application for a short period In an attempt to reproduce the
tourmiquet picture even more closely, we decided to stimulate the same nerve
at repeated intervals over a penied of time equal to that during which the
tourmquet was in position

After the usual anacsthetics had  been given, the left sciatic nene was
exposed and divided as in the previous experiments, and faradic stimulation
was applied to the central end for a few seconds every fifteen minutes over a
total period of four and a half hours. Angiographs were made before, during,
and after this period. The results of these were inconclusive, and before
sacrificing the ammal we decided to see what information could be acquired,
first by dircct obsenvation of the hadney and its vessels, and then by the
mjection of a dyc into the renal artery. A laparotomy was performed and, with
the left kidncy exposed, the central end of the left sciatic nerv ¢ was stimulated,
first faradically and later by being crushed with artery forceps  Duning ths
part of the experiment atropie sulphate was given by intravenous injection
facadeeagr ol g PR b bedy welight o it et migin tosen e e et
of this drug upon the renal vessels. Finally, an ijection of 0-5 ml. of a 5 per
cent solutian of methylene blue was made through a hypodermic needle
mto the left and right renal artenes in turm,

We were wholly unprepared for the dramatc result which we now obtaine
from an experiment which up to this point had appeared unfruilgxl/c'l\?,c:ﬁ

a7
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kidneys showed a strikm, i istributi i
t g contrast in the distribution of the dye (Figure 18).
Whereas the left kidney (the kidney on the stimulated side) ‘iho(wc%uonlxy)a

sy < :
g4
{e) (d)

Fio, 18 Phatographs of half of the nght kidney (a) and (<) and of half of the Ieft kidney
(8) and (d) of a rabbu, after intra-artenial injections of 5 per cent methylene blue solution  To
show the reflex effects upon the left kidney of sumulation of the central end of the divided left
s“i-uc nene (fur further description see text) Note the copsiderable stanung of the outer

very few 1solated spots of blue on its surface, the right kidney (the kidney on
the unstimulated side) was irregularly stained with the dye over its entire
surface. When the kidneys were sectioned radially the contrast was even more
remarkable, for the cut surface of the right kidney showed an intense diffuse
staining throughout cortex and medulla, whereas that of the left kidney
showed the staming to be confined to the deepest layer of the cortex and to
the subcortical zone of the medulla.t

The dye had been seen leaving each Iidney by the renal vein and, asin the

+ The umtateral effect of the sumulation tn this experyment 1 stsiking, but it should not be mfctred that n tus
cespect the result of this evperiment necessandy differed from those described in the pres ous chapter Aswebave
e motnted out, 1t 1 more dificult 1n angiographs o aswess changes 1 the arculation of the right Jadney
e e e, and consequently e hase not as yet atiempied o determine by means of angrographic studies
o ofien changes an the renal cireulation resulung from unilateral trauma are confined 1o one kidney, and how

often they affect
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left kidney the abmc-mcntmn:d region was well stained whilst all the rest
of the renal sut ined, we had here the first clue to the
site of the short- urcun, the exist-
ence of which we had suspected
from some of the previous angio-
graphic studies,

This experiment which, as we
have alrcady said, formed a spring-
board for a new approach to the
whole problem of changes in the
circulation of the kidney, had pro-
vided certain basic information.
Firstly, it had confirmed the exist-
ence of a short-circuiting mechan-
ismin thekidney  Secondly, it had
given us a clue as to where in the
kidney the short-circuiting tahes  pig 1y Prnt entarged from a small eoloured photo
place. Thirdly, ithadshownthatthe graph of the lefc idncy of a rablut, sectioned n the
short-circuiting mechanism could be €oronl lane s m the specimens depseted am Figure 18,
brought into operation by a neuro- :"“:,',,\',’,I,T:,.:l:e.p.:m I:";‘ l:fim;d r::‘:"(m“v ol

central end of the dinided Ieft sciatic
vascular reflex. Notwithstanding nene  Note the abeence of stuning i the peripheral and
the fact that atropine had beem B/ part of the cortex and the ssauung of the medulla
injected during the experiment, we % *27He depth tcompare with Fiqure 184)
felt justificd in attrbuting the short-circuiting that had been demonstrated
by the dye to the agency of a ncurovascular refley, since this short-circuiting
had been scen to occur only in the Kidney of the left side, the side on which
the nerve had been stimulated. The poisibilil) that the atropine had con-
tributed to the operation of the short-circuiting mechanism by contracting
the vessels had, howeser, to be investigated. Accordingly, two experiments
were carried out on exactly similar lines but without the administration of the
drug. Inonc case (rxgurc 19} the result w as essentially the same, the cortex
of the hwdney on the Jated side ined except in its deepest
zonc, as m the previous expeniment  In the casc of the other animal the
phenomenon was not repeated, suggesting that there are individual vanations
n response to central sciatic nenve stimulation,

The first experiments in which direct obsenvations were made of the
exposed hidney showed that uscful information could be obtained from
watclung the colour of the surface of the hidney and that of the blood in the
renal vem  Under certain conditions we saw that the surface of the hidney
paled and that, while the Mdney was pale, red blood might appear in the
renal vein Thas red blood would sometimes be scen in the form of ane e
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more streamlmes, in marked contrast to the bluer blood of the remainder
gf thg flow. At other times all the blood visible in the renal vein would
e red.

Tht? variability of the colour of the blood in the renal vein, which was
sometimes seen before any procedure other than the laparotomy had been
carried out, indicated that the blood passing through the kidney had retained
a varied content of oxygen. In the light of our recent findings that the renal
blood might be diverted from the cortex through a medullary pathway, the
fact that red blood might appear in the renal vein at a time when the surface
of the kidney was pale had a special significance, and a possible explanation
of the unreduced state of the venous blood became apparent. A diversion of
the blood from the cortex, the most active part of the kidney, to the medullary
pathway, with a possibly increased speed of “flow through these channels,
seemed to us a Jogical explanation of the phenomenon,

Claude Bernard (1858, a, b) appears to have been the first person to
describe the presence of red blood in the renal vein, and his observations were
later confirmed by his pupil Vulpian (1875) and other workers. Little
interest seems to have been taken in this phenomenon in subsequent years
until in 1936 Franklin and McLachlin demonstrated red streamlines in the
renal and other veins. A discussion of streamlining in veins in general and of
red streamlines jn particular, together with further references, is given by
Franklin (1937).

The interpretation which Bernard gave to the appearance of red blood
in a vemn was supported by a number of observations made on the kidney,
but it appears to have been based primarily on his studies of the circulation
in the submaxillary gland. It is for this reason that Bernard’s interpretation
of the phenomenon, when it occurs in the blood of the renal vein, cannot be
fully accepted mn the hght of our present knowledge. For Bernard supposed
that the appearance of red blood in a vein always indicated a dilatation of
the capillaries and, unaware of the existence of an alternative intrarenal
pathway, he related the presence of red blood in the renal vein to the forma-
tion of urine, as he had related a similar appearance in the submaxillary vein
to the formation of saliva. However, careful examination of the protocols
of his experiments on the kidney (Bernard, 1859) shows a number of rE§ulfs

which fail to support his interpretation that red blood in the renal vein is
always associated with urine formation. .

The results of those of Bernard’s experiments in which red blood was
seen in the renal vein at a time when no urine was being formed find a
probable explanation in the light of our own observations. In these cases we
suggest that the absence of urine formation when the colour of the venous
as red was due cither to the fact that the blood had been diverted

blood wi e
from the cortex and had passed through the medullary pathway in a manner
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similar to that which we have ourselves d rated, or to a diminished

glomerular pressure due to an intense general and local vasodilatation, an
interpretation which is based on several of our observations.

On the assumption that red blood appearing in the renal vein at a time
when the surface of the kidncy was pale indicated that the intrarenal blood
had been short-circuited through the medulla and had by-passed the cortex,
we carried out a series of experiments to try to discover under what conditions
this short-circuiting mechanism could be brought into operation. These
experiments may conveniently be divided into two man groups: those in
which a drug was administered, and those in which stimulation was applied.
In some experiments an intravascular injection of a radiopaque or other
substance was made to provide a permanent record.

It will be noticed that in certain cases the records of our findings arc
mcomplete and do not cover all the observable phenomena  The reason for
this 15 that in many instances the experiment was designed for the clucidation
of a single point. It was only in the case of experiments which were either
repeated a sufficient number of times, or for which there were a sufficient
number of observers to permut a study of other simultancous changes, that a
correlation of the various phenomena was possible.

In the production of a blanching of the surface of the kidney, some of the
most striking of our results were obtained from an intravenous injection of
adrenaline hydrochlonde, 1n dosages ranging from o't to o-17 mg per kg body
weight  After this drug was given, the surface of the Lidncy was often seen
to blanch very rapidly and to a remarkable degree, losing the red tinge of
its normal red or perhaps reddish-brown colour and passing through stages
of brown to a ycllowish-white colour in cases where the cffect was maximal.
The size of the kidney was reduced, and the renal artery and vein showed
a marked constriction. In some cases this constriction was seen to extend over
the whole length of the vessels, in others it was limuted to the parts adjacent
to the lulum, and the more medial parts showed, on the contrary, a marhked
dilatation, the transiton from the dilated to the constricted portions of the
vessels being extremely abrupt.  The colour of the blood in the renal vein
darkened, and 1f the sein was divided there might be no bleeding from the
renal ssde  This indication that there was no circulation through the kidney
was cor.|ﬁn'.ne(’|v by angiographs, from which it was seen that during the period

-

wwo-thinds of the cortical zone, and presented a marked contrast to the redness
of the rest of the cut surface of the hidney. In some cases there was no bleeding
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from any part of the cut surface, but in others the congested medullary arca
bled freely, while there was no bleeding from the palhd zone of the cortex.
This difference in our experiments was probably due to variations in the
degree of effect produced by the adrenaline in different animals. In the
former cases the effect was, no doubt, maximal and the entire renal circula-
tion had temporarily ceased. In the latter cases the effect was less extreme,
and a circulation was continuing through the medulla although the blood
flow through the cortex had been arrested.

These effects of an intravenous injection of adrenaline in such a dosage
are all rapid in onset and relatively short-lived. Blanching of the kidney
may be evident within seven seconds from the time of the injection and may be
maximal at twenty seconds. Recovery may be well under way within the first
minute. It is noteworthy that the greatest effect is obtained from a first
injection of adrenaline. Subsequent injections, made soon after the first,
produce a much reduced or even negligible response,

In the earliest stage of the recovery period, a spectacular change may
sometimes be seen in the renal vein. While the surface of the kidney is still
& ly pallid a st line of bright red blood may suddenly appear in
the dark blue blood of the renal vein, This sudden appearance of arterial
blood is dramatic, particularly when its flow is clearly seen to he pulsatile.
If an injection of Indian mk is made at the appropriate moment, the ink may
be seen leaving the kidney by the renal vein without staining the surface of
the kidney.

Similar results were seen in rats after intravenous injection of adrenaline

v S S
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As an alternative to adrenaline, ephedrine hydrochloride was usedt on one
occasion. After an intravenous injection of this drug in the dosage of -7 mg.
per kg. body weight there was an almost immediate constriction of the renal
artery, a blanching of the surface of the kidney, and a constriction of the renal
vein in which a red streamline made its appearance.

In the course of our angiographic studies, described in Chapter II, we had
observed that afier an intravenous injection of pilocarpine nitrate, whilst the
calibre of the renal artery was virtually unchanged, the renal vein showed 2

definite dilatation. To determine whether this dilatation of the vein was
: . T e Y- -se- e watch-

. is series
of experiments;
o8 mg. per kg. body weight.
to blanch after administration of the drug,
Generally the colour of the blood in the renal

it was njecter INTEAVELOUSY 1l Utuspls saspaey - 104 10
The surface of the kidney showed no tendency
but the renal vein always dilated.
I vein would change to red,
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but occasionally the blood was seen to darhen, and presently a stream of
red blood made its appearance. This stream was conspicuous not only because
its colour was sharply contrasted with the dark blood adjacent to it in the vein,
but also because it had a faintly pulsatile flow. .

Prostigmin was used in a few other rabbits and gave results very similar
to thosc given by pilocarpine. For example, in one animal, after an intra-
venous injection of this drug in the dosage of 01 mg. per hg. body weight, a
red streamline appeared in the renal vemn; this was followed by a dilatation
of the renal vein and a general reddening of the venous blood.  With double
this dosage in another animal, a similar dilatation of the renal vein occurred
and the venous blood became intensely red.

Another drug used becausc of its vasodilator cffect was anmyl mirtte. After
inhalauon of this drug marked generalised cyanosis occurred. The renal
artery became dilated and its blood blue. The vein was also dilated and uts
blood a very dark blue.

We used prmtnin (posterior pituitary extract) both in rabbits and in rats.
In rabbits, after an intravenous jection in a dosage ranging from o-1 to 50

umts per* * . . +" wed either no change in calibre
orelsca - “the kidney paled, though the
degree of . s, and the pahing was very

transient i an Cases.  1he Dlood 1n the renal vein was intensely red both

1% ' T - usto which pitui-

. . the blanching of

. A, E .. U .S extreme as any

blanching we have seen. The onset of the pallor occurred wathin thirty to

sixty scconds from the time of the intravenous injection, and the duration
of this pallor might be up to five minutes.

Putresstn was also given to rats intravenously in dosages ranging from o-2
10 20 pressor units per hg. body waght. The effects were very sumilar to
those seen after the injection of pituitrin, although we noticed that the
blancling of the surface of the Mdney began Farly constantly within thirty
seconds from the time of the wjection. With a high dosage the pallor of
the hidney was mtense  No obvious change was detected in the calibres of
the renal artery and renal vemn, In these respects both pitressin and pituitan
differed from adrenaline in the effects produced, but the blanching of the
surface of the hidney was as spectacular after these substances had been given
o rats as it was with adrenalme in both rabbits and rats  In rats another
difference from the appearance seen after an injection of adrenaline in both
rabbuts and rats was observed in the recovery phase, and this was particularly
well seen when the pitresan had been given 1n high dosage subcutancously.
The surface of the Midney became motiled with aregutar congested areas

which aliernated with the arcas of pallor, whereas in the recoven neriod
-
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after adrenaline the colour of the surface of the kidney changed fairly
uniformly.

i In a certain number of experiments on rabbits fuo drugs were administered
Wtravengus]y, one after the other.. When adrenaline was given after an injec-
tion of pllnc?rpme of of prostigmin the predominant result seen was similar
to that obtained a!'ter an injection of adrenaline alone, but the appearance
of the red stream in the renal vein in the first stage of the recovery phase
occurred more frequently than it did when adrenaline alone was used,

Thc. radiograph reproduced in Figure 20 shows the kidneys of a rabbit
to which adrenaline was given (in a dosage of o1 mg. per kg. body weight)
four minutes after an injection of prlacarpine (in a dosage of 0-4 mg. per kg.
body weight). Thirty seconds after the adrenaline had been given an injec-
tion of contrast medium was made. Because of the interference which
adrenaline was known to cause in the normal speed of the systemic circula-
tion, owing to intense peripheral vasoconstriction, the exposure of the radio-
graphs was purposely made at a late stage. Even the last of the serial films,
however, exposed forty seconds after the injection of contrast medium, and
seventy seconds after the injection of adrenaline, showed that no contrast
medium had reached the renal vessels, indicating that there was virtually no
circulation through the kidneys. Thirty minutes later, and ten minutes after
death, a further radiograph was taken after the abdomen had been opened and
the intestines displaced. In this radiograph (Figure 20) contrast medium is
clearly seen 1n the kidneys, indicating that at some stage between the previous
radiographs and the death of the animal the cirenlation through these organs
had begun again. This radiograph is of special interest because of the
distribution of the contrast medium within the kidneys. It will be seen that
there js a relatively poor shadow in the cortex of both kidneys and a much
denser shadow in the medulla, a fact which indicates that the circulation
through the kidneys, when it was resumed, was mainly by way of the medul-
lary pathiway. Further observations of a decrease in the circulation through
the cortex, with a corresponding increase in the circulation through the

edulla, derived from our angiographic studies, are described in Chapter V.

When atropine sulphate in a dosage of 1-7 mg. per kg. l‘)ody \\itlght was given
(by intravenous injection) after pilocarpune, the renal vein, which had become
difated and extremely red following the pilocarpine, became constricted and
its contained blood darkened.

Up to this point the visual observations described have been confined to
alterations in the renal circulation effected by the use of drugs. In addition,
however, similar obscrvations were made of the changes effected by some of
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the experimental procedures which had previously been employed in the
angiographic studies described in Chapter I1.

f10 20 Radigraph showing a cortical ichaemia of both kidneys  The heavy shadow
of the medulla contrasts with the poor shadow of the cortex, ndicating (hat the
circulating contrast medium had been largely excluded from the cortex  The rabbit's
atxlomen had been openedd and the imtestines displaced brfore the radiograph was taken
Tor details of the experiment see text

Exanunation of the kidney in some of our tourmquet ammals at the
conclusion of the cxperniment had shown some degree of palior of the surface
of the hidney, combined witl a redness of the blood tn the renal vein. Work-
ing on our original hypothesis that nernvous stimuh played an important part
in the remal changes scen after crushing injunes, a hypothesss which had
received some degree of support from our earlier experimental studies, we
decided to substitute stimulation of the sciatic nerve for the lengthy procedure
of the tourniquet expeniment

Stimulation was applicd to the central end of the dvided left scraue nerve
In some cases the nerve was crushed with artery forceps, in others faradic
stimulation was used. These two forms of sumull produced comparable
effects. The effects mught be to some extent bilateral, but tn general the left
kidney, that on the stimulated side, was the one primanly or apparently
solely affected  The degree of the effects of our sciatic sumulaton was found
to vary markedly from anmmal 1o animal. In those anmals in which a
response was obtamed, the surface of the hidney blanched, sometimes to an
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after adrenaline the colour of the surface of the kidney changed fairly
uniformly.

In a certain number of experiments on rabbits fwo drugs were administered
intravenously, one after the other When adrenaline was given after an injec-
tion of pilocarpine or of prostigmin the predominant result seen was similar
to that obtained after an injection of adrenaline alone, but the appearance
of the red stream in the renal vem in the first stage of the recovery phase
occurred more frequently than it did when adrenaline alone was used.

The radiograph reproduced in Figure 20 shows the kidneys of a rabbit
to which adrenaline was given (in a dosage of 0'1 mg. per kg. body weight)
four minutes after an injection of prlocarpie (in a dosage of 0-4 mg. per kg.
body weight). Thirty seconds after the adrenaline had been given an injec-
tion of contrast medium was made. Because of the interference which
adrenaline was known to cause in the normal speed of the systemic circula-
tion, owing to intense pertpheral vasoconstriction, the exposure of the radio-
graphs was purposely made at a late stage. Even the last of the serial films,
however, exposed forty seconds after the injection of contrast medum, and
seventy seconds after the injection of adrenaline, showed that no contrast
medium had reached the renal vessels, indicating that there was virtually no
circulation through the kidneys. Thirty mnutes later, and ten minutes after
death, a further radiograph was taken after the abdomen had been opened and
the intestines displaced. In this radiograph (Figure 20) contrast medum is
clearly seen in the kidneys, indicating that atsome stage between the previous
radiographs and the death of the animal the circulation through these organs
had begun again. This radiograph is of special interest because of the
distribution of the contrast medium within the kidneys It will be seen that
there is a relatively poor shadow in the cortex of both kidneys and a much
denser shadow in the medulla, a fact which indicates that the circulation
through the kidneys, when it was resumed, was mainly by way of the medul-
lary pathway. Further observations of a decrease mn the c1r(.:ulanon through
the cortex, with a corresponding increase in the circulatlon. through the
medulla, derived from our angiographic studies, are described in Chapter V.

When atropine sulphate in a dosage of 1-7 mg. per kg. l?ody \\{Clght was given
(by intravenous injection) after pilocarpine, the renal vein, which had become
dilated and extremely red following the pilocarpine, became constricted and
its contained blood darkened.

Up to this point the visual observations described have been confined to
alterations in the renal circulation effected by the use of drugs. In addmon}
however, smmilar observations were made of the changes effected by some ol
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the experimental procedures which had previously been employed in the
angiographic studics described in Chapter IL

Fi 20 Radweraph showing a cortical chaemia of both kidneys  The heavy shadow
of the medulla contrasts with the poor shadow of the cortex, indicating that the
crculating contrast medium had been largely excluded from the cortex The rabbut’s
abdomen had been opened and the mtestines displaced before the radiograph was taken
For details of the expenment sre text

Examrmation of the kidney in some of our tourniquet ammals at the
conclusion of the experiment had shown some degree of pallor of the surface
of the kidney, combined with a redness of the blood 1n the renal vein. Work-
ng on our origmal hypothesis that nervous stimuli played an important part
in the renal changes seen after crushing injunes, a hypothesis which had
recaved some degree of support from our earher experimental studies, we
decided to substitute stmulation of the saiatic nerce for the lengthy procedure
of the tourniquet expenment

Sumulation was applied to the central end of the divided left sciatic nerve.
In some cases the nerve was crushed with artery forceps, 1n others faradic
stimulation was used. These two forms of stimuli produced comparable
effects The effects might be to some extent bilateral, but in general the left
kidney, that on the stmulated side, was the one pnmanly or apparently
solely affected. The degree of the effects of our saatic stimulation was found
to vary markedly from animal to animal. In those ammals in which a
response was obtarned, the surface of the kidney blanched, somctimes to an
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intense dcgree: of pallor, the tenal artery became constricted, and the eolour
of the blood in the renal vein became sed. A blanching of the surface of
the kidney was observed in rats as well as in rabbits after the central end
of the divided sciatic nerve had been crushed with artery forceps.

In a further group of rabl?lts we shmulated the distal end of the divided left
splanchme nerve.  After such stimulation the surface of the kidney tended to
blanch, and red streamlines sometimes appeared in the 1enal vein. With this
type of stimulaton also the results were noticeably variable from animal to
animal.

The most marked and constant effects were obtained by faradic stimulation
of the nervous plexus surrounding the renal artery. Although we cannot definitely
dissociate the effects of stimulating the nervous plexus from those of direct
stimulation of the renal artery itself, we are inclined to believe that the
effects seen are those obtained from the intermediation of the nerves of the
renal plexus rather than from any direct muscular response. After stimulation
has been applied to this plexus the renal artery becomes constricted, often to a
marked degree, the kidney itself contracts and its surface blanches, the colour
becoming remarkably pale. The renal vein also becomes constricted and red
streamlines are frequently seen in it. If an intravascular injection of Indian
ink is made at this stage, the surface of the kidney is not stained, although the
ink may be seen leaving the kidney by the renal vein. The implications of
this observation are even more striking when a succession of particles of ink
are seen, as discrete black specks in the red blood, being carried in a pulsatile
stream towards the vena cava. Such injections of Indian ink and of radio-
paque substances have shown that the pallor of the surface of the kidney is
due to a marked peripheral vasoconstriction, and it is therefore legitimate to
attribute to the same cause the pallor of the surface of the kidneys observed in
many of the experiments described in this chapter.

The diminished renal arculation and particularly the virtual absence of
any cortical filling which obtain in these conditions may be seen in Figure 21.

In some of the experiments that have just been described we tried to cor-
relate the flow of urne with the renal and vascular changes observed. We
decided against ureteric cathetenssation for recording urine flow because of
the disturbance of renal function which this procedure may cause. Ina few
of the early experiments of the angiographic series, we bad employed some of
the contrast media used in excretion urography because they are ‘clxmmamd
from the blood stream by the kidney, and we had confirmed in rabb‘lts that the
passage of the contrast medium through the uretcrs was not continuous but
intermittent, as if propelied by individual per:st'alnc waves. In the group of
experiments deseribed in this chapter, in which direct observations were

made with the abdomen open, we found that individual peristaltic waves in
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the ureter could be clearly seen, and accordingly we decided to use these
waves as an indication of urine flow,

In those experiments in which observations of this nature were made
we found that the number of peristaltic waves seen to pass along the ureter
was markedly decreased when the surface of the kidney showed some degree
of pflllor. This suggested that there was a correlation between a diminished
cortical circulation and a diminished urine flow, although we cannot exclude
the possibility that the stimulus which caused the surface of the kidney to
blanch also directly inhibited ureteric perstalsis.

As a result of the experiments summarised in this chapter, the suspicion
which had been derived from our angiographic studies, that a short-circuiting
of the blood flow might occur in the rabbit’s kidney, became a conviction.
Further, we learnt that when this short-circuiting occurs the blood passing
through the kidney is diverted from the cortex to the medulla, and that the
blood supply to the cortex may be so reduced that complete cortical ischaemia
may result. We also lcarnt that cortical ischaemia can be produced in the rat.

As regards the use of the term ‘short-circuit’, the first suggestions of the
existence of an alternative intrarenal pathway were derived from observa-
tions which indicated that the blood was taking a course through the kidney
shorter than usual, but in the state of our knowledge at the time we had no
idea as to the exact site of the ‘short-circuit’. In our subscquent studies we
have not as yet determined whether, when the blood 15 diverted from the
cortex through a medullary pathway, the course taken by the blood is
always shorter than that through the cortical pathway. Consequently, until
this point is established we shall not in future refer to a ‘short-circuit’, a term
which is open to misinterpretation, but shall use instead the term ‘by-pass’
in referring to the pathway through the medulla through which the blood
1s carried when it is diverted from the cortex.

In our investigations up to this stage we had studied the renal circulation
from a purely functional point of view. In the next stage we concentrated
our attention on a morphological study of the intrarenal vessels in an attempt
to discover the anatomical channels through which the blood is directed
when 1t 15 diverted from the cortex. The data provided by this study forms

the subject of Chapter IV.



CHAPTER IV
Studies of the Intrarenal Vascular Pattern

Tue observations that under certain conditions the blood, or substances
injected into the blood stream, could pass through the Kidney without
traversing the peripheral and indeed the greater part of the cortex indicated
that one of the next stages of the investigation must be a study of the intra-
renal vascular pattern, with a view to determining the actual pathway
used in these conditions. One experiment in particular (scc Figure 18) had
indicated that the region probably concerned was the decpest layer of the
cortex and the subcortical zonc. It was unlikely that there were undescribed
channels between the artenal and venous sides of the circulation in this
territory, for, if such channels were present, 1t scemed that they must be of
large calibre to have been able to carry all the blood which was diverted from
the cortex, and that therefore they could scarcely have been overlooked by
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previous workers. Did the existing vessels, as known and described gt
Bossits et g A escribed, provide a

Tigure 24)

Before embarking on a detailed account of the various methods used
and the results obtained in our attempts to prove that the vessels of the
medulla were capable of carrying the blood diverted from the cortex, we
describe first two experiments which suggested to us the general lines of our
morphological studies. In these experiments, owing to the unsuitability
of methylene blue (which we had used in the experiment quoted above)
for a detailed study of the vessels, we used injections of Indian ink. We in-
jected this substance during life into the renal artery of a normal rabbit, to
serve as a control, and then into that of another rabbit, while applying
faradic stimulation to the nervous plexus surrounding the renal artery.
On radial’ section of these two kidneys, a very striking difference was apparent
in the distribution of the Indian ink. In the kidney of the normal animal
(Figure 22a) the cortex was scen to be well and fairly evenly filled with the
injection mass, while there was only a very indifferent filling of the medulla.

1 The term ‘radial’ 1s applied to sections whach are cut in plancs radiating from the hilura 1n the short axs
of the kidney
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The structures responsible for this macroscopic picture were found on micro-
scopic examination (Figure 225) to consist of interlobular arteries (called by

some workers ‘intralobular’ artcrics), glomerul and the
intertubular capillary network in the cortex, and of the
vasa recta and the medullary intertubular capillary
plexus in the medulla. The injection had not passed
through the capillary plesuses to fill the veins. In the
kidney of the stimulated animal, on the other hand,
the macroscopic picture (Figure 23a) showed a poor
filing of the cortex and a very marked Glling of the
medulta, where the pattern consisted of close-set radial
streaks. The filling was variable in different radial
planes through the kidney and in some sections
(Figure 24) was most conspicuous in the subcortical
zone, while the apex of the medulla was relatively
unfilled. Microscopically (Figure 236) the well-filled
vessels of the medulla were seen to be the vasa recta,
whilst in the cortex some glomeruli, mainly those n
the deepest zone, and a few interlobular veins were

Fio 23 Anotheracctionfrom
the sumulated kidney depicted
n Figure 23, showing in thiy

Jane a_particularly marked
fillang of the subcortical zone

of the medufla  (Part of this
scction 15 shown in Figure 236,
a less completely filled arca
having been selected 1n order

toshow more detait )

filled,

The results of these simple experiments suggested that:

1. In the normal animal the vessels of the cortex receive the greater part
of the renal blood supply, while those of the medulla receive a noticeably
smaller part,

2. In the sumulated animal the vessels of the medulla receive by far the
greater part of the blood supply, while those of the cortex, with the excep-
tion of the vessels in its deepest zone, receive virtually none.

3. The vessels of the medulla, carrying in the normal amimal a relatively
small part and in the stimulated animal the bulk of the total intrarenal
blood flow, were apparently the same in each case, namely, the vasa recta.

It will be appreciated, therefore, that our attention was immediately focussed
on the vasa recta, since they appeared to form the channels through which
the blood diverted from the cortex passed through the medulla,

We have been surprised to find how comparatively hittle interest has been
taken in this part of the intrarenal vascular system Some explanation of
this relative neglect of the medulla may be due to the generally prevarling
concept that the important functional elements of the kidney are confined
to the cortex. Moreover, although the renal vascular pattern has been
studied extensively, mamly by means of injectton masses introduced post
morten, our own experience, coinciding with that of Gross (1917, 1918),
has shown that 1n the normal adult kidney an artenal mjection, whilst giving
a good picture of the cortical vessels, results in a relatively poor filling of the
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vessels of the medulla. Th.e difficulty of studying the vasculature of the medulla,
however, does not end with the filling of these vessels, since the rarity with
which sections can be cut in exactly the same plane
as the vessels constitutes a further obstacle to tracing
their course from beginning to end. For these and
other reasons the study of the vascular arrangements
in this region is not an easy one.

The diagram shown in Figure 25 indicates the
pattern of the smaller intrarenal vessels as generally
described in the various current textbooks. It shows
an ‘arcuate™ artery giving off an interlobular artery,
from which spring afferent arterioles, each leading
to a glomerulus. The cfferent vessels of the glomeruli
of the greater part of the cortex pass to the cortical
intertubular capillary network, which is drained by
an interlobular vein, It will be seen, however, that
the efferent vessel of the glomerulus lying nearest to
the medulla breaks up into a group of more or less
parallel straight vessels, the vasa recta, which pass
towards the apex of the medulla. Some diagrams,
including the well-known one of Cushny (1917),
which is still used in several standard text-books of
physiology, omit the vasa recta altogether, while many

Fis 25 Tncomplete, and w Of the diagrams which do show these vessels depict
various respects erroncous, dia- them as ending 1n space (as in Figure 25), and as
gram of the smaller mmarenal 1, ino 0o apparent connection with their correspond-
Vessels, such as 1s commeonly scen 5 n W )
in current textbaoks Note m Ing veins. Some good descriptions and illustrations
particular the way n which the f'the yasa recta have been given by various workers,
vasa recta end i the medulla A ’
space, having no apparent con- including Bowman (1842), Virchow (1857), Huber
nection between their ‘arenal’ (1997) Morison (1926), MacCallum (1926), Moore
and “venous’ udes (1928), and Bensley (1929), and a valuable account
is given i the general survey of the kidney by von Mollendorfl (1930), but
the complete pattern of these vessels—their size, numbers, course from
beginning to end—and their relation to the renal tubules have never, as far as
we know, been adequately presented. Moreover, most workers appear to
have been interested mainly in the artenial side of these vessels, and detailed
studies of the venous drainage of the medulla have been strangely lacking.

In this chapter we present the evidence which we have obtained that the vasa recla,
together unth ther related vessels, constitute the medullary pathway through which

cesels intermediate between interlobar and nter-

ble term for th
3 In the absence of a generally acceptable term for the v e b e that i

Iobular, we use¢ the traditional name ‘arcuate’, although we agree wl
the hurman kidney 1t 1s ot a satisfactory designation
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the blood, tchen it 15 diverted from the cortex, is carried from the renal artery to the
renal vent

MAaTERIALS AND MeTHODS UsSED

The matertal used in this study has been provided by the kidneys of more than one hundred
and fifty rabbits, and of a smaller number of dogs, cats, rats, and gunea-pugs  To addition,
the kidneys of some sex enty human sulyects, both normal and diseased, denwved from necropsy
material have been used  These last specimens were removed within six to twenty-four hours
of death, complete with all pennephric tissucs and with adjacent sections of the aorta and
1nfenor vepa cava, In the case of the antmals, injections have been made bothin vivo (under
nembutal andfor ether anaesthesta) and also post moriem  In some instances the ammals
were not subjected 10 any expenimental procedure other than that of the injection  In other
wstances the injection was made either dunng or afier certamn experimental procedures,
ncluding the admsnistration of drugs, the infliction of trauma, and the application of
electrical and other forms of stmulation

Many types of injcction mass were used (sec Figures 26, 27)  The most satsfactory results
were obtained with the followmng

1, Indian ink Hizqins Waterproof Black (Amenican India Ink)? was the most satisfactory
brand, though we found that good results could be obtamed with several Enghsh proprictary
Indian inks provided that they were filtered, Higgins ink could be used without filtration
The tnk was diluted with from one to three parts of distilled water

2 *Aquadag’ collordal graphute in water One part suspended mn three parts of distilled
water

3. Berhin blue sofuble This was most satisfactory 1n a concentrauon of 2 per cent made
up in disttled water  We found, as Hinman, Morison, and Lec-Brown (1923} had done, that
an aqueous solution of Berlin blue gave better results than the classical Berlin blue gelatime

ass
4 Colodal metathc brsmuth A concentration of 1o per cent was found somewhat too
vtscous for casy injection and the mass was therefore dilused with an equal volume of disulled
water It sull proved to be a difficult matenal to inject when a very fine cannula or needle
was used
5 Collowdal metallic gold (ved) 1o per cent This mass gave very good results, partcularly
m showmng the finest vessels
6 " o
mate . .
masse
Figur
VESSCIS wiien seLtions were cut (though 1t sultered less trom thus defect when the tissue was

embedded in cellowding, and a muddy appearance when sections were viewed by transmutted
light

QF the ahour snbistancee tha callaadal caeated ca ot = 4 1 o .
ves
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Fic. 26. Inection masses of varous types ()
neaprenc (arteral, white, and venous, blue, injec-

J " '
bismuth carkonate (venous injection), whole kidney
PR N "ot a ket i hale
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by the use of two non-colloidal metallic suspensions because, owing to the large size of their
particles, they did not enter the profuse fine vessels and so obscure the larger vascular trunks
{sce Tigures 264, ¢, f, §) These radiopaque materials were*

¥ic 27 “eoprene caus of the sasculature of the kidney  (2) human foctusof seven
months, arterial myection  (5) human foctus of six months, artetial (white) and \cous
(buc) injections. Note also 1n (b) the vasculatuee of the suprarenal

7 Bumuth carbonate A suspension of 10 per cent in tap water

8 Red lead (Pb,0,) A suspension of approximately 10 per cent 1 tap water

Both these substances precipitate very quickly, and the suspension must therefore be weil
stirred ammediately pnior 1o use.

_ g Neoprene latex 'This snyection mass, which was mtroduced for renal vascular studies
by Lich (1940) and has been wsed by Duff and More (1944} and by Shonyo and Mann
(1941), proved to be of the utmost valuc The ncoprene casts obtained by corrosion of the
injected speaamens with acid allowed us to examne the morphology of the sessels in @ way
that was not possible 1n sectioned matenal nor, at any rate by us, 1n material macerated by
the methe?- <7F ¢ - ree b e ‘ D ) - -

superior . . " )
(1923) ~ o .
of vanious dyest (sec Figures aba, 27)

AN 1niactinn macese nthar than tha naancana 1 oaea wiend aad oo oty e

was made during bile or after death

Injections made duning e Al the ngections made during hfe were of necessity made from
the arterial side  In rabbits and cats one satisfactory method frequently used was to inject,
through a cannula tied mto the dista) abdominal aorta, pomnting towards the hrart, ata pressure
sufficient to keep the head of the column of the injectron mass just proximal to the renal
artenies, the object of this was to aflow the heart-beat 1tself to drive the mass through the
renal vessels  With this techmique the amount injected ranged from 10 to 70 ml, and in

The neoprene latex used was .

