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Introduction 

This study was undertaken with the hope tbat the application ot a 

new method to the study ot an old problem might remove some ot the contra­

dictor,y ideas that exist concer.ning the blood supply ot the normal and abnormal 

hwnan kidney • The illlportance ot an ac cura te knowledge ot the blood supply in 

the normal and diseased human kidney is realized when we consider that tor 

over one hundred years controversy has raged in regard to the relation ot renal 

disease to hypertension. With the recent production (1932-1938) by Goldblatt 

and others ot experimental hypertension by constriction ot the main renal 

artery, the importance ot a knowledge of the bl ood supply of the kidney in 

hypertension is more tully apparent. The association ot chronic renal disease 

and hypertension as a frequent direct or indirect cause of death is revealed 

at autopsy and indicates that acy work is of value which elucidates in any way 

the causation of hypertension in human beings. With the knowledge gained from 

experimental hypertension the problem now is to deter.mine in man the relation 

ot the hypertension to the changes in small arteries and arterioles ot the 

kidney. 

A study of the underlying processes of disease in any organ must 

atart with a clear understanding ot the normal anatomy and physiology ot the 

mrgan concerned. Since it is only recently that the writers ot text-books ot 

histology have begun to agree regarding the blood supply ot the normal hnman 

kidney, it has seemed ot value to review brietly the literature tracing the 

steps whereby we have g ained our present lœowledge ot the normal renal blood 

supply and then to diseuse the views regarding the renal vasculature in disease. 

secondly, 1 t has seemed ot importance to canpare, using the same technique, the 

morphology ot the arterial blood vessels ot the nor.mal human kidney in the 

different age groups, wi th the morphology ot the renal arterial tree in k1dneys 

traa patients who bad died with hypertension and who were in corresponding age 

groups. 
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PartI 

REVIEW OF THE LIT.ERATURE 

Blood SU;pply ot Normal Kidney 

Much has been wri tten about the blood supply ot the kidney. A 

good deal ot this bas been repetitious and contusing. The progress ot our 

knowledge ot the blood supply or the mamma.lian kidney bas been made by a 

relatively small numher ot investigators in a tew bold steps. Only the ideas 

ot those workers who have detinitely advanced our knowledge are mentioned 

with the hope that this subject will not appear as cample.x and bewildering 

to the reader as it bas to the writer. 

General: According to Clendening, "Aristotle thought the bladder 

secreted the urine. Vesalius stated that the ureters carried the urine from 

the kidne.ys to the bladder." Then, as in all other branches of science, author-

1 ty ruled throughout the dark ages and ali progress towards truth ceased. 

Malpighi in 1666, broke this long silence and pleaded tor people to be open­

minded and to try again by their ow.n observations to discover truth in nature. 

In De Viscerum Structura Exercitatio Anatomica, he said: "Do not stop to 

question whether these ideas are new or old, but ask, more properly 1 whether 

they harmonize with ~ture. And be assured ot this one thing, that I never 

reached JJ.Y idea of the structure ot the tidneys by the aid ot books, but by the 

long, patient, and varied use of the microscope. I have gotten the rest by 

the dictations of reason, slowly, and with an open mind as is my custom." 

Malpighi noted that the kidney cortex was composed ot tubules like a "coil ot 

emall worms." He also saw the branches of the vess•ls with the ~obules" 

attached to them. ~t is clear" he said, "that the axtreme ends or these 

wom.-like vessels, which torm the outer part ot the kidney, are continuous 

with the descending vessels which go to the pelvis. I confess that I have 
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never been able to d emonstrate this continuity, either on account of my 

clumsiness, perchance, or on account of the crudity ot my instruments." 

He believed that the trickle or urine tram the kidneys resulted trom a 

separation of the elements ot the blood as it passed througb. this tubular 

system. This mistaken view was accepted tor many years by others. Huschke 

in 1828 denied the existence of any connection between the ~lpighian cor­

puscles and the uriniferous tubules. 

The next def'inite contribution to the anatomy and physiology ot the 

mammalian kidney came from Bowman in 1842. Using lead chromate, a rather new 

material tor injections, he round that the capsule that invests the Malpighian 

corpuscle was the basement membrane of the \Winiferous tube expanded over the 

tutt of vessels. lie did not understand how the tutt of blood vessels was in­

vaginated into the end of the uriniterous tubule tor he said the capsule "is 

pertorated by the afferent and efferent vessels and is certaiDly not retlected 

over them." He stated that "here is a tutt of capillari es extruded througb. the 

wall ot the tube and lodged in a dilatation of its cavity, uncovered by any 

structure." Except for this one error, Bowman understood the circulation ot 

the k1dney almost as well as we do to-day. His 1deas are summed up in the 

tollowing passage. "All the blood ot the renal artery (with the exception of 

a small quantity distributed to the capsule, surrounding fat, and the coats 

ot the larger vessels) entera the capillary tutts of the Malpighian bodies; 

thence it passes into the capillaxy plexus surrounding the uriniterous tubes, 

and it t1nally leaves the organ through the branches of the renal v ein. Thua 

there are in the kidney two pertectly distinct systems ot cap1llary vesse~,. 