(o ding e, were i o 24y T Cherment T Lo g s coloue pas

he 3 \ u w
:h:;u;r:::/;g Mr C Falconer Fhnt, to whom we are also indebted for adice on certain aspects of the use of
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some cases the mesenteric artery was clamped or higated prior to the mjection in order to
conserve the injection material A second method, used in a number of animals, was to mject
a much smaller amount of matenial through a hypodermic needle direetly into the renal
attery In rats and guinea-pigs and m a series of newborn rabbits a convenient route for
njection was found to be the thoracic aorta, quickly exposed by removal of part of the chest
wall on the left sside  For these injections a hvpodermic needle was used and the amount
mjected vaned from 2 to 10 ml  After the mjection was completed the kidney or kidneys
were quickly excrsed and placed i fixative
Injections made afler death A cannula was tied mto the renal artery and often nto the renal
vein also  In most cases, prior to mjection, the kidneys were perfused from the artertal side
with tap water, or with normal or hypertonic saline, at a relatively low pressure (110 to
130 em of water) for a varying number of hours up to twelve Occasionally a small quantity
of a 10 per cent solution of sodum nrtrite in warmed tap water was introduced beforehand
to serve as a dal; The most f2 y 1nj were obtained when the kidneys
had become pale at an early stage in the washing  After perfusion the organ was placed in
the refrigerator with the cannula still in position, and left to drain for a period up to twenty-
four hours The best injection results were obtained when the specimen was compressed under
a moderate weight during dramnage The kidney was then placed in warm water for about
half an hour, and when 1t was thoroughly warmed the injection was made
Injections were made from the arterial side alone, from the venous side alone, and from
B R T e teelle e enind o the venous), superficial
The amount of mass
" m the vessel or vessels

through which the mjection had been made were tied off and the organ was placed in fixative.

TInjections with neoprene  Consrderable practice was needed before we mastered the special
difficulties of this techmque One of the major obstacles was the tendency of the hquid to
set prematurely. We found 1t tmpracucable to use a syringe for mjecting th‘is matertal,
owing to the fact that a film was left between piston and barrel, which set and jammed the
syringe Fine cannulae, when blocked, could not be cleared, and we therefore used glass ones
as these could be casily replaced Furthermore, there was always the nisk that the neoprene
would set n the larger blood channels before reaching the finer vesscls, owmg to its contact
with tissue fluids

The apparatus used for making neoprene Injections was very simple (Figure 28) It
consisted of an oxygen cylmder fitted with a

reducing valve, connected by one arm of a Y-
tube to a wide-necked bottle contaming
ncoprene, and by the other to a mercury
manometer An out-flow through a T-tube

R O RN o

MANOGMETER

was introduced into the crcuit between the
oxygen cylinder and the manometer  As a
WINCHESTER safety measure this bottle was wrapped
BOTTLE sacking. The cannula was attached to the
QUTLET CANNULA - . .
07 CYLINDER  AND CilP

Fic 28 Disgram of apparatus used m making
snjections of neoprene
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2

. f . . . . . v
end of the injection, before the pressure was released, the cannulated sessel or vrusrly were
ligated, the cannula was then removed and the kidney plunged into 10 pey ornt formmssde
saline acidificd with a few mt of commeraial hydrochloric acid  After an hozror s £z s
fluid, when the ncoprene in the superficial vessels had solidified, the prrizmgieis = s
were dissected off  We found 1n gencral that after this it was best 10 place 2te iz in
10 per cent formol-saline for about a week, 50 as to avord the dutortion w i,
freshly~cut organs are fixed

After this period of fixation the whole organ, or more frequently shors e st virane sanes
were corroded by being mmmersed in undiluted commercial hydrocklomiz zreue. =zrma et 1
a closed vessel, and left for from twelse to twenty-four hours either on 2 f=2.atr 1 1t 50t gn o
at 56° C. The specimen was then washed by a gentle flow of water, 27 w i 4o 21ar ez o2
renal tssue had been washed anay the east was ready for cxamiation.
were preserned 1n 1 per cent formol-tap water

For exammnation a cast was placed in water i a shallow glass 858 2o 57w es 4 opon
a dissecting microscope giving magnificatons of from X 610 ¥ 200 DrersFancy or, g,';‘
by a hugh mtensity 1amp was used  The casts were manipulated and disweird o =, 4 pooe
of glass needles, fine forceps, and scissors ks

The presenvation of small fragments dissected from the main cast proned 4 50 P
difficulty We dishked the distortion which resulted from the method of mins=rep 2 oy eonst
by DufTand More (194), n which the cast 13 placed on a shide and fattered rrs 11, v 0 oer.
sure of a cover shp Yo = ' . - DRSNS A e
a transparent medir .

ot v v

et a gy

with a thick cover sl . I
parent medium i wh . . '
and Canada balsam . O

neoprene, rendering 1t transparent and thus invisible “Uhe mounung 14" o, 1 up orr 5,
used has been tap water (from which dissolved oxygen has been reraerie £, gop ‘.;"7-1/
with the addition of a trace of presename, such as formaldehyds oo ¢ Y-"E nbr:w
cover shp s sealed over the cell with Reuter's dichromate gelatme Al 510 g A thick
this 1o be a fairly good method of mounting, we are stll troubled bry the 5 qer (s =774

o n s L0
often make thewr appearance in the fiud 10 the course of a few bawry o 41 "~ Witk

Histological methods used The further treatment of kidneys injectrd wis,
neoprene and of the considerable number of uninjected kidneys gid 1, ! P47 than
follows TR AP
Al the larger kidneys were cut cither )mmediately or after
tton The fixative used th was 10 per cent ¢ and 1t
and hardened 1n this solution for a mimmum period of twodays g, r. "
of the kidney were cut 1n various planes  In many instances thess Werees ¢
or cellodin The sections cut from the paraffin blocks ranged v, =74 i1 garafin
and those from the cellodin blocks from 10 10 300 Many sectiony fypes v, ¥ % i1 thickness,
were examincd urstamed  Other scctions were stained with, Egtoge, | 7 4 fitatenial
cosin, Weigert’s sron haematoxylin and van Gaeson's misture, v 12"}

7 aorsoreglin anet
phosphotungstic acid haematoxylin, and Masson’s trichrome, 1y rqv7:? fitire alome,

2ot bt ety e

0., s wrre fixed
rrd lferent parn
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through the alcohols and cleared in creosote or 1n a mxture of Pphenol-toluol-creosote and
mounted 1n balsam, Others, both thick and thin, were stained with Weigert’s iron haema-
toxyln and van Gieson’s muxture, with van Greson’s mixture alone, and with Ehrlich’s
haematoxylin ! These stains were used also for frozen sections, both thick and thin, of un-
injected kidneys; some thick unstamed sections of unmjected kidneys were clcarcd’by the
Spalteholz method, which was found to giwe a very clear picture of the red cells contained
withm the vessels

Sections were examined by transmutted light both through a single objective microscope
and also through the binocular l‘!lsscc(mg microscope used for viewmng the neoprene casts.

use was made of stercophotomicrographs (see Figure 74) These were taken by fitung the
camera attachment to each eyepiece of the d pe in turn,
- * * * * *

In working out the pattern of the vascular structures of the kidney we have benefited
greatly not only by the large number of kidneys studied, but also by the wide range of

hniq n our mvestig .

The histological examination of thin sections of kidneys, injected or uninjected, affords
but a poor and incomplete picture of the vascular pattern, but, once the pattern is understood,
such an examination 1s of great value in showing the relations between vessels and paren-
chyma Thick sections of similar kidneys, unstained or very lightly stained, reveal a prcture
surprising to one who 1s famihar with thin sections only, for considerable portions of the
various structures may be seen m their entirety The complex coils forming the convoluted
tubules, the long straight tubules and their loops, and {in injected preparations or in those
with only the red cells stamed) the abundant vessels may be seen almost 1n relief even
through a monocular microscope and with transmitted Iight  With the stereoscopic view
given by the dissecting microscope and the use of direct highung the structuses are seen to
even better advantage, standing out m full relef

The partial maceration method ntroduced by Huber (1g11), and used to such good
effect by Oliver {1939, 1944-45) and ks coll provides a three-di ional picture of
extreme beauty and of great value for a study of the Malpighian corpuscles and the tubules,
though 1t 15 less suitable for an investigation of the vascular system, owing to the poor
resistance to the acid offered by the veins and their tributaries

Finally, the value of examtning casts of the 1ntrarenal vascular system made by njections
of neoprene cannot be d  For the production of a rigid cast of the main vascular
tree of the kidney, celloidin 1s probably the material of choice (see Fagure 83} No one who
has used 1t or seen the beautiful results obtained with ths mass bx‘workc:s‘such as Hinman,

and hxéh tensile strength permut the manipulation of casts of even the smallest vessels wiuoul
damage Inadentally, in some of our preparations injected with neoprene, we have obtamed
excellent casts of consderable portions of the uriniferous tubules, in addition to the blood
vessels. For in some cases, when a high injection pressure has been used, the capliaries of

1ned by stamnng with Ebrlick's haematoxyha
“bluemng up’ This gave

3 Useful results n the case of very thck frozen sections wese obta
a 10 the snjected

hout an;
for a pertod vary mg from ten to sixty scconds and mounting the section Wit y
B bt taiminy of both puclens and cytoplasm to show the relations of the senal parenchym

blood vessels
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some of the glomeruh have been ruptured, allowing the neoprene to enter Bowman's capsule
and to pass for a varying distance down the tubule ~ As our interest up to the prcs:n{has been
mainly 1n the vascular structures of the hudney, we have not yet made any extensive study
of the tubular casts thus obtained, though we have dernved some uscful information from

this material on the relations of tubules to capillnies (scc Appendix and Figure 80)
ot T e . P SN, v

exactly the night projection, with no overlapping structures, 1s purcly a matter of chance, and
hundreds of sections m1y have to be exammned to achieve one's object  With the neoprene
casts, on the other hand, which can be freely mampulated, any overlying matenal can be
dissected away and the cast of the glomerulus can be examined from every aspect and, if
necessary, may itself be dissected  The advantages of this injection mass for the determination
of an anastomosis are mentioned later in 1his chapter

‘Whikst we have found the neoprene injection method to be the most valuable of any one
techmque for the study of the intrarenal vascular pattern, we could not have attained that
degree of understanding which we have reached by the usc of this method alone Each
techmque used has played 1ts special part i our mvestigation, and 1t 1s by the combined
use of many methods that we hae been able to provide the morphologieal contnbution to
our concept of the mtrarenal circulation

l\fORl’HOLOGY OF THLC VESSELS THROUGH wiIcH THE Broop Is
CARRIED WHEN IT Is DIVERTED FROM THE CORTEX

I RABBIT KIDNEYS

Our first expeniments of the present series, described at the beginning of
this chapter, had suggested that the vasa recta and their associated vessels
werce the channels through which the blood was carrted when 1t was diverted
from the cortex and passed through the medulla. These experiments had,
however, also shown that 1n a normal ammal an injection introduced from the
artenal side resulted in a relauvely poor filling of these vessels We therefore
carried out some further experiments, designed on theoretical grounds, to
achieve a better filling of these channels

We decided first to see if, by use of a vasodilaior, we could obtain maximal
filling of all the intrarenal vessels, including those of the medulla  Figure 29
illustrates the result of one experiment of this group The rabbit, anaesthe-
used in the usual way, was mven amyl mtrite by inhalation until it died, and
then, after laparotomy, an mjection of Indian ink was made nto the renal
artery When the ink was scen to be flowing freely from the renal vein this

S W P v
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cones, radially arranged, the apices being directed towards the papilla.

While the cortex showed a considerable degree of filling, the distribution
D
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I e

Fic 29 Sections of rabbit’s kidney mjected
with Indsan ik via the renal artery, showing
remarkably good filling of medullary vessels
obtamned after inhalanon of amyl nitnte (a)
coronal and (5) radal scctions show that the
vasculature of the medulla has a radual artange.
ment  The distribution of the ink i the cortex
18 unusual, since the interlobular arteries and
the glomerul, except for those i the deepest
zone, are unfilled In (¢), the photomicrograph,
the empty glomerul are conspicuous among the
partly filled cornical intertubular eapillary net.
work  This network has been filled from the
venous side and the filling 1s attributed to reflux
of ink leasing the medulla, Note some filled
glomeruli 1 the deepest zone of the cortex
(juxtamedullary) and the very good filling of
the vasa recta.
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of the ink in this part of the hidney was unusual The glomeruli, with the
exception of those in the deepest zone of the cortex, were in general not filled
and appeared as white dots against a grey-black background (Figure 29a, b').
On microscopic examination {Figure 29¢), this bachground was seen to consist
of the cortical intertubular capillary network and some interlobular veins.
TP Te . ovteae b ecew oot om0 which Heggie (1946) has aptly

¢ most part well filled, together

1recta. It was the vasa recta
which were mainly responsible tor the radial pattern in the medulla which
had been scen with the naked eye, We were surprised to find that few
interlobular arteries showed any ink-filling except in their most proximal
parts. Qur original explanation of this unusual distribution of the njected
mass was that the juxtamedullary glomeruli and the associated medullary
channels offered an casier pathway than the vessels of the more superficial
parts of the cortex, and that those interlobular veins and cortical intertubular
capillanes which contained the mass had been filled by reflux from the vessels
draining the medulla. Subsequent studies confirmed this view, since the
location of the filled cortical mtertubular capillaries showed them to belong
to the venous rather than to the arterial side of the capillary bed (see Appendix
and Figure 79).

A second method used in our attempts to obtain a better filling of the
medullary vessels was a mechanmical one, namely, obstruction of the glomerular
capillaries In the course of our anglographic studies of the effect of various
forms of trauma on the calibre of vessels, we had observed an unusual feature
in one or two experiments in which, over a pertod of many hours, we had
made an exceptionally large number (eight to ten instead of the usual two to
five) of thorotrast injections for angrography In the final set of angtographs we
noticed a much denser shadow than usual in the cortical zone of the Aidneys
A further radiograph taken half an hour later, with no further injection,
showed that all the contrast medium had been ehminated from the blood
vessels, but that this cortical shadow remained (Figure 304). Further
expeniments to elucidate the problem indicated that this effect was related
not to any traumatic procedure, but to the large quantity of thorotrast used
in the sum total of the mjections and to the lapse of sufficient time for the
appearance of this phenomenon. The explanation of this result is a matter
for further mnvestigation, but since radrological and microscopic cxamination
showed that 1n such cases, in sprte of the indications that a circulation through
the kidney was maintained, the glomeruli were densely packed with thoro-
trast and contamned litcle or no blood (Figure g0b, ¢, d), we decided to take
advantage of this observation and see if in such conditions the medullary
vessels could be filled with an injection mass. The results of one such experi-
ment are shown in Figure 31 Intravenous injections of thorotrast were made
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at intervals until the total dosage corresponded to that used in the previous
animals. A radiograph taken after the last injection showed that the dense

(3]

Fi. 30 Blockage of glomeruls
of rabbit’s kidneys resulting from
an_exceptionally large number of
wigections of thorotrast (For further
details scc text) Note the dense
cortical shadow 1n the radiographs
(a} of kidneys m mitu, and (8) and
(¢) of thick sections of these kid-
neys. {d) photomicrograph  of
glomerulus 1n periphery of cortex
of one of these kidneys, showing thorotrast blocking glomerular ¢apillaries Campare with {¢), a
glomerulus from the kidnev of a normal rabbit

cortical shadow was beginning to appear, and the rabbit was put aside for a
further period of time to permit the elimination of the greater part of the
thorotrast which still remained in the circulating blood. The abdomen
was then opened and an injection of Indian ink was made into the renal
artery In PFigure g1 we reproduce a radiomicrograph (Barclay, Daniel,
Powell, and Prichard, 1946) of a radial section of this kidney and also
a photograph of the same section, which show the distribution of the
thorotrast and of the ink respectively.

The radwmicrograph (Figure 31a) shows the thorotrast filling the glomeruli,
and a small quantity of the contrast medium is also secn in the vasa recta.
The photograph (Figure 316) shows the good medullary filling of ink for which
we had hoped, but it shows also a considerable cortical filling. This result
surprised us, but when we came to examine the sections of this kidney micro-
scopically (Figure gic) we found that there was a differential distribution
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Fig 31 Good filling of medullary vessely obtaimed with
artersal nyection of Indian ik afier blockage of glomeruts
1n penpheral cortex with thorotrast {scc text and also
Figure 30} (#) radiomicrograph of sectton of kidney showing

KIINEY, SHOWSIE UL WILLL U1 (VLY AU SHOLUT st 20n e
medulla Note the thorotrast n peripheral glomerul; (seen
as grey, rounded spots) The 1ok (black) 1s seen filling decp
(juxramedultary) glomeruli, vaw recta, and some venous
xessels of the cortex

of thorotrast and ink among the glomeruli

53

Whereas the majority of the

glomeruli lying in the more superficial part of the cortex were filled wath
thorotrast, many of those in the juxtamedullary region were filled with ink, and
the efferent vessels of these latter glomerul: were seen to be carrying the mass
to the well filled vasa recta of the medulla, We were unable to satisfy ourselves
of the presence of anastomoses between the interlobular arteries and the
corresponding veins, and it scemed to us that much of the diffuse filling of ink
in the cortex was probably the result of reflux, as in the experiment with amyl
nutrite described above, since the ink was seen to be mainly in interlobular

veins and their associated capillaries
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Fic 32 Tangential sections of kidney ilustrated m Figure 31 Plane of section is indicated i (6). (a) fow
power view, showing arrangement of vasa recta in compact groups among the tubules (c), (¢}, and (¢) higher
pouwer views (all at same magmficatton) showing the large calibre of Many of these sessels, the maority are
filled with Indian ink, but some are filled wath blood or thoratrast (see, for example, ¢)
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Tangential sections (Figure 32) cut through the medulla of this kidney
showed that the vasa recta were grouped in close-set bundles, the bundles
themselves being apparently arranged in a
definite pattern amongst the tubules (see also
Figure 40). It was scen that in cach bundle
of vasa recta only a certain proportion of
vessels were filled with ink; the remainder
were filled with red blood cells and with
thorotrast. Radial sections of this kidney had
shown that the vasa recta were vessels of §g
large calibre, but in the tangential sections
their large size was seen even more clearly and
it was obvious that these vessels were capable
of carrying a large volume of blood.

The juxtamedullary glomeruli and their efferent q .,
. vessels AN §r

Our next object was to try to trace the 43 Low power photomicrograph
course of these large medullary vessels t0 $e€ showing the larger size of the glomeruls
if we could follow any of them from their which are situsted in the deeper parts of
origin on the arterial side to their termina- )‘:‘fmf:'::“"flﬁ ;:i"::"'m‘éj";}'";r,}:,é::
tion in one of the collecting veins. Examina- introduced from the arteral side, the
tion of the cortex of the rabbit’s kidney E“:::";“'“"‘P*‘ was taken with direct
reveals at once that the juxtamedullary glo- *
meruli, that is to say, the glomeruli situated in the decpest zone of the cortex,
are somewhat larger than the glomeruli which lie nearer to the periphery
(Figure 33) This difference in size concerns not only the glomerulus itself
but also its efferent vessel and the vascular bed into which the efferent vessel
empties (see Figures 34, 35, and also diagram in Figure 545). Whereas the
efferent vessel of the glomerulus situated in the more superficial parts of the
cortex is very much smaller in calibre than the afferent arteriole of the same
glomerulus, the efferent vessel of the juxtamedullary glomerulus is often nearly
as large as the afferent arteriole of its own glomerulus. Similarly, the efferent
vessel of the glomerulus situated in the more superficial parts of the cortex
empties into capillaries of small calibre forming part of the cortical wnter-
tubular capillary network, while the efferent vessel of the juxtamedullary
glomerulus proceeds towards the medulla for some distance as a single
large trunk before dividing into a group of parallel vessels, the vasa recta,
the calibre of each of which is httle smaller than that of its parent trunk
(Figures 36, 37, and also diagram in Figure 545).

We consider the difference between the two types of glomeruli to be of
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Fie 34 =
side with Ir
P

. . =ssels of the cortical glomeruh m (d)
and (), and the large calibre of the efferent vessel of the juxtamedullary glomerulus in (¢)
and {d) Note aho the difference m size between conical and umtamcdullary glomeris
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such fundamental importance that we distinguish between them throughout
by using the prefixes cortical and juxtamedullary.t Our definition is based

—_—
200 Ton

' b . !

Fic 35 Neoprene casts shawing difference between () cortical and (b) juxtamcdullary glomerult in the rabbit’s
Xidney ~ Observe the small cabibre of the effcrent vessets of corucal glomerul and the much larger calibre of the
efferen seswels of yoxiamedullary glomeruh  {Scale for upper photgmicrographs in each case as for lower ones )

on the intrinsic characteristics of the efferent glomerular vessel and of the
vascular bed nto which 1t empties  The term cortical glomerulus s used to
denote a glomerulus whose efferent vessel is of small calibre and which breaks up to

1 Morson (1026} clascifies plomertlt wnder fone haad mme 4 -4 oo b e st 28 0 s
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Fic 37 Detatls (a) of Figure
224, and (5) of Fagure 316, to show
efferent vessels of juxtamedullary
glomeruli dividing mto vasa recta
Note n (4) capllary offshoots from
efferent glomerular vessel and from
proximal parts of vasa recta

Fic 36 Photomicrographs of section
of rabbit's kidney wmjected from the ar-
tenal side with Berlin blue  To show the
efferent vessels of juxtamedullary glom.
erul diiding inta vasa recta which pass
1n bundles deep 1nto the medulla (a)

(5, a detail of (2), shows that the indi-
vidual vasa recta are hittle smaller 1n
calibre than their parent trunk, the
efferent glomerular vessel




the rest are from the kudneys of adults )
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Jorm part of the cortical intertubular mp'illarj network. Weuse the ferm juxtamedullary

glommtulus {0 denote a glomerulus whose efferent vessel is of large calibre and which
passes into the medulla to duwnde into vasa recta. The Jjuxtamedullary glomeruli
are situated in the deepest zone of the cortex and are supplied by afferent
arterioles arising in most mstances from the proximal portions of the inter-
{obular arteries, but occasionally also directly from an ‘arcuate’ artery. The
cortical glomeruli lie in all zones of the cortex peripheral to the zone in which
the juxtamedullary glomeruli are found, and some are also seen in this
deepest zone.

The vasa recta and their course

The most striking features of the vasa recta are their large calibre, their
straightness, and the fact that they are grouped together in compact bundles.
In these bundles individual vasa recta are frequently contiguous, as may be
seen in Figures 40, 41, 436, and 49b. Further, their walls are composed of only
a single layer of pavement epithelium and are thus identical in structure
with the walls of capillaries. We are not familiar with such a vascular pattern
elsewhere in the body, and this curious arrangement, by which a thin-walled
vessel may be almost completely surrounded by other vessels of the same type
lying adjacent to it, scems to be a characteristic belonging exclusively to these
vessels of the renal medulla.

In tracing the course of these bundles of vessels we experienced some
difficulty Frequently the more distal parts were not filled with the injection
mass and equally often the plane of section did not correspond with the plane
of the vessels, so that they were cut obliquely across at various levels (see,
for example, Figure 44d). When we were able, however, to follow their
course we found, particularly i coronal® sections, that at various levels in the
medulla individual vessels of the bundles of vasa recta turned back hairpin-
wise towards the cortex (Figures 38, 39). In many instances we saw a Y-
shaped formation, one limb of the vessel bending sharply back towards the
cortex, but also having a continuation, often only partially filled, passing
towards the medullary papilla. These loopst and their various modifications
were seen in preparations injected from both the arterial and the venous
sides. Thus, whereas near the cortex the bundle is composed of a large number
of vessels, this number is steadily reduced as a result of the turning back of
jndividual vessels as the bundle passes towards the medullary papilla.

It is extremely instructive to follow the course of these vasa recta down
through the medulla in a series of tangential sections. We have done so0
with both injected and uninjected kidneys, and in the latter case have revealed

1 We usc the term “coronal’ section 1n refernng to a scction cut sn the long axis of (he kidney and pasing
through the hilum al vasa recta, becau

W, he term ‘loop” 10 describe the sharp turn back towards the cortex of indiv idual vas
the a‘p;e‘:ri::t: So clonely resembles that of the segment of the tubule which 15 termed the ‘loop" of Henle
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Fic 39 Further examples of loops
of vasa recta at various levels m the
medulta of snyected rabbsts’ kidneys
Note Y-shaped formations n {8), (4),
&, (fhand () The dudneys il
trated wn (f) and {g) were mected
from both attenal and venous sides
(artenal njecton, collodal mibyer

10dide, yenous inyection, Indhian wnk]
{8) shows loops n vasa recta e
of medullary papil <

vy papilla eon
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a very striking picture by staining the red cells alone by meaus of the phloxin-
tartrazine method. Figures 40 and 41 show a series of such sections through
the medulla and the honeycomb appearance which they present. It will be
seen that in the subcortical zone (Figure 4ou) each bundle of vasa recta
contains a great number of individual vessels, but that by the time the apex
of the papilla is reached (Figure 40f) the number of vessels in each bundle is
markedly less, though the calibre of the individual vessels is relatively un-
changed. It is this decrease in the number of vessels making up the bundle
that gives the conical appearance of the filled medullary vessels which is
seen in radial and coronal sections (Figures 23, 24, 29, 31). Injected prepara-
tions show that the smaller vasa recta constitute the ‘arterial’ components
and the larger the ‘venous’ components of the system. Further, exammation
of this series of tangential sections shows that the bundles of vasa recta are
grouped amongst the tubules in a pattern which must have a definite sigmifi-
cance, but which we have not yet studied in detail. Some observations on the
relations of the vasa recta to the tubules will be made later 1n this chapter.
In sections stained by one of the connective tissue stains (Weigert’s iron
haematoxylin and van Gieson, or Masson’s trichrome method), 1t is seen
that the bundles of vasa recta are supported by a connective tissue stroma,
and it seems possible that this connective tissue may to some extent account
for their having escaped a closer study by users of the maceration method

Moreover, as Oliver (1939) pointed out and as we have observed for
ourselves, the veins withstand the action of the strong acid less well
than the other structures, a fact which would explam the comparative
neglect of the study of the venous side of the vasa recta by users of this
method

Preparations injected from the venous side show that the ‘venous limbs’

of the vasa recta pass peripheraily to end in a collecting vein in one of several
ways Some venous limbs end directly in an ‘arcuate’ vein; others join an
interlobular vein either directly, or else very coramonly indirectly, through a
short stout tributary which enters the interlobular vein near its base at right

Fio 40 Tangential sections showing the vascular patiern at vanous levels of the rabbit’s kidney  (Sections
statned by the phi ‘method throughout )

{a) Cortex i the centre of the field an interlobufar artery is seen iith uts corvespanding ven (larger) adjacent
tou Around this central core there 15 2 *venous” capulary plevus enmeshung romvoluted tubules, pertpheral fo
ths pleus, groups of smaller, “artenal® capillanics are scen outhining the stratght portions of the tubules formng
the medullary rays In the medulla (5 tof) the pattern 15 very different owing to the absence of glomeruly and
convoluted tubules

R\ tm £ A Aol Tha s armmela ot fama Lonos aal anca 120
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angles. Since many venous limbs of the vasa recta end in one of these tributary
veins, this group of vessels has a very characteristic appearance, resembling

b o e e e NOR

Fic 41 Higher powered view of a group of vasa
recta seen 1n a tangential section of the medulla of a
rabbit's kidney similar to those sllustrated 1 Figure 40
(Phloxmmtartrazine stam J

a comb, the teeth of which are
formed by the venous terminations
of the vasa recta. As the inter-
lobular veins are peripheral to the
large ‘arcuate’ veins, and as many
vasa recta drain into their short stout
tributaries, the ‘arcuate’ veins are
frequently almost obscured by a cas-
cade of vessels which sweep around
them on the way to their venous
terminations.

It will thus be seen that the vasa
recta provide a pathway of consider-
able capacity, which makes it pos-
sible for the blood to pass from the
‘arcuate’ and proximal parts of the
interlobular arteries, via the juxta-

medullary glomeruli, to the corresponding veins without traversing a capillary

network.

The great vascularity of the subcortical zone of the medulla

As has already been indicated, the vasa recta show loops of a relatively
simple character at virtually all levels in the medulla, but in the subcortical

zone the vascular pattern is
more complex than elsewhere
(Figure 385). We studied this
zone with particular interest
because it corresponded to the
area so strikingly stained in all
experiments in which the peri-
pheral cortex had been ex-
cluded from the circulation as
a result of various forms of
stimulation (see, for example,
Figure 18d). Asa result of our
studies we were able to estab-
lish certamn definite facts:

1. The cfferent vessels of g 4 part ofa neoprenc cas of the vesse of a rabbue’s kd-

the juxtamedullary glomeruli ney ‘Anenes, wh:l!e,;um,bggy (:) shows (:1;) et \]r::t:}:::l.;yg
soide § s 1e . largely venous, of the subcortical zone eal, s

divide into vasa recta in this JHCr TR O e of vasa recta (below) and cortical

zone (Figures 36, 37). Groups intertubutar capillanes (abose)
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of vasa recta, derived from the efferent vessels
of more than one juxtamedullary glomerulus,
run closely together and form the ‘arterial’
components of a vascular bundle which, together
with the ‘venous' vasa recta, make up one of the
vascular cones seen in several of our figures. In
the normal young adult rabbit we have seen no
‘arteriae rectac verae’ (see p. 85), our findings
in this respect agreeing with those of MacCallum
(1926, 1939).

2 From the efferent vessels of the juxtas
medullary glomeruli and from the most proximal

parts of the vasa recta there arise vessels of B

capillary size which lead to a capillary network
surrounding some of the tubules in this zone
(see Figures 3¢, 375}

3. Many of the vasa recta turn back towards
the cortex 1n this zone {see Figure 38 5, ¢)

4. Thereisavastvascular bed herein which the
venous elements are very prominent (Figure 42)

5 Many of the vessels in this zone ciffer from
the charactenstic vasarecta deeperinthe medulla
m that they run a somewhat serpentine course
(Figure 43a). Thestraightness or tortuosity of the
vessels in the zone s paralleled by the straightness

PRUSONENTRY SN A R e

(Figure 435) 13 p‘ar‘allelcd ISy the strasghtness of
the adjacent portions of the medullary tubules

Morphological evidence that the juxtamedullary
glomerult and the vasa recta
Jorm a by-pass through the medulla

As will have been appreciated, our approach
to the study of the intrarenal vascular pattern
of the rabbit was different from that of most
other workers because our physiological findings 4
had shown that anatomical pathways must exist
to allow of a diversion through the medulla of
some or all of the cortical blood flow

E

Fic 43 Sections of injected rabbats”
ludneys, showing bundles of vasa recta

Note the compact groupmng of these
\t“(ls and, 1n {a), the slight tortuosity
in the subcortical zone. Tn (), the large
calibre of 1ndidual yasa recta 1 cleacly
secn
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. In our morphological studies we found that there was a conspicuous
dxﬂ"cren.ce between the efferent vessels of the glomeruli situated in the more
su'perf.xm'\l parts of the cortex (cortical glomeruli), and those of the glomeruli
lymvg In its decpest zone (juxtamedullary glomeruli). The efferent vessel of the
:ar{tml glomerulus is of small calibre; that of the yuxtamedullary glomerulus is of large
calibre. It is obvious that the number of cortical glomeruli greatly exceeds
that of the juxtamedullary glomeruli, though we bave made no quantitative
studies on this point! But this disparity in numbers does not vitiate our
physiological observations that under certain conditions the intrarenal blood
flow can by-pass the more superficial parts of the cortex and circulate only
through its deepest zone and through the medullary channels, For our
studies have shown that in many cases, when this diversion of the blood flow
from the cortex through the medullary by-pass occurs, the calibre of the
renal artery ts reduced, and this fact, together with evidence of intrarenal
vasoconstriction (see Figure 214) and in the absence of any evidence to the
contrary, suggests that in these cases the amount of blood flowing through the
kidney is ciminished. In some instances, however, the diversion is not
related to vasoconstriction, for example, that seen in the amyl nitrite experi-
ment (see Figure 29) In these cases the dilatation of the juxtamedullary
glomerult and their associated vessels obviously enables them to carry an
increased blood flow; indeed, it appears that these vessels, as a result of their
active dilatation, afford a pathway of reduced resistance, with the result
that a large volume of blood which would normally traverse the cortex now
circulates through the medullary by-pass

We found also that the vascular beds supplied by the efferent vessels of
these two types of glomeruli were of a totally different form and capacity.
The efferent vessel of the cortical glomerulus empties into a network of cortical capil-
lanies of small calibre; that of the juxtamedullary glomerulus empties dircctly into
strarght medullary vessels of large cahibre, the vasa recta, giving in addition a few
small offshoots to a capillary network.

The contrast in size between the efferent vessels of the cortical and juxta-
medullary glomeruli, and in size and pattern between the respective vascular
beds mnto which they empty, 15 in itself impressive, but when viewed in the
light of physiological evidence that the greater part or all of the intrarenal
blood flow can be diverted from the vessels associated with the cortical
glomeruli to those associated with the juxtamedullary glomeruli, the contrast
acquires a special significance.

3 Hegare (1q47) finds that m the rabbit the juvtamedullary glomersls make up 15, per cent of the total number

of glomerult i cach kidney, and has calculated, from measurement of therr capillary volume, that thry can
the wholc normal gl far capillary blood volume.
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Finally, we saw not only that an intertubular capillary network is supplied
from the efferent vessels of the juxtamedullary glomeruli and from the proximal
parts of the vasa recta, but also that many of the vasa recta themselves turn back
towards the peniphery w the subcortical zone.

These various morphological findings, taken in conjunction, provided the
anatomical counterpart to our previous physiological observations. In the
present stage of our studies we cannot say what proportion of the blood
diverted from the cortex to the medullary channels passes through the loops
of the vasa recta, and what proportion traverses the ntertubular capillary
network of the medulla which is supphed by these vessels, but we have no
doubt whatever that the system of vessels in the zone just described is capable
of carrying all blood which is diverted from the cortex, whether the amount
be small or large

I HUMAN KIDNEYS

While the human kidney differs from that of the rabbit in being multi-
lobular, we have found no fundamental difference between the minute
vascular pattern of the individual lobules of the adult human kidney and
that of the single lobule of the rabbit’s kidney.

Bowman (1842) and Pai (1935) found that in human kidneys the juxta-
medullary glomerult were larger than the cortical glomeruli, as we have found
to be the case 1n the rabbit. We ourselves, however, have not observed that
a difference 1n size between these two types of glomeruli is a constant f{eature
in the normal adult human kidney, though 1t 1s evident in the kidneys of the
human foetus and of the newborn  In the light of our concept of the signifi-
cance of the medullary vascular pathways it is of particular interest that in
foetal and neonatal life the cortex makes up a much smaller proportion of
the total renal substance than 1t does m adult life, with a corresponding
pred of the medulla. Histological ination of the kidneys of
young human foctuses reveals, moreover, that the juxtamedullary glomeruli
are more completely formed than the cortical glomerali, which at the earhest
stages of development do not even resemble glomeruli. In addition, the
Juxtamedullary glomerult and the vessels of the relatively large medulla,
which we consider to consttute the primitive vasa recta system, are seen to
be packed with red cells, n contrast with the relatively sparse distribution
of these cells throughout the rest of the poorly developed cortex These
observations suggest that the yuxtamedullary glomeruli and their associated
vessels have a parucular significance in early hfe.

In the adult human kidney, although we have not distiﬂu@m
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Fi6 44 Sections of human kidney mayected with Indian mk, showing differenice between cortical (a) and (4)
and yuxtamedullary {d) glomerah Photomscrosraphs (a), (5}, and (d) taben with durect hghting, {¢) and (¢) with
transrutted light 10 senve as keys to (4) and (d), same magmification throughout

A, afferent arteriole of glomerulus E , efferent vessel of G, 14, bular artery
¥R, vasa sects, cut oblquely acros Note i (o) and (b} the small s1z¢ of the efferent vessels of the cortial

Figure 47¢)
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constant difference in size between the cortical and juxtamedullary glome.ruli
themselves, we have been greatly impressed by the difference in the calibre

'

e

|
()]

Fi 45 Neoprene casts of {a) cortical and (4) yuxtamedullary glomeruls of human kidneys Note the contrast
betsveen the small efferent vessels of the cortical glomeruh (a) and the large efferent vestels of the justamedullary
glomerult (5) Thotomicrographs at same magnification throughout The left hand pair are caus of glomeruls
fromm the kadney of a boy aged twelve, the orher cants are from adult kidneys

of the efferent vessels of these two types of glamerult  This difference is even
more marked in the human kidney than 1t is in that of the rabbit. In the case
of the cortical glomerulus the efferent and afferent vessels show the same
relative proportions as they do in the rabbit, but in the case of the juxta-
medullary glomerulus the efferent vessel, in the human kidney, 1s not only
much larger than the efferent vessel of the cortical glomerulus, as it 1s
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constant difference in size between the cortical and juxtamedullary glomeruli
themselves, we have been greatly impressed by the difference in the caltbre

PSR b __ !

Fic 45 Neoprene cacts of (a) cortical and (4) ywatamedullary glomeruli of human kidneys  Note the contrast
between the small effesent essels of the coruical glomeruts (e} and the large effesent s exsels of the juxtamedullary
glomeruli (8) Photomicrographs at same magaification throughout The left hand pair are casts of glomerul
from the kidney of a boy aged twelve, the other casts are from adult kidneys

of the efferent vessels of these two types of glomeruli. This difference 1s even
more marked 1n the human kidney than 1t is in that of the rabbit. In the case
of the cortical glomerulus the efferent and afferent vessels show the same
relative proportions as they do in the rabbat, but 1 the case of the juxta-
medullary glomerulus the efferent vessel, in the human kidney, is not only -
much larger than the efferent vessel of the cortical glomerulus, as at is in'
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the rabbit, but it is also often noticeably larger than the afferent vessel of
its own glomerulus  The very small size of the efferent vessel of the cortical

Fio 46 Neoprene casts from human ludneys 1o show difference 1 charactersstics of cortical and juxta-
medullary glomeruli (), {8), and {c) cortical glomeruli (5) shows two views of the same glomerulus, note 1n the
lower view the efferent vessel emerging from the centre of the tuft, a characterisuc feature seen also 1a the right
hand pasr of glomernh m Frgure 45 (d) and (¢) Juxtamedullary glomerult The large size of the efferent vessels
of these glomerulu 1s well scen  (Same magmification throughout )

glomerulus, and the strikingly large size of the efferent vessel of the juxta-
medullary glomerulus i the human kidney are clearly seen in Figures 44 to
46, and are also shown diagrammatically in Figure 546. In some instances
the juxtamedullary glomerulus has two efferent vessels, the calibre of each of
which is equivalent to that of the afferent arteriole of the glomerulus (Figure
47¢). Occasionally oue afferent arteriole supplies two juxtamedullary
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glomeruli, each of which has an independent efferent vessel of characteristic
size and form (Figure 47d).

E_'ﬁ

Fio, 47 Further examples showing the dufference 1n calibre between the efferent vessels of cortical and juxta-
medullary glomeruls in the human kidney () and (3) cortieal glomerul. (¢) and (d) justamedultary glomeruls
Note an both () and {¢) that the glomeruls have two effcrens vessels (see ato Figure 434) Note alo the marked
difference in the size of the respectise vascular beds into which the efferent vesels of these two glomerult empty
Tn (d) asigle afferent arteriole supplies two glomeruls, each of which has its own effecent vesiel

(Photomicro-
graphs of neoprene casts, all at the same magnification )

The efferent vessels of the juxtamedullary glomeruli pass into the medulla,
breaking up to form the ‘arterial’ components of the bundles of vasa recta in
a manner essentially similar to that seen in the rabbit (sce Figure 48, and
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Fic 48. Casts from ncoprene preparauons of human kidneys, showing efferent vessels of juxtamedullary
glomeruls dividing into vasa recta Note the great size and strarghtness of these latter vessels

Fic 49 (a) Section of human kidney snyected with Indian ink from the artrial side, showing vasa recta and
capillaries in the subcorucal zone of the medulla  Note the closcset bundle of vasa recta and the great calibre
of these vessels as compared with the adjacent 1ntertubular capillanies Compare this section with that shown in
(8). whach tllustrates 2 simlar bundle i the subcortical zone of a rabbit’s kidney (Both photomicregraphs at
same magnification )
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compare with Figures 365 and 37). A medullary capillary network is partly
supplied from the efferent glomerular vessels and also from the proximal

R,

|

Fio 50 Loops of vasa recta m hurnan kidneys, injected with vanious masses Note the complex forms of loops
1n (8) 1o (d) and the Y-shaped formations seen n {¢) and (g) (4, ¢, and f'same magmfication as g, § and ¢ same
magmification as d}

parts of the vasa recta, but 1t is not always filled by mjection masses. The
disproportion 1n calibre between the vasa recta and these capillaries 15 well
seen in Figure 4ga, where a bundle of vasa recta 1s seen adjacent to this
capillary network It 1s mteresting to compare this bundle of vasa recta in
a normal human kidney with a similar bundle in a normal rabbit’s kidney
(Figure 49b)

Injected preparations show mdividual vasa recta turning back towards the
cortex, forming loops of hairpin-like appearance similar to those seen in the
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vasa recta of the rabbit, and the Y-formations observed in the rabbit’s medulla
are found also in human Ppreparations
(Figure 50). The dense vascularity in
the subcortical zone, particularly of the
venous system, is as striking as it s in
the rabbit (Figure 51). The continuity
of the pathway from ‘arterial’ to ‘venous’
vasa recta through the loops just des-
cribed has been demonstrated in kidneys
which have been injected with neoprene
of two different colours via the renal
artery and the renal vein respectively
(Figure 52). In cleared mounted sect-
ions, stained or unstained, it is extremely
difficult to be certain that two masses
injected from the arterial and venous
sides respectively have actually joined,
Fi¢ 51 Photomicrograph of neoprenecast,show- €ven when the masses are of dif.ferer}t
e ey o bl sns sl colours and. when the_preparation s
sected from the arterial side and blue neoprene from  €Xamined under a binocular stercosco-
the senous I;‘lolellh! great number olf yasa rocea. pic microscope, since one vessel passing
o the eta sghdly w0 e ot cenry 1+ ™ closely beneath another may perfectly
simulate a junction. The cast obtained
from an injection of neoprene, however, provides a preparation which can be
manipulated with fine forceps and glass needles beneath the dissecting
microscope, and the existence of 2 Junction can be definitely proved or
disproved, for, when two columns of differently coloured neoprene actually
meet each other' in their liquid state, they are found when set to be firmly
fused and to withstand traction with a tensile strength equal to that of 2
continuous column of the same size
As 1n the case of the rabbit, we have followed the course of the vasa recta
through the medulla in a series of tangential sections, although the cutting of
blocks in the appropriate plane through a multilobular kidney such as the
human presents considerable difficulties. These tangential sections show that
there is no fundamental difference in the arrangement of the vasa recta from
that seen in the rabbit (sec Figure 53, and compare with Figurc 406). As,
moreover, many of the vasa recta turn back towards the cortex as they do
in the rabbit, there is a ssmilar dinunution in the number of'indiwdpal vessels
of each bundle as the latter passes towards the medullary pap}lla_. Th.c

re-expansion
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supporting stroma of the bundles of vasa recta
is, however, somewhat heavier than it is in the
rabbit

Relations of cortical and juxtamedullary vasculo-

nephric units'

The relations of the medullary segments of the
tubules {the loops of Henle) to the vasa recta
system are obviously of profound importance.
Whilst we are not yet in a position to give a
detailed account of the exact relations, some
observations can be made which are based
partly on our own findings and partly on the
accounts of other workers, especially the de-

tailed studies of the tubules by Peter (1909,

1927) and Huber (1911, 1935).

As a result of an examination of the cut sur-
face of fresh kidneys, Peter (1gog) described in
the medulla an outer and an inner zonc He
subdivided the outer zone into two bands, an
outer and an nmer one. Peter's ‘outer band’
corresponds with the zone which we describe as
the subcortical zone 1n referring to the vascular

75
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Fio 52 Castofvasarectamsubcortical
onc of medulla of human kidney  White
neaprenc had been ngected via the renal
artery and blue neoprene via the renal
ven Note the two Joops, one all white,
and the other (to the nght and stightly
above) partly whate and partly blue, the
result of fusion of the two mjection masses
The arterial ijection har passed below
the level of the loop and thus a Y-shaped
formatton has been produced (see Figure
50 ¢and o

pattern  According to Peter the parts of the tubules lying in the outer

Y | Py
* "+ 7 fied version in Figure 54a. Itwill
be seen that two types of nephron
Fic 53 Tangential section of subcornieal zone of medulla 2T€ Shown, one with a long and the
of human kidoey, showing large ealibre of vasarecta and theie other wath a short loop of Henle.

arrangement in compact groups (compare with Figure 40b)
Note the presence of thin segments of loops of Henle amongst
the vasa recta  (Phioxin-tartrazne - - - *

! The term vasculonephnc unt
with a single glomerulus  These
eflerent vessels, and on the other t

zone are those parts which form
the thick segments of the loops of
Henle, the thin segments of some
y of these loops, and collecting
.* tubules, The inner zone contains
~ only thin segments of the loops of
'~ Henle and collecting tubules,

‘We were struck by the arrange-
ment pictured by Peter (1909} in
his diagrams of the renal tubules,
of one of which we give a simpli-

The tubule with the long loop of
el o e . .
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(juxtamedullary) situated in the dee
: pest part of the cortex, and that with
the short loop arises from a glomerulus (cortical) lying in the superficial
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Fic 54 Diagrams to show difference
h of cortical and

vasculo-nephric unuts (human kidney)

{a) Simplified version of diagram by Peter
(1909) Two nephrons are shown, one
(cortical) ansing from a glomerulus at the
periphery, and the other (juxtamedullary)
anising from a glomerulus in the deepest zone
of the cortex  Note that the loop of Henle of
the cortical nephron passes only a short
distance nto the medulla, whereas that of the
Juxtamedullary nephron passes to the apex
of the medullary papilla ~Note also the very
great difference mn the lengths of the thin
segments of the loops of Henle of these two
types of nephron The whole of the thin
segment of the loop of Henle of each type of
nephron 15, however, situated i the medulla

(5} A cortical glomerulus (sbove} and a
Juxtamedullary glomerulus (below) shown m
diagrammatic form  Note the small efferent
vessel of the cortical glomerulus leadmg to
cortcal capillaries of smalt calibre (part of
the cortical mtertubular capillary network),
and the large efferent vessel of the juxta-
medullary glomerulus leading to medullary
vessels of large calibre {the vasa recta)

part of the cortex. It will be seen further that it is the loop of Henle
belonging to the nephron of the juxtamedullary glomerulus which alone

passes 1nto the inner zone

(Whilst the glomerulus of the ‘cortical nephron’

shown in the figure is situated at the extreme periphery of the cortex, it will
be appreciated that other nephrons have their glomerul: at deeper levels in
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the cortex and that their loops of Henle project farther into the medulla than
that of the nephron illustrated.)

Pai (1935} has shown that there is a further type of nephron (which we
would include in our ‘cortical’ type) having a loop of Henle which does not
descend into the medulla at all and which has no thin segment e have
ourselves also scen such nephrons.

Huber (1935) gave measurements of the tubules, of which he had made
complete dissections, using his maceration method. He classified the nephrons
mto three main types, distinguishing between those whose glomeruli were
situated in the superficial, the intermediate, and the deepest zones of the
cortex respectively His measurements show a surpnsing difference not only
in the total lengths of the tubules of the three types of nephron, but also
in the relative lengths of the mdividual segments. Most striking of all is the
difference in the length of the thin segment of the loop of Henle, which in
the case of a nephron ansing from a glomerulus situated m the deepest zone
of the cortex 15 15:0 mm (in a total tubular length of 28 8 mm.), and in
the case of a nephron ansing from a glomerulus situated at the periphery of
the cortex is 1:4 mm. (in a total tubular length of 20 5 mm ).

The fact that individual nephrons duffer so greatly in the proportions of the
segments of which they are composed, and t‘hal this difference is associated

We are well aware that our studies are as yet far from complete, but the
observations which we have been able to make are sufficient, particularly
when linked with the work of Peter {190g9) and Huber (1g35), to suggest
that there must be a fundamental difference in the functions of the cortical
and juxtamedullary vasculo-nephric units.

We have no evidence that there 1s any difference 1n the vascular pattern of
the capillary network surrounding the convoluted tubules of the cortical
and juxtamedullary glomerull The vessels, however, which Le adjacent to
the other segments of the tubule, in particular to the loop of Henle, show a
marked difference according to whether the tubule is one associated with a
cortical or a juxtamedullary glomerulus In the former case the greater part
of the loop of Henle lies 1n the cortex n a close-meshed capillary network (the
cortical intertubular capillary network), whilst a shorter length lies in the
outer part of the medulla This part of the tubule, which includes the very
short length of thin segment of the loop of Henle (all that there is of this
segment 1n this type of nephron), lies amongst the vessels of the vasa recta
system (see Fagure 53) On the other hand, i the case of the tubule ansing
from the juxtamedullary glomerulus, a short length only of the loop of Henle
lies in the cortex, surrounded by the cortical itertubular capillary network,
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whilst the remainder of this extremely long loop, which is composed almost
entirely of thin segment, lies in the medulla where the vessels adjacent to it
are those of the vasa recta system.

Thus, it will be appreciated that the pattern of the vessels adjacent to the
various segments of the tubules of the two main types of vasculo-nephric unit
is very different, the one being a close-meshed network of vessels of small
calibre, and the other mainly a system of vessels of large calibre grouped in
radial bundles Further emphasis to these differences is given by the fact that
the loop of Henle of the juxtamedullary vasculo-nephric unit, nnlike that of
the cortical one, passes decp into the medulla, even to the papilla. and that the
greater part of this loop cansists of the Rattened epithelium which characterises
the thin limb

Sumilarity of the vessels forming the by-pass through the medulla in the kidneys
of man and of the rabbit

In our studies on the kidney of the rabbit we were able, by the use of
various experimental procedures, to demonstrate a diversion of the intra-
renal blood flow from the cortex through a medullary pathway. Further, we
saw that this by-pass through the medulla was formed by the juxtamedullary
glomeruli and their associated vessels Finally, we found that the juxta-
medullary glomeruli and their associated vessels showed certain striking
differences from the cortical glomeruli and their associated vessels.

In the human kidney we found that the vessels associated with the juxta-
medullary and cortical glomeruli respectively showed differences no less
striking than those seen in the rabbit. .

1. The efferent vessel of the juxtamedullary glomerulus is of large calibre;
it frequently exceeds even the afferent vessel in calibre. The efferent vessel
of the cortical glomerulus is of small calibre; in comparison with the afferent
arteriole of its glomerulus it is often minute. L

2. The efferent vessel of the juxtamedullary glomerulus empties dxr.ec_ﬂy
into straight medullary vessels of large calibre, the vasarecta (giving in addition
small offshoots to a capillary network) The efferent vessel of the cortical
glomerulus empties into a network of cortical capillaries of small calibre.

3. The vasa recta turn back towards the periphery at all Jevels of the
medulla and particularly in its subcortical zone. X X

It will be seen, therefore, that the vascular channels assccxat‘l:d with the
juxtamedullary glomeruli of the human kidney are of such capacity that th?y
must be able to carry blood which is diverted from the cortex, as we have
sten that the corresponding vessels do in the rabbit. Funetional cvxd}c‘nctz 1:
support of our concept that the blood can be dxvc:rlcd from the cog\e:a tbml;&r
a medullary pathway, such as the evidence which we had obtained by
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experiments on rabbits, was, for obvious reasons, not available in man.
Nevertheless, in its application to the human kidney our concept gains strong

Ipho = A eamedultars plomeralt (below) of adnens of ather v
' . RN

support from many physiological studies which have been made on human
subjects, and from certan pathological conditions; the evidence from both
of these sources will be discussed 1 Chapter VII

i1 KIDNEYS OF OTHER ANIMALS

The minute vascular pattern of the kadneys of the dog, cat, g“inﬁa-pig, and

Tatis essentially the same as that seen 1n the hidneys of man and of the rabbit

In all these ammals the fundamental difference between ‘h",L“ vpes o
glomeruli, cortical and juxtamedullary, ts agam clcarly,sygn xo-types

T (Figazima~
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;I‘he t_aﬂ‘crelx.xt vessel of the juxtar.nedulfary glomerulus is relatively not as
arge in calibre in some of these animals as it is in the human kidney in which
3

Fic 56 Sections of injected kadneys of various mammahan species, showmng radial arrangement of bundles of
vasa recta in the medulla (a) dog (5) cat (c) rat (d) gumnea pig (Photomicrographs at same magnification
throughout )
as we have shown, it is often of larger calibre than the afferent arteriole of the
same glomerulus; nevertheless, its calibre in all these animals greatly exceeds

that of the efferent vessel of the cortical glomerulus,
The efferent vessels of the cortical and juxtamedullary glomeruli respectively
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empty into vascular beds which show the same disparity in size and contrast
in pattern as those which we have already described.

Fio 57 () Section of rat’s kidney, myected via the renal se1n, showing dense vascularaty of subcortical zone of
medulla. Note the contrast in size and pattern between the vasa recta m the medulla and the intertubular capil-
Laies an the cortes  (b) detanl from centre of ficld of {a), showing complex arrangemient of vessels tn subcorttcal
20me

The vasa recta, taking their origin from the efferent vessels of the juxta.
medullary glomeruli, pass into the medulla in similar compact bundles
which show a radial arrangement strictly comparable with that seen in the
rabbit (Figure 56) As in the kidneys of both man and the rabbit, these
bundles show a progressive diminution 1n the number of their constituent
vessels as they pass towards the medullary papilla

The loops in the vasa recta responsible for this 1on are seen again
at all levels of the medulla and the dense vasculanty in the subcortical zone
is clearly apparent, the complex arrangement of the vessels in this regron
being particularly striking in the rat (Figure 57)

It will thus be seen that the characteristic features of those channels which
mn the rabbit were shown to constitute the medullary by-pass for blood
diverted from the corten, namely, the vessels associated with the Juxta-
medullary glomerult, arc not only present in the human kidney, but are also
evident in the kidneys of the dog, cat, guinea-ptg, and rat.

DEGENERATIVE CIIANGES IN JUXTAMEDULLARY GLOMERULI
In some of our materal we have observed that many of the juxtamedullary
glomerul present an unexpected picture  Wath the stereoscopic microscope
F
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and high power objectives, examination of neoprene casts of the normal
g!mpcrulus, of both the Juxtamedullary and the cortical types, shows two
distinct vascular trunks entering and leaving the glomerylus sidc by side.
O[fen the exact origin of these trunks is obscured by the interwoven capil-
taries of the tufE, but in many cases it has been possible to see that the design
of the glomeruli of both types follows a uniform plan. The afferent arteriole
divides into two or more main branches, which often partially embrace the
emergent efferent glomerular vessel, and these branches rapidly subdivide
to form the superficial capillaries of the glomerulus, These capillaries then
pass towards the centre of the tuft where at some point they rejomn to form the
cfferent vesse), which emerges from the depths of the closely packed mass of
capillaries.

Early in our studies of human kidneys we found juxtamedullary glomeruli
which were a mere travesty of the normal type, The afferent and efferent
trunks of the abnormal glomerulus formed a continuous vessel of large calibre
which was plainly visible throughout its length, being in no way obscured by
the capillaries of the tuft. This vessel generally had a bend in it, often a sharp
one, opposite the centre of the glomerulus, and djstal o this bend the calibre
of the vessel was the same as before or even greater. Attached to the convex
side of the bend were pathetically inadequate capillary Joops.

As we studied more and more material it became clear that these abnormal
types of glameruli were not merely rare freaks. In the ki@x{cys of eldesly
persons and of those suffering from certain pathological conditions we found
many of these deformed glomernli, and, moreover, e saw so many varieties
in the degree of deformation that swe came to the conc)uszgn that in thgsc
strange glomeruli we were seeing the results of a progressive degenerative
process. . . .

In Figure 58 we reproduce a selection of juxtamedullary glomeruli to

illustrate the progress of degeneration. Figure 582 shows 2 normal juxta-
o Tu ohe enrly stapes of degeneration (Figure 586), a

medul’ N :
casual , that it is of normal type, but on
closer . fon, it is seen that the afferent and

effereniv vovocas 1t, short trunk of a calibre equal
tgf ethr:ir own, which is partly buried in the glomerular tuft. In some cases
(sce Figure 59a) an apparently normal, well-formed glo_mCrulus‘ g setc:
attached to the side of an almost straight vessel, 2 commuous[ affer IY:J -
efferent’ trunk. In Jater stages (Figure 58 ¢ to ), however, thglfr cmclrou s
becomes progressively more deformed, the number of capil n‘rymr;}:-
diminishing and forming mere appendages of the contu'zumst' 2 e
efferent’ trank. In a still more advanced stage of degencraug;x fltghuc e 58,
the capillary Joops, which ase usually attgchcd 10 the con;cx slz e Dmlus ben "
themselves disappear, and all that remain to represent the glome
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Fio 58 Neoprene casts from human kidneys, illustating the progress of degeneraticn of juxtamedullary
glomerult  In each case the affcrent arteriole u abave and the eflerent vessel below (@) normal wxtamedullary
glomerulus  (8) to (1) Juxtamedullary glomerult in various stages of degeneration  (7) and (4} "artenae rectae
serae' For further details see 1ext  (Photomicrographs (4) to (5) at same magnificatic * -




Fic 59 Further examples of juxtamedullary glomerul:
n vanous stages of degeneration, from pathologieal
human kidneys In each casc the afferent arteriole 15
above and the efferent vessel below In (s) an apparently
normal glomerulus 1s seen attached to one side of 1 con~
tinuous ‘afferent-efferent’ trunk  Note m (§) to (k) the
continuity of afferent and efferent vessels and the varied
degrees of degeneration of the glomerular capillaties, and
1n (1) the complete absence of glomerular capillaries and
the large calibre of this ‘arteria recta vera'  (Photos
micrographs of neoprene casts at same magnification

throughout )
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few twig-like projections at the site of the bend in the continuous ‘afferent-
efferent’ vessel. Lastly (Figure 58j, k; sce also Figure 59i), even these
vestiges of the glomerulus vanish, and all that | __
is left is the continuous ‘afferent-efferent’ Ser
vessel, in which the original site of the
glomerulus can often be recognised by the
characteristic bend. This we consider to be the
explanation of the origin of the vessels known as
“arteriae rectae verae’, whose existence has been
a matter of considerable dispute, and which
we believe to occur only as a result of a

vessel.
We believe that similar degenerative ",
changes may account for the occurrence of

the so-called Ludwig’s (or Isaacs-Ludwig's)  Fre 60 “Artena recta vera” of human kid-

‘ ney (photomicrograph of neopeene cast)
vessel. In Figure 60 we show an ‘arteria Nge sharp bend at site of vanhed juxtar
recta vera’ which has the characteristic bend  medullary glomerulus * The afferent ariersole
a1 - " " - . .

PUSIICUUNE TOR S KA

-t

glomerulus of cortical type Thus, before glomerslus sprang from & common trevk
the degeneration of the juxtamedullary glomerulus the afferent vessel of
this glomerulus and that of the adjacent cortical glomerulus sprang from
a common short trunk (a not uncommon arrangement)., If these two
glomeruli had been situated more peripherally 1n the cortex, instead of near
the base of an interlobular artery, both would have been glomerul: of cortical
type, and the efferent vessel of the degenerate glomerulus would have joined
the cortical intertubular capillary network instead of dividing into vasa recta.
In these circumstances, the continuous ‘afferent-efferent’ trunk resulting from
the degeneration of the glomerulus would, we believe, have formed a Ludwig’s
vessel

Because of the special advantage which specimens injected with neoprene
afford in permitting mampulation and dissection of the casts, we have learnt
more about these abnormal glomerult by the use of this mjection mass than
by any other method of study Sometimes when we have dissected the cast
ofa ingly normal jux dullary glomerulus we have seen what appears
to be the first stage n the progress of degeneration. In addition to the normal
capillary loops there is one much dilated capillary, uniting the afferent and
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efferent vessels. Figure 61 shows the striking difference in size between this
Junctional vessel and the adjacent glomerular capillary loops.

[e—

Fic 61. Photomicrographs of a neoprenc cast from a human kidney, showing a juxta-
medullary glomerulus 1n an early stage of degencration (a) and (8) are two views of the
glomerulus after partial dissection, showing a dilated glomerular ‘capillary’ uniting afferent

and efferent vessels  (¢) another view of the same glomerulus, somewhat stretched out and
after further dusseetion, showing the great dufference 1n calibre between the dilated ‘capillary’,
uniting afferent and efferent vessels, and the other capillaries of the glomerular wft  Note
(hat the efferent vessel (below) 15 of larger calibre than the afferent vesse] (aboye)

We have found glomerul of this abnormal type not only in human kidneys,
but also occasionally in those of the rabbit, the rat, and the cat (Figure 62).
So far we have scen the degenerative change affecting the juxtamedullary
glomeruli far more frequently than the cortical glomeruli, although degenera-
tive changes have been found among the latter. i

Since first observing degenerate forms of glomeruli in our material we have
given much thought to the problem of their evolution, for we realised that
when this abnormality is present in the case of a juxtamedullary glomerulus
it must have a special significance. As we have already shown, the normal
Juxtamedullary glomerulus, with its large efferent vessel leading directly to the
vasa recta system, must be able, in ordinary circumstances, to carry a much
larger flow of blood than a cortical glomerulus  This fact must in tself be of
profound significance to the function of the juxtamedullary glomerulus
But in the case of an abnormal juxtamedullary glomerulus of the type
described, when the blood flow passes directly from the aﬂ‘ercnt_artgnolc to
the efferent vessel without the interposition of glomerular capillaries, t!“?
significance becomes even more pronounced, for an even greater qu{m:ll:i
of blood may now pass to the vast vascular bed of the vasa recta systc]m in <
medulla. It is obvious that these degenerating juxtamedullary gIorx;_e'r‘l:is
and, still more, the ‘arteriae rectae verae’, which are the end result o



INTRARENAL VASCULAR PATTERN 87

degeneration, when they are present in large numbers, must profoundly affect
the distribution of the intrarenal blood flow. For 1n such cases these vessels provide

Fic 62 Degenerate juxtamedulary glomeruls from the kidneys of (a) a rabbat, (8) a rat,
and (1) & cat In each case the afferent and efferent vessels form a contimuous trunk
{compare with Figures 58, 50) In (), the structure has almost reached the stage of bemg
an ‘arteria recta vera'y the characterastic bend at the site of the glomerutus being well seen
(Photomucrographs of neoprene casts alk at same magnification )

not only a larger but an easier pathway through which the blood may be
diverted from the cortex.

Evolution and signifi of de Ju dullary gl I

We believe that the glomeruli which show the earliest stages of the
degenerative change, such as that seen in Figure 61, provide a clue to the
problem of the evolution of the degenerate juxtamedullary glomerulus. As
we nterpret it, the excessive operation of the mechanism by which blood is
diverted from the cortex through the medullary by-pass causes an initial
dilatation of one of the capillary loops of the juxtamedullary glomerulus,
probably a loop that is shorter and broader than the others. When the by-
passing mechanism next operates, this dilated capillary carries more of the
glomerular blood flow than any other capillaries of the glomerulus, and in
consequence becomes even more dilated, to carry still more of the glomerular
blood flow when the by-passing mechanism next operates This sequence of
events, {requently rep d, leads bly to a final, permanent, gross
dilatation of the affected capillary, and at the same time to the atrophy of
all the other capillary loops of the glomerular tuft.

In this final stage, the afferent and cfferent vessels, united by a grossly
dilated ‘capillary’, form a single continuous trunk of large calibre (sec Figures
58}, &, 591, and 60), and thereby provide a direct and wide pathway to the
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v?sa rect’a. Consequently, the channels .forming the medullary by-pass now
©Of necessity carry a very great and continuous flow of blood, depriving the
cortex of much of its c1rc_ulat10x‘1, and the delicate adjustments between the
cgrucai and medullary circulations which we beheve to occur in normal
hflneys (see Chapters V and VI) are profoundly disturbed. The effects of
this disturbance will be discussed in Chapter VII.

. Inastudy of animal material, MacCallum (1939) found glomeruli in vary-
ing degrer of degeneration, and his detailed account and drawings of the
de.gens.ratmg glomerulus correspond very closely with our findings. We agree
with his conclusions that the mammalian renal blood supply is normally
exclusively glomerular, and that aglomerular vessels, wherever they occur, are
either intermediate or end stages of a pathologically induced series of circula-
tory readjustments, and are thus pathological deviants from the normal
pattern.

Oliver (1939) has demonstrated readjustments of an essentially similar type
in the vascular pattern of the human kidney in Bright’s disease, though he
postulates the presence of a few vessels passing directly to the intertubular
capillary network as a normal finding, and also shows that new direct vessels
develop in inflammatory granulation tissue. Loomis (1936) and Loomis and
Jett-Jackson (1942) have described changes similar to those which we have
seen and described above in glomerult around arteriosclerotic scars in human
kidneys, and also in the edge of infarcts produced experimentally in the kidneys
of rats, and have stressed the labulity of capillary channels whose enlargement
and regression they have shown to occur so readily in response to local and
general changes in haemodynamics. In their classical experiments on the
rabbit’s ear, Clark and Clark (1932, 1935) have studied similar capillary
changes by direct vision.

Wilmer (1941), using the celloidin corrosion technique, made a detailed
investigation of the glomeruli of human kidneys, but he did not find any
glomerulus of this type among the hundreds examined. In this he agreed
with Vimtrup (1928) whose careful studies provided much of the basic know-
ledge of the glomerulus. We are surprised that these two workers failed to ﬁ{la]d
glomeruli of this degenerate type, and can only suggest that the materi
on which their observations were made was unusually free from the changes

caused by age or disease.

We have discussed at some length the degenerate form of Juxtam'edullnry
because we believe not only that they are, in the first instance,
It of diversion of the intrarenal blood flow from the cortex
but also that the degenerative process Jeads
arenal blood flow is perma-
The profound

glomeruli
the direct resu
through the medullary by-pass, t
finally to a condition in which much of the intr;
nently diverted through the channels of the medullary by-pass.
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pathological significance of this degenerative process in the case of the juxta-
medullary glomeruli and its infl on the L dynamics of the kidney
are discussed in Chapter VII.

SuMMARY OF THE MORPHOLOGY AND IMPLICATIONS OF THE By-Pass
THROUGH THE MEDULLA

The object of the morphological studies which have been described in this
chapter was to determine the vascular channels through which the intra-
renal blood flow was carried when it was diverted from the cortex through a
medullary by-pass

As a result of these studies we have been able to show that the vessels
which constitute the medullary by-pass are those which are associated with
the juxtamedullary glomeruli. That is to say, when the blood is diverted
from the cortex through the medulla it passes in succession through the
following channels:

1. The most proximal parts of the interlobular arteries.

2 The first branches of the interlobular arteries, that is, the afferent
arterioles of the juxtamedullary glomeruli

3 The juxtamedullary glomeruli; that is, the glomeruli situated mn the
deepest zone of the cortex.,

4. The cfferent vessels of the juxtamedullary glomeruli, which lie
partly in the cortico-medullary zone and partly in the subcortical
zone of the medulla.

5 The ‘arteral’ components of the vasa recta, which lie in the medulla,

6 The loops of the vasa recta and, probably to a less extent, the inter-
tubular capillanies which form part of the vasa recta system.

7 The ‘venous’ components of the vasa recta.

8. The proximal parts of the mnterlobular veins

Thus, the medullary by-pass is formed by channels the existence of which
has been known to workers since the time of Bowman (1842), and which
are present not only in the kidney of the rabbit, but also in the hidneys of other
mammals, including man. We have seen that under certain conditions
the juxtamedullary glomeruli undergo a degencrative process and that in

consequence access to the medullary by-pass 1s facilitated.
Ohoimme o e lee = £oib 1 - w e .
the

if

the .

trast 1n the morphology of the respective nephrons which are associated with
the Juxtamedullary and cortical glomeruli and thus with the medullary and
cortical circulations of the kidney.
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In view of these morphological differences m both the vascular and the
tubular elements of the vasculo-nephric units which are associated with the
medullary and cortical circulations respectively, it is impossible to escape
the conclusion that the juxtamedullary and cortical vasculo-nephric units do
not function in an identical manner

Finally, the proximity of the vessels of the vasa recta system, which con-
stitute by far the greater part of the medullary pathway, to the medullary
portions of all loops of Henle (including their thin segments), where these lie
in the medulla, suggests that the medullary circulation is closely related to
the functions of these parts of the tubules. This will be referred to again
in Chapters VI and VIIL.



CHAPTER V
Studies of the Cortical and Medullary Circulations

THe angiographic records described in Chapter II were made in a study
ditected mainly to the behaviour of the renal artery and vein under normal
and experimental conditions. During that part of the investigation our
attention was drawn to the circulation within the kidney itself by the observa-
tion that fundamental changes might occur in the intrarenal circulation, As
described in Chapter 111, we found that the intrarenal blood flow, which in
normal crcumstances passes mainly through the cortex, might in some
conditions be diverted from the cortex through a medullary pathway. As a
result of our anatomical studies described in Chapter 1V, we learned that the
channels through which the blood flow is directed when it is diverted from
the cortex are the vessels associated with the juxtamedullary glomeruli. These
last studies had also shown that the vessels which form the medullary path-
way are very different 1n size and pattern from the vessels which form the
cortical pathway.

Thus, our various studies had by this stage given us a considerably increased
understanding of the structures of the kidney and of its circulation, both in
the normal amimal and in animals subjected to various experimental proce-
dures. Taking advantage of our knowledge of the possibilities of changes in
the intrarenal blood flow, we next carefully re-examined our angiographic
material to see whether it showed any evidence of a redistribution of the
intrarenal circulation We found that it undoubtedly did show such evidence,
In many cases, however, although the distribution of the intrarenal blood flow
seen 1n animals submatted to certain experimental procedures differed from
that seen in normal animals, the difference was slight and the alteration in the
flow transient. In further experiments, therefore, we tried to produce changes
of intrarenal distribution which were more marked and of longer duration,
and to show that, on occasion, the circulation through the kidney might be
almost exclusively cortical or almost exclusively medullary.

In this chapter we discuss the data obtained from the re-examination of our

earlier angiographs and the information denved from the further scries of
experiments

THE INTRARENAL CIRCULATION As SEEN IN ANGIOGRAPHS
In the intact ammal the visualisation of the finer vascular structures of
an abdominal organ by means of angiography 1s, of necessity, very difficult
ot
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The finer vessels of the kidney, for example, are so small that individually,
when filled with contrast medium, they throw no visible shadow. However,
when great numbers of these fine vessels in a particular region of the organ are
filled with contrast medium, they cast a diffuse shadow, which, in favourable
circumstances, is clearly seen to be heavier than the shadows of neighbouring
regions in which fewer vessels are filled The circumstances are, however,
seldom as favourable as one could wish in animals with an intact abdomen,
because of the many superimposed structures. The overall background
against which the kidney is seen is frequently extremely uneven in density.
There may be shadows due to contrast medium in the vessels of superimposed
tissues; there may be shadows of unequal density due to differences in thick-
ness of the various superimposed tissues; above all, there may be extreme
variations in the density of the background as a result of the different contents
of various parts of the intestines overlying the kidney. The presence of
uneven gas shadows in the intestines, which so often makes difficult the
interpretation of abdominal radiographs in clinical work, has frequently been
a serious obstacle to our study of the intrarenal distribution of contrast medium
in the intact experimental animal.

Notwithstanding all these difficulties, it has been possib].c in.many of our
angiographs to see variations in the density of the shadow in different zones
of the kidney. The difference in density 1s often shght and may be partly
masked by superimposed shadows; further, although an increased or decreased
density in one zone may be obvious in the original film, it becomes less
apparent or may even be indiscermble in a print x.nadc fron’} the film I?XHY
further processes which are necessary for reproduction result in a still further

sS efinition.

° Itoizdbecausc of all these technical difficulties that, although th? olzserva-
tions which we describe in this chapter are based on the examination Of‘
hundreds of the original films, we have selected only a very smal! m_;mbcr il:]
these angiographs to accompany the text. We hope that, desln;c :::Ctshc !
reproduction, they will illustrate our points, like all the rest of our figu ¥
have not been retouched in any way.

X ULLA
1. DISTRIBUTION OF CONTRAST MEDIUM IN THE CORTEX AND MED!
OF THE NORMAL KIDNEY

In the re-examination of our angiogr?phic {na.tenal for the p‘::}:[oxsr;e(:{r
studying the distribution of comras‘t medium within lhe.kldr;:;ly, ‘:,gd Py
first to the angiographs of normal animals. We found that u;;ebeysgcn ks
exposed at appropriate intervals, four distinct stages cou



and the shadow in the subcortical 2on¢ 13 less clearly defined The renal artery s empty and the maumum
concentration of the contrast medium 18 Passing to the renal vein

{a) and (e} senal anguwgraphs of one rabbat, (3) and (d) sersal angiographs of another rabbit (sce text for
technical reasons necessitating use of two animals for this series)

passage of the contrast medium from the renal artery to the renal vein. These
stages are illustrated in Figure 63 and may be described as follows:

Furst stage (early arterial) The contrast medium is seen filling the renal
artery and its intrarenal branches; 1t has not yet reached the cortex
in any quantity and the kidney shows a light and umiform shadow
(Figure 63a)

Second stage {late arterial). The contrast medium is seen to be chefly
mn the cortex, the renal artery is beginning to empty, and the renal
vein is beginning to fill (Figure 635).

Third stage (early venous} The densest shadow 1s now seen to be in the
medulla, and particularly in 1ts subcortical zone, only a trace of con-
trast medium 1s left 1n the renal artery, and the renal vein, together
with its main tributaries, 1s well filled (Figure 63¢).

Fourth stage {Jate venous} The amount of contrast medium in the medulla
1s reduced, and the shadow mn the subcortical zone 1s less clearly defined;
the renal artery 1s now empty and the densest shadow is seen in the
renal vemn (Figure 63d)

The rapidity with which the first three stages of the intrarenal circuit
succeed each other has so far made 1t difficult, for technical reasons, to record
with one injection two of these three characteristic stages consecutively,
The transition from the third to the fourth stage occurs more slowly and
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there Is thus sufficient tim.c to obtain in two radiographic exposures both an
e§rly and a late venous picture after a single injection of contrast medium,!
Since the circulation through the kidney is continuous and the stages described
are merely momentary phases in this circulation, it will be obvious that our
angiographic material shows many examples of stages intermediate between
the four described The difference of a mere fraction of a second in the
mterval between the injection of contrast medium and the exposure of the film
makes a considerable difference in the precise stage recorded. The angro-
g.raphs showing these intermediate stages, although presenting a less striking
picture, provided the links between the four main stages illustrated m
Figure 63.