throusb both of which the blood passes in its course trom the arteries into 

·the veina." fhat he understood how well the circulation ot the kidney and 

glamerulus are adapted tor filtration (a concept which we acoept at the present 

time as part ot the mechanism ot the formation ot urine) is evident from the 
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following passage: ~t would indeed be difficult to conceive a disposition 

ot parts :more calculated to :f'avour the escape of water from the bl ood, than 

that of the Malpighian body. A large artery breaks up in a very direct manner 

into a number of minjte branches, each of Wbich suddenly opens into an assem­

blage of vessels of far greater aggregate capacity than itself, and tram which 

the re is but one narrow e:xi t. Hence must arise a very abrupt retardation in 

the velocity of the current of blood. The vessels in which this delay occurs 

are uncovered by any structure. They lie bare in a cell from which there is 

but one outlet, the orifice or the tube." •••.••••• "Why is so wondertul an 

apparatus placed at the extremity of each uriniferous tube, if not to furnish 

water, to aid in the separation and solution of the urinous products from the 

epithelium of the tube?" 

Since that tim.e the more gross architecture ot the renal arteries has 

been fairly well established by numerous workers. Kolliker ( 1860) recognized 

that the main renal artery divided in the hilum of the ·kidney, supplied a few 

branches to the kidney pelvis and then continued on as several branChes between 

the cortex and medulla. ln the interval between the cortex and medulla there 

was repeated branching without anastomoses. From these branChes small arteries 

arose at right angles, divided several times, and for.med small branches which 

ran directly outwards between the cortical fasciculi. These terminal branches 

he called "arteriae interlobulares" and stated that except for a few tine twigs 

to the exterior these arteriae interlobulares were entirely consumed in supply­

ing the "vascular co ils." This brief' statement 1 s an almost ace urate account 

of the renal arterial vasculature as we know it today. From the descriptions 

ot Golubew ( 1893) and von Ebner ( 1899), the impression is gained that in a 

unilobular kidney the maih renal artery di Vides into a :rew large branches which 

pass between the medulla and cortex parallel to the surtace ot the kidney. 

Wh an the se v es sels reach the base ot the pyramid they arch over this. These 
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vessels were ter.med "arcuate arteries" because tram their origin near the 

apex ot the pyramid to their te~ination over the base of the pyramid they 

describe an arch. Vessels were described which arose at rigbt angles from 

the conveà surtace ot these arteries at regular intervals passing out per­

pendicular to the surface of the kidney and parallel to one another. These 

were oalled interlobular arteries because it was believed each supplied a 

kidney unit, the lobule. From them the small arteries to the glomeruli arose. 

Lee-Brown, as late as 1924, presented a description which gives a rather similar 

impression. 14odern tart-books of histology also do nothing to dispel this 

general impression. 

In the interval between Golubew and the present time there have been 

two workers Who have tried to give a sligbtly different and more accurate con­

ception of the distribution ot the intrarenal arteries. Hu ber ( 1906-07) 

amployed a celluloid corrosion technique tor ingection of the renal arteries 

ot cats, dogs and rabbits. He pointed out that while the divisions of the 

renal artecy that gain the interval between the cortex and medulla ran parallel 

to the surface in the kidne,, they divided repeatedly, each branch maintain1ng 

a course parallel to the surface of the kidney. All ot the se branches he 

called arcuate arteries. Be stated that from the convex side of these arcuate 

arteries small arteries arose at acute angles. T.hese were directed with a 

slight inclination to the cortex. Froa their outer surface arose sma.ll arter­

ies which travelled towards the cortex and divided repeatedly 1nto branches 

tram wnich arose the interlobular arteries. Following this description he 

commented that - •U the designation arteriae arcitormes is retained t'or 

arterial branches baving an arched course, relatively large branches arising 

tram these and passing through two to three further subdivisions need to be 

recognized betore arterial branches known as the arteriae interlobulares are 

reached." Buber also could not agree with those who believed that the inter-

lobular arteries each supplied a vascular unit ot the kidney. He noted that 
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some of the interlobul.ar artertes passed only part way through the cortex 

while others branched into turther arteries of interlobular type. 