It must be pointed out that for the purpose of determining the stage of
the intrarenal circwit in any given angiograph the assessment is not based
on the time mterval between the injection of the contrast medium and the
taking of the radiograph, for this interval had to be specially adjusted in
certain experiments to allow for an altered speed in the systemic circulatton,
indeed, we found that this speed 15 subject to some variation even in a normal
animal. Instead, the stage is assessed from the location of the densest shadow,
and by the interrelation of the shadows seen respectively in the renal artery,
the cortex, the medulla, and the renal vemn. Further evidence for this assess-
ment Is provided by the stage of progress of the column of contrast medjum
in the other vessels, from the heart to the vessels of the hind limbs (the field
covered by our radiographs). i

Our interpretation of the differential distribution of contrast medium in
the various stages of its intrarenal circuit is as follows. In the first place, we
assume that the course taken by the contrast medium? through the kidney
is identical with the course taken by the blood. In the normal animal the
greater part of the mntrarenal blood flow circulates through th.e cortex, and a
smaller proportion passes through the medulla, by way of the Jjuxtamedullary
glomeruli and their associated vessels, particularly those of the vasa recta
system (see Chapter IV). We beheve that the abundant and raprd .wmml
blood flow accounts for the characteristic shadow in the cortex in the
later arterial stages; that is to say, in the first stages in which thye kidney
shows a heavier shadow in one zone than in another (Figure 636) We believe
also that the relative absence of shadow in the cortex i the venous sta.gei
of the intrarenal circuit (Figure 63, d) is due to the factor of r.apld comc}?
blood flow; in other words, that the absence of cortical shadow is due to the

PRI
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copious flow of non-opaque blood which follows immediately behind the
column of contrast medium.
The heavier shadow of the medulla in the venous stages of the intrarenal
oo - “ "N are, we think, due to a relatively
The characteristics of the vessels
. escribed in Chapter IV, support
the view that in normal circumstances the flow through these channels is
slow as compared with the flow through the vessels of the cortex. For the
vessels of the vasa recta system exist in great numbers and they are mainly
of large calibre. The profuse numbers and large calibre of these vessels are
particularly striking on the venous side of the vasa recta system in the sub-
cortical zone of the medulla, immediately prior to their terminations in the
collecting veins, and the heavy shadow of the subcortical zone seen m the
venous angiographs (see Figure 63¢) is probably due to the location of the con-
trast medium in these vessels at this stage of its intrarenal circuit. A further
indication that the flow through the medullary channels is normally relatively
slow is provided by the fact that the vessels of the vasa recta system empty into
vessels which drain in common both cortex and medulla; consequently, in
normal conditions, when the collecting veins are already carrying the great
outflow from an active cortex, the outflow from the medulla may well be
delayed. Thus, all the evidence at our disposal indicates that in normal
arcumstances the circulation through the medulla is relatively slow as
compared with the arculation through the cortex, and explamns why the
charactenstic shadow of the medulla appears later and clears more slowly
than does the shadow of the cortex.

II. CHANGES IN INTRARENAL DISTRIBUTION OF CONTRAST MEDIUM
AFTER VARIOUS EXPERIMENTAL PROCEDURES

In studying the angiographs of animals submitted to experimental pro-
cedures, we found that in many cases the distnbution of contrast medium
at certain stages of its intrarenal circuit was different from that seen in the
normal animal Two fundamental differences were seen, and the experi-
mental procedures which caused the altered distribution may therefore be
classified, according to their effects, 1 two groups:

(a) Those causing an Increase in the density of the cortical shadow and
a decrease i the density of the medullary shadow, as compared with
the shadows seen in the normal animal.

(6) Those causing a decrease in the density of the cortical shadow and an
increase in the density of the medullary shadow, as compared with
the shadows seen in the normal antmal

As has been shown above, m the normal animal the cortex throws a heavier
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shadow than the medulla in the later arterjal stages of the intrarenal circuit,
and the medulla throws a heavier shadow than the cortex in the venous stage;
of the circuit. Thus', in determining any deviation from the normal distribu-
tion of contrast medium in the cortex and the medulla respectively in animals
subjected to experimental procedures, it is essential first of all to assess the
stage of the intrarenal circuit represented in the angiograph studied. In other
words, one must determine by the presence or by the density of the shadows
in the renal artery and vein respectively (together with the point reached
by the head or the tail of the column of contrast medium in the vessels of
the systemic circulation elsewhere in the body) whether the stage represented
is arterial or venous. Having determined by the correlation of these various
shadows the stage of the intrarenal circuit shown in the angiograph, one can
then decide whether or not the density of the shadows in the cortex or
medulla shows any deviation from the normal. For example, since in the
normal animal the cortex throws a heavier shadow than the medulla only in
the later arterial stages (Figure 635), a decreased cortical circulation with a
correspondingly increased medullary blood flow can only be satisfactorily
demonstrated by a decreased cortical shadow at these later arterial stages of
the intrarenal circuit. Similarly, since in the normal animal the medulla
throws a heavier shadow than the cortex only in the venous stages of
the intrarenal circuit (Figure 63¢, 4), a decreased medullary circulation,
with a correspondingly increased cortical blood flow, can be satisfactorily
demonstrated only in angiographs showing the venous stages.

(a) Increase i cortical shadow with decrease in medullary shadow

Although it was not a constant effect, an increascd shadow in the cortex
and a decreased shadow in the medulla were seen after the administration of
pilocarpine. For the reasons which have just been describcd,. the difference
from the normal animal is best seen in angiographs recording the venous
stages of the intrarenal circuit of the contrast medium.

Tn the normal animal, as we have shown above, at the early venous stage
the densest shadow of the contrast medium is seen to be in the medulla,
particularly in the subcortical zone. After an intravenous injection of pilo-
carnine the densest shadow at the early venous stage mz_\lx l:)e seen to' lic in th‘e

he cortex is in these cases even greater tWall Ustas, uue e '
medulla less than usual. More contrast medium is seen in the renal :\rtcr):
than is usual at this stage of the intrarenal circuit, and this fact supgon:aval}:s
interpretation that the increased cortical shadow scen in these an.%mgr liJnc
is due to a dilatation of the cortical vessels resulting from the pilocarp

supply to t
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injection, with a consequent reduction 1n the cortical speed of flow. Pilo-
. carpine causes a similar dilatation of peripheral vessels elsewhere in the body.

This observation and its interpretation suggest one possible explanation of
the failure of Claude Bernard (see Bernard, 1858 4, 8, 1859} to correlate in
all circumstances urine formation with the appearance of red blood in the
renal vein (see Chapter III), which to him was an indication of dilated
capillaries. For 1n the case of pilocarpine the peripheral vasodilatation
elsewhere in the body suggests a lowering of the general blood pressure and a
consequent fall in the rate of glomerular filtration.

The most striking examples, however, of the type of change in which the
cortical shadow was increased and the medullary shadow decreased, were
obtained from another group of experiments, in which the splanchnic nerves
had been divided before a tourmquet was applied to the thigh, In these experiments
the splanchnic nerves of several rabbats were divided bilaterally and a period
of five weeks was allowed to elapse so that degeneration should occur in the
nerves and in their terminations Then control angiographs were made of
cach amimal, after which a tourmquet was applied to the left thigh, and
further anglographs were made both while the tourmquet was . position
and also after its removal.

The results of this group of experiments seemed to us of great significance.
The first angiographs, made before the application of the tourniquet, showed
the normal sequence of stages 1n the passage of the contrast medium through
the kidney (Figure 644, ¢) The later sets of angiographs, made while the
tourniquet was in posttion and also after it had been removed, showed not
only 2 marked difference from the first set of angrographs of the same animal,
but also a striking contrast to the later sets of angrographs of ammals belonging
to the ordinary tourmquet series (described mn Chapter II and also below),
that 15, those with their splanchnrc nerves intact In these later anglographs
of tourniquet amimals with divided splanchmc nerves, the shadow of the
contrast medium is scen already i the cortex at the early arterial stage of
s intrarenal arcnt (Figure 644), and 1t remams 1n the cortex exclusively
throughout the arterial and venous stages In the venous stages the dense
shadow 1n the cortex 1s 1 marked contrast to the striking and unusual
absence of shadow in the medulla (Figure 64d).

. ‘Xc attribute the dense cortical shadow and the absence of any shadow

1n the - . - - N N -

abov

there ,

two types of experiment, there 1s also a striking difference in the calibres of

the vessels elsewhere in the body In the case of the pilocarpine experiments,

the presence of contrast medium m the renal artery at the venous stage of its

Intrarenal circuit was considered as a further indication that the increased
G
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%omc.al shadow was due to the effect of this drug as a peripheral vasodilator,
ut, in the case of the experiments in which a tourniquet was applied after

=i

Fio 61 Angiographs of a rabut whose splanchmc nerves had
been divided five weeks previously. (s) and (¢) senal anguographs

those seen in (a) and (), the shadow of the cortex 1s more dense
than that of the medulla The difference from the normal 15
particularly well seen mn (d). the venous stage, when normally the
cortex is poorly filled whilst the shadow of the medulla is con-
spicuous, Compare (d) with (¢) and also with Figure 63 r and &,

previous division of the splan-
chnic nerves, the vasodilata.
tion appeared to be limited to
the renal cortex. The renal
artery, although not actually
dilated, did not undergo the
marked constriction seen in
tourniquet animals with their
splanchnic nerves intact, and
thus demonstrated to a lesser
extent the same behaviour as
the cortex, but the angio-
graphs show that on the ves-
sels elsewhere in the body the
application of the tourniquet
had had its usual effect; in
other words, all the other
vessels (with the usual excep-
tion of the mesenteric artery)
were markedly constricted.

" Clearly, therefore, the divi-

sion of the splanchnic nerves
had interfered with the

” mechanism which controls the

vessels of the kidney, and par-
ticularly those of the cortex,
and these vessels had been
subjected to an increase 1
central blood pressure due to
the peripheralvasoconstriction
elsewhere in the body. In
support of this interpretation,
we found that the angiographs
of these animals which wer¢
made before the tourniquet
was applied showed a dis-
tribution of the contrast

medium within the kidney resembling that seenin the normal animal (Figure
64a, c). It was only in the angiographs made while the tourniquet was in
position and also after it had been removed, when peripheral constrictiont
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645, d). These results were consistent in the whole group of animals in which
the splanchnic nerves were divided prior to the application of a tourniquet to
the thigh, R 3 i

As has already been pointed out in Chapter II, the animals in which the
splanchnic nerves had been divided before a tourniquet was applied provided
the only exceptions to a finding which had otherwise been invariable in our
expermments; hamely, that the renal and femoral arteries show a pam.llcl
response to traumatic procedures. The difference in the effect on the cortical
circulation produced by the application of a tourniquet in animals whose
splanchnic nerves had been divided, and in those whose splanchnic nerves
were intact, was no less striking than the difference in the behaviour of the
renal artery in these two groups of animals, and will be appreciated after a
reconsideration of the angiographs of the tourniquet animals with splanchnic
nerves intact,

(b) Decrease 1n cortical shadow with tnerease 1n medullary shadow
A good example of an angiograph showing a decrease in cortical shadow
with a corresponding sncrease in the shadow of the medulla will have already
been seen in Figure 2z0. This example was described 1n and reproduced as
one of the figures accompanying the text of Chapter III because it served
to 1llustrate the effects of certain drugs which we described 1n that chapter
and which we had recorded mainly by visual ebservations of the exposed
Tidney
The angiographic records of the fourniguet experiments, as has already been

ndicated 1n Chapter 1I, prowided us with the first suggestion that there
might be an alteration 1n the course of the ntrarenal blood flow. We have
shown above that, in angiographs of normal rabbits, certain definite stages
can be seen in the passage of the contrast medum through the kidney, and
that the location of the densest shadow within the kidney bears a constant
relation to a specific stage in the intrarenal circuit (see Figure 63). In angio-
graphs of rabts made while a tourniquet was in position on the thigh
or after its removal, it was seen that the normal sequence of events was
altered  Apart from the reduction 1n calibre of the renal artery, described
in Chapter II, there were four other striking features to be seen in the
angiographs of these rabbits:

1 The poor shadow in the cortex of the kidney.

2 The early appearance of a shadow in the renal medulla.

3 The early appearance of a shadow in the renal vein,

4. The late clearance of the shadow from the renal artery.
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These features became increasingly apparent the greater the interval of time
between the apphcation of the tourniquet and the making of the angiograph.

. S e
e @ b

Fi6 65 (a) Angiograph showing cortical 1schaemua 1n
2 tourmquet rabbit {with splanchnic nerves intact) The
tourmquet had heen applied to the left thigh for 13 hours,
and the angiograph was made 80 minutes after 1ts re-
moval. (3) Angiograph of normal rabbut for compartson
Both angiographs show late asterial stage of intrarenal
crreunt of contrast medium  Note in (a) the poor shadow
of the renal cortex and the heavier shadow of the medulla,
contrasting with the good cortical shadow and poor
medullary shadow scen at a corresponding stage m the
notmal animal (8)

The most conspicuous differences
from the normal angiograph are the
relative absence of shadow n the coriex
atany stage of the circuit of contrast
medmm through the kidney, and
the presence of a correspondingly
increased shadow inthe medulla through-
out all stages of the circuit. Insome
of our experiments, the final an-
giographs were made while there
was a certain amount of contrast
medium from the previous injection
still circulating in the blood, and
m these angiographs the medullary
shadowis a permanent feature. This
shadow in the medulla becomes
denser as a result of the new Infec~
tion, but as the cortex shows no
increase in shadow the contrast
between the filled medulla and the

almost empty cortex becomes more striking (Figure 654). The distribution of
the shadow in these angrographs shows that the contrast medium is taking a
medullary rather than a cortical ronte.

The early appearance of the shadow in the renal vein was one of our first
indications of the existence of an intrarenal short-circuiting mechanism,
for it suggested to us that the head of the column of contrast medium was
taking a shorter course than usual through the kidney (see Chapter 11).
The diminished density of the cortical shadow and the increased medullf\ry
shadow in these same angiographs—changes in the intrarenal circulation
which were only fully appreciated at a later stage in our studies—supported
the evidence which had already been derived from other sources that the
pathway of the ‘short-circuit’ was through the xfwdulla. Tht': late emptying
of the renal artery seemed to admit of two possible explanations. Firstly, a
certain amount of contrast medium might be traversing a route longer than
usual; that is, more of 1t than usual might be circglatingthrough the vasa recta
to the extreme apex of the papilla, this being obviously a relauycly long mllllm
Secondly, the total vascular bed of the pathway traversed might be sma 'e\I‘
than usual, an explanation which is supported by the fact that _thc arte::{
components of the medullary pathway are very much fewer in number,
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although larger in calibre, than the vessels which constitute the arterial
components of the cortical pathway.

In our angiographic records of the effects of sciatic stimulation we were
unable to detect any obvious
change in the intrarenal cir-
culation, but this absence of
change may have been due to
the fact that in all cases the
angiographs were made after
(and frequently a considerable
period after) the conclusion of
the simulation and not while
the stimulus was actually being
applied  Angiographs made
after stimulation of the distal end
of the dwsded splanchme nerve
gave a suggestion of a redis-
trbution of intrarenal blood , -
sumilar to that secen in the N
tourniquet amimals, but were
limited to one animal. Visual observations, however, of the exposed kidneys
of ammals subjected to stimulation of splanchnic and sciatic nerves showed
that with both these procedures the blood supply to the cortex mught be
reduced (see Chapter III).

The angiograph reproduced as Figure 66a shows the reduced crrculation
through the renal cortex which may be seen after severe, rapid kaemorrhage.
Before this angiograph was made the rabbit, under nembutal and ether
anaesthesta, had been bled quickly in successive stages until about one-third
of its total blood volume had been removed. We found that after severe
haemorrhage the speed of the arculation 1n general is considerably reduced
and the ume interval betwcen the intravenous injection of contrast medium
and the radiographic exposures must consequently be increased if the latter
are to show the arterial and venous stages of the renal circulatton  The full
length film, from which the detail of the left kidney shown in Figure 66a
1s taken, shows that the contrast medium has reached the popliteal artery.
In normal animals the appearance of the contrast medium in so distant a part
of the arteral tree coincides with the late artenial stage of the intrarenal
circnt when the renal cortex is well filled (Figure 666, see also Figure 634).
In the case of this ammal, however, which had been bled, although the renal
artery and 1ts branches are filled, there is little shadow m the cortex of the

fadney, and of the two regions, cortex and medulla, the medulla shows the
heavier shadow.,

(a)

T m 68 13 Som g (b e nem

the cortex and the tncreased shadow of the medulla
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1he most conspicuous differences
from the normal angiograph are the
relative absence of shadow in the cortex
atany stage of the circuit of contrast
L7 medium through the kidney, and

the nrecenca nf n anvees

of our experiments, the final an-
b @ B L giographs were made while there
feal @ i 4B 7 was a certain amount of contrast
Fic 65 (a) Angiograph showsng cortical 1schaemua ;n  Medium from the previous injection
i i rdn s e e sl cireulating i the Blood, and
and the. anguogtaph wat maada 59 s onel oo in these angiographs the medullary
moval. #) Anguograph of normal rabbit for comparison. Shadow is a permanent feature. This
Bfnh angiographs show late arteral stage of mtrarenal shadow in the medulla becomes
cireurt of contrast medium  Note an (a) the poor shadow g 5 F o JS S injec
of the renal cortex and the heavier shadow of the medullz,
contrastng with the good corucal shadow and poor tiom, but as the cortex shows no
nm::::lla:":;dm scen at a corpesponding stage 1 the jncrease in shadow the contrast
between the filled medulla and the
almost empty cortex becomes more striking (Figure 65a). The distribution of
the shadow in these angiographs shows that the contrast medium is taking a
medullary rather than a cortical route.

The early appearance of the shadow in the renal vein was one of our first
indications of the existence of an intrarenal short-circuiting mechanism,
for it suggested to us that the head of the column of contrast medium was
taking a shorter course than usual through the kidney (see Chapter II).
The diminished density of the cortical shadow and the increased medullary
shadow 1n these same angiographs—changes in the intrarenal circulation
which were only fully appreciated at a later stage in our studies—supported
the evidence which had already been derived from other sources that the
pathway of the ‘short-circuit’ was through the medulla. The late emptying
of the renal artery seemed to admit of two possible explanations. Firstly, 2
certain amount of contrast medium might be traversing a route longer than
usual; that is, more of it than usual might be circulating through the vasa recta
to the extreme apex of the papilla, this being obviously a rclam_/ely long rmllll':.
Secondly, the total vascular bed of the pathway traversed might }lln: smal '6;
than usual, an explanation which is supported by the fact that .t e artc;:
components of the medullary pathway are very much fewer in numbet,
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tion of the toximn, and in others after periods up to five days from the time
when the toxin was given. In acute experiments on rabbits, in which the
effects were studied mamly by direct observation of the exposed left kidney,
the toxin was injected after the animal had been anaesthetised with nembutal
and ether and a laparotomy had been performed. In other experiments the
toxin was injected 1nto unanaesthetised rabbits by an ear vein and later effects
were studted under ether anaesthesia by direct observation of the exposed
kidney, by angographic records of the intact animal, and by injections of
Indian ink The effects of the toxin at various times from its administration
were also studied by microscopic examination of the kidneys both of animals
in which an injection mass had been introduced and also of others without
such an mnjection. In ammals which were allowed to survive for more than
a few hours after administration of the toxin, estimations were made of blood
urea, blood proteins, and blood sugar both before and after the toxin was
given, specimens of urine were also examined at the conclusion of the experi-
ments

In general, the same experimental procedures and methods of study were
used for rats as were used for the rabbits The only significant difference was
that in rats injected with toxin for the purpose of studying its later effects
the 1njection was made intraperitoneally instead of intravenously as in the
rabbit

While the results of these experiments, obtained from the use of our special
techniques and methods of study, have, we believe, opened up a new field in
the assessment of vascular effects produced by foxins, only those aspects
of the results which have a direct bearing on the diversion of the intrarenal
blood flow from the renal cortex to the medulla were of immediate interest
to us n our present studies

Immediate effects on the renal circulation of an imection of staphylococcus toxin

Examination of the exposed kidney showed that i suscepuble rabbits its
surface began to blanch within a few munutes of an intravenous injection
of the toxin, and that thereafter the degree of pallor steadily increased It
was noticeable that the colour of the blanched surface in these rabbits was
greyish rather than the yellowish-white colour seen in the pallor produced by
other experimental procedures. During the period of palior, red streamlines
could be seen in the renal vein (see Chapter III). We were so impressed by
the effects seen in successful experiments that we quote a description which 1s
taken almost word for word from the notes made at the time of one such
cxperiment  When the abdomen was opened, the surface of the left lidney
and the blood in the left renal vein were seen to be normal in colour. Staphy-
lococeus toxin was injected intravenously in the dosageefo 21l perkg. body
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Because of the practical implications, the effects of haemorrhage present
a problem of such far-reaching importance that it would obviously justify
an investigation devoted exclusively to itself. For the purpose of our present
studies, however, the rapid withdrawal of a considerable proportion of the
total blood volume was merely one of a number of experimental procedures
used with the object of effecting changes in the renal circulation. The wider
gspccts of this particular form of trauma must await a study at some future

ate.

I, PERMANENT DIVERSION OF BLOOD FLOW FROM
CORTEX TO MEDULLA

The observations on the intrarenal circulation discussed up to this point
were drawn mainly from angiographs of animals which have already been
described from other aspects  The experiments now to be described belong
to a group which was designed with the object of producing a permanent
diversion of the intrarenal blood flow from the cortex. In these experiments
we used a wholly different method of causing the diversion, namely, the
injection of staphylococcus toxin, and we recorded the effects not only by means
of angiographs, but also by visual observations of the exposed kidneys and by
the intravascular introduction of Indian ink and similar injection masses.

The idea of using staphylococcus toxin was suggested to us by the experi-
mental work of De Navasquez (1938}, who produced cortical necrosis of the
kidney in rabbits by this agency. The staphylococcus toxin' with which we
were supplied was approximately ten times as strong as that used by De
Navasquez. We therefore used a dilution of one in ten of our toxin, so thfxt
our doses corresponded roughly with those of De Navasquez. The toxin
was given by intravenous injection and in rabbits the dosage ranged from
o1 to 0-5 ml. per kg. body weight Rats, which were also used 1n these
experiments, were more tolerant than rabbits, and in these animals dosages
ranged from 03 to 1-0 ml. per kg. body weight i . -

We found that both rabbits and rats varied greatly in their susceptibiity
to the toxin * For example, two rabbits died within ten and twelve hours

respectively after an injection in the dosage of 0125 ml per kg. body weight,
whereas two rabbits injected at the same time with the same batch of lox;lr_l,
in the dosage of o-15 ml. per kg body weight, showed no ill effects a‘; tﬂ::
stage One of these latter animals was sacr.iﬁced at nineteen hours, an fhe
other, which was allowed to survive, was alive and perfectly well many w e

later. . .
Observations were made in some ammals immediately after administra.

* The town was kindly gien to us by Dr A E Franas, of the Department of Bacteriology, W ellcome
Piygolopeal Rescrch Laboratonis,  onpt 10 st th presnce of natural anosos (o saphylocsess
toxmn 1n our ammals
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tion of the toxin, and in others after periods up to five days from the time
when the toxin was given. In acute experiments on rabbits, in which the
effects were studied mainly by direct observation of the exposed left kidney,
the toxin was injected after the animal had been anaesthetised with nembutal
and ether and a laparotomy had been performed. In other experiments the
toxun was injected into unanaesthetised rabbits by an ear vein and later effects
were studied under ether anaesthesia by direct observation of the exposed
kidney, by angiographic records of the intact ammal, and by injections of
Indian ink, The effects of the toxin at various times from its administration
were also studied by microscopic examination of the kidneys both of animals
in which an injection mass had been introduced and also of others without
such an injection In animals which were allowed to survive for more than
a few hours after administration of the toxin, estimations were made of blood
urea, blood proteins, and blood sugar both before and after the toxin was
given; specaaimens of urine were also examined at the conclusion of the experi-
ments

In general, the same experimental procedures and methods of study were
used for rats as were used for the rabbits. The only significant difference was
that in rats injected with toxin for the purpose of studying its later effects
the injection was made intraperitoneally instead of intravenously as in the
rabbit,

While the results of these experiments, obtained from the use of our special
techniques and methods of study, have, we believe, opened up a new field in
the assessment of vascular effects produced by #oxins, only those aspects
of the results which have a direct bearing on the diversion of the intrarenal
blood flow from the renal cortex to the medulla were of immediate interest
to us 1n our present studies

Immeduate effects on the renal circulation of an imgection of staphylococcus toxin

Examination of the exposed kidney showed that 1n susceptible rabbits its
surface began to blanch within a few minutes of an intravenous injection
of the 1o%in, and that thereafier the degree of pallor steadily increased It
was noticeable that the colour of the blanched surface in these rabbits was
greyish rather than the yellowash-white colour seen in the pallor produced by
other experimental procedures During the period of pallor, red streamlines
could be seen 1o the renal vewn (see Chapter [T1}  We were so impressed by
the effects seen 1n successful experiments that we quote 2 description which is
taken almost word for word from the notes made at the time of one such
experiment.  When the abdomen was opened, the surface of the left kidney
and the blood in the left renal vein were seen to be normal in colour. Staphy-
locaccus toxin was injected intravenously in the dosa;pof‘c ?ﬁ;‘;“f}“ﬂ?}g'\t\’ody
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weight. About one minute after injection of the toxin the surface of the kidney
began to pale. One to two minutes later the blood in the renal vein began to
dz{rlsen. About seven minutes after the injection of the toxin a stream of
brilliant red appeared in the caudal side of the vein. This stream was narrow
at first, but it gradually increased in width until at approximately fifteen
minutes from the time of injection it occupied the greater part of the vein,
and the pulsatile flow of this stream could be clearly seen, contrasting with
the apparently static condition of the adjacent darker blood in the vein.
The surface of the kidney was sull pale Little more than five minutes later
the animal died.

In susceptible rats the immediate effects of an intravenous injection of toxin
were similar to those seent in the rabbut, except that the surface of the kidney
started to pale more rapidly, usually in less than a minute from the time of
the injection of the toxin. At this stage the blood in the renal vein often
reddened The cortical pallor seen in some rats was even more striking than
that seen in rabbits, but the rats used in our experiments appeared on the
whole to show an intense cortical pallor less consistently than a similar series
of rabbits

Recordings of carotid arterial blood pressure in rabbits showed that the
blanching of the surface of the kidney was not accompanied by any appre-
ciable change in blood pressure. This finding was of particular interest in
view of the marked rise in blood pressure which accompanies the blanching
of the kidney surface after an intravenous injection of adrenaline in a high
dosage, for it indicated that the blanching scen after an injection of staphy-
lococcus toxin was due to a cause other than the liberation of adrenaline.

Later effects on the renal curculation of an wnjection of staphylococcus toxin

When applying our usual angiographic techniques to a study of the delayed
effects of staphylococcus toxin in the intact animal, we encountered a serious
This obstacle tock the

obstacle to the production of satisfactory records. bstac
form of great quantities of gas in the intestines which frmdc it difficult to see
the finer details of the renal vascular shadows in the angiographs. We decnldedi
therefore, to supplement the series of angiographs made in the intact :m'l.mas
with a subsequent series made withrt};sdabdomen open and with the intestine:
drawn to one side to expose the left kidney. . .
A healthy rabbit wit}?a blood urea of 2g mg. per cent was fnicctig“?;;:vl;
staphylococcus toxin 1 the dosage of o-15 ml. per kLg. .bo’?y x.»le:g”:. el
hours later the animal, which looked ill, - -hesicad with ether. &
seral set of angiographs was made befor ) . X
opened, the intestines W - X
lt:é lz(litzid:er;,e:n‘ga: fup;ther et of angiographs was made forty-five minutes atter
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the previous set Finally, a quantity of contrast medium, twice as Jarge as
that normally given, was injected slowly so as to give a higher concentration
in the blood, and at the conclusion of this injection the kidneys were quickly
excised from the living animal and radiographed (Figure 674).

A sample of blood taken at the end of the experiment, that is, thirteen hours
after the injection of the town, showed a blood urea of g6 mg. per cent. The
urine contained albumen 1n large quantity.

By a careful study of the first serial set of angiographs made in the intact

ammal 1t + of the gas bubbles in the
intestines, as po shadow of contrast
medium i hough a definite shadow

could be seen 1n the medulla  The renal arteries were constricted, as also were
the femoral artertes, and this experiment thus provided yet another example
of the parallel behaviour of the arteries supplying the kidneys and the und
limbs respectively. The mesenteric artery was greatly dilated, a feature
which again showed how different is the reaction of this vessel from the
reactions of the renal and femoral arteries. The subsequent angiographs,
made with the abdomen open, showed a marked medullary shadow which
contrasted strongly with the absence of cortical filling.

The effect of the staphylococcus toxin on the kidneys of this animal is
shown in Figure 67. Figure 67a is a radiograph of one of the kidneys which,
as mentioned above, were excised shortly after the last of a series of injections
of contrast medium made into the jugular vein dunng life. It will be scen
that the medulla 15 cxtremely well filled; the outer two-thirds of the cortical
zone show virtually no filing at all, and the remainder of the cortex, the
deepest zone, while showing some degree of filling, has a less dense shadow
than the medulla It is to be noted that the arteries are constricted. The
photograph reproduced as Figure 676 shows a coronal section of the sarme
kidney, and it will be seen that the greater part of the cortex is necrotic and
that this zone corresponds with the unfilled zone of the cortex seen in the radio-
graph, Figure 672  The medulla, on the other hand, appears normal, and on
microscopic examination its tissues were found to be living. Figures 67 cand d
are radiomicrographs of sections of the same kidney and show 1 greater detail
the course taken by the contrast medium in its circulation through the kidney.
‘We see some of the mam intrarenal arteries, the proximal parts of the inter-
lobular arteries, juxtamedullary glomerul (seen best in Figure 674), and great
numbers of well-filled vasa recta The radial arrangement of the bundles of
vasa recta should be compared with the similar grouping of these vessels
seen in Figures 23, 29, 31, and 56. The penipheral part of the cortex has clearly
been cxcluded from the circulation, for all that can be scen are a few irregular
withered-looking interlobular trunks, no glomeruli or intertubular capillary
network being visible in this region, These trunks are seen to be mainly venous.
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though an occasional one is clearly an interlobular artery, and we attribute

this filling of some of the main cortical veins to a reflux from the vessels which

wed
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: (b) (c) .
Fio 67 Kidney of rabbit with cortical necrosis, produced by intravenous mjection of staphvlococtus toxin
An example of the continuous use of the medullary by-pass The contrast mediurn seen had been mected during
Iife via the Jugular vemn, 13 hours afier admmstration of the toxin

(a) Radiograph of excised nght kidney Nate that the peripheral two-thirds of the cortex have been excluded
from the circulaung thorotrast, but that the medullary vessels contain a great quantity of the contrast medium
The arteries are consiricted, the vems are well seen  {5) photograph of coronal section of same kidney, showing
dark, necrotic cortical zone corresponding with the unfilled peripheral zone seen in the radiograph (2), () and
(d) radsomicrogeaphs of seetions of same kidney, showng details of vascular bed through which the contrast
medwum had circulated during Ife  Note that contrast medium fills the praximal parts of interlobular artencs,
Juxtamedultary glomeruls and the vasa recta  The withored-looking trunks extending towards the periphery
‘of the cortex are mainly wnterlobular « eins, probably fied by reflux of the corteast meduum leaving the medultary

pathway

drain the medulla, an explanation offered previously for similar findings
described in Chapter TV. This filling of the cortical veins from a source
other than the cortical glomeruli, in conditions in which the blood is diverted
from the cortex to the medullary pathway, is a phenomenon which we have
recorded after a number of different experimental procedures. The contrast
between the necrosis of the cortex and the normal appearance of the medulla
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. > great
distension of the intestines with gas This feature was seen in all animals,
both rabbits and rats, which were affected by the toxin but which neverthe-
less survived for some hours. The dilated mesenteric artery seen in the angio-
graphs of the intact animal, bined with this di ion and with the
increase in the peritoneal fluid found on opening the abdomen, was strongly
suggestive of an advanced degree of intestinal atony. In the animals most
senously affected by the toxin, the appearances at necropsy were those of a
paralytic ileus. Confirmation of the great dilatation of the intestinal vessels
which 15 a characteristic effect of this toxin was provided by the results of
mjections of Indian ink by the aorta. In these animals the degree to which
the whole vascular bed of the intestines filled with ink was most surprising,
the whole of these viscera becoming suddenly and intensely black and
Ppresenting an appearance scen in none of our previous experiments. This
dramatic blackening of the intestines was in striking contrast to the virtually
complete absence of staining of the surface of the hidneys (see Figure 6g).

Visual observations of the appearances of the exposed viscera, before injec-
tion, revealed that the kidneys were enlarged and the surfaces of these organs
were mottled (Figure 68). The blood vessels of the intestines were unusually
prominent and red, and the intestines them-
selves were enormously distended with gas.

The results of another experiment of this
group may be seen in Figures 69 and 7o.
The rabbit had been injected with staphy-
lococcus toxin 1n the dosage of o'15 ml. per kg.
body weight. Sixteen hours later, when the
animal had appeared ill for some hours and
had a blood urea of 120 mg. per cent, it was
anaesthetised with ether, the abdomen was
opened, and an injection of Indian ink was
made nto the aorta by the method described
i Chapter IV. As usual in this group of animals, %
the 1ntestines became 1ntensely blackened with A
the mk whilst, 1n striking contrast, the kidneys
showed only a few punctate black spots on their .
pallid mottled surfa}les (Figure Gg) EI‘he appear-~ nt:lfaki: .';h"i‘lff.:":'n‘i'.'n‘?i'\i:ﬁ
ance of the surface of this kidney should be com- nyection of staphylococeus toxn Note
pared with that seen in Figure 186, which shows the mouled Z‘::f;,“.,\":';:";\‘:'l::;‘:‘
a similar lack of staining from an injected dye ofr/m_'ral necrosis.of the kidney

RN Smm
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Sim s

Fic 69 Thotographs of a rabbits kidncys showing cortical necrosts 16 hours afier intravenous
ingection of staphylococeus toxin Indian ink had been myected during ke via the aorta  Note
the few punctate black statns 1n the most pallid areas of the mottled surface

area z
that, .
had been maintamned through the medullary by-pass
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after stmulation of the central end of the ipsilateral sciatic nerve. The cor-
tical ischaerma demonstrated at the time of the injection of the dye in this
latter ammal was comparable with that present in the animal described above
and which had resulted from an mjection of staphylococcus toxm.

On section of the kidneys, the ink was seen to be present only in the deepest
zone of the cortex and in the subcortical zone of the medulla  The outer zone
of the cortex, ranging from one-half to two-thirds of its width, was neciotic,
showing a rather mottled pallor and being separated from the decper zone
Dy a narrow reddened ¥ine Bencath thus line the narrow hiving zone of the
cortex appeared normal or somewhat congested, as did also the medulla.
No 1nk was seen 1n the necrotic part of the cortex, but the zone of living tissue
deep to this and the subcortical zone of the medulla both showed the presence
of the injection mass. All of the medullary ussues were living and the
medullary vessels which were not filled with ink were filled with blood,
showing that the whole medullary circulation was intact; indeed, the medulla
appeared hyperaemic. The most strikmg features of sections of these kidneys
when examined under the microscope were the ink-filled basal portions of
interlobular arteries, juxtamedullary glomeruli, and vasa recta (Figure 70).

In the kidneys of animals susceptible to the toxin we had thus produced a
cortical ischaema of such a degree that it resulted in a cortical necrosis. The close
simularity between the kiduneys of these experimental antmals, with their necrasis
of the cortex and therr living and hyperaemic medulla, and the kidneys of
human casesshowmng bilateral cortical necrosis wil be discussed in Chapter VII.

In studying the later effects of the mjections of the toxm in rats, we found
that these ammals showed a vanability m their susceptibility to the toxin
quite as great as, if not greater than, that shown by rabbits. One example
may be quoted 1n which the effects were pronounced The rat was injected
mtraperitoneally with staphylococcus toxin in the dosage of @ 3 ml. per kg.
body weight. Twenty-four hours later, when the animal looked very ill, 1t
was anaesthetised with ether and the abdomen was opened The 1mntestines
were greatly distended with gas and there was an excess of perttoneal fluid.
The spleen was greatly enlarged and showed one purple raised area, a recent
infarct. The hver was a2 mottled yellow. The intestines showed a few pale
foct on the antimesenterie border  The surfaces of both kidneys were markedly
pale After a rapid 1nspection of the abdominal cawity, an injection of a few
mol of Indian ink was made by hypodermic needle into the thoracic aorta,
quickly exposed from the left ssde The result of this injection was most

remarkable  The stomach, the intestines, and the suprarenals mmediately
became intensely black, as did also the spleen, escept for the infarct which
remained a dark purple The kidneys, on the other hand, showed no stamning
of thewr surfaces; they remained pale throughout the experiment except
for one or two small p black spots, although the ink had been seen
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x"irsc tnn the renal artery and then i_n the renal vein, a fact which showed that
it had made an intrarenal circuit. The liver remained 2 blotchy yellow,
although a number of punctate black areas were seen on the surface. The
whole pieture was in striking contrast to that which is scen when Indian ink s
injected into the thoracic aorta of a normal rat, when the surfaces of the kidneys
are more deeply stained than the surfaces of any other abdominal organ.

Sections of the kidneys of this animal showed a poor filling of the renal
vessels, but the vessels which contained the ink were those situated i the
intermediate zone between cortex and medulla; on microscopic examination,
the only glomeruli which had been filled with the injection mass were found
to be the juxtamedullary glomeruli.

The pathological features of the cortical necrosis which can be produced
in rabbits by means of staphylococcus toxin have been well described by De
Navasquez (1938), and we are not concerned with them in detan here.
Knowing that this toxin produced sequestration of the renal cortex, we took
advantage of this fact to demonstrate, if possible, a permanent diversion of
blood through the medullary pathway. We were able to show this diversion
even more successfully than we had hoped, and thus to demonstrate once again
that when the blood is diverted from the renal cortex, the pathway traversed
by the circulating blood 1s formed by the vessels associated with the juxta-
medullary glomeruli Similar observations were made on the rat, though
this animal the technical difficulties of demonstrating the diversion of the blood
flow from the cortex to the medulla proved to be greater,

The observations which have been described in this chapter were made
in the bight of the knowledge which we had acquired at this stage in our
investigations of the changes which might occur 1 the imra‘renal cﬂcx‘xlanox\,
Many of the angiographs used in this study were from experiments which had
been performed previously to determine the behaviour of the renal artery
and renal vein under various conditions. In these angiographs and n others
from a new sertes of experyments, most of which were made m the mtacf
animal, we were able to see alterations in the normal corucz.xl :n:ld medullary
circulations, to an extent which varied considerably but which in some cases
resulted in either an almost exclusively cortical circulation or in an almost
exclusively medullary circulation. Indeed, in t}lc experiments inwhich _staphy-
lococcus toxin was used, a permanent, exclusively meduflary cxrcu.lam:n wis
seen, an example of an extreme degree of change in the mtl:aren:al circulatio ;
These functional observations, combued with those described in Cha’pt}irs
to TII and with our morphological studies described n Chapter “/’X ba.\;f;
provided us with the basis for a new concept of the rex_xal circulation. \ \?1 “
recapitulation of our various findings and a presentation of this concep!

be given in Chapter V1.



CHAPTER VI
A Survey of the Findings Described wn the Previous Chapters

In the account of our experimental studies on the renal circulation which has
been given in the preceding chapters, our observations have been presented
in a more or less chronological order In each chapter we have indicated
the problems which we tried to solve, the methods which we used 1n an
attempt to solve them, and the results which we obtained from the experi-
ments.

In this chapter we shall try to summarise our vanious findings, integrating
them as far as possible and emphasising those observations which, 1n our view,
may be of special significance in problems related to the function of the
kidney We trust that the repetition which this survey must necessarily
involve will not be tedious to the reader In addition, we shall make a few
tentative suggestions in regard to the formation of urine, but we must stress
the fact that these suggestions are not based on direct evidence, but are
merely deductions from our own studies of the arculaton and of the
morphology of the kidney.

The original purpose of our investigation was to determine whether the
changes found 1n the kidneys of patients dying of renal failure after crushing
mjuries of the imbs were due in any part to a vascular disturbance caused by
reflexes mntiated in the injured limb.

In our earher studies, carried out in the rabbit, we found that prolonged
constriction of one of the hind imbs produced by the application of a tourni-
quet resulted 1n widespread vascular changes, which made their appearance
while the tourniquet was in position and continued to be present for a con-
siderable time after its removal The most striking change was the marked
constriction of the artenes supplying the hind limbs and of those supplying
the kidneys; by contrast, the lack of any change in the artery supplying the
intestines was pract matona Bl TLocad 1 000 e G 2 e )
and renal arter
pressure was st . "
calibres of these vessels might be wholly unrelated to a raised or lowered
blood pressure  Moreover, we found that vascular changes closely resembling
those seen after the application of a tourniquet could be produced by stimula-
tion either of the central end of the divided sciatic nerve or of the distal end
of the dwvided splanchnic nerve, a finding which strongly suggested that the
operation of some nervous reflex mecharusm had contributed in no small

i
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measure to produce the vascular ghflqges seen after the application of a tourni-
quet Finally, we found that by dividing the splanchnic nerves before applying
a tourmiquet we were a})le to prevent the marked constriction of the renal
artery whlc‘h occ'urrcd in tourniquet animals with their splanchnic nerves
intact. This finding was a further indication that the changes produced in
the renal circulation of these latter animals had been caused mainly or wholly
by the operation of a nervous mechanism,

From the results of these various groups of experiments, and in the absence
of any evidence to the contrary, we concluded firstly that the prolonged
constriction of a hind limb caused a substantial decrease in the volume of
blood reaching the kidney, and secondly, that this decrease in the renal blood
supply was due, in considerable part at least, to the operation of a reflex
neurovascular mechanism, brought mnto play by impulses arising from the
injured limb. But the vascular disturbance seen in these experiments was not
limited to a decrease in the volume of blood reaching the kidney, for we
found that within the kidugy itself the distribution of the blood might be profoundly
altered.

Realising at once the importance of this finding to renal physiology and
pathology, we decided to suspend for the time being the general ncurovascular
studies and to direct our attention almost exclusively to a detailed investiga-
tion of the intrarenal circulation and its pathways.

Our angiographic studies of the intact animal had given us the first indica-
tion of the existence of a by-passing mechanism,! and from direct observations
of the exposed kidney under various experimental conditions we had learnt
that the blood flow might be diverted from the cortex and make its intra-
renal circuit through a medullary pathway. As a result of these latter studies
it was also possible to state in general terms the region in which the by-passing
channels were located ; namely, the deepest zone of the cortex and the sub-
cortical zone of the medulla. It was obviously of importance, however, to
determine in detail the actual channels which formed the by-pass, for, as
Claude Bernard (1g37) pointed out, anatomy localises physiology. In the next
stages of our work, therefore, we made a comprehensive investigation of the
intrarenal vascular pattern and obtained more precise information about the
routes taken by the blood under various conditions. As a result of this ana-
tomical investigation and of further functional studies, our concept of the
variability of the intrarenal circulation gained in precision on the structural
side and in range on the functional one. .

Throughout the research our studies have been of a very varied nature.
On the functional side alone, three hundred animals have been used. In

these experiments we have not attempted to determine all the effects of
- a mmemclay st wnexnectedly rapid appearance
’ 7 e artero-
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many of the procedures used, but we have considered closely only thosc
effects which appeared to us to have a special bearing on our immediate
problem. In some instances these effects may have been rclatlvcly.sllght and,
occasionally, they may have been unsupported by further experiments, but
cach observation has served to complement the information derived from
other sources. On the anatomical side, we have used many methods in a
study of the intrarenal vascular pattern, examining a wide range of material
including not only the kidneys of our experimental animals, but also many
human kidneys, both normal and pathological, and in addition the kidneys
of various other mammals,

Thus, the concept we have formed of the renal circulation is based on a
wealth of data denived from many and varied mvestigations: from angio-
graphic studies of the intact animal and from direct observations of the
exposed organs, both in normal ammals and in those subjected to various
forms of sumulation and to other experimental procedures, from the detailed
examination of the vascular pattern in the kidneys of various mammals
including man, and finally from the study of pathological kidneys both
human and animal

It has already been pointed out that one of the most remarkable features
of the redsstribution of the blood within the kidney, seen in a number of our
expenymental animals, was the diversion of the blood flow from the cortex
through a medullary pathway. We were surprised by this finding since we
had not envisaged the possibility that a circulation might be maintaned
through the hidney by a route other than that which, 1t is commonly believed,
invanably carnes the renal blood flow, namely, the cortical route. As our
studies progressed, however, we found ample evidence that the circulation
through the cortex could be either diminished or even, i some circumstances,
totally arrested wihle a circulation continued through the medulla.

We were able to demonstrate diversion of the intrarenal blood flow from
the cortex to the medulla in the intact animal by means of angiographs This
diversion of the blood flow and the varying degrees of cortical 1schaemia
resulting from 1t were indicated in the angiographs by a decrease of variable
degree in the density of the cortical shadow and by a corresponding increase
mn the shadow of the medulla (see Chapter V)  Further evidence that the
cortex can become isch whalst a circul through the kidney is
mamtamed was provided by visual observations of the exposed kidney (see
Chapter III). The cortical 1schaemia produced i these experiments was
indicated by the blanching of the surface of the kidney, a blanching which
was found to involve not merely the most superficial layer, but by far the
greater part of the renal cortex  While in some cases in which an extreme

cortical pallor was produced there was undoubtedly a temporary cessation
H
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G.f all renal circulation, there was clear evidence in many cases that some
cxrcx.xlanon through the kidney was being maintained during the period of
cortical pallor. This evidence was provided by the fact that the blood con-
tunued to flow through the renal vein. The further observations that during
the period of cortical pallor a stream of intensely red blood might appear in the
renal vein or that the whole of the blood flowing through this vein might
become arterial in colour, and that in either case the red blood might have a
pulsatile flow, showed that a rapid circulation was in these cases continuing
through the deeper parts of the kidney.

The exclusion of the renal cortex from the circulation and the maintenance
of a blood flow through the medulla were further demonstrated in a con-
vincmg manner in animals in which an intravascular injection mass was
introduced at the appropriate time. For, in many of these cases, in spite of
the marked general constriction of the renal arterial tree which sometimes
resulted from the experimental procedures used, the continuance of a circu-
lation through the deeper parts of the kidney was shown by the appearance
of the injected substance in the renal vein, although the surface of the kidney
was unstained. The failure of the injected substance to circulate through the
cortex in these cases and the striking filling of the medulla were well seen, both
macroscopically and microscopically, when the kidneys were sectioned (see
Figures 18, 19, 23, 24) These features were in marked contrast to the distribu-
tion of an injection mass in the normal animal (see Figure 22). The altered
distribution was also well demonstrated radiographically in cases where a
radiopaque substance was used (see Figures 21, 71).

It will be realised, therefore, that the diversion of the intrarenal blood flow
from the cortex to the medulla, with a consequent corticalischaemia of \_/arying
degree, has been studied and recorded by the use of a n.umber of different
methods The experimental procedures which resulted in the appearance
of a corucal ischaemma were also many and varied. They included the
application of a tourniquet to a hind limb; tl}c s‘timulation ofyarious nerves,
in particular the central end of the divided sciatic nerve, the distal end of the
divided splanchme nerve, and the nervous plesus surrounding the renal
artery; severe, rapid haemorrhage; and the administration of certain d‘n.Jgs,
including adrenaline, pituitrin, and pitressin, in high dosages. In addition,
some of our most remarkable examples of a diversion of the mtrarenal blood
flow from the cortex to the medulla were obtained after an injection of staphy-
lococcus toxin. In susceptible animals, within twenty-four hours of the
injection of the toxin, the peripheral, and indeed by far the greater, part
of the renal cortex had become necrotic as a result of the diversion. In the
same ammals, in marked contrast to the condftmns.m the cortex, the cm:u}fnt’fon
through the medulla was continuing and this region of the kidney was living

and healthy (see Figures 67, 70).
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In the case of experiments in which any of the procedures mentioned above
were used, we attributed the diversion of the cortical blood fow to vaso-
constriction in the peripheral parts of the cortex  Our results indicate that the
arterial vessels which are situated in the peripheral two-thirds {or thereabouts)
of the cortical zone are more sensitive to sttmuli than are those parts of the
arterial tree situated proximal to these in the deepest layer of the cortex.
For, as a result of various experimental procedures, we have seen peripheral
segments of the interlobular arteries to be markedly constricted and some-
times even completely closed, while the prouimal segments were relatively
unaffected and so allowed the blood, which was barred from access to
the penipheral cortex, to make an intrarenal circuit through the medullary
pathway (Figure 715).

It 1s clear, however, that the intrarenal blood flow can 1n some cases be
diverted from the cortex by a means other than a vasoconstriction in the peri-
pheral cortex  We have seen such diversion to occur as a result of a dilatation
of the vessels associated with the juxtamedullary glomeruli, caused by inhala-
tion of amyl nitrite 1n large amounts (see Figure 2g). We have also seen
diversion to occur as a result of the blockage of the cortical glomeruli which
takes place when thorotrast has been mjected n large quantities (see
Figure 31)

In contrast to the diversion of the intrarenal blood flow from cortex to
medulla, described above, our expeniments have shown some examples of an
apparent diversion of this blood flow from medulla to cortex In these cases
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whose splanchnic nerves had been divided and which were then traumatised
by the application of a tourmquet to a lind hmb. In the angiographs of
these animals we saw a remarkable increase mn the shadow of the cortex,
with an equally remarkable decrease in the shadow of the medulla (sce
Chapter V) The kidneys of these ammals were injected with a mass at
the conclusion of the experiment and on section revealed a most unusually
complete filling of the cortex.

Although we have been able to record many examples of these changes
in the distribution of the 1ntrarenal circulation, and in particular a diversion
of the blood flow from the cortex to the medulla, 1t must be pomnted out
that an experiment which in one amimal had resulted in diversion of blood
from cortex to medulla, when exactly repeated in another animal, not in-
frequently failed to produce a similar diversion. This variability in the reaction
of the kidney in different ammals of the same species was a staking feature in
our experiments and its significance will be dscussed in Chapter VII,
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In general, however, despite the variations i the responses of different
animals, we were impressed by the special sensitivity of the renal circulation.
Our angiographic studies showed that, if a given experimental procedure
resulted in any vascular changes, the renal artery was always involved although
the arteries supplying the other abdominal organs might be unaffected.
Mareover, the parallel responses of the arteries which supply the kidney
and the hind limb respectively (the behaviour of the artery supplying the fore
himb has not yet been adequately studied) suggest that anything which causes
a disturbance of the crrculation through the hind limb causes a similar
disturbance of the circulation through the kidney Further, within the kidney
aself it appears that the vessels in the peripheral parts of the cortex are
particularly sensitive to stimuli.

In addition, however, to the peculiar sensitivity of the artery which supplies
the kidney and to the particularly ready response to stimuli shown by the
smaller arteries which supply the more peripheral parts of the cortex, the
renal circulation, and more especially the cortical circulation, shows a
remarkable lability In our studies of the exposed organ we saw not only
that the surface of the kidney mught become intensely pale as a result of
appropriate experimental procedures, but also that it mght show mumor
degrees of blanching and flushing even when no such procedures had been
used For these studies of colour changes in the surface of the kidney we were
undoubtedly fortunate 1n that we were using rabbits and rats as our ex-
penimental animals  Had we been using cats or dogs, for example, we should
have been less able to appreciate changes in the cortical circulation by means
of visual observation, since 1n these species the large superficial vems of the
hidney cover so much of its surface (see Figure 81). The continual slight
fluctuations 1n the colour of the blood in the renal vein, which were seen in
animals submitted to no experimental procedures other than that of anaes-

Fio 71 Radiomicrographs of sectwons of right and left kidneys of a rabbut, showing effect of faradic stmula-
1100 of nervous plexus surrounding the left renal artery  Colloidal bivmuth had been myected durmg hfe via the
aorta_(Both scctions at same magmification )

{a) Section of ight (unstimulated) kidney ~Contrast medium 15 scen flling the snterlobular arteries to therr
rerminattons and also great numbers of cortical glomerult A few uxtamedullary glomerub are seen, but the vasa
recta are very poorly filled
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Muduia teaety dask (hypaaemic)  Lompare this dalference with the fuch more umiform general density
of these two regions 1a the section of the unstnulated kidney sven 1 (a)

The large vesiels showing white 10 both (g) and (8) are empty sems whose contenes (contrast medium or
blood) fell out when the sections were cut

It 15 of interest to compare these radiomucrographs with those scen 1 Figure 67 ¢ and 4, which illustrate a
diverston of the intrarenal blond flow from the cortex through the medullary by-pass caused by an intray etious
wngection of staphylocortus toxn
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thesia and laparotomy, were a further indication of the lability of the renal
circulation.

Qur studies have thus shown that the intrarenal blood flow does not in all
circumstances follow a constant, invariable, and single course through the
kidney, as hitherto commonly believed, Instead, the blood may circulate
to a variable extent through the two main pathways which are present in the
kidney, namely, the cortical and the medullary. Our evidence suggests that
in ordinary circumstances the greater part of the intrarenal blood flow passes
through the cortex and that only a smaller part circulates through the
medulla. This habitually greater circulation through the cortical pathway
n normal conditions, and the fact that the majority of the important func-
tional elements of the kidney are situated in the cortex, together make any
diversion of the circulating blood away from this part of the kidney of pro-
found significance, especially when one considers the morphological arrange-
ments of the structures associated with the cortical and medullary pathways
respectively.

The vessels which form the channels of the medullary pathway are those
associated with the juxtamedullary glomeruli; those which form the channels
of the cortical pathway are the vessels associated with the cortical glomeruli
(see Chapter IV) The difference in the morphological arrangement of the
vessels which make up the two pathways comprises two striking features:

1. A marked disparity in size between the efferent vessels of the cortical
glomeruli and the efferent vessels of the juxtamedullary glomerult
(Figure 72; see also Figures 44 to 47).

2. An equally marked disparity, both in size and arrangement, between
the respective vascular beds into which the efferent vessels of the
cortical and juxtamedullary glomeruli empty. R

The vessels forming the cortical and medullary pathways respectively have
been described by many workers since the time of Bowman {1842), but th:i:
dissimilarity between the vessels of the two pathways has not been strtzsse‘
and the possibility that this dissimilarity is associated with a funqmr;]a
difference appears to have been overlooked. This Iack of interest in the
functional implications of differences in anatomical arrangement is pcrhaff
not surprising since the structures have usufl]ly been studied from a g.\lfﬁo)f
morphological rather than from a physiological aspect. Our own stu tesb‘

the intrarenal vessels were from the outset influenced by the unmistakal :
evidence, provided by our early cxperiments,' that as a.result qf v?r;;);]
traumatic experimental procedures chzmge§ mxg.ht‘occyr in the g{c{:jﬂﬂow
of the kidney, and in particular in the relative distribution of the biof -

between cortex and medulla. Thus, the different pattern of the vessels making
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up the cortical and medullary pathways
assumed in our eyes a new significance in
regard to their function.
The contrast in anatomical arrange-
ment between the structures related to
the cortical and medullary circulations
respectively is not, however, confined to
the channels which form the vascular
pathways through these two regions of the
kidney. A similar contrast is seen in the
morphology of the respective nephrons
which are associated with the blood vessels
forming the cortical and medullary path-
ways, and m particular with the cortical
and juxtamedullary glomeruli, As Peter
(1909) showed, the most obvious differ~
ence 1s in the position and relative pro-
portions of the various parts of the tubule,
especially 1n the position of the loops of
Henle and in the relative lengths of the
thin segments of these loops (see Figure
54a). The loops of Henle of the tubules
arising from cortical glomerult pass only
arelatively shortdistance into the medulla,
and the thin segment of these loops 1s very
short. On the other hand, the loops of
Henle of the tubules of juxtamedullary
glomerulidescend deeply into the medulla,
often extending as far as the medullary
papilla, and the greater part of each one
of these loops is made up by the thin seg-
ment Notwithstanding these differences,
there is one feature common to the loops
of Henle of both types of nephron, namely,
the fact that part of the loop of Henle lies
m the medulla It must surely be of no
small significance that considerable parts
of all loops of Henle, including in every
case the thin segment of the loop, are
supplicd by blood circulating through the
medullary pathway,
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Fio 72 Neoprene casts from a normal human
Yadney (a) cortical glomeruli Note the very small
calibre of the effcrent y essels, as compared with the
large calibre of the aficrent arterioles (8) juxta-
medullary glomerolus  Note that the efferent
sexeel (below) s of the same calibre as the afferent
arierole (abore) The afferent artersole of this
glomerulus springs from an interlobular artery
(partly scen at the top of the ficld), which 15 a
branch of the ‘arcuate’ artery seen crowing the
field tranwersely behind the glomerulus (Both
Phatomu rographs at same magnification )

The remarkable differences in the morphological arrangements of both
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thesia and laparotomy, were a further indication of the lability of the renal
circulation,

Our studies have thus shown that the intrarenal blood flow does not in all
circumstances follow a constant, invariable, and single course through the
kidney, as hitherto commonly believed. Instead, the blood may circulate
to a variable extent through the two main pathways which are present in the
kidney, namely, the cortical and the medullary. Our evidence suggests that
in ordinary circumstances the greater part of the intrarenal blood flow passes
through the cortex and that only a smaller part circulates through the
medulla. This habitually greater circulation through the cortical pathway
in normal conditions, and the fact that the majority of the important func-
tional elements of the kidney are situated in the cortex, together make any
diversion of the circulating blood away from this part of the kidney of pro-
found significance, especially when one considers the morphological arrange-
ments of the structures associated with the cortical and medullary pathways
respectively.

The vessels which form the channels of the medullary pathway are those
associated with the juxtamedullary glomeruli; those which form the channcl§
of the cortical pathway are the vessels associated with the cortical glomeruli
(see Chapter IV) The difference in the morphological arrangement of the
vessels which make up the two pathways comprises two striking features:

1. A marked disparity in size between the efferent vessels of the cortical
glomeruli and the efferent vessels of the juxtamcdullary glomfﬂﬂl
(Figure 72; see also Figures 24 to 47).

2. An cqually marked disparity, both in size and arrangement, between
the respective vascular beds into which the efferent vessels of the
cortical and juxtamedullary glomeruli empty. .

The vessels forming the cortical and medullary pathways rcspcctlvcly have
been described by many workers since the time of Bowman (1842), but the
dissimularity between the vessels of the two pathways has not been 5“'_355“1
and the possibility that this dissimilarity is associated with a func.llon-'ll
difference appears to have been overlooked. This lack of interest 10 the
functional implications of differences in anatomical arrangement 18 pcrhap?
not surprising since the structures have usually been studied from 2 P.““’l)f
morphological rather than from a physiological aspect. Our own s.tudles ol
the intrarenal vessels were from the outset influenced by the unmls!nk‘?b]c
cvidence, provided by our early experiments, that as a result qf various
traumatic experimental procedures changes might occur in the cnrculatwn'
of the kidney, and in particular in the relative distribution of the blood lfr“
between cortex and medulla. Thus, the different pattern of the vessels making
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up the cortical and medullary pathways g
assumed in our eyes a new significance in
regard to their function,

The contrast in anatomical arrange-
ment between the structures related to
the cortical and medullary circulations
respectively 1s not, however, confined to
the channels which form the vascular
pathways through these two reglons of the
kidney. A similar contrast is seen in the
morphology of the respective nephrons
which are associated with the blood vessels
forming the cortical and medullary path-
ways, and in particular with the cortical
and juxtamedullary glomeruli  As Peter
(1909) showed, the most obvious differ-
ence 1s in the position and relative pro-
portions of the various parts of the tubule,
especially in the position of the loops of
Henle and 1n the relative lengths of the
thin segments of these loops {see Figure
54a) The loops of Henle of the tubules
ansing from cortical glomeruli pass only
a relatively short distance into the medulla,
and the thin segment of these loops is very
short. On the other hand, the loops of
Henle of the tubules of juxtamedullary
glomerulidescend deeplyintothe medulla,
often extending as far as the medullary
papilla, and the greater part of each one
of these loops is made up by the thin seg-
ment. Notwithstanding these differences,
there is one feature common to the loops
of Henle of both types of nephron, namely,
the fact that part of the Joop of Henle Hes
in the medulla, It must surely be of no
small significance that considerable parts
of all loops of Henle, including 1n every
case the thin segment of the loop, are
supplied by blood circulating through the
medullary pathway.
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Fic 72 Neoprene casts from a normal human
Kidney (a) cortical glomerult, Note the very smalt
calibre of the efferent vessels, as compared with the
lzrge calibre of the afferent arterioles (5) juxta-

edullary glomrrulus  Note that the efferent
Sewl (below) 15 of the same calibre as the afferent
artenidle (above)  The afferent artenole of this
glomerulus springs from an interlobular artery
(partly scen at the top of the field), which 1s 2
branch of the ‘arcuawe’ artery seen crossing the
field transsersely bebund the glomerutus  (Both
photomicrographs at same magnification )

The remarhable differences in the morphological arrangements of both
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thesia and laparotomy, were a further indication of the lability of the renal
circulation.

Our studies have thus shown that the intrarenal blood flow does not in all
circumstances follow a constant, invariable, and single course through the
kidney, as hitherto commonly believed. Instead, the blood may circulate
to a variable extent through the two main pathways which are present in the
kidney, namely, the cortical and the medullary. Our evidence suggests that
in ordinary circumstances the greater part of the intrarenal blood flow passes
through the cortex and that only a smaller part circulates through the
medulla. This habitually greater circulation through the cortical pathway
1 normal conditions, and the fact that the majority of the important func-
tional elements of the kidney are situated in the cortex, together make any
diversion of the circulating blood away from this part of the kidney of pro-
found significance, especially when one considers the morphological arrange-
ments of the structures associated with the cortical and medullary pathways
respectively.

The vessels which form the channels of the medullary pathway are those
associated with the juxtamedullary glomeruli; those which form the channcls
of the cortical pathway are the vessels associated with the cortical glomeruli
(see Chapter 1V). The difference in the morphological arrangement of the
vessels which make up the two pathways comprises two striking features:

1. A marked disparity in size between the efferent vessels of the cortical
glomeruli and the efferent vessels of the juxtamedullary glomeruli
(Figure 72; see also Figures 44 to 4%).

2. An equally marked disparity, both in size and arrangement, between
the respective vascular beds into which the efferent vessels of the
cortical and juxtamedullary glomerul empty. .

The vessels forming the cortical and medullary pathways respectively have
been described by many workers since the time of Bowman (1842), but the
dissimilarity between the vessels of the two pathways has not been s"fSSCdI
and the possibilty that this dissimilarity is associated with a functiona

difference appears to have been overlooked. This lack of interest 10 the
functional implications of differences in anatomical arrangement Is P“ha}’f
not surprising since the structures have usually been studied from a P.‘"e])r
morphological rather than from a physiological aspect. Our own s_tud'lf-‘s“l"
the intrarenal vessels were from the outset infl d by the u :
evidence, provided by our early experiments, that as a result of various

+ 'z experimental procedures changes might occur in the cxrculaf!llo"'

" kidney, and in particular in the relative distribution of the blood k.0“
+ -cen cortex and medulla. Thus, the different pattern of the vessels making




SURVEY OF FINDINGS 121

Such a suggestion is not entirely without support Itis a generally nccepted
view that water is reabsorbed into the blood from the loops of Henle. A large
number of vasa recta are adjacent to the loops of Henle where these lie in the
medulla, and the walls of these vessels are morphologically well suited for the
transference of fluid since they are composed of flattened endothelial cells.
The vessels of the vasa recta system are most profuse in number and largest
in calibre in the subcortical zone of the medulla, and in this region the zenous
elements of the system are strikingly predominant. This has been shown not
only 1n our injected preparations (see, for example, Figures 42, 57), but also
in angiographic studics of the living animal, in which the zone throws a heavy
shadow in the early venous stage of the intrarenal circuit of the contrast
medium (Figures 66, 63c). In this zone, Peter’s outer zone (see Figure 54a),
are found the greatest number of loops of Henle seen at any level mn the
medulla, for it contains loops of Henle arising from both cortical and juxta-
medullary glomeruli In this zone also are found the thin segments of the
loops of Henle of all the cortical nephrous, as well as portions of the thin
segments of the loops of Henle of all the nephrons of juxtamedullary glomeruli.
Deeper 1n the medulla, in Peter’s inner zone, the vasa recta are fewer n
number but they are adjacent to the loops of Henle of the nephrons arising
from the juxtamedullary glomeruli which at this level are composed of thin
scgments alone

In the thin segment of the loop of Henle the epithelium of the tubule 1s of
flattened type and thus cannot be considered to be secretory It can be in-
ferred, therefore, that any transference of fluid which takes place in this
segment of the tubule is of a passive nature. The proximity of vasa recta,
with their thin walls, to the thin segments of alf loops of Henle would make
possible the reabsorption of water from these segments of the tubules into the
blood under the influence of either osmotic or hydrostatic pressure or a
combination of both The striking profusion of the venous components of
the vasa recta system in the zone where the loops of Henle, including thin
segments of these loops, are most numerous, 1s in itself suggestive that the vasa
recta are concerncd with the reabsorption of water which takes place in this
part of the tubule

Burgess, Harvey, and Marshall (1933) point out that pituntary extract
(pitressin) has an antidiurctic action in birds and mammals, but not in
amphibians or fishes, Since the evolution of the thin segment of the loop of
Henle 1s the only new development in avian and mammalian kidneys that 1s
not present in the Kidneys of these lower vertebrates, they localise the site of
the antidiwretic pituitary action to this segment of the renal tubule They
believe the antidiurenc effect of pitressin to be due to a stimulation of water
reabsorption by the thin segment, and in some cases also to a decrease 1 the
volume of glomerular filtrate  But, as we have just indicated, the cells forming
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the vascular and the tubular structures associated with the cortical and
medullary circulations respectively suggested the possibility that there were
equally profound differences in their functions Having found that the cortex
can be virtually excluded from the intrarenal circulation whilst the medullary
pathway carries the diverted blood flow, we were led to speculate in particular
on the functions of the vasa recta, the vessels which constitute by far the greater
part of the medullary vascular bed.

The only function so far proved for these vessels is that which we our-
selves have demonstrated, namely, that they act as channels for a variable
amount of the intrarenal blood flow when this is diverted from the cortex.
They may carry a lesser or greater proportion, or at times even the whole of
the blood flow, according to whether the cortex receives a full normal supply,
a reduced supply, or at times no blood at all. Qur observations on the
anaesthetised animal, subjected or not to various further procedures, do not
lead us to believe that any large diversion of the blood away from the cortex
occurs at all frequently in the quiescent unconscious state; indeed, we must
admit that it is relatively difficult to provoke a complete reflex cortical
ischaemia What may happen in the normal intact animal, leading its fully
active life, may be different, and it is possible that under such circumstances
major reflex or hormonal effects upon the circulation of the kidney are of fairly
frequent occurrence. In any case, however, the adaptability of the vasa recta
to variations in the amount of the mtrarenal blood flow which they transmit
may be but one aspect of their physiological importance, and we can
legitimately inquire if any other functions have been, or can be, suggested
for these channels. »

The function of the vasa recta is generally considered to be a nutritional
one, but the vasa recta themselves do not constitute a close-meshed .caplllary
network such as one has learned to associate with nutritional functions else-
where in the body. It is true that they resemble capillaries 1:n the structute
of their walls, but beyond thus the similarity ceases and their only possible
connection with nutrition lies in the fact that a capillary network is produced
by offshoots from the efferent vessels of juxtamedullary glomeruli, in associa-
tion with offshoots from the more proximal parts of the vasa recta. These
very localised contributions, however, are subsidiary to the main picture of
the medullary vascular arrangements and we are, on all counts, reluctant to
regard the parent vessels as having any important nut.rmonal.t_ole. s,

If then, as we believe, the vasa recta are not primarily m_xmnona]lxased,
and if they serve as the main conducting channels for the mtr':xrcnz'xh ot;c
flow only when it is diverted from the cortex, what is thcx; function ‘?blcnthat
coitex is itself carrying the greater part of the blood flow? Isit possnl1 e o
the vasa recta are concerned with the reabsorption of water and that
constitutes part of their function? .
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Such a suggestion is not entirely without support. Itis a generally accepted
view that water is reabsorbed into the blood from the loops of Henle. A large
number of vasa recta are adjacent to the loops of Henle where these lie in the
medulla, and the walls of these vessels are morphologically well suited for the
transference of fluid since they are composed of flattened endothelial cells.
The vessels of the vasa recta system are most profuse in number and largest
in calibre in the subcortical zone of the medulla, and in this region the venous
elements of the system are strikingly predominant. This has been shown not
only in our njected preparations (see, for example, Figures 42, 57), but also
in angiographic studies of the living animal, in which the zone throws a heavy
shadow in the early venous stage of the intrarenal circuit of the contrast
medium {Figures 65, 63¢). In this zone, Peter’s outer zone (see Figure 54a),
are found the greatest number of loops of Henle seen at any level in the
medulla, for 1t contains loops of Henle arising from both cortical and juxta-
medullary glomerult In this zone also are found the thin segments of the
loaps of Henle of all the cortical nephrons, as well as portions of the thin
segments of the loops of Henle of all the nephrons of juxtamedullary glomeruli.
Deeper in the medulla, in Peter’s inner zone, the vasa recta are fewer in
number but they are adjacent to the loops of Henle of the nephrons arising
from the juxtamedullary glomeruli which at this level are composed of thin
segments alone

In the thin segment of the loop of Henle the epithelium of the tubule is of
flattened type and thus cannot be considered to be secretory. It can be in-
ferred, therefore, that any transference of fluid which takes place in this
segment of the tubule is of a passive nature The proximity of vasa recta,
with their thin walls, to the thin segments of all loops of Henle would make
possible the reabsorption of water from these segments of the tubules into the
blood under the influence of cither osmotic or hydrostatic pressure or a
combination of both The striking profusion of the venous components of
the vasa recta system in the zone where the loops of Henle, including thin
segments of thesc loops, are most numerous, 15 in itself suggestive that the vasa
recta are concerned with the reabsorption of water which takes place in this
part of the tubule

Burgess, Harvey, and Marshall (1933) pomnt out that pituitary extract
(pitressin) has an antidwretic action in birds and mammals, but not in
amphibians or fishes Since the evolution of the thin segment of the loop of
Henle 15 the only new development 1n avian and mammalian kidneys that is
not present 1n the kidneys of these lower vertebrates, they localise the site of
the antidiuretic pitwtary action to this segment of the renal tubule They
belteve the antidiuretic effect of pitressin to be due to a stimulation of water
reabsorption by the thin segment, and in some cases also to a decrease in the
volume of glomerular filtrate, But, as we have just indicated, the cells forming
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the walls of the thm segment of the loop of Henle are not of secretory type.
We suggest, therefore, that the anudiuretic effect may be partly due to an
Increase in passive reabsorption of water mnto the bloed in the vasa recta
through the thin walls of this segment, resulting from a readjustment in the
distribution of the intrarenal blood flow between cortex and medulla,

In putting forward this suggestion we do not ignore the fact that the thick
segments of the loops of Henle and the convoluted tubules, with their cells of
secretory type, also play their part in the reabsorption of water. But the close
relationship between the thin segments of all loops of Henle with the large
vessels of the medulla, namely, the vasa recta, suggests that these thinsegments
play a particularly important part in the reabsorption of water. Any varia-
tions in the blood flow through the cortex must affect glomerular filtration
But, as we have demonstrated, such variations 1n the blood flow through the
cortex are reflected in the blood flow through the medulla, which appears
to be inversely proportional to the cortical flow, It seems reasonable to expect
that variations in the circulation through the medulla will affect the reabsorp-
tion of water in this region, whether this be active or passive. We have
given above our reasons for suggesting that it is partly passive.

A possible objection to our hypothesis may be raised because of the peculiar
arrangement of the vasa recta. Admittedly, the vasa recta lie in close-set
bundles and some of the individual vessels are contiguous with, and occa-
sionally completely surrounded by, their fellows, a disposition which would
appear to be unfavourable for reabsorption of fluid from the tubules. But
thin segments of loops of Henle are found intermingled with the vasa recta
1 their bundles, and the vessels on the periphery of each bundle are every-
where adjacent to thin or thick segments of the loops of Henle, Moreover,
although at some levels an individual vessel may be completely surrounded by
other vasa recta, at deeper levels, as more and more vasa recta turn back
towards the cortex, this vessel will probably come to be ‘adjqcent to a segment
of tubule, and thus at this site be in a position to permit direct reabsorption
of water. In any case, it may well be that the interstitial flinds play a part in
effecting a transference of fluid between the tubules and the vasa recta.

In connection with the above observations in regard to the relation of the
vasa recta to water reabsorption, 1t may be of interest to record briefly the
information which our studies have provided in regard to the rate of blo(;d
flow through the vasa recta as compared with that through the cortical ves;fi ;]
The vasa recta make up by far the greater part of" the vascular bed wl l,lc
constitutes the medullary pathway, and our observationssuggest that normal IY,
when the cortex is in full activity and the medullary pathway is carrym§ only
the smaller proportion of the total intrarenal blood flow, ﬂllf lr;lrcu :ttllgll
through this pathway is appreciably slower than that throu% ttthi :l:)adow
pathway For our angiographs of normal rabbits have shown tha
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of the contrast medium reaches the medulla later than the cortex, and also
that it clears from the medulla more slowly than 1t clears from the cortex.
Moreover, the morphology of the channels which form the medullary pathway
1 itself suggests that the rate of flow through these channels is normally
slower than the rate of flow through the cortical vessels. As we have already

shown, the efferent vessel of the juxtamedullary glomerulus is much larger in
T PSP USRI ANE I FON i DR VR  J

s v oo 1 .
In the succceding stage of the medullary pathway the rate of flow must be
greatly reduced since the efferent vessel of the juxtamedullary glomerulus
divides into a number of vasa recta, each of which 1s of virtually the same
calibre as its parent trunk The flow must become still slower as the blood
approaches the venous end of the vasa recta, where the vessels are of even
larger calibre and considerably more numerous than they are on the ‘arterial’
side. Finally, since the vasa recta empty into vessels which drain in common
both cortex and medulla, at tmes when these collecting veins are carrying
the greater outflow from an active cortex the outflow from the vasa recta may
well be impeded

While, however, the above suggestion as to the primary function of the
vasa recta under basal conditions, when the cortex is carrying the greater
part of the blood supply, cannot at present be considered as more than a
hypothesis, we have evidence that when the blood supply to the cortex is
reduced—a reduction which may be of variable degree and even so great as
to result in a complete coruical 1schaemia—these vessels play a special role
In these circumstances the vasa recta serve primarily as conducting channels
and carry through the medulla the blood flow which is diverted from the
cortex At such times we believe that the circulation through the vasa recta
1s more rapid  An accelerated flow through the medullary pathway has been
indicated by various observations which have been described in previous
chapters Tor instance, in angiographic records of tourniquet animals the
contrast medwum has been seen to appear in the renal vein at an earhier stage
of 1ts mtrarenal circwit than in normal animals. The view that this quick
passage of the contrast medium was made by way of the vasa recta is supported
by the fact that 1n these cases the arterial angiograph, 1 which the contrast
medium is already beginning to make 1ts appearance in the renal vein, shows
a shadow 1n the medulla whlst there is Iittle 1f any shadow in the cortex, a
picture the reverse of that seen in the arterial angiographs of normal animals.
Presumptive evidence that in conditions of cortical 1schaemia the flow through
the vasa recta 15 accelerated was provided by the appearance in the renal
vein of blood which was arterial in colour, at a time when the surface of the
hidney was pallid, Evidence of a ssimilar character was obtained from results
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of injections of Indian ink, introduced into the renal circulation from the
arterial side under similar experimental conditions. For the ink was seen to
appear in the renal vein almost simultancously with its appearance in the
renal artery, the cortex, which was pallid at this stage, remaining unstained
by the ink. The pulsatile flow of the arterial stream in the renal vein, which
was sometimes seen in uninjected animals, was demonstrated very clearly
in some of the animals injected with ink, and in which we saw Jjerky forward
movements of discrete particles of black suspended in the red stream.