Gross in 1917 departed still tarther tram the classical description 

ot arcuate arteries. Using for his etudies human kidneys, injected with 

radio-opaque material, he said, "One glanee at the skiagraphs will show that 

there are no divisions or the renal artery which could possibly correspond 

to these so-called arcuate arteries, and that, instead, the renal arterial 

architecture resolves itself into a simple tree-like dichotomous arrangement 

ot the branches of the principle afferent artery." Gross believed it would be 

wise to change the terDdnology ot different caœponents of the arterial tree 

ot the kidney. He suggested that the large branches coursing between the 

cortex and medulla be called interlobar arteries; the amall end-arteries runn­

ing perpendicular to the surface be named intralobular arteries and the small 

arterioles running to the glomeruli should be called. gl.omerular arteries. It 

we accept Traut' s definition of a lobule the term intralobular artery would be 

incorrect, and, as will be seen later, it seems better to keep the term inter­

lobular arteries tor the small vessels giving origin to the afferent arterioles. 

Traut, in 1923, in a very careful and accurate study, attempted to 

correlate the :r iner blood supply wi th the structural uni ts ot the kidney. By 

inJection, either the tubules or blood vessels were stained ligbtly with 

Prussian blue. The who le kidney was macerated in 50~ hydrochloric a cid. Wh en 

the ground-substance and connective tissue were sutticiently macerated the 

kidney was t•ased gently. Traut observed that the kidney was easily separated 

into pyramidal unite whieh he called structural units. These presented the 

tollowing architecture: They varied sligbtly in shape and aize depending on 

the ir position in the kidney. But in general th ose subj ected to equal. pressure 

on all aides were pyramidal in shape possessing tour triangular aides with the 

bases at the periphery ot the cortex and the apices in the medulla, where 

each unit ended in a collecting duct ot the 8th order, each apex being equidistant 
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from the tip of a pap1lla. In the cortex, the centre of this structural unit­

was eomposed of collecting tub~les, which at the level of the cortex and 

medulla ended in four collecting ducts of the tenth order. Packed around the 

collecting tubules and completely surrounding them were numerous coils of the 

convoluted tubules. In the cortex the four surfaces of the pyramid were 

covered by glomeruli. These glomeruli were supplied by glomerulus-bearing 

end-arteries which arise from branches of the so-called areuate arteries. 

Traut here recognized that there were arteriel branches interposed between 

what might strictly be called arcuate arteries and the final small arteries 

giving rise to the afferent glomerular arterioles. There were no arterial 

anastomoses between adjacent lobules, and in the cortex and medulla, capillary 

anastomoses between adjacent lobules was very slight. Traut pointed out that 

when a kidney is eut in the coronal plane the exposed surtace of these tetra­

hedral lobules is identical with the medullary rays as the.y pass out into the 

cortex. The red lines extending out between the medullary rays represent 

the interlobular arteries extending out through the cortex between the lobules. 

He said: "And so it would seem that the lobule is a unit from the point ot 

view ot its blood supply, as well as from its gross point of view." All or 

this would indicate that in this unit structure the lobule is tor.med essentially 

on the basis of the tubular architecture and that the lobular distribution ot 

the blood supply was acquired secondarily. This whole description appears 

reasonable and seems tounded on excellent work. It gives some meaning to the 

irregular divisions of the interlobular arteries, and considera the renal 

structural unit to be of rather small aize. 

More interest has been attached to the finer parts of the renal blood 

supply including that of the glomeruli, the afferent and efferent arterioles 

and the route of the blood supply to the parenchymal capillary plexus. Opinions 

have varied a great deal regarding the exact nature ot these finer structures 
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and many workers have made detailed studies of one or other aspect or this 

portion ot the renal circulation. For this reason it seems advisable to 

diseuse the more minute parts of the vascular bed under appropriate headings. 

Glomeruli: Bowman recognized the essen ti al vascular nature ot the 

glomerulus when he described corpuscles like apples upon an arterial tree. 

"The 14alpighian body I saw to be a rounded mass of minute vessels invested by 

a cyst or capsule ••••••• The capsule is seen to pass into the basement ot the 

tube as the body ot a Florence tlask into its neck." He did not recognize 

that the glamerulus was invaginated into the upper end of the uriniferous 

tubule. Johnston (1899) studied the minute structure of the gl.omerulus b7 

reconstruction trom serial sections. He came to the conclusion tbat the 

afferent arteriole breaks up into rive main divisions as it enters the glam­

erulus. Each ot the se main di vi a1 ons forma a cap il lary plexus. The se capill­

ary plexuses in turn anastomose within themselves and with one another. The 

efferent vessel is for.med opposite the afferent vessel and passes within the 

glomerulus to the hilum where 1 t makes 1 ts exit. In his ma teri al he round tbat 

the efferent vassel was smaller than the afferent but he believed this might 

be due to differences caused by the preliminary injection ot a supersaturated 

solution of Berlin blue. Morrison { 1926), Vimtrup (1928), and ethers agreed 

that the afferent @lomerular arteriole divides into approximately two to six 

primar.y divisions. 