To these functional indications that in conditions of cortical ischaemia the
rate of flow through the vasa recta is increased, one further remark may be
added. With little or no bfood circulating through the cortex, the amount
of blood passing through the vasa recta must be increased, although the total
renal inflow may be dimnished. This increase in the medullary circulation,
and the fact that on leaving the medulla the blood has a more or less exclusive
use of the vessels which drain in common both cortex and medulla, together
suggest that in these circumstances the rate of flow through the vasa recta is
mcreased.

In the discussion of our various studies in this chapter we have touched only
on the fringe of the theoretical implications arising from the work, and we
hope that many of the problems raised will be investigated by other workers
who have the necessary facilities for the specialised investigations involved.
Our object in publishing now the results which we have so far obtained has
been to make available for other workers findings which, we hope, will stimu-
late a renewed attack on the unsolved problems of renal physiology and
pathology. For our researches have shown that all questions relating 1o the
kiduey and its function should be reviewed in a new light, since this org:;n
has a duality in 1ts circulation which has hitherto been unsuspected. In
fact, we venture to put forward a new concept of the circulation through rge
kidney and thus, inevitably, of the kidney itself. This concept may be
summarised as follows:

The caurse taken by the blood in its passage throug

not show that degree of which kas g

In fact, the kidnéy‘rehas two potel:tial circulations, a greater anda 1c_sselr,
and in extreme conditions the blood may pass either almost “{dfm"e v
through one or other of two pathways, or, in fess abnuml:?” arcu::;
stances, to a varying degree through both. The yessels mle: i g “Eﬁml
pathway of the greater circulation are those assfsuﬂtcd with the co':i tical
glomeruli; the channels of the lesser circulation are those asso

with the juxtamedallary glomeruli.

cer carried out on rabbits and rats, but the
r concept are present

h the kiduey does
{y been imagined

Our experimental work has be: .ot
anatomical structures which provide a foundation for ou
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in ail the mammalian kidneys, including the human, which we have examined.
It is, therefore, reasonable to believe that the redistribution of the intra-
renal blood flow seen under experimental conditions in our animals occurs
also under certain conditions in the kidneys of other animals, including man.

This belief gains support from the findings of many workers who have
attempted to reproduce in various experimental animals the physiological
changes shown by, and the pathological conditions found in, the human
kidney. Convincing evidence that comparable alterations in the distribution
of the intrarenal blood flow occur 1n the human kidney is to be found in the
results of the natural ‘experiments’ carried out by disease processes.! These
various findings will be discussed in Chapter VII.

* “Numberless pathological lestons . are real expersments, by which physicians and physiologts profit,
without any purpose on their part to produce the lesions, which result from diseae’ (Claude Bernard, 1927,
? o)
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extreme conditions, such as severe haemorrhage or a sudden increase in the
output of adrenaltne, might induce such intermittence.

Our studies have shown that large numbers of glomeruli may in fact be
excluded from the circulating blood! are' thn* the ~Feas
intermittence, as we have seen it in 1 . s beena
vastly greater scale than that reporte | =1 tie oo v e ) Rlanes
and Schmidt (1g24) and Bieter (1935), and that sought by White (193¢) in
the kidneys of the dog and rabbit Smith {1943) undoubtedly envisages the
possibility that glomeruli may cease to transmit the circulation; indeed, he
states ‘it is concervable that blood can be shunted away from both glomerulus
and tubule, rendening the entire nephron inactive’,

The possibility that the blood may be diverted from the cortex to make its
ntrarenal circuit through a medullary pathway has not hitherto been seriously
constdered m the theories which have been put forward in regard to the
secretion of urine It is clear, however, that changes 1n the intrarenal circu-
lation such as those we have described must have a profound effect on the
function of the kidney, since this function depends first and foremost on the
circulation through the organ. We appreciate the posstble scale of the effects
of a redistribution of intrarenal blood flow all the more when we remember
the enormous volumes (of blood carned to glomerul, fluid filtered, and fluid
reabsorbed) mmvolved in the formation of urine  Smith {1g943) estimates that
in the human subject the blood flow passing through both kidneys amounts
to 1,200 ml. per minute; that is, up to a quarter of the total output of the
heart  This would represent a blood flow of more than 1,700 litres in
twenty-four hours.?

It 15 believed that approximately 10 per cent of the flinds of the blood
circulating through the kidney are removed by glomerular filtration,* that
is to say, on the basts of Smuth’s figures, 170 litres in twenty-four hours, The
amount of urine, however, excreted over the same period is only about 15

= afelpe T

£ Dunm’s {1940) estimate, which he conssdered to be a consersative one, was 1,080 hires » four h
* Tkehomn (1531) ts nclined to believe that 2 338 of the blood may be vemoved by
o Thshom (103) e 5 t0 30 pet cent of the Auids of the blood may be remaed by
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litres, and consequently 168-5 litres of the glomerular filtrate must be re-
absorbed. In no other organ of the body do such astonishingly large exchanges
of fluids take place, and we have all the more reason for wonder when we
remember that the total weight of both kidneys is of the order of only one
quarter of a kilogram.

The tacit acceptance of the constancy of the course taken by the intrarenal
blood flow probably accounts for the fact that, ever since the modern theary
of renal function was introduced by Cushny (1917), many workers have paid
more attention to reabsorption than to glomerular filtration as the factor
predominantly concerned with variations in the output of urine. But
glomerular filtration must be influenced by changes in blood flow and, as we
have shown, some or even much of the blood flowing through the kidney may
be diverted from the cortex through the medullary by-pass. It seems probable,
therefore, that changes in the rate of glomerular filtration due to changes in
cortical blood flow are as important a factor in causing variations in urine
output as is the rate of tubular reabsorption, although the latter in its turn is
probably influenced by the concomitant inverse changes in the medullary
blood flow.

It is universally accepted that the energy required for glomerular filtration
is provided by the blood pressure, and it is recognised that in order to over-
come the osmotic pressure of the blood 2 definite glomerular pressure must be
provided in order to maintain filtration. But if filtration is to be maintained,

giomerulal: loops, the volume of the blood within the glomerutus 1s 1cauced,
the glomerular pressure therefore tends to fall, and the osmotic pressure to
rise ~ Without replacement of fluid, the combination of these two processes
would quickly lead to a cessation of filtration, while the packing of the red
cells in the glomerular capillaries would impede any later resumption of
blood flow (this packing with red cells is sometimes seen in certain pathological
conditions). If filtration is to cnntinu;at a constant rate the blood must be
continuously renewed by an adequate flow. i .
We are ‘\)']ell aware (}?at our g{perimcntal observations have been limited
mainly to the renal circulation, but the changes in the distribution of the
intrarenal blood flow which we have demonstrated must affect the function
of the glomeruli, whatever other factors may be mvolyei . It has been
assumed that in the mammalian kidney all nephrons have identical functions.
We should like, however, to suggest the possibility that the nephrons (ar;ls;xxg
from the cortical and juxtamedullary glomeruli respecuvcl)d'_do no 'denci
precisely the same functional activities. We have as yet no 1.rert:;1 c?rfoima'
on this point, but the striking differences in their mgrpholog]y, in el
tion in the kidney (Figure 54), and not least in their vascular env 3
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would favour such a hypothesis. Studies such as those made by Walker
and Oliver (1941), with their technique of tubular puncture, will perhaps
eventually resolve this point.

We ourselves have undertaken no studies of renal function by the various
methods which have been devised for this purpose, including the much used
renal clearance tests. But, by a consideration of the findings of other workers
who have used these methods, our concept gains support of a nature which
we have not as yet been in a position to provide ourselves. In addition, it is
perhaps possible that diversion of the blood flow from the cortex, such as we
have seen in our experiments, may provide an explanation for some of the
apparent inconsistencres which have been noted by various workers in the
results of renal fimction tests and of studies of the renal blood flow

The hiterature on the kidneyhas become so vast that it would be impossible to
attempt toreviewthere, evenwere weina positiontodo so. We may say at once,
however, that in no work with which we are familiar have results been reported
which are incompatible with our own findings, or which vitiate our concept.

From the outset of our work we had a special nterest in the causes of
anuria, and especially of the anuria which may result from activities of the
nervous system In this connection it is significant that O’Connor and
Verney (1942, 1945) were able to inhubit water diuresis in the bitch by
emotional stress The mhibition was of two types, rapid and slow, and they
showed that the rapid inhibiton occurred only when the nerve supply to
the kidney was intact, and that the slow nhibition was due to the release of
an antidiuretic substance from the posterior lobe of the pituitary body There
seems every reason to believe that in the case of the rapid inhibition of water
diuresis the effect was produced by diversion of part of the mtrarenal blood
flow from the cortex, such as we have seen to occur in our experimental
animals as a result of nervous stimulation. A diwversion of cortical blood flow
produced by a nervous agency is, as we have found, caused by a vasoconstric-
tion which 1s particularly marked in the artenal vessels situated in the peri-
pheral parts of the cortex O'Connor and Verney themselves postulated
that the raprd mnhibition was due to constriction of the renal vessels It appears
to us possible that the slow inhibition of water diuresis was also effected by a
similar diversion of the cortical bloed flow, stee we have seen indications of
such a diversion after injections of pituitrin or pitressin, although admittedly

these hormones were given to our animals in high dosages. Ifthis is a correct
explanation of the slow inlibition of water diuresis in the dog, the same
explanation might be given for the inhibition of water diuresis effected in man
by micotine, an nhibition which Burn, Truelove, and Burn (1945) attribute
to stimulation of the posterior lobe of the pituitary body with a consequent
discharge of 1ts hormones

We suggest that vanations in the distribution of intrargail’

I
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may also accou}'u‘. for many of the temporary disturbances of renal function
and al?erations in the calculated renal blood flow recorded in human subjects
by Smith (193940, 1943) in conditions which included anxiety and changes
m posture, and also after the injection of adrenaline and pyrogens. In our
own experiments we found that direct nervous stimulation and the injection
of adrenaline, as well as injections of posterior pitnitary hormones, might
produce a diversion of the blood flow from the cortex, and this fact lends
support ta our suggestion that a similar mechanism may have been operating
in the cases reported by Smith In circumstances of anxiety, very similar to
those that produced a disturbance of renal function in Smith’s cases, Wolf and
Wolff' (1943) recorded a dramatic blanching of the mucosa of the stomach
which occurred simultaneously with a marked pallor of the face. It would
be interesting to know whether the surface of the kidney paled at this time,
for our own observations suggest that the circulation of the kidney is more
sensitive to sumuli than is the circulation of other abdominal viscera.

It is well known that the sympathetic nervous system exercises a greater
effect on vascular tone when the erect posture is assumed. In this posture
the output of urine is not as great as it is in the recumbent position {Brun,
Knudsen, and Raaschou, 1945), in spite of a rise of blood pressure. Since, as
we have shown, the peripheral parts of the renal arterial tree constrict more
readily than the proximal parts, we envisage the possibility that the slightly
reduced output of urine which occurs in the erect posture may be due to a
minor diversion of the blood flow from the cortex.

In addition to the examples mentioned above, we believe that our findings
may provide an explanation for the normal variations in the output of urine
under many conditions of daily life; for instance, the changes in output due to
changes in temperature, including the much reduced (l)utput of urine in gr’BM
heat, the reduction in output during muscular exercise, and that following
reduced fluid 1ntake or, conversely, the increased output which follows the
drinking of much fluid. The difference in noc.turnnl and diurnal urinary
secretion may perhaps also be explained by a difference in the distribution
of the intrarenal bload flow.

It may well be, moreover, that diversion of the intrarenal blood flow from

cortex to medulla accounts for some of the apparent :'momalies am;l) 'mcon;
sistencies in the results obtained in tests of renal function .rcponed ¥ so:\'s
warkers  For example, Selkurt (1946, b) carried out a series of 'ei;itt_r'lr‘t‘l'en o

15

d w. 10
method, and simultaneously made clearance tests ol ledulig auu p
hippuri:: acid (PAH) on the samples of blood thus obtqmed. He ('cund tllr:ixat
during the periods of hypotension following the bleeding there was mﬁuw—
and clearances were zero even whilst appreciable amounts of blood werc flo
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ing through the kidney. In the same animals, on re-infusion of the blood,
despite the restoration of the blood pressure to adequate leyels, the cl_eamnges
of PAH and creatinine failed to be restored, resulting in large disparities
between the calculated blood flow based on PAH clearance and the renal
blood flow measured directly. He considered that, at this stage, the clearance
of creatinine no Jonger measured filtration rate, for it remained reduced
to a far greater extent than could be expected with the existing conditions
of blood pressure and renal blood flow. The discrepancy between the directly
measured renal blood flow and the calculated renal blood flow was of the order
of 60 per cent or more In the light of our own findings we suggest that this
apparently anomalous result was due to diversion of the intrarenal blood flow
from the cortex to the medullary pathway. Such a diversion and a consequent
increase in the circulation through the medullary channels would account
for the fact that the renal blood flow, recorded by direct measurement, was
considerable, while at the same time the rate of glomerular filtration, as cal-
culated by clearance tests, was markedly reduced Our studies in the rabbit
have shown that after severe, rapid haemorrhage the blood flow passing
through the cortex may be noticeably reduced while the circulation through
the medulla shows a corresponding increase (see Figure 66a). In another
scrics of experiments in dogs, Selkurt (1946, @) noted similar disparities
between renal blood flow as calculated by clearance tests and that determined
by direct measurement These observations were made after release of a
clamp which had occluded the renal artery for a period of twenty minutes.
Selkurt concluded that one factor contritbuting to the disparity in the
measurements might be a reduction in glomerular filtration pressure, caused
by arteriolar vasoconstriction following the peniod of sschaemua  To this
concluston we would add the suggestion that the vasoconstriction was more
severe in the most peripheral parts of the cortex than elsewhere, for if, as a
result of such a vasoconstriction, blood was being diverted from the cortex
through the medullary pathway, this would explain why the renal blood flow
as calculated by clearance tests was noticeably less than the directly measured
renal blood flow

In connection with Selkurt’s findings, the result of another of our experi-
ments, which was described m Chapter 1, may be recalled. In this experi-
ment an 1ntravenous injection of adrenaline in mgh dosage caused a temporary
cessation of the circulation through the hidney. We saw, howeser, that when
this circulation was resumed, the course tahen by the blood in its intrarenal
circuit was mamnly that of the medullary pathway (see Figure 20).

Lauson, Bradley, and Cournand (1944), using clearance methods in astudy
of shoch 1n human subjects, found that the proportion of the cardiac output
which circulated through the kidneys was considerably less than normal,
ndicating that renal vasoconstriction shunted blood away from the functional
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ltix[sls;.l‘est_of theka;incys to other parts of the quy_ They were conscious of the
itations of ¢ earance methods when applied to cases of shock and of the
need for c.autlon in the n'}tcrpretation of their results, but they stressed that the
dccr.easc in the rcnfil c1rcu!ation resulting from shock was very great, all
possible errors notwithstanding. They found that glomerular filtration ,nas
reduced far more than could be accounted for by the reduced arterial pressure,
but they also foun'd considerable variations in different patients. For cxample:
gl})merular ﬁllra.non rates between 10 and 20 ml. per minute were associated
with mean arterial pressures ranging from 50 to 100 mm. Hg. Converscly,
a mean arterial pressure of 70 mm. Hg. was associated in one case with a
flltrauon rate of only 3 ml: per minute and with a rate of 120 ml. per minute
in ax}other. Our own findings in haemorrhagic shock suggest that the dispro-
portion between the decrease in glomerular filtration and the fall in blood
pressure, observed in these human cases, was due to the fact that part of the
intrarenal blood.ﬂuw was being diverted from the cortex through the medul-
lary by-pass Differences in the extent of diversion in different individuals
would account for the lack of correlation between filtration rates and the
le.ve]s of mean arterial pressure. Lauson and his colleagues inclined to the
view that the vasoconstriction did not affect the whole kidney uniformly, but
that it resulted in a reduction of blood supply which was limited to some
nephrons or possibly to some whole anatomical units of nephrons.

Corcoran and Page (1943), studying in dogs the effects of hacmorrhage on
renal function by means of clearance tests, also found that glomerular filtra-
tion was depressed disproportionately to the degree of hypotension produced.
Because of the wide changes in renal blood flow and in excretion rate which
might result from only slight changes in blood pressure, they thought it likely
that during hypotension the renal blood flow was distributed unevenly
through the renal vascular bed, being greatest in sites of least resistance. Our
studies have suggested that these sites are found at the cntrance to the medul-
lary by-pass, in the juxtamedullary glomeruli, whose efferent vessels and the
vasa recta into which they empty are very much larger in calibre than are
the efferent vessels of the cortical glomeruli and the cortical intertubular
capillanes into which these efferent vessels empty.

Van Slyke, Rhoads, Hiller, and Alving (1934) record a rema.rkablc
phenomenon which they observed in their studies on urea excretion in un-
anaesthetised dogs with explanted kidneys. They found that generally the
renal venous blood contained between 6 and 12 per cent less urea than the
renal arterial {in point of fact, jugular vein) blood, but on several oceasions
they noticed that for short periods the renal venous blood contained actually
more (up to 27 per cent more) urea than was present in the renal arterial
blood. This unexpected reabsorption of urea from the kidney by the blood
was not due to cessation of renal bload flow, which appeared to be normal.
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They could not determine the mechanism of the phenomenon, which they
attributed to some reflex initiated by the slight trauma involved in the punc-
ture of the renal vein. Since we have seen in our experiments that stimuh
applied in the neighbourhood of the renal vessels may cause diversion of the
intrarenal blood flow from the cortex to the medulla, we are tempted to

arterial blood it is difficult to understand, unless the diverston, by diminishing
the cortical blood supply and thus causing a cortical anoxia, rendered the cells
in the cortex which are normally engaged in concentrating urea incapable of
continuing their metabolic activities, and consequently their contained urea
diffused back into the reduced cortical blood flow. A possible explanation
of the unexpected result of the estimation of oxygen tension in the renal
venous blood, which Van Slyke and his colleagues obtamned on these occa-
stons, may be found 1n the fact that this blood, like the blood in many other
veins, is not always homogencous but may at times be composed of several
distinct streams, 1n which the oxygen tension 1s presumably different since the
colour of the blood 1n the mdividual streams may be totally different (sec
Chapter III for observations on streamlines) Thus, blood withdrawn by
means of a needle inserted nto the renal vein cannot necessanly be assumed
to represent an average sample of the blood leaving the kidney since, depend-

ng on the exact position of the needle point, the sample may be drawn from

a red or a bluc stream. In many of our experiments we saw that diversion

of the cortical blood flow was accompanied by the appearance of blood of
arterial colour in the renal vein,

Addis and Shevky (1917), working with rabbits, had at an earlier date
observed that, occasionally, blood withdrawn from the renal vein contained
more urea than was present in the blood in the renal artery. At the times when
this phenomenon occurred no urine was being secreted, a finding which they
attributed to vasoconstriction resulting from the manipulations required for
the removal of the renal venous blood. They believed that the increase in
the urea content of the blood in the renal vein was due o the relaxation of
a force which 1s normally operative, retaming a high c ton of urea
:‘uhi‘n the kldne):. It appears to us that the ‘force’ envisaged by Addis and

ot the urea stored 1n the tubular cells in the cortex
A reflex diversion of part of the cortical blood flow would also explain
the reduced urea extraction recorded by Dunn, Kay, and Sheehan (1931)
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in some of the rabbits used in their experiments. They themselves attributed
the interference with renal function in some of the animals in which a reduced
urea extraction was recorded to the fact that they had in these cases squeezed
out the bladder before the experiment.

As we have pointed out, changes in the distribution of the intrarenal blood
flow between cortex and medulla must have a profound effect upon the forma-
tion of urine by effecting changes in glomerular filtration. But it seems
probable that such changes in the distribution of the blood flow also have an
effect on the reabsorption of water from the tubules and thus further influence
the output of urine. Variations in the amount of blood supplying the secreting
cells must clearly be accompanied by variations in the activities of these cells.
In addition, however, we suggest that variations in the distribution of the
intrarenal blood flow may result in variations in passive reabsorption of water
from the thin segments of the loops of Henle. The close proximity of these
thin segments to the thin-walled vessels of the vasa recta system, and especially
to 1ts venous components, suggests that passive transference of fluid from the
thin segments of loops of Henle to the vasa recta may constitute an_important
part in the reabsorptive process. Moreover, is there not some significance
n the fact that the vasa recta which lie adjacent to the thin segments of all
the loops of Henle form by far the greater part of the pathway through which
the blood is carried when it is diverted from the cortex? i

The output of urine may be relatively constant when the body is at rest,
but 1t seems probable that with the stresses and strains of active life, changes of
posture, muscular exercise, changes of temperature, and, not least, _emouonal
disturbances, there must be frequent fluctuations in the distribution of the
intrarenal blood flow and consequent fluctuations in the formation of urine
We have been impressed by the extraordinary lability of the circulation
through the renal cortex, even in our anaesthetised animals, and in 2 sh:{t
series of experiments (the only ones which we have so far attempted with this
object in view) we have correlated this lability of the blood flow with fiu(;:tua-
tions in urinary output, as gauged by the passage of peristaltic waves m;/)n
the ureter. So we believe that in gencral the two changes may often ?
associated We have already referred to the profound influence ot."emouor;]a'
stress on the secretion of urine, which has been defnonstratcd in .dogs )}
O’Connor and Verney (1945) and reported by Smith (1939-49) uzjl::az;
Smith (1939-40) does not beheve that changes in re’nal functwcrll Vormey
emotion are of frequent occurrence in man, but if O’Connor :mh deg by
(1945) were able to produce such marked changes in diuresis mt;]ae! sin%ilar
relatively minor emotional stimuli, it seems 'reasonab}c to fiXPe? o corebral
changes may occur frequently in man, with his more highly develop

cortex and his greater capacity for emotion.
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The direct part played by the autonomic nervous system in controlling
renal function is frequently discounted at the present time, because it has been
shown that animals can hive and produce a normal urine with denervated
kidneys, or even with kidneys transplanted to another site in the body. In
actual fact, however, they can do this only so long as they remain in an
artificial and protected environment, and the real point is not that they
survive, but that they have to live under these artificial conditions if they are
to survive, because the denervation has reduced their adaptability and in
consequence their ability to withstand adverse conditions. So their range
of activity has been lessened and they are no longer to be regarded as normal
animals, Cannon (1g32), for instance, removed the sympathetic nervous
system from cats and found that they continued to live, but he pointed out
that their life 1n the laboratory was a limited sort of existence, in which they
were not exposed to marked changes of temperature, had no need to struggle
for food or to escape from enemes, and ran no risk of haemorrhage The
defi ies of the sympatt ised ammals were clearly shown when they
were exposed to heat or cold  We ourselves would add that such animals are
at a particular diadvantage, as compared with normal subjects, in that they
have lost the power, when occasion arises, of rapidly diverting their renal
blood flow from the cortex through the medullary by-pass

We behieve that the nervous system 15 an essential factor for the main-
tenance of a constant fluid balance m the body mn all circumstances, and
particularly under conditions of stress, and we belicve, further, that it achieves
this end by regulating the distribution of the blood flow between the two
circulations of the kidney, the cortical and the medullary The regulation
may be effected by direct nervous control or through the ntermediation of
liberated hormones or, more probably, by a combination of both these
factors

The influence which the postenor pituitary hormone exercises on the out-
put of urine 1s beyond dispute  The effectiveness of subcutaneous injections
of pitressin in reducing the copious flow of unne in diabetes insipidus 15 well
known It 1s generally believed that the antidiuretic effect of the posterior
prtuitary hormone 1s the result of increased reabsorptive activity due to stymu-
lation of the secretory cells of the tubules  We consider, however, that another
factor may also be mvolved, namely, that the pitwitary hormone, by its direct
action on the renal blood vessels, causes blood to be diverted fiom the cortex
through the medullary by-pass, with a consequent decrease 1 glomerular
filtration

It 1s of interest that 1t 1s only mammals which possess well developed loops
of I.{cnlc with thin segments, and that these animals alone produce a hyper-
tonic urime  Moreover, the posterior pituitary hormone has an antidiuretic
effect only 1 those Mdneys in which there is a loop of Henle (sce Chapter VI),
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that is to say, in mammals which have a medullary circulation closely
associated with these loops. If the effect of the antidiuretic hormone is to
cause increased activity of the secretory cells of the tubule, as is commonly
supposed, why does the hormone have no antidiuretic effect 1 species in
which all the tubular cells which are found in mammals are present except
for the cells of the thin segment of the loop of Henle? Further, if the secretory
cells alone are responsible for reabsorption of water from the tubules, why do
not patients develop a polyuria when their general cellular activity is depressed
by a ‘toxaemia’, such as occurs in severe infections? On the basis of the theory
that reabsorption is wholly an active cellular process, one would expect that
i these circumstances reabsorption would be greatly diminished since,
presumably, the activity of the cells of the tubules would be decreased in
common with the activity of the cells elsewhere in the body, and consequently
the flow of urine would be copious. The cloudy swelling scen in the tubular
cells of such cases provides evidence that a severe metabolic disturbance has

been present.

We do not discount the reabsorptive function of the convoluted tubules,
but we believe that the loops of Henle, and particularly the thin limbs of these
loops, play an important part 1n the regulation of the intrarenal fluid balance.
The intimate relation of the thin limbs of these loops to the vessels of the
medullary circulation, particularly those on the venous side, suggests that this
circulation is an integral part of the mechanism by which the volume and
toncity of the urine are regulated  On this assumption, we suggest that while
a decrease in the cortical crculation, resulting from diversion of the blood
flow from cortex to medulla, causes a diminution in glomerular ﬁ]tragion,.the
increase in the medullary circulation, which also results from this diversion,
may simultaneously cause a greater reabsorption from the loops of Henle
in the medulla We have seen that the blood may make a medullary circuit
by routes of various lengths, since mdividual vasa recta turn back towards
the cortex at all levels in the medulla, from the subcortical zone to the apex
of the papilla (see Figures 38, 39, 50). It may well be that the length gf {Ihe
particular route taken by the blood in making its circuit through the me : z;;
that 1s to say, the depth in the medulla to which it passes, is a factor whicl

influences the reabsorptive process.

We have suggested above that changes in the renal circulation, and! in
particular a variable distribution of the intrarenal blood flow between cortex
and medulla, reflect the operation of a normal vascular mcchanl;m lf]or xr:}:;::n;
taining the fluid balance of the body. We have also suggeste: ’t at vstcrsn
changes are effected under the influence of the autonomic nervous syCh ™
either by its direct action or as a result of the liberation of hormones, su
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those of the posterior pituitary body or of the adrenals, or by a combination
of both nervous and hormonal agenctes. We believe that overactivity of
this normal mechanism, brought about by various means, may be the origin
of numerous pathological renal conditions. We must, however, emphasise
that we do not regard a cortical anoxia resulting from excessive diversion of
the intrarenal blood flow from the cortex to the medulla as the only cause of
the pathological changes found in these vanous conditions We think it
probable that such a cortical anoxia is an important factor at some stage in
the development of many pathological renal lesions, but obviously other
factors also play a large part 1n the causation of these lesions We suggest
that it is the different natures of these other factors which, together with the
cortical anoxia, account for the variations in the distribution and character
of the lesions which are found
A stage beyond the inhibition of diuresis by emotion, described above, and
almost certainly onginating in overactivity of the same centres, is to be found
in cases of hysterical anuria (Charcot, 1877). Further, the anurias which
occur after various forms of stimul to the urinary tract, such as the passage
of a ureteric stone, the handling of the ureters during operation, or catheterisa-
tion, arc undoubtedly due to the operation of a reflex mechanism, and 1t
seems more than likely that the effect of this reflex activity is a wellnigh
complete diversion of the itrarenal blood flow from the cortex to the
medullary pathway
Another type of anuria which may find at least some part of its explanation

in the results of our experiments js that which occurs 1n cases of ‘crush syn-

drome’ In animals submitted to a form of trauma designed to simulate the
crushing injurtes of these human cases, we demonstrated a diminution in

calibre of the renal artery (Figures g and 10) and a diversion of the intrarenal

blood flow from cortex to medulla (Figure 65a). We believe that these

changes m the renal circulation were due, 1n a considerable part at least, to

neurovascular reflexes itiated in the mjured limb, since we were able to

produce similar changes by the stimulation of various nerves. But in our

experiments the trauma was inflicted on anaesthetised animals, and it scems

reasonable to expect that in the human cases of crush syndrome, where the

effects of acute emotional strain are added to the effects of any neurovascular

reflexes initiated in the injured limb, the action of the nervous system on the

circulation of the kidney must be enhanced. In the human cases we cannot

exclude the possibility that the effects may have been partly due to liberated

hormones acting on the vessels of the hidney  But in our experiments we found

cvidence of a direct nervous control of the renal vessels, for in animals in which

the splanchnic nerves had been divided before a tourniquet was apphed to

the thigh no cortical diversion occurred, on the contrary, the cortical blood

flow was increased (sec Figure G4). Milles, Muller, and Peterson (1932) found
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that in dogs renal denervation was followed by a long persisting dilatation of
the cortical blood vessels.

Our experimental findings lend support to the theory that renal anoxia or,
as we should term it, cortical anoxia, plays an important part in the develop-
ment of the renal failure in cases of crush syndrome. As we envisage it, the
diversion of the blood flow from the cortex is not so complete as to result in a
total ischaemia, since we are not aware that any case of complete cortical
necrosis has been reported 1n crush syndrome, although foci of severe cellular
degeneration may be seen in this condition. Presumably, a limited circula-
tion continues through the cortex, and this is sufficient for nutritional purposes
but not for glomerular filtration. The pallid cortex with its ischaemic
glomeruli and the congested medulla, seen in the kidneys of crush syndrome
cases at necropsy (Bywaters and Dible, 1942), favour this explanation of the
cause of the anuria. In favour also of this suggested explanation is the fact
that in patients who recover from this condition the renal function returns
to normal. The secretion of urine may be resumed with dramatic suddenness,
a phenomenon which could well be explained by the sudden resumption of a
full cortical circulation. However, we agree with Eggleton, Richardson,
Schild, and Winton (1943) in their conclusion that it is unlikely that any single
factor provides the explanation for all the renal changes found in crush
syndrome.

Darmady (1947) reports seventeen cases, of which five recovered, of a
syndrome of ‘traumatic uraemia’. This syndrome is obviously closely related
to the crush syndrome, although in these cases the trauma was not, with one
exception, a crushing one, but in all cases was due to severe wounds, mainly
of the lower extremitics, and 1 many cases major vessels were damaged.
All the patients had suffered considerable haemorrhage’and many showed
a hypotension for considerable periods. Anuria occgrr.cd in one case and oli-
guria in all, as did also a rise in blood urea, and it is o.fmlerest that once
uracmiawas apparent the blood pressure was frequentlyraised. Inthe patients
who recovered this rise was less marked than in the fatal cases, and it was l:lOde
that when the level of the blood urea fell, afier about six to eight days, it fell
with a dramatic suddenness, suggesting that a crisis had occurred. It would be
of interest to know whether at this stage the output of urine !ncreascd as
dramatcally as the level of the blood urea fell. The patho.]ogxc.al changes
seen in the kidneys of the fatal cases included a yellow, glistening cortex,
and histological changes similar to those recorded in cases of crush syndromc)~
Darmady, Siddons, Corson, Langton, Vitek, Badenoch, ':md SCDt_l (l’?é-}h
refer to congestion of the medulla in the cases of traumatic uraemta W hic
they report. . .

’Izhe E\ct that relatively few patients develop traumatic uracmia, o S}ICC“fft‘;"
to a condition resembling this syndrome, may well be due to the rarity wi
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which all the factors necessary to cause the syndrome are operative at the
appropriate times. In addinon, it scems probable that the susceptibility of the
individual subject to these factors plays an important part in determining
whether the syndrome develops or not. Our studies have shown how variable
may be the degree of response shown by different animals subjected to the
same experimental procedures. We attributed the variations in the results
of identical experiments to differences m the suscepubulity of the individual
animals, but it seems possible that the presence or absence of other factors of
which we were unaware may have contributed to the differences in the
results obtained.

In cases of crush syndrome, traumatic uracmia, and similar conditions in
which cortical anoxia appears to be a feature, the use of the ‘artificial kidney’
(Kolff, 1946, a, b) or peritoneal dialysis (Lancet, 1947) seem to offer valuable
means of tiding the patient over the period during which, as we interpret it,
the renal cortex 1s excluded from the circulation as a result of diversion of
the intrarcnal blood flow.

Changes in both the function and the morphology of the kidney somewhat
similar to those observed n both crush syndrome and traumatic uraemia may
be seen in a number of other conditions; for 1nstance, 1n cases of incompatible
blood transfusion (De Navasquez, 1g40; Foy, Altmann, Barnes, and Kondi,
ThanY et © M7 Y7 1943), septic abortion (Bratton, 1941),

Young, 1942), Weil’s discase (Wylie,

* kidney (Peterson and Finland, 1941),

Llackwater tever (koy, Altmann, Darnes, and Kondi, 1943; Maegraith,
1944}, and cholera (Chatterjee, 1941). Foy, Altmann, Barnes, and Kondi
{1943), in 2 most interesting discussion on the aetiology of the renal failure
which occurs in cases of crush injury, incompatible blood transfusion, and
blackwater fever, suggest that the renal changes found 1n all these condittons
have a similar basis. They emphasise that dehydration is the most constant
feature observed in patients sh these synd. They lude that
the anunia associated with these conditions 1s due not so much to blockage of
the tubules, as 1s suggested by some workers,! as to dimmnution 1n the blood
volume, in the renal circulation, and in glomerular filtration. They believe
that vanations 1n renal blood flow are much more important in controlling
glomerular filtration than are changes in blood pressure  Moreover, they
point out that reduction 1n blood flow will affect the tubules even more than
the glomerul, since the amount of work done and oxygen consumed by the
tubular cells 1s vastly greater than is the work and oxygen consumption of
the cells of the glomerular epithelum. Macgraith (1944), in a discussion of
blackwater fever anuna, points out the contrast between the relatiy cly
exanunation of wubules i conunuity, as practised by Obver (1944-45) would appear 10 offer 2

f
far more satisfactory means of awesung the part plaved by tubular blocka
e 10 causing renal faulure than 15
pssible by y methods of hustological upen which most workers have bused their yiews
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anaemic cortex and the congested medulla, which is found in fatal cases.
Similarly, bloodlessness of the glomeruli and engorgement of the medulla
was reported by Turnbull (1929) 1 a case of fatal blood transfusion reaction.
Macegraith and Findlay (1944) suggest that the degenerative changes seen in
the cells of the tubules may be due to anoxia resulting from a by-passing of
the blood flow through the cortex. Thus, they envisage the possibility of a
redistribution of the renal blood flow, but they make no suggestions as to the
precise nature of this redistribution, The anuria of cholera was believed, by
Cohnheim, as long ago as 1882, to be due to spasm of the renal arteries, and
Tomb (1942) suggested that the pathological changes in the kidneys n this
disease were due to anoxia, the explanation which he offered for the changes
1w crush syndrome (Tomb, 1g4r).

We have ourselves had no opportunity to examine the material from the
kidneys of patients who have died from these various conditions, and it is
extremely difficult to determine from the reports of some workers whether
their findings are compauble with the theory that diversion of the blood from
cortex to medulla, such as we have demonstrated in experimental am'mals,
is one of the actiological factors concerned. For the proving or disproving of
our thesis it 15 essential to know whether the pathological changes seen were
in the cortex or in the medulla; it is not sufficient merely to be told, for
example, that the change was present in the loop of Henle for, as can be seen
1n Figure 54, loops of Henle lie both m the cortex and in the medulla, and the
location of the pathological lesion, whether in m.edullar}r ray or in meduga
proper, must be known before one can assess its possible relation to the
diversion theory.

The most stfiking evidence that the diversion of the blood flow 'fror‘n
cortex to medulla which we have demonstrated in our expe.n.mcntal a.mma?
occurs also 1 man is provided by the pathological condlt'lon of bxlatcrs
cortreal necrosis of the kidney This condition is corpparanvgly rare l:::m s
although a considerable number of careful morphological studies havfi ;;)C]l;
made, its actiology is still uncertain. Duff and More (1941) give a va lfhich
review of the clinical and pathological features of the sevent_y'oncrc:;scs w hich
had been reported in the literature up to that date; forty-cight o “6135(1:\Icom-
were associated with pregnancy. In an interesting paper Dunn and M e

of which werc associates
gomery (1941) report a further fifteen cases, seven i teal changes in
with pregnancy. They describe in detail the morbid anatgf:l‘lc: \vhgch they
the kidneys of the eight cases of the series in which the condition, e i
term an ‘acute necrotising glomerulonephrltls , was not 2associ

regnancy. i i necrosis,
" Blomsc and Walker (1946 seort = cc of il o0l ey
combined with necrosis of the pitwtary body, £ the kidneys from this
haemorrhage. The macroscopic appearance of one o
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ase is seen in Figure 73. The cut surface shows that the cortex is pale n.nd
ecrotic throughout a great part of its width The necrotic zone, which

h
1
t

Fio 73 Photograph of nght kidney and pituitary body from a human case of
bilateral corticat necrosis of the kidney (from Doniach and Walker, 1946) Note
that the eut sucface (seen on the left) shows 2 superfical pale zone of necrosis of
srregular width, bordered on its deep aspect by a narrow band of hyperacmia
The medulla s congested  Compare with Figures 676 and 70, which show a simiar
corticat necrosis in rabbits Dufference m the age of the infarcts accounts for the
difference i the colour of the 1farcted zones in the human and rabbat kidneys

includes the columns of Bertini, is edged on its deep aspect by an irregular
line of reactive hyperacmia, which appears to encroach nowhere upon the

fulla The medulla itself is d  This picture is characteristic of the
condition, except that the subcapsular zone of hyperaemia which is in fact
present 1s not well scen. A good coloured 1llustration of a macroscopic
specimen of a kidney from a case of bilateral cortical necrosis in pregnancy
may be seen in Seriver and Oertel’s (1930) paper, and this shows clearly the
hyperaemic subcapsular zone.

The appearances seen in the human kidney illustrated in Figure 73 should
he pared with the app af Lidneys of rabhits in which cortical
necrosis was produced by an injection of staphylococcus toxin, illustrated in
Figures 676 and 70. It will be noticed that in all these cases of cortical
necrosis, all that survives is an ‘inner hidney’ with a thin shell of cortex. The
dark colour of the infarcted cortex seen i Figure 675 contrasts with the pale
colour of the infarcted cortex illustrated in Figure 73 and is_dueta_the_fact
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that the infarction in the former case was very recent, only thirteen hours
having elapsed since the toxin was injected. In the human case (Figure 73),
the age of the lesion was thought to be about six days.

When a kidney of a patient with bilateral cortical necrosis is examined
microscopically the pale area is seen to be necrotic throughout and to make
up the outer half or two-thirds of the cortex. It is bordered on each side byan
inflammatory zone. In striking contrast to the pale infarcted zone with its
inflammatory borders, the cortex in the underlying Jjuxtamedullary zone is
living and relatively normal, as is also the medulla. The small arteries in the
necrotic zone show almost invariably either some pathological change in
their walls or occlusion of their lumina by some form of thrombus, or both.
The thrombi may be composed of fibrin, platelets, or conglutinated red cells
(Duff and More, 1941). Proximal (deep) to the necrotic area of the cortex
the mam arteries are patent. In the juxtamedullary zone of the cortex the
glomeruli (including those which we term juxtamedullary glomeruli—see
Chapter IV) are described by : oo "
mention changes suggestive of
1941). Russell (1929) points ; R
seen in nephritis, that is, focal necrosis of the tuft and adhesions, may be
scen in the borders of infarcts. Dunn and Montgomery (1941) attribute
the absence of thrombi in the larger intrarenal arteries in cases of cortical
necrosis to the fact that a circulation continues through the prox%mal parts
of the interlobular arteries (which they term intralobular arteries). The
continuance of the circulation through these vessels is, they think, explamcsi
by the easier escape which is afforded to the blood by the deep glomeruli,
whose efferent vessels pass by short routes direct to the medulla and not to the
cortical rete. They do not enlarge further on this point.

Thus, in bilateral cortical necrosis of the human kidney we have a patho-
logical condition in which the more peripheral parts :_:)f the cortex underg(;'
a necrotic sequestration (Scriver and Oertel, I930), while the deepest zone of
the cortex and the whole of the medulla survive (in only five out of the s_evenlty-
one cases reviewed by Duff and More, 1941, was the necrosis scl?u to 1:3? :f]e
the medulla, and then only slightly and in sm::xll focal areas). _In this l?cm 1(;:1 "
therefore, we have convincing evidence that in the human Ifxdney t lx:e:ine(rom
lary pathway carries the intrarenal blood flow when (hlshxsdgrcvtend ed fom
circulating through the cortex, as we have seen it to carry ¢ e6 1veroe o For
blood flow in our experimental animals (Figures 1820, 23, 67, 79, 7t o the
in these cases of human bilateral cortical necrosis, in stnhﬁlgag?ln:l:zsnecroﬁs
occluded vessels of the outer cortex, with theu; }?:xr::(%fﬂla‘:; psathway wre filled
1ls of these vessels and the other
1 pathological changes. The

of this zone of the kidney, the vessels forming
with normal red blood cells, and both the wa
medullary tissues are living and show minima
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contrast between the necrotic cortex and the living medulia i particularly
striking in those cases m which histological as well as clinical evidence shows
that the cortical necrosis is of several days' standing, as in the case described
by Doniach and Walker (1g46) and iltustrated in Figure 73.

The results of our experiments probably explain what happens in the
initial stages of the vascwlar disturbances which result i the human condition
of bilateral cortical necrosis. For in these experiments we saw that the arteries
m the peripheral parts of the cortex were peculiarly teactive, corstricting
more readily in response to vanous forms of stimulation than the more
proximal parts of the renal arterial tree. In some instances we saw that as a
result of such constriction the intrarenal biood flow had no passage open 1o it
through the artenes of approximatcly the outer two-thirds of the cortical
zone but the artenes in the deepest zone of the cortex were relatively unaffected
by the constriction In consequence, the blood which was dented access to
the cortical pathway was able nevertheless to make an intrarenal circuit
through the meduilary by-pass (see Figures 21, 67, 71}  We suggest that a
simlar constriction of the arteries in the peripheral parts of the cortex takes
place in the early stages of bilateral cortical necrosis 1in the human subject.
In expenmental animals susceptible to staphylococcus toxin we have seen a
striking blanching of the surface of the kidney occurring shortly after the
intravenous injection of the toxin (see Chapter V) We interpreted this
blanching as bring due to intense constriction of the arteries of the penpheral
zone of the cortex. Further, we concluded that this intense constriction was
fumited to the arteries of the peripheral cortical zone, because blood continued
to flow through the renal vein during the period of cortical pallor. Indeed,
n some cases, while this pallor persisted, the blood passing through the
renal vein became arterial in colour and its flow was ciearly seen to be pulsa-
tile. These observations indicated that as a resuit of constriction of the
arteries of the peripheral parts of the cortex, the intravenal blood flow had been
diverted through the channels of the medullary by-pass In view of the fact
that an mjection of staphylococcus toxin in the rabbit results finally in the
development of a bilateral cortical necrosis of the kidney which is funda-
mentally similar, both macroscopically and microscopically, to the bilateral
cortical necrosis of the human kidney, it seems probable that the constriction
of the arteries in the peripheral parts of the cortex of which we saw evidence
i our expenimentad amimals occurs alse at an catly stage in the development
c.f the human condition  This suggestion appears to be at variance with the
vicws of Oertel (Scriver and Oertel, 1930), De Navasquez (1938), and Dann
and Montgomery (1911} who, because of the dilatation of the interlobular
arteries and the congestion of the glomerular tufts 1n the necrotic zane seen
histologically, do not consider that vascular spasm plays a part in the produc-
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tion of the condition. We suggest, however, that this dilatation is due to a
vasoparalysis which follows an initial vasospasm of extreme intensity,

Very few cases of bilateral cortical necrosis of the kidney with recovery
have been reported in the literature. This is probably duc to a hesitation
on the part of clinicians to make a definite diagnosis of this condition on clinical
grounds alone and without the confirmation provided by histological evidence.
Undoubtedly such cases are seen more frequently than the number reported
in the literature suggests. However, a few cases in pregnant women have
been described in which the history, clinical signs, and course of the disease
during the first week are so similar to those of cases ending fatally, and in
svhich the condition has been confirmed at necropsy, that there seems every
reason to accept them as genuine, but less severe, cases of cortical necrosis.
O’Sullivan and Spitzer (1946) found only nine cases of recovery in the litera-
ture, and described two further cases which recovered after splanchnic block.

Tt seems probable that in these patients who recover from cortical necrosis
of the kidney we have examples of a redstribution of the intrarenal blood flow,
with a diversion from cortex to medulla, similar to that which is seen to have
occurred in the kidneys of patients who have died from this condition. In
the patients who recover, however, we suggest that the constriction of the
peripheral segments of the renal arterial tree is less intense than in the cases
which prove fatal and that consequently, despite a considerable diversion, the
cortical blood flow and head of pressure are sufficient to maintain vitality
but are inadequate for glomerular filtration. Presumably, the onset of diuresis,
marking the first stage in the recovery of the patient, follows a relaxation
of the constriction of the cortical vessels, which is not succeeded by the
vasoparalysis of the more severe cases. 3

Pepner and Bernheim (1940), during an investigation into the mechanisms
of shack, found that they could produce renal lesions in dogs by the intra-
peritoneal injection of epinephrine (adrenaline). These lesions resembled the
lesions of bilateral cortical necrosis seen in man. They concluded that vaso-
spasm, especially of the afferent arterioles of the glomeruli, was the cause of
the lesions, and as a result of a study of two human cases they concluded
that the vasospasm of profound shock could be sufficiently prglonged and
intense to cause necrotic lesions. Black-Schaffer, Hiebert, and Kerby (1947)
have shown that bilateral cortical necrosis can be produced in rabbits by
injections of washed living meningocorci, and a}tributf: its development to a
generalised Shwartzman reaction. They think it possible that the Shwartz-
man substance acts on the interlobular arteries causing severe vasoconstric-
tion. Rohrer (1932) records the production of cortical necrosis of the k\(dir]my
in pigs as a result of the administration of large doses of th? “lrlus Dt n?ﬁ
cholera, but he considers the necrosis to be due to changes in the arte
walls rather than to vasoconstriction.
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We have referred to the production of cortical necrosis in animals of different
species, reported by other workers, because it seems to us that the hving
medulla, which is seen in this condition in the kidneys of various mammals,
is a suggestive indication that the use of the medullary pathway as a by-pass
for blood diverted from the cortex is a feature characteristic of the circulation
of the mammalian kidney.

In connection with any discussion of bilateral cortical necrosis 1t is interest-
ing to consider the results which Byrom (1937) obtained in rats as a result of
mjections of pitressin It will be remembered that the antidiuretic principle
of the posterior pituitary cannot as yet be separated from the pressor principle
(Goodman and Gillman, 1941), and that pitressin is a commercial posterior
pituitary preparation not assayed for (though possessing) antidiuretic activity,
but assayed for pressor and oxytocic activity
R Byrom found that large doses of pitressin, injected subcutancously, caused
ischaermic artenal infarcts in the cortex After very large doses 1n small
animals, adjacent areas of necrosis were somettmes fused and the appearance
closely resembled that seen in massive cortical necrosis {bilateral cortical
necrosis), Byrom attributed the cortical necrosts to artersal spasm, since
the vessels of the infarcted area were free from thrombus Morcover, on
opening the abdomen shortly after he had njected a large dose of pitressin,
he had found that the surface of the kidneys showed conspicuous areas of
pallor (an observation which we have ourselves confirmed) and, using a hand
lens, he had seen that the glomeruli in these areas were blanched  As a result
0!' injections of smaller doses repeated for several days, he noted that the
kidneys might be exther uniformly pale, or clse mottled and showing poorly
defined areas of pallor. Histologically, necrosis was either absent or imited
to isolated cells or groups of cells, its place being taken by more or less severe
degenerative changes of the convoluted tubules, particularly of the first con-
voluted tubules The glomeruli nearly always appeared normal It 15 of

Interest that the changes seen by Byrom 1 the renal cortex of the rats of this
latter group were remarkably similar to the changes wiuch Scarff and Keele
(1943) observed 1n the kidneys of rabbuts after temporary complete occlusion
of the renal artery Byrom (1937) considered that the less severe degeneration
which occurred afier injections of the smaller doses of pitressin was the result
of a milder degree of the arterial spasm which, after large doses, had been
sufliciently intense and prolonged to cause actual infarction

Byrom’s interpretation of the results of his experiments closely rescmbles
the Interpretation which we gave to our own findings 1n expeniments of a
Somewhat similar character (see Chapter III) For we concluded that the
immediate effect of poster ot :
to constrict the artenies 1n '
blio(l to be diverted fro
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by-pass, Our observations were confined to acute experiments and we made
no histological studies in this particular series, but Byrom pointed out the
similarity of the lesions produced in his rats by injections of vasopressin with
those seen 1n cases of bilateral cortical necrosis of the kidney, eclampsia, and
malignant hypertension He did not, however, seem to feel that there was
sufficient evidence to prove that vascular spasm and/or oversecretion of the
pressor substance of the postenior pituitary hormone were necessarily the cause
of the lesions seen in this group of pathological conditions. Wakim, Herrick,
Baldes, and Mann (1942) found that pitressin, injected intravenously to
frogs, caused a blanching of the glomeruli and a complete cessation of the
glomerular blood flow. They also injected pitressin into dogs by various
routes, in a dosage infinitely lower than that used by Byrom in rats or by our-
selves in rabbits and rats, They found that intravenous injections resulted in
anuria and in a reduction in renal blood flow, as measured by a thermostro-
muhr. The observations of these workers appear to support our view that the
immediate effect of pitressin is a vasoconstriction in the peripheral cortex,
resulting (in the dog) in diversion of the intrarenal blood flow from the cortex
through the medullary by-pass, with a consequent reduction in glomerular
filtration. o

Gnffith, Corbit, Rutherford, and Lindauer (1941) found that pitressin
injected intraperitoneally into rats caused hypertension. In view of the
cortical pallor which both Byrom (1937) and we ourselves ob§crvcd after the
administration of pitressin, it seems probable that the pitressin hypertension
reported by Griffith and his colleagues was due to a peripheral vasoconstric-
tion in which the arterial vessels of the peripheral parts of the renal cortex
were among the more important of those involved.

Lastly, we come to a consideration of hypertension, a condition which
constitutes one of the most serious problems facing civilised man at t'hc present
time. Goldring and Chasis (1944) have estimated that in the United iiatzsf
this condition accounts annually for more than one-third of the toral number

ths. .

delali)lhard Bright (1827) in his ‘Reports of Medical Cases’ Pof";ﬁd guste;:‘:c;
an enlarged state of the heart might be accom.pamed by a hlgBY h:’s oy
condition of the kidneys and an albuminous urine. }iw'er since x;gmarc oy
the part played by the kidney has come to be reco_gmscdI more :::\ ot
an important factor in the aetiology of hypertension. 1t s nownm_(m—ﬂblc
organic renal disease precedes the onset of hypertension {nha el
number of cases, but there is a large group of cases in whic Orgcompn'scs
disease 15 not an obvious precursor of the hypertension. This group

the cases of so-called ‘essential’ hypertension-

. soc and
We shall make no attempt to survey the vast literature of nephritis a
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hypertension, for the whole field Is covered in recent monographs and
lectures (see Russell, 1929; Berglund and others, 1935; Goldblatt, 1937-38;
Fishberg, 1939; White and Smithwick, 1941; Ellis, 1942; Goldring and Chasss,
1944; Bell, 1946; Braun-Menéndez and others, 1946; Goldring and others,
1946, Goldblatt, 1947) The work of Goldblatt, Lynch, Hanzal, and Summer-
ville (1934) marks an epoch in the experimental investigation of essential
hypertension They showed that transient hypertension could be produced
m dogs by the constriction of the main renal artery of one kidney with an
adjustable silver clamp By moderately constricting both renal arteries, or
alternatively by constricting one renal artery and removing the opposite
kidney, they were able to produce permanent hypertension, unaccompanied
by disturbance of renal excretory function. Later, Goldblatt (1938) reported
the production 1n dogs of a malignant phase of this type of experimental
hypertension by excessive constriction of the main renal artenies. These

ammals died of ren © "7 high degree of hyper-
tension  Goldblatt nal 1schaemia resulting
from the constrictic and Pickering (1938)

produced hypertension in rabbits by constricting one renal artery and remov-
ing the other kidney, or alternatively by constricting both renal arteries.
Wilson and Byrom (1941) produced long-sustained hypertension in rats by
the partial constriction of one renal artery, the other kidney being left intact.
Verney and Vogt (1938), as a result of experiments on dogs in which they
obstructed the blood supply to one or both kidneys by a modification of Gold-
blatt’s clamps, concluded that the presence of ischacmic renal tissuc was an
mdispensable condition for the development of renal hypertension. These
workers found that hypertension developed even when the ischaemic hidney
was completely denervated, thus showing that the hypertension was not due
10 afferent impulses carried from the kidney either to the vasomotor centre,
or to other centres i functional connection with organs capable of influencing
arterial pressure They concluded o shane on —ortoes et .
s10n was caused by the formation
tensive substance which escaped m
that sympathectomised dogs developed hypertension afier obstruction of their
renal arteries, an observation which suggested that the hypertensive substance
liberated by the 1schaemic hdney had a direct action on the muscle of the
walls of the peripheral vessels. It 1s of interest that in these sympathectomised
ammals the blood pressure, whilst remaimng markedly rased, showed
fluctuations from day 1o day, and that exercise was, at least in one case, alw ays
followed by a large fall in blood pressure.

From the results of these and of many other investigators (see Goldblatt,
1947), there is ample evidence that the ischaemic kidney produces and
liberates mnto the blood stream a pressor substance which acts directly on the
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smooth muscle of vessels, causing a constriction of the peripheral vascular bed
and a consequent rise of blood pressure

The production of a pressor substance by the ischacmic kidney as a result
of clamping the renal arteries of experimental animals explains those cases
of human hypertension in which the renal arteries are obstructed by atheroma-
tous plaques, by external pressure, or by similar mecchanical means. A
remarkable case is reported by Cook and Pearson (1946) of a young man whose
renal arteries had been completely occluded by atheroma and thrombosis,
the renal blood supply apparently being maintained by capsular vessels.
The renal function was comparatively good, and at necropsy the kidneys
were found to be remarkably free from pathological change, both on macro-
scopic and microscopic examination. Here, clearly, was a natural bilateral
application of Goldblatt clamps. However, the number of cases of hyper-
tension in man in which the condition can be attributed to a permanent
reduction in calibre of main renal arteries by mechanical obstruction is small,
and such an actiological factor can be discounted as a cause for the majority
of cases of essential hypertension.

What, then, in these latter cases constitutes the Goldblatt clamp, and
where is it situated? In other words, what is the mechanism which causes
the ischaemia of the kidney and the consequent formation and liberation
of the pressor substance responsible for the hypertension? The results of our
experiments suggest a mechanism which may constitute a functional ‘clamp’.
Is it possible that diversion of the intrarenal blood flow from the cortical pt'zth‘
way through the medullary by-pass causes a cortical ischaemia of sufficient
degree to result in the formation and liberation of the pressor substance?

Goldring and Chasis (1944} consider that renal arrcriolosc.]eroﬂs does nat
precede the development of essential hypertension, although it js a concomi-
tant or consequence of hypertension Castleman and Smnh)vxck ({943)
examined renal biopsy specimens from one hundred hypertensive patients,
and concluded that the evidence of renal vascular discasc in more than l}a\f
of the cases was inadequate to prove this to be the sole factor in producing
the hypertension; they thought that in many of these cases hypertension
preceded the renal vascular lesion. Castlcm_:m and Smlth\.vxck s wor}c is o};c.:‘\
to criticism, in that the condition observed in the small biopsy specimen i
not necessarily represent the condition of the kidney as a whole, but it seems

ir conclusions were correct.
mzl‘\;[ltllcl: w:-;)rkchas been done on the chemical and other aspects of the P'lcss‘:’r
substance elaborated by the kidney and the subject is. dlscumdéﬁ f“éukz’
Braun-Menéndez, Fasciolo, Leloir, Mufioz, and Taquini (1946). r_“l‘m o
(1946) has shown that lack of oxygen is of vital m’lPC'f"‘{:‘:::l at Cf:;?‘"‘for xghe
in the formation of the pressor substance, but has Jooked in
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evidence of a mechanism producing the necessary renal anoxia in human
essential hypertension (Cruz-Coke, 1947).

But, whilst all investigators seem to be agreed that hypertension of renal
origin is due to some humoral pressor substance formed in the kidney, it has
not yet been definitely established where m the kidney this substance is
produced. On the whole, opinion seems to favour the renal cortex as. the
source of the pressor substance Goormaghtigh (1944, 1945, 8) has described
granular, afibrillar cells in the walls of the arterioles of the renal cortex and
m the juxtaglomerular apparatus, and as he found that these cells were
larger and more numerous in experimental animals with renal ischaemia
{(Goormaghtigh, 1940) he suggested that they secreted and liberated a pressor
substance. Goormaghtigh (1945, a) also observed enlargement of these cells
m the kidneys of fatal cases of crush syndrome Kaufmann (1942) found
hypertrophy of the same cells in the kidneys of patients with hypertension.
Friedman and Kaplan (1943) believe, on the other hand, that the pressor
substance 1s formed in the cells of the proximal convoluted tubules.

If; then, the pressor substance is formed in cells situated in the renal cortex,
and 1f anovia is an essential condition for 1ts production, 1t follows that the
pressor substance will be formed when the cortex becomes ischaemic. 1t seems
possible, therefore, that excessive diversion of the intrarenal blood flow from
the cortex through the medullary by-pass may be an initiating factor in the
production of the pressor substance and thus in the development of human
cssential hypertension  Qur expenimental work has shown that such a diver~
sion of the blood flow can be produced by a constriction of the peripheral
arteries of the cortex and that this constriction can be caused by a nervous
or hormonal agency Our studies have indicated the peculiar sensitivity to
stumuli of the peripheral arterial vessels of the cortex in the experimental
ammal, and it seems probable that in man also nervous or hormonal stimuli
may, in appropriate circumstances, cffect a similar response from these vessels,
and thus cause diversion of some of the cortical blood flow. It 1s sigmificant
that the ischacmic atrophy charactenstic of the hidney in the late stages of
essential hypertension predominates m the outer third of the cortex (Russell,
1917) Smith (1939-40) was convinced that renal vasoconstriction of
psychogeme nature was responsible for the disturbances recorded 1n his tests
of renal function on frightened men, which have been referred to earlier i
this chapter  We should like to suggest that the vasoconstriction in these
cases affected mamly the vessels in the peripheral parts of the cortex and that,
as a result of this vasoconstriction, a considerable proportion of the intra-
renal bloqd. flow was diverted from the cortex through the medullary by-pass.
The possibility that psyct ic repal v iction may be a factor in
the actiology of human essential hypertension has been recogmsed by vanous
workers, and a consideration of the psychological factors in essential hy per-
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smooth muscle of vessels, causing a constriction of the peripheral vascular bed
and a consequent rise of blood pressure.

The production of 2 pressor substance by the ischaemic kidney as a result
of clamping the renal arteries of experimental animals explains those cases
of human hypertension in which the renal arteries are obstructed by atheroma-
tous plaques, by external pressure, or by similar mechanical means. A
remarkable case is reported by Cook and Pearson (1946) of a young man whose
renal arteries had been completely occtuded by atheroma and thrombosis,
the renal blood supply apparently being maintained by capsular vessels.
The renal function was comparatively good, and at necropsy the kidneys
were found to be remarkably free from pathological change, both on macro-
scopic and microscopic examination. Here, clearly, was a natural bilateral
application of Goldblatt clamps. However, the number of cases of hyper-
tension in man in which the condition can be attributed to a permanent
reduction in calibre of main renal arteries by mechanical obstruction is smq]l,
and such an aetiological factor can be discounted as a cause for the majority
of cases of essential hypertension.

What, then, in these latter cases constitutes the Goldblatt clamp, and
where is it situated? In other words, what is the mechanism which causes
the ischaemia of the kidney and the consequent formation and liberation
of the pressor substance responsible for the hypertension? The results of our
experiments suggest 2 mechanism which may constitute a functiona} ‘clamp’.
Is it possible that diversion of the intrarenal blood flaw from the cortical p?th-
way through the medullary by-pass causes a cortical ischaemia of sufficient
degrec to result in the formation and liberation of the pressor subst.:mce?

Goldring and Chasis (1944) consider that renal arterloloscllel:osw does not
precede the development of essential hypertension, although it is a concomi-
tant or consequence of hypertension Castleman and Smithwick (1923)
examined renal biopsy specimens from one hundred hypertensive patients,
and concluded that the evidence of renal vascular discase in more than }3.11[
of the cases was inadequate to prove this to be the sole factor in producing
the hypertension, they thought that in many of these cases hﬂ’;’f"“s“’:
preceded the renal vascular Iesion.  Castleman and Smithwick’s work is ugfd
to criticism, in that the condition observed in the small biopsy sléec"'f‘c"cc‘;s
not necessarily represent the condition of the kidney as a whole, but it s

ir conclusions were correct.
‘hzll\th;}c)}i work has been done on the chemical and other aspects og the ?r lclssl;)r
substance elaborated by the kidney and the subject is dlSC“éS"- C‘“ z‘.lCokZ
Braun-Menéndez, Fasciolo, Leloir, Muiioz, and Taquini (‘94()' n;i: stages
(1946) has shown that lack of oxygen is of vital 1mportar}c(ei:f C(fain st
in the formation of the pressor substance, but has Jooked in v
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evidence of a mechanism producing the necessary renal anoxia in human
essential hypertension (Cruz-Coke, 1947). X

But, whilst all investigators seem to be agreed that hypertension of renal
origin is due to some humoral pressor substance formed in lhe: kidney, it hz{s
not yet been definitely estabhshed where in the kidney this substance is
produced. On the whole, opinion scems to favour the renal cortex as the
source of the pressor substance. Goormaghtigh (.1944, 1945, b) has described
granular, afibrillar cells in the walls of the arterioles of the renal cortex and
in the juxtaglomerular apparatus, and as he found that these cells were
larger and more numerous in experimental animals with renal 1schaemia
{(Goormaghtigh, 1940) he suggested that they secreted and liberated a pressor
substance. Goormaghtigh (1945, a) also observed enlargement of these cells
in the hidneys of fatal cases of crush syndrome. Kaufmann (1942) found
hypertrophy of the same cells in the kidneys of patients with hypertension
Friedman and Kaplan (1943) believe, on the other hand, that the pressor
substance is formed in the cells of the proximal convoluted tubules

If, then, the pressor substance is formed in cells situated in the renal cortex,
and 1f anox1a 15 an essential condition for 1ts production, it follows that the
pressor substance will be formed when the cortex becomes 1schaemic. It seems
possible, therefore, that excessive diversion of the intrarenal blood flow from
the cortex through the medullary by-pass may be an initiating factor in the
production of the pressor substance and thus in the development of human
essential hypertension. Our experimental work has shown that such a diver-
sion of the blood flow can be produced by a constriction of the peripheral
arterics of the cortex and that this constriction can be caused by a nervous
or hormonal agency Our studies have indicated the peculiar sensitivity to
stimuli of the peripheral arterial vesscls of the cortex mn the experimental
animal, and it seems probable that in man also nervous or hormonal stimuli
may, 1n appropriate circumstances, effect a similar response from these vesscls,
and thus cause diversion of some of the cortical blood flow It is significant
that the ischaemic atrophy characteristic of the kidney 1n the late stages of
essential hypertension predominates in the outer third of the cortex (Russell,
1917)  Smith (1939-40) was convinced that renal vasoconstriction of
psychogenic nature was responsible for the disturbances recorded 1n his tests
of renal function on frightened men, which have been referred to carhier m
this chapier  We should like to suggest that the vasoconstriction in these
cases affected mainly the vessels in the peripheral parts of the cartex and that,
as a result of this vasoconstriction, a considerable proportion of the intra-
renal blood flow was diverted from the cortex through the medullary by-pass
The possibility that psychogenic renal vasoconstriction may be a factor in
the actiology of human essential hypertension has been recognised by various
worhers, and a consideration of the psychological factors in essential hyper-
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smooth muscle of vessels, causing a constriction of the peripheral vascular bed
and a consequent rise of blood pressure.

The production of a pressor substance by the ischaemic kidney as a result
of clamping the renal arteries of experimental animals explains those cases
of human hypertension in which the renal arteries are obstructed by atheroma-
tous plaques, by external pressure, or by similar mechanical means. A
remarkable case is reported by Cook and Pearson (1946) ofa young man whose
renal arteries had been completely occluded by atheroma and thrombosis,
the renal blood supply apparently being maintained by capsular vessels.
The renal function was comparatively good, and at necropsy the kidneys
were found to be remarkably free from pathological change, both on macro-
scopic and microscopic examination. Here, clearly, was a natural bilateral
application of Goldblatt clamps. However, the number of cases of hyper-
tension 1n man 1n which the condition can be attributed to a permanent
reduction in calibre of main renal arteries by mechanical obstruction is small,
and such an aeticlogical factor can be discounted as a cause for the majority
of cases of essential hypertension.

What, then, in these latter cases constitutes the Goldblatt clamp, and
where is it situated? In other words, what iy the mechanism which causes
the 1schaemia of the kidney and the consequent formation and liberation
of the pressor substance responsible for the hypertension® The results of our
experiments suggest a mechanism which may constitute a functional ‘clamp’.
Is it possible that diversion of the intrarenal blood flow from th(f cortical p:.xth~
way through the medullary by-pass causes a cortical ischaemia of sufficient
degree to result in the formation and liberation of the pressor Subs(.ance?

Goldring and Chasis (1944) consider that renal arteriolosc‘lex:osls does not
precede the development of essential hypertension, although it is a concomi-
tant or consequence of hypertension, Castleman and Smithwick (1'943)
examined renal biopsy specimens from one hundred hypertensive patients,
and concluded that the evidence of renal vascular disease in more than }PJK
of the cases was inadequate to prove this to be the sole factor in producing
the hypertension; they thought that in many of the'sc cases hypc‘rgenswn
preceded the renal vascular lesion. Castleman and Smnh"vxck s work is 01(3;'3
to critictsm, in that the condition observed in }he small biopsy specimen di
not necessarily represent the condition of the kidney as a whole, but it seems

ir conclusions were correct.
‘hzli\(h‘x:lcxl wf)rk h:s %een done on the chemieal and other aspects of the pf;lfssbﬂf
substance elaborated by the kidney and the subject is discussed a f“c A
Braun-Menéndez, Fasciolo, Leloir, Mufioz, and Taquini (1946)- . :,‘;‘lz;m" o
(1946) has shown that Jack of oxygen is of vital importance at cer ia o ‘She
in the formation of the pressor substance, but has looked in vain
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evidence of a ism producing the
essential hypertension (Cruz-Coke, 1947). 3

But, whilst all investigators seem to be agreed that h.ypencns.xon of.rcnnl
origin is due to some humoral pressor substance fm‘m_ed in thtg kidney, it h:{s
not yet been definitely established where in the kidney this substance is
produced. On the whole, opinion seems to favour the renal cortex as the
source of the pressor substance. Goormaghtigh (1944, 1945, &) has described
granular, afibrillar cells in the walls of the arterioles of the renal cortex and
mn the juxtaglomerular apparatus, and as he found that these cells were
larger and more numerous in experimental animals \vi_tbhrenal .1schaemla
{Goormaghtigh, 1940) * T o
substance. Goormaght
1 the kidneys of fatal . N
hypertrophy of the same cells in the kidneys of patients with hypertension.
Friedman and Kaplan (1943) believe, on the other hand, that the pressor
substance is formed in the cells of the proximal convoluted tubules

If, then, the pressor substance is formed 1 cells situated in the renal cortex,
and 1f anoxia 1s an essential condition for 1ts production, it follows that the
pressor substance will be formed when the cortex becomes ischaemic. It seems
possible, thercfore, that excessive diversion of the mntrarenal blood flow from
the cortex through the medullary by-pass may be an iniuating factor in the
production of the pressor substance and thus in the development of human
essential hypertension  Qur experimental work has shown that such a diver-
sion of the blood flow can be produced by a constriction of the peripheral
artenes of the cortex and that this constriction can be caused by a nervous
or hormonal agency Our studies have indicated the peculiar sensitivity to
sumuli of the peripheral arterial vessels of the cortex in the evperimental
ammal, and it seems probable that in man also nervous or hormonal stimuli
may, in appropriate circumstances, effect a similar response from these vessels,
and thus causc diversion of some of the cortical blood flow. It is significant
that the 1schaemic atrophy characteristic of the kidney in the late stages of
essential hypertension predominates 1n the outer third of the cortex (Russell,
1947). Smuth (1939-40) was convinced that renal vasoconstriction of

hogenic nature was responsible for the disturbances recorded in his tests

of renal function on frightened men, which have been referred to carlier in
this chapter. We should like to suggest that the vasoconstriction in these
cases affected mainly the vessels in the peripheral parts of the cortex and that,
as a result of this vasoconstriction, a considerable proportion of the intra-
renal blood flow was diverted from the cortes through the medullary by-pass.
The possibility that psychogenic renal vasoconstriction may be a factor in
the actiology of human essential hypertension has been recognised by various
worhers, and a consideration of the psychological factors 1n essential hyper-

1

y renal anoxia in human
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tens:o.n.is given by Weiss (1942). Nevertheless, there is considerable difference
of ‘opinion as to whether the nervous system is of actiological importance in
this condition,

. Garai (1945) found that shipwrecked mariners who had suffered prolonged
immersion tended to have a raised blood pressure and that they showed
increased vasomotor reactions (as gauged by the cold pressor test), He
suggested that the reflex constriction of the vessels of the kidney, known to be
caused by exposure to cold, had played a part in producing the hypertension.
Medoff and Bongiovanni (1945) and Farris, Yeakel, and Medoff (1945) found
that they were able to produce a persistent hypertension in rats by stimulating
them repeatedly with intense noise. Heymans (1939) and Grimson, Bouckaert,
and Heymans (1939) record the production of a sustained hypertension in
dogs, from which they had removed the moderator nerves and the entire sympa-
thetic nervous system, with the exception of the innervation of the kidneys
and adrenals. Subsequent denervation of the kidneys resulted in a restora-
tion of normal blood pressure. They concluded that the hypertension in these
dogs was due to overactity of the sympathetic nerves of the kidneys. Since
sympathetic denervation had been complete elsewhere, it appears that the
hypertension must have been caused by the release of some pressor substance
from the stimulated kidney, which raised the blood pressurc by a direct
constrictor effect on the peripheral vessels.

Our own investigations have not as yet included any studies of hyper-
tension produced in the experimental animal. We are not in a position,
therefore, to contribute to the problem of essential hypertension on the basis
of experiments designed to determine the aetiological factor. However, in our
studies of human kidneys by injection methods we observed that in the
kidneys of elderly persons and of those suffering from Bright’s discase (Eitis,
1942) many of the juxtamedullary glomeruli showed unusual features, \thch
we interpreted as being due to some form of degenerative process (see Figure
74, and also Figures 58 to 61). In Chapter IV we des‘cnbed thcse.abnor{m\l
glomeruli in some detail, and we also offered a suggestion as to their pqsnb‘c
evolution At this point we must refer again to (hcse. degenerate justa-
medullary glomeruli because, in view of the influence which they must ha;]re
upon the intrarenal haemodynamics, they may be an important factor in the
development of a permanent hypenension.. L nods, it was

In studying the vasculature of human kidneys by injection methods, lt{ ‘t‘hc
noteworthy that in some kidneys we obtained a much better filling o :
medullary vessels than in others, As we mentioned in Chapter IV, in dn?{l[‘na
kidneys an injection introduced from the arterial side .rcsulted in a goo 1[ 1;g
of the vessels of the cortex and a relatively poor flllmg of the ves.sels of the
medulla In contrast to this finding, similar injections introduced mtodmzmi'
pathological kidneys and into kidneys from patients of an advanced ag
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resulted in a less complete filling of the cortical vessels and an unusually
good filling of the vessels of the medulla. The easier filling of the medullary
vessels in pathological kidneys, an observation that was also made by Gross
(1917, 1918) in contracted kidneys, suggests that in certain pathological
conditions the vascular channels of the medulla take a greater proportion of
the intrarcnal blood flow than is normally the case. This suggestion is con-
firmed by the hyperacmic appearance of the medulla wlich is seen when a
contracted kidney 1s sectioned at necropsy, an appearance which is well
ilustrated in some of Bright's (1827} beautiful colour plates The relatively
prominent medulla of the contracted kidney, contrasting with its shrunken
cortex, is a further indication that the blood supply of the medulla has
remained ample whereas that of the cortex has suffered great reduction.

We have shown that the vasa recta, the predominant vessels of the medulla,
constitute the greater part of a medullary by-pass and that they denive their
blood supply from the juxtamedullary glomeruli. We have confirmed the
views of Bowman (1842) and of many subsequent workers that in the normal
kidney all the blood which circulates through the organ passes through
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When we examined ncoprene casts of the vascular tree of human hidneys
1 which the vessels of the medulla were unusually well filled we found
that many of the juxtamedullary glomeruli were of degencrate type. The
exceptionally good filling of the medulla was clearly associated with the
presence of these abnormal glomeruki

On close scrutiny of the casts of the degenerate juxtamedullary glomeruli,
the explanavon of the good medullary filling became apparent  For we saw
that in each case the affrrant ~nd affewans - Sonale oCut Lot e TN
continuous trunk, being
ng capullary loops of the .
from one side of this trunk {kigure 74) ‘Lhus, m these cases there was casy
access to the vasa recta through vessels of large calibre, and the injection
mass was therefore able to pass directly from the basal parts of interlobular
artenes through the medullary by-pass without passing through the retia
muiratlia of glomerular tufts. MacCallum (1939) has deseribed similar
degencrative glomeruli and has given some account of the cellular changes
around the glomerular tufts.

We have suggested in Chapter IV that these degenerative changes in the
Juxtameduliary glomeruli are due, in the first instance, to excessive diversion
of the intrarenal blood flow from the cortex through the medullary by-pass.
The justamedullary glomeruli, as we have shown, form the entrance into
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the medullary by-pass and, as we envisage it, the increased use of this by-pass
causes a dilatation of one of the capillary loops of these glomeruli, such as
that seen in Figure 586 and Figure 61. We have no knowledge as to whether
the diversion which causes the dilatation is unusually prolonged in duration,
or whether the volume of the blood diverted is unusually great, or even whether
both of these factors are needed to cause the initial capillary dilatation. How-
ever, once one capillary loop of the glomerulus has become larger in calibre
than the remaining loops, it will tend to carry more blood than the others
and it will also tend to dilate further, because the increased circumference of
its wall will render it less able to withstand pressure. Consequently, when next
blood is diverted from the cortex through the medullary by-pass and the
pressure in these channels is raised, a further dilatation will occur and the
dilated loop will carry an even greater proportion of the blood flow than
previously. As the progressively dilating capillary carries more and more
blood, the other capillaries of the tuft carry less and less, and in consequence
gradually atrophy until only the dilated ‘capillary’ is left, and the proximal
part of the ‘arteria recta vera’ of the earlier writers is formed. Casts of
fully-developed ‘arteriae rectae verae’ show that these trunks are often of
remarkably large calibre. In Figure 58 we show a series of neoprene casts
of degenerate justamedullary glomeruli which illustrate the progress of
degeneration. Further examples may be seen in Figures 59 to 62.

We have suggested above the possibility that diversion of the intrarer
blood flow from the cortex through the medullary by-pass may be an initiating
factor in the production of hypertension. It seems also 'possxble that the
changes which we have just described in the channels which form the first

rarenal
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stage of this by-pass may provide an explanation for those cases in which
hypertension becomes an established condition. For, as a result of these
changes, the blood can now make an intrarenal circuit through a medullary
pathway which is of large calibre from beginning to end. The resistance
normally encountered in this pathway has been removed by the replacement
of the glomerular capillary tuft by a single vessel of large calibre, whereas
the resistance encountered in the cortical pathway remains unchanged or is
even ncreased. As more and more juxtamedullary glomeruli undergo these
changes, and as the changes become more pronounced, the medullary path-
way inevitably takes an increasing proportion of the blood reaching the
kidney, and the cortex is correspondingly deprived of 1ts blood supply. Thus,
whereas normally the medullary pathway appears in most instances to serve
passively as a by-pass for the diverted cortical blood flow, now, as a result of
its changed morphology, this pathway itself diverts the cortical blood flow
and, moreover, 1t causes a permanent diversion. No procedure can at this stage
increase the blood supply to the ischaemic cortex save an ncrease in blood
pressure, and even with a raised blood pressure much of the increased circula-
tion will be drained away through the medullary pathway before it reaches
the cortex.

We have been impressed by the frequency with which juxtamedullary
glomeruli of degenerate type are seen n the kidneys of patients with a raised
blood pressure. The illustrations of dissected kidneys given by Ohwer (1939)
and Loomis (1936) show how commonly these workers found ‘arteriae rectac
verae' in their cases of chronic Bright's discase But the full significance of
these vessels only becomes apparent when one appreciates the fact that they
provide casy access to the medullary by-pass, thus opening a permanent
shunt and drawing off much blood which would otherwise traverse the
cortex

The dispute as to the eaistence of ‘arteriac rectae verae’ as a normal feature
of the vasculature of the hidney dates back to the time of Virchow (1857).
As the result of lus studics of injected human kidneys, he was convinced that
there were vessels passing into the medulla which were not related to glomeruli,
namely, ‘arteriac rectae verac’, and he illustrated them elearly.  He pointed out
that the best example proving his view was provided by the hidneys from a case
of amyloid disease, in which he found great numbers of these vessels. This
finding probably explains the controversy which has raged as to whether
these vessels do or do not exist. For one school of thought bas based its vaews
on observations made on pathological hidneys and has regarded the findings
as applying equally to the normal Lidney, as did Virchow, whercas another
school lias based ats views on observations made on normal Midneys. We have
oursches had the opportunity of injecting and examuning the hidney from a

case of amyloid discase and, ke Virchow, we were impressed by the unusual
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profusion of ‘arteriae rectae verae’. It was of special interest to us to note in
this kidney the great reduction in the number and size of the capillary loops
of the cortical glomeruli. Moreover, the amyloid deposits in the cortjcal
glomeruli which had caused this reduction had withstood the action of the acid
used for macerating the specimen and were clearly seen, We concluded that
the mechanical obstruction of the cortical glomerular capillaries caused by
these deposits had been the primary factor responsible for a continuous and
increasing diversion of the intrarenal blood flow through the medullary by-
pass, a conclusion which was supported, in our view, by the presence of in-
numerable ‘arteriae rectae verae’. Goldblatt (1946) and Bell (1946) point
out that amyloidosis is often accompanied by hypertension, and that in cases
in which the blood pressure is not raised the absence of hypertension is probably
due to the cachexia associated with the condition.

In view of the changes in the vascular architecture of the kidney caused by
disease or even by old age, and of the consequent changes in intrarenal haemo-
dynamics, we feel that extreme caution is needed in the interpretation of
clearance tests when these are applied to patients whose kidneys may be
affected by these changes. This view gains support from the observations of
Oliver, Bloom, and MacDowell (1941) which, although of a different nature,
were probably related to these vascular changes. They found that the
nephritic kidney handles trypan blue by mechanisms different from those of
the normal kidney and pointed out that the nephritic kidney may also handle
substances used in clearance tests by mechanisms which differ from the

normal. .
* * »* * *

At the present time hypertensive patients are cla§siﬁcd in}o two main
groups, namely, those in whom organic renal disease is recognised py all to
be the cause of the hypertension (secondary hypertension), and those in \.vhor.n
no arganic renal disease is apparent, and the cause of whose hypertension is
obscure (essential or primary hypertension). The fact that suchhtc;lms as
primary, essential, benign, or idiopathic are used in referring to the yp;t—
tension of this latter group mdicates .the prevailing Jgnoralnce as to 1 _:
aetiology of the condition. Many consider that this type of \ypen‘cn‘sxoin 1:s
not of renal origin, since they do no{) 1ﬁndd in 3::56 cases renal lesio
adequate to account for the increase in blood pressure. R

"36 believe that the kidney plays a part in the causation of esse?uacl ox:
primary hypertension similar to that which it plays in th}: causat}(:doa :lcc r:J‘r":[
dary hypertension and that both types of.hypertr:nsxon have ah i daments
factor in common, namely, cortical anoxia, We have seen tl i“n; chaermia
of the renal cortex can be produced by a means other than sc _erosfx‘:om e
renal vessels. By the use of many experim.er.\ml p.rocec}u}:tls, m:fg“;gn o toxins
application of nervous stimuli to the administration o ormo: d
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we have been able to demonstrate in animalsa cortical ischaemia ofa functional
character. Diversion of a variable proportion of the intrarenal blood flow from
the cortex to the medulla, effected by constriction of the cortical vessels andfor
the opening of the medullary ch Is, is, we believe, a normal mechanism
which, by regulating the secretion of urine, plays a vital part in maintaining
under all conditions the constancy of the ‘milien intérieur’. We suggest that
excessive operation of this normal mechanism may cause an anoxia of the
renal cortex stmilar to that which results from sclerosis of the vessels.

The sensitivity to a sumulus varies greatly from individual to individual
no less in the human subject than in the experimental animal, One can,
therefore, envisage the possibility that excessive sumulation of one type or
another, applied to persons unduly sensitive to that particular type of stimulus,
might result in excessive operation of the normal mechanism by which the
blood flow is diverted from the cortex

It scems to us that the development of hypertension of essential type finds
a possible explanation 1n the overactivity of this normal mechanism frequently
repeated over a period of many years An aetiology of such a functional
nature would account for the absence of any indications of renal disorder
until a late stage in the condition The dehcate compensatory readjustments
of the pressure and flow of the intrarenal circulation would explan the
prolonged immunty of the kidney from the effects of the nising blood pressure
which may be seen i other organs not endowed with a similar mechamsm
for circulatory readjustment But, whereas cortical anoxia would appear
to be an actiological factor common to both types of hypertension, there is a
fundamental difference m the cause of the anoxia, and this difference is of
profound significance In the one type, the anoxia is caused from the outset
by orgamc change, and the condition 1s therefore, unfortunately, largely
wreversible. In the other type, the anoxia is due originally and for a pro-
longed period to a purely functional disturbance, and n these cases the
condition, at least 1n the earlier stages, should be reversible. This difference
1 the primary actiology of the two types of hypertension may be one explana-
tion of the vanable results which are obtamned from treatment of the discase
by various methods, including sympathectomy and irradiation of the pitwitary

If a funcuonal disturbance such as we have suggested can be demonstrated
mn the carher stages of human hypertension and ean be shown to bear a
causal relauonstup ta the tang blood pressare, we shall bave 3 new lne of
attack on the problem of the prevention of by pertension Goldring and Chasis
(1911) write ‘Recognition of a preclinical phasc of hypertensive discase must
awnart discovery of the primary etiological factors and techmics for thar
demonstration * We are well aware that the primary aetiological factors of
hypertensi ¢ disease have still to be disconcred, but we hope simtaarstidies



154 STUDIES OF THE RENAL CIRCULATION

profusion of ‘arteriae rectae verae’. It was of special interest to us to note in
thus kidney the great reduction in the number and size of the capillary Joops
of the cortical glomeruli Moreover, the amyloid deposits in the cortical
glomerul: which had caused this reduction had withstood the action of the acid
used for macerating the specimen and were clearly seen. We concluded that
the mechanical obstruction of the cortical glomerular capillares caused by
these deposits had been the primary factor responsible for a continuous and
increasing diversion of the intrarenal blood flow through the medullary by-
pass, a conclusion which was supported, in our view, by the presence of in-
numerable ‘arteriae rectae verae’. Goldblatt (1946) and Bell (1g46) point
out that amyloidosis is often accompamied by hypertension, and that in cases
1n which the blood pressure 1s not raxsed the absence of hypertension is probably
due to the cachexia associated with the condition

In view of the changes in the vascular architecture of the kidney caused by
disease or even by old age, and of the consequent changes 1n intrarenal haemo-
dynamics, we feel that extreme caution is needed in the interpretation of
clearance tests when these are applied to patients whose kidneys may be
affected by these changes. This view gains support from the observations of
Oliver, Bloom, and MacDowell (1941) which, although of a different nature,
were probably related to these vascular changes. They found that the
nephritic kidney handles trypan blue by mechanisms different from those of
the normal kidney and pointed out that the nephritic kidney may also handle
substances used in clearance tests by mechanisms which differ from the

normal.
* * * * *

At the present time hypertensive patients are classified into two main
groups, namely, those in whom orgamc renal disease is recognised by all to
be the cause of the hypertension {secondary hypertension), and those in whom
no organic renal disease is apparent, and the cause of whose hypertension is
obscure (essential or primary hypertension). The fact that such tm;lms as
primary, essential, benign, or idiopathic are used in referring to thf: )'P;Ir-
tenston of this latter group indicates the prevaifing ignorance as o tue
aetiology of the condition. Many consider that this type of hypcrtlenlsw_n is
not of renal ongin, since they do not find in these cases remal lestons
adequate to account for the increase in blood‘ pressure. . dal or

We believe that the kidney plays a part in the causation O esser; lacog_
primary hypertension similar to that which it plays in the causa!ilf)ncﬁi nsfental
dary hypertension and that both types of'hyper'tenswn have :;’ ltm. e emia
factor in commeon, namely, cortical anoxia. We have seen L i1 15.S e
of the renal cortex can be produced by a means other than sc _eros;mm e
renal vessels. By the use of many experim_ex_ztal procedures, rangxr;gn o it
application of nervous sumult to the administration of hormenes »
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we have been able to demonstrate in animalsacortical ischaemia ofa functional
character, Diversion of a variable proportion of the intrarenal blood flow from
the cortex to the medulla, effected by constriction of the cortical vessels andjor
the opening of the medullary channels, is, we believe, a normal mechanism
which, by regulating the secretion of urine, plays a vital part in maintaining
under all conditions the constancy of the ‘milieu intérieur’. We suggest that
excessive operation of this normal mechanism may cause an anoxia of the
renal cortex similar to that which results from sclerosis of the vessels.

The sensitivity to a stimulus varies greatly from individual to indvidual
no less in the human subject than in the experimental animal One can,
therefore, envisage the possibility that excessive stumulation of one type or
another, apphed to persons unduly sensitive to that particular type of stimulus,
might result 1n excessive operation of the normal mechanism by which the
blood flow 13 diverted from the cortex,

It scems to us that the development of hypertension of essential type finds
a possible explanation in the overactivity of this normal mechanism frequently
repeated over a period of many years. An aetiology of such a functional
nature would account for the absence of any indications of renal disorder
until a late stage in the condiion The delicate compensatory readjustments
of the pressure and flow of the intrarenal circulation would eaplain the
prolonged immunity of the kidney from the effects of the nising blood pressure
which may be seen in other organs not endowed with a similar mechanism
for airculatory readjustment. But, whercas cortical anoxia would appear
to be an actiological factor common to both types of hypertension, there is a
fundamental difference in the cause of the anoxia, and this difference 1s of
profound significance In the one type, the anoxia is caused from the outset
by organic change, and the condition 1s therefore, unfortunately, largely
wreversible  In the other type, the anoxia is due onginally and for a pro-
longed penod to a purely functional disturbance, and n thesc cases the
condition, at least 1n the carlier stages, should be reversible. This difference
n the primary actiology of the two types of hypertension may be one explana-
tion of the variable results which are obtamed from treatment of the discase
Ey ;nnous methods, including sympathectomy and irradiation of the pitustary

ouy

Il a functional disturbance such as we have suggested can be d ated
in the carlicr stages of human hypertension and can be shown to bear a
causal relationship to the nsing blood pressure, we shall have a new lne of
attack on the problem of the prevention of hypertension. Goldnng and Chasis

(1941) wnite' *Recogmition of a preclmical phase of hypertensive discase must
await discosery of the pnmary etiological factors and technics for their
dcnmnslr:\lionv' We are well aware that the primary actiological factors of
hypertensie discase have still to be discovered, but we ho that T Studies
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have perhaps provided a clue which may lead to the recognition of the pre-
climcal phase of the condition. We believe that these primary aetiological
factors will eventually be found in the central nervous system, even in the
human mind itself; and that with their discovery will come a complete
understanding of the condition known as ‘essential hypertension’, affording
a new hope for the victims of this disease of civilised man.



APPENDIX
Further Observations on the Renal Vascular System

In the course of the morphological studies described in Chapter IV, we
observed certain other striking features of the renal vascular pattern. These
observations were incidental to the main theme of our studies, and were there-
fore not included in our account of the morphology of the vessels of the
cortical and medullary circulations However, in view of the implications
of some of these findings a bricf description and a few illustrations may be of
value.

The corled arterial vessels of the renal stnus

In the kidneys of the various mammalian species that we have examined
we have found vessels of a remarkable character in the renal sinus which,
in view of their appearance and connections, we call coiled arterial vessels
They are scen adjacent to the external surfaces of the walls of the calyces.
They arise from interlobar arteries, and are vessels of relatively large calibre;
therr destination is always an interlobar artery, either that of their origin or
an adjacent onc, which they join at some pont peripheral to their origin.
The most striking feature about them is their amazing tortuosity (Figures 735,
76). These coiled vessels of the renal sinus, running their course in the same
plane as the interlobar arteries and veins, give off branches exactly simular
to the parent coiled vessels, though sometimes of smaller size Some of these
branch vessels end in interlobar artenes, some form junctional vessels between
adjacent coiled vessels (Tigures 756, d, 76), wiile others again end in the
capillary nctwork of the pelvic mucosa. We have seen these spiral arterial
vessels in many normal Kidneys, both human and animal, and we have been
particularly impressed by their greater tortuosity and complexity in the kidneys
of human subjects suffeung from pathological renal conditi especially
hypertension

These vessels are so striking in their appearance that we have been surprised
to find no account of them in the literature apart from the description by
Spanner (1937), so frequently referred to by subsequent authors, The failure
to observe these vessels is probably due to the fact that their characterisuc
coiled arrangement is only apparent in very thick sections of injected hidneys
or in casts made by injections of neoprene o a similar type of mass.

Spanner (1937) gives a draning of one of these vessels, which he describes
as being a part of an artenoyenous anastomotic system. In his drawing he
shows short branches passing from the coiled arterial vessel directly into a
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venous network surrounding the coils. He claims to have found large nurubers
of these direct arteriovenous communications (360 per square cm.). If such
arteriovenous anastomoses were present in the
number and situation described by Spanner
they would, when open, inevitably deprive the
whole kidney of a great part, if not all, of its
blood supply, and their functional importance,
thercfore, could hardly be overrated. But in
the large series of Kidneys, both animal and
human, which we have examined, in spite of
the fact that our arterial injections were made
at pressures up to 6oo mm. Hg, we have been
unable to find any cvidence that the coiled
artenal vessels of the renal sinus give off
anastomotic branches which open directly into
veins. On the contrary, one of the character-
istics of these vessels is the direct communication
which they provide between artery and artery.

It appears from Spanner's (1937) paper that | [0 73 Fe wmriiinn
his observations were based on the examination repalariery  Tothow corled arternal sev.
of one injected Lidney (human), and we suggest sebofthe renalsinus On the right of the
that he was misled into describing as anastomotic f:":;'*“" of an nterlobar artery, in the

A ., part of the reral snus contaning

channels vesscls which gave the appearance of coted artenal vessels, un the lef, part of
uniting artery and vein but which in fact lay the renal pyramd = (Photomicrograph
in a different planc. Our own studies have W5 »hérectihong)
made us appreciate the extreme difficulty of determining beyond dispute the
presence of an arteri bsis in thick d scctions

Spanner (1937) also described arteriovenous anastomoses both in the
cortex and in the capsule of the kidney. We have scen no evidence of the
presence 1 normal Lidneys of dircct communications between interlobular
arteries and veins, as described by Spanner. In the capsule, venous vessels
anastomose freely with each other (and also with veins of the perinephric
tissues), but we do not believe that arteriovenous anastomoses, even if they
exist, are more than an occasional feature. We certamly cannot accept
Spanner’s count of two hundred and sixty-four arteriovenous anastomoses
per square centimetre

The cunious finding that the coiled vessels of the renal sinus unite artenes
to arteries provohes speculation as to the function of these vessels. We are
unfamiliar with interarterial vessels of such large calibre and such unusual
form clsewhere in the body, but vessels of large calibre, forming a complex
rete, are found joining the internal and external carotid arterial systems of the
cat. This rete, which has been described by Davis and Story {1913), is

{3
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illustrated in Figure 77, a photograph of one of our preparations of this strange
and complex structure. The pattern of this rete and its situation between
arteries supplying two different territories suggest
that this structure may be concerned in the
regulation either of blood pressure or of blood
flow between the two territories. It may well be
that the coiled vessels of the renal sinus, which
also connect artery toartery, have some regulatory
function such as that which we have just sug-
gested for the intercarotid arterial rete of the cat,
For example, they may be concerned with the
regulation of the pressure or flow of the blood
supplied to the delicate capillary network of the
pelvic mucosa.

Tic 77 Neoprene cast of rete exters
'.:’e':fr;r"m.'s\":f;.:’; c:rm\p::s:":'}‘f:ﬂ The venous junctional vessels of the renal sinus
connectstheexternatand mternafearond I the renal sinus there are many vessels of
artenal systems large calibre which unite interlobar veins (Figure
78). The complexity of these venous junctional vessels is xoost impressive,
though their pattern is entirely different from that of the arterial junctional
vessels (the coiled vessels of the renal sinus, described above). These venous
vessels lie closely adjacent to the outer surfaces of the walls of the calyces of
the renal pelvis, and the capillaries of the
pelvic mucosa drain into stout tributaries of
this complex system. It seems possible that
these vessels may provide a clue to the
phenomenon of pyelovenous back flow which
is sometimes seen after retrograde pyelo~
graphy {Hinman and Lee Brown, 192¢). For,
since short stout tributaries of these relatively
immobile junctional vessels ate cgnnec.tcd
with the pelvic mucosa, excessive _dlstensmn )
of the renal pelvis may well result in rupture
of the mucosa at the point of its attachment
ta one of these tributaries, and thus allow the
contrast medium to pass from the pelvis into
the junctional venous lc§sels a‘nd l.l?enCt: into fi0.78 Photamrograph f neeprene
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Bowman (1842). The important relation between the development of hydro-
nephrosis and pyelovenous back flow is discussed by Hinman (1945)-

Relations of arterial and venous sides of the cortical intertubular capillary network

We have noted in our injected preparations, of both human and animal
kidneys, that the arterial and venous sides of the cortical intertubulfxr_ capil-
lary network bear a constant relation to certain segments of the uriniferous
tubules, The distribution of the two sides of this capillary bed may be well
seen in a preparation from a kidney injected with masses of different colours
via the renal artery and renal vein respectively. The capillaries which are
filled by the venous injection mass invest each little columnar unit, or lobulus,
composed of an interlobular vein, interlobular artery, the glomeruli of this
artery, and their proximal and distal convoluted tubules. On the other
hand, the capillaries which are filled by the arterial injection surround
parts of the loops of Henle and the callecting tubules which together compose
a medullary ray, and are situated in the spaces between adjacent lobuli
(Figure 794, b). In dual injection preparations the cortex shows areas of
plicril . e A . M N o el

«

with unfilled arcas. Sometimes, however, a very frec flowing mass, njected
via the renal artery, fills not only the capillaries on the arterial side of the
cortical intertubular capillary network but, penetrating farther, fills also the
capillarics on the venous side, and in such preparations the characteristic
distribution cannot be appreciated  Sections of kidneys injected from the
venous side alone show particularly well that the glomeruli are embedded
n A venous capillary plexus, for the glomeruli are seen as rounded empty
spaces which are conspicuous in the flled nlevie (Frimiva nadl - Te fe fnsncasion
to compare this figure with the rat

shows the same empty glomerular s -,

In this earlicr case (Figure 2gc) the injection wasintroduced from the arterial
side, and the filing of the venous elements of the cortical intertubular capil-
fary system was effected by reflux through the cortical veins from the vessels
of the medullary by-pass.

Tangential sections of a kidney injected from the yenous side, such as that
illustrated in Figure 794, show a honeycomb pattern. The capitlaries of the
medullary vays, which are filled in preparations injected from the arterial
side, are here empty, and these rays are therefore conspicuous as white spaces
m an wrregular framework of black, formed by the well-filled venous side of
the capillary network which emvelops the numerous lobuli. Occasionally,
small round empty spaces are scen in the midst of the densely-filled arcas;

L
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these represent unfilled interlobular arteries, running at right angles to the

plane of section

Thus, the parts of the nephron which receive blood most rich in oxygen

are those which are situated in the
medullary ray (parts of the loop of
Henle), for the capillaries surround-
ing these parts of the tubule derive
their blood supply directly from the
efferent vessels of the cortical glomer-
uli, On theother hand, the proximal
and distal canvoluted tubules, ad-
Jjacent to the Malpighian corpuscle,
receive less well oxygenated blood,
since the capillaries which surround
these parts of the nephron are sup-
plied with blood which has already
circulated through the artenal side
of the corticalintertubular capillary
bed. The distnibution of the capil-
lTaries of the arterial side of the
cortical intertubular capillary bed,
in rclation to the Malpighian cor-
puscle and the proimal convoluted
tubule, 13 well seen in Figure 8o, In
this preparation the injected neo-

3

Fre o Photomicrograph of neoprene cast of cortical

slomerulus from human kidney The inpection mass has

ruptured some of the glomerular capillaney and i< seen
The s i

PR b,

prene has not only filled a cortical glomerulus, 1ts efferent vessel, and a
considerable part of the capillary network into which this efferent vessel
empties, but 1t has also forced its way into part of the proximal convolution

of the tubule associated with this glomerulus

The capillaries filled from

the efferent vessel do not surround cither the glomerulus or the proximal
convoluted tubule, but are situated away from these in the region of a

medullary ray.

The differences i oxygen tension of the blood supplying different parts
of the tubule must clearly be of significance to the functions of these parts.
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Moreover, the effects of diffusion gradients must apply no less to the cortical
intertubular capillary bed than to capillary beds elsewhere in the body.

It will be appreciated from the above account that the arrangement of the
cortical intertubular capillary network depicted in the diagrams of current
textbooks is frequently erroneous. For example, the diagram illustrated in
Figure 25 gives a wholly false impression of the distribution of the venous
elements of the cortical intertubular capillary network.

The superfictal veins of the kidney
In examining the kidney of the cat we were immediately impressed by the
large venous trunks underlying the capsule. So great a development of the

i the renal artery and bluc neo-
Fic 81 Photographs of the kidney of a cat mjected with white neoprene via
prenc via the renal vein  To show the beautiful pattern of the highly developed system ofsuperﬁc;al vos. ocll‘ r::‘;
ladney of this species of ammal ~ See also Figure 264, a photograph of the neoprenc cast taken after the k
had been macerated

superficial elements of the renal venous system was not found in th? k]i;:l;eys
of any of the other species of animals examined, though the dog’ sf n::,)s’
showed a system somewhat comparable. The external apptlzarancero a (z:z}llat
kidney after an mnjection from the venous side was wpo'lly fi|ﬂ‘crcn(; ron; s
of the kidney of any other animal after a similar injection, an mao;thc
exquusitely beautiful picture (Figure 81). The deep venous sysfer;\ls e
kidney of the cat is comparable to that of the kidneys of other zmlr]n b e
general arrangement, but it is noticeable that in both the cat anh t kiedmgS "
vessels composing this system are smaller than they are mlt Cd ? stc{n o
animals of other species, which do not show the highly developed sy:

Sull’iffiil: Ilrlf:::sm kidney the only representatives of the highly developed
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Fic 82 Photomicrographs of stellate seins of human hidneys Neoprene casts, (o} from kidney of newbom
child, (8) from kidney of adult

Lty N o)

Fio 83 Photographs of cellondin cacs of the renal acterual teees of (o) 2 hydoonephsonic buman Lelney, and
18) # norenst human kufney fur comparon Note m the hydtonephrotic bidney the reduced perapheral sascular
bed, although the main sessels show hule if any reduction i calibre  (The spreimen (s} shows, in addition, &
cast of the dalated renal pelsis made by meant of & ureteric ingecuon of cetlondin )
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superficial venous system of the cat are the stellate veins. These stout little
vessels are aptly named, for they have a truly starlike appearance. Each
little group of vessels approaches a common centre where they all bend sharply
to penetrate the cortex (Figure 82) before fusing to join an interlobular vein.
Occasionally, a small vein from the perinephric tissues joins the centre of one
of the little groups of veins.

Hydronephrosis

One further specimen, obtained during the course of our studies on the
renal circulation, may be of interest. Figure 83¢ illustrates the vascular
pattern of a case of long-standing hydronephrosis in a human subject. It
will be noted, by comparison with Figure 835 which illustrates a normal
kidney, that there is a very great reduction in the smaller elements of the renal
arterial tree, although the calibre of the main arteries shows little difference
from the normal. We feel that the changes in distribution of the intrarenal
blood flow brought about by the development of hydronephrosis offer a
promising field for investigation on the lines of the experimental methods
used in our studies on the renal circulation.
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Medullary pathway (cont )
morphology of vessels of, 49-g0
rate of flow theough, 95, 122124
relations of tubules o, 75-78, 9o, 119, 121, 122, 134,
135-136.
similanty of, m human and rablat kidneys, 78-79
usc of, m cortical necrosis, toz-110, 106, 108, 114,
1407135
use of, 1n kidneys with degenerate juxtamedullary
glomeruly, 86-8g, 150154
Medullacy rays, 62, 161, 162, 163
Mosenteric artery, 12, 14-24 passim, 1§
compared with renal and femoral artertes, 14, 20, 24,
8, 105, 111
Methods used, see Techmques used
Methylene blue, 27, 28, 29, 40
Microscope, binocular dissceting, 47, 48, 74, 8¢

Necrosss, see Cortical necrosis of kidney.

Neoprenc, 44, 45, 45, 4647, 48-19, 57, 64, 69-72, 74,
7: 75+ 79, 83-87, 85, 119, 152, 148, 160, 163~
165

Neoprene casts, advantages of, 48-49, 74, 85
Nephritss, 142, 146, 154
Nephron, vascular relations of, 75-78, go, 119, 121,
122, 134, 135-136, 161-163
Nephrons associated with cortical and juxtamedullary
glomeruls, 75-78, 76, 89, 11g, 138,
Nerves, see Renal nervous plexus, Sciatic nere,
Splanchmc nerve(s)
Nervous system—
as actiological factor m hypertension, 149-150
influence of, on kidney, 1, 2, 23, 130, 134, 135, 136~

137
Neurovascular reflex, 2, 7, 22-23, 29, 111-112, 137, 150
Oliguria 1,2, 138

Pallor of kidney, see ander Kadney

Perabrodi), 8-

Penitoneat dialynis, 139

Pilocarpine, 20, 32, 33, 34, 95, 97-

Patgessin, 33, 114, 121, 120, 135, 145, 146.

Putwitri, 33, 114, 129

Posterior pitustary hormones, 121, 129, 130, 135, 137
145, 146

Pregnancy, cortical necrosis of kudney i, see under
Cortical necross of kidney

Pressor substance, 145, 146, 147-149, 150

Pressure apparatus, for iyecung kidneys, 46, 46

Prostigmun, 33, 33

Pyelovenous backflow, 160, 161

Rabbit kidneys—
cortical and juxtamedullary glomeruli of, 55-60, 56,

ST
cortical necrosis of, 102, 105110, 106-X08, 114, 14T
143, 143
diversion of cortical blood flow 1n, sez Daversion
medullary pathway 1,
morphology of vessels of, 49-67.

INDEX

Rabbut kidneys {cont )
medullary pathway in,
sumlar 10 that m human kidney, 76-79
use of, 1 cortical necrows, 102-110, 306, 108, 115
vasa recta of (see also Vasa recta), 39, 40, 41, 50, 51,
53 33, 34, 55, 58, 39, 60-62, 61, 63, 64, 65, 72
Radiomucrographs, 52, §3, 105, 106, 116
Radiopaque substances, see undey Contrast media,
Injection masses
Reabsorption, se¢ Water reabsorption
Reflex, neurovascular, g, 7, 22-23, 20, 111e112, 137,

150
Reflux 1nto corte from medulla, 5o, 51, 53, 53, 106,
106, 161,
Renal anoxia (see also Cortical anoxia), 1, 138, 149.
Renal artery, 1, 7, 826 passum, 12, 14, 15, 17, 28, 22,
24,31-36 passim, $8,99,105, 117,140,147, 148
compared with femoral attery, 24,99, 105, UL, (17
compared with mesenteric artery, 14, 15, 20, 21, 24,
24, 68, tog, 113
Renal blood flow (see also Intrarenal blood flow), 127-
128, 129, 130, 131, 132, 139
discrepancies between direct and calculated measure-
ments of, 130-131.
Renal airculation {see also Intrarenal circulation)—
a3 seen 1 angiographs (see alio Angiographs), 8-26,
91-101, 104-107
duality of, 118, 124, 126
greater and Tesser, 124
labitity of, 88, 117, 118, 126, 134, 155
new concept of, 124, 126
sensitwvaty of, 88, 115, 117, 155
Renal clearance tests, 129, 130-134, 154
Renal failure, 1, 111, 138, 139
Renal hypertension, se¢ Hypertension
Renal nervous plexus, sumulation of, 36, 37, 4041
40, 41, 114, 11
Renal sinus—
corled arterial vesscls of, 157-160, 188, 159
venous junctional vesscls of, 160-161, 160
Renal tubules (see also Henle, loops ofj—
blockage of; 139 .
Iengths of, 75-78, 76, 119
vereulas relauons of, 54, 55 6% 63, 75:78, 75, 76,
9o, 119, 121, 122, 134, 135136, 161-164, 162,

163
Renal sein, 10-26 passim, 12, 15, 21, 22, 33-36 pasam,

133
pulsaule flow 1, 32, 33, 104, 114, 124,143
red blood 11, 20-36 passim, 97, 103, 104, 114, 123
124,333, 43
streambhines an, 30, 32, 33, ‘g‘. 36, 103'6;01; 114, 133
at, 159-160,
Rete, intercarotid a‘rl:;:i,ﬂ: cat, 139- e thoro

trastn, g

Setatic nen ¢, sumulation of, 21-23, 27-29, 28, 29, 35,
101,109, 111, 114

Short-circmting 1 the
‘mechanssm, Dversion), 76, 29,

Shwartzman reaction, 144

ladney (see alio By-passing
38, 100



INDEX

Splanchme nerse, sumulation of, 22, 23, 36, 101, 111,
514

Splanchme nerves, diision of, 23:24: 24, 97-99, 98,
12,115

Spleen, concentration of thoratrast m, g, 15, 17, 21,

11,52
Staphylococeus taxim, 102110, 14 141, 143

cortical necrosiy alter, 102, 1054110, 106-108, 114,

141, 143

#as in ntestines aficr, 104, 105, 107, 109

smmedsate efleets of, $03-104

fater effects of, 304-110, 106108

use of medullary patbway aficr, 102-130, 106, 108,

g

Stellate vews, 363, 166

Stereoscopic photormeregraghs, 48, 152

Stmul, vaniability 1 response 10, 14, 22, 29, 32, 35,
36, 102, 109, 115, 155

Streamlines 1n renal vein, 30, 32, 33, 34, 35, 103, 104,

114, 133

Sulphonamude kidney, 139

‘Tangential sections, 54, 55 60, 62, 63, 64, 74, 73, 161,
162,

Techniques used—
tustotogical, 47-48
n ingecting kidoeys, 43-49
1 making angiographs, 2+3, B0
15 making neoprene casts, 4647
thirk sections, 48
Thorotrast, 9, 51-55 115
obstrucuon of glomerular capillanies with, stes55,
53, 53,115
Tourniquet, 2, 14
effects of,
on calibres of vecssels, 4-6, 1318, 14416, 35, krv
on distrbution of 1ntrarenal Blood flow, go-tot,
100, 114
o0 wtrarenal arcut time, 2528, 25, 100, 123
Tourmquet, after dwsion of splanchaic nerves—
fects of,
on calibres of vessels, 2324, 6899, 112
on dxsmbuuon of wntrarenal blood flow, 799,

Toxuns (,n el Staphylococcus toxtn), 103
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Transfusion, mcompatible blood, 139, 140
Tubules, see Renal tubules

Uracmia, traumatic, 198, 139

Urea excretion, 132133

Uretrr, penstaltic waves 1, 36, 38, 134

Uetenie wngection, 1

Urine formation, volumes concerned in, 127-128

Urine secretson, influence of blood flow en, 30, 36, 38,
122, 127130, 134-136, 139

Vasa recta—

arvangement of, n bundles, 54, 55, 38, 60, 63, 65,
74, 75, 80, 81, 122

charactenshcs of, 60-64, 7175, 81

forming past of medullary pathway, 42-43, 6067,

89, 90, 120, 142, 134, 151,

fanctions of, 170-r2

large eabibre o, 55, 58, 63, 72, 95, 123

Toops of, §9, 60, 61, 64,65, 67, 73, 73, 74, 74, 73, 78,
89, 122, 136

profusion of, on venous side i subcortical zone, 64,

85, 74, 74, 95, 121
relations of, to loops of Henle, 75, 75, 77-78, 90, 121,
122, 134
tiun walls of, 6o, 120, 121
‘venous terminations of, 63-64.
Y-shaped formations of, 60, 61, 73, 74, 75
Vascular spasm, studies on (see alto Vasoconstnction),

7.
Vasculo-mephei unis, Corucal snd Justemedullary,
7578, 76, oo

(see also Accenal Artenal
spasm)—
mpmphml cortex, 36, 37, 66, 115, 136, 131, 143,
145, 146

Water duoresss, snhubition of, 121-122, 129, 134, 137
‘Water reabsorption, 120-122, 128, 134, 133, 136
Weil's discase, 139