There has been much difterence of opinion regarding whether or not 

there are anastomoses within the glamerulus between capillaries arising tram 

different pr~ary divisions ot the afferent vessel. Vimtrup (1S28) believed 

that the glomerulus is too canplicated a structure to study by any method ot 

reconstruction. From a study ot the glomerulus injected with gelatin and 

Berlin blue and then teased apart, he drew the conclusion that the larger 

lobules ot the glamerulus correspond to the main divisions ot the afferent 

arteriole. He tound no anastomoses between capillaries ot the same priJDary 
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division or between capillaries of different primary divi&ons ot the 

afferent arteriole. This actual dissection seems the most accurate approach 

to the study of a structure so delicate and so camplicated as the glomerulus. 

Bowman believed tbat the glomerular tutt was suspended in the upper 

end ot the uriniterous t ulule uncovered by any tissue. Opinions on this 

question have varied a good deal since that time. On the basis of his own 

work and many others, Ludwig in 1872 stated ". • • • • the wall a ot the capillaries 

are not in ~ediate contact with its tluid contents, a layer ot not very wall 

detined cella with spherical nuclei investing their surface. It is apparently 

stretched unifor.mly over each lobule ot which the glamerulus is camposed, and 

consequently binds the severa! vessels together; on the other hand, it is not 

extended trom lobule to lobule, but if continuous at all, is only so at their 

roots." Von Ebner (1902) believed there was epithelium on the surface at the 

glomerul.us, while the greater mass of cell nuclei deep in the glomeruli be­

longed to a syncytium connecting the capillary loops. Vimtrup in 1928 can­

cluded that in the human kidney each capillarr loop early in its development 

gains a complete epithelial covering. 

Various methode have been used at different times to count the 

glomeru.li or a kidney. T raut in 1923, by a maceration technique, separated 

human kidneys into structural uni ts. He was able to count the number ot 

glomeruli in each or these units. Then, on the basis of the number of ducts 

opening on a papilla, he calculated the number or lobules in a kidney. 11Iul.t1-

plying these figures he obtained glomerular counts tor single kidneys ranging 

trom 3,862,000 to 5, 700,000. In 1928 Vimtrup, by an injectioa technique 

sillilar to that used by T raut, stained the glomeruli wi th Prussian blue. Th en 

all ot the cortex was stripped tram the medulla. With microscope and a ruled 

glass slide the glomeruli were counted in a section of cortex ot known wight. 

By proportion the nUDb er of glomeruli in the total •e1gbed cortex 118.8 calcul.atad 
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trom the number of glomeruli in the small section of cortex ot known weight. 

This work was done on kidneys ot the dog, cat, child, and in the adult man. 

He presented a figure of 887,399 glomeruli tor the kidney ota child, and in 

the adult the figure varied tram 867,177 to 1,233,360. He conc1uded that there 

was a marked increase in the number of glom.eruli with increasing weight ot the 

kidney • This is true in comparing the glome:rular counts of dog and cat with 

man • lUt no su ah conclusion can be drawn from his figures ot the glomerular 

count ot a child and adult. ID one large adult kidney the count was high but 

this would be consistent with the variation found between different individuals. 

Moore, in 1931, also counted glomeruli, staining them first with an injection 

ot Prussien blue and then macerating the kidlley. He too counted the glomeruli 

in. a known weigbt of cortex and from this he calculated the number of glomeruli 

tor the wh ole kidney. He obtained a figure whieh ranged fran 7001 000 to 

1,200,000 as the average glomerular count in each kidney of an adult man. 

Ee concluded that there was no nephrogenesis after birth and that the glomerular 

count decreases with age. Thus, Moore and Vimtrup, using almost the same method, 

obtained very similar resulta but their conclusions were diametrically oppoaed. 

It seems clear that Moore' s conclusions are the only tenable o nes. 

Atterent Glomerular Arterioles: Most writers agree that the majority 

of glomeruli are suspended from the arterial tree by small arterioles which 

arise trom tine end-arteries in the cortex. As pointed out above in this con­

nection, the differences of opinion have been over the exact position in the 

arterial tree ot these end-arteries from which the afferent arterioles arise. 

But most writers (Lee-Brown, Kolliker, Golubew, Huber, llorrison, Gross, Miller) 

agree that the majori ty of the afferent arterioles arise in the cortex trom 

small end-arteries ot tairly unitor.m aize and appearance ter.med interlobular 

arteries. It haa been stated tbat there are a tew atterent arterioles near 

the cortioo-aedullary junction which a ri se from the convex aides or the larger 
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veasels in this area (l4orr1son, Buber, Traut, Jüller). Those afferent 

arterioles arising close to the medulla are in general longer than those in 

other areas ot the cortex (Lee-Brown, lbrrison). 

Efferent Glamerular Arterioles: Bowman noted that the blood ot 

the kidney passed through two sets of capillaries betore passins into the 

veina. He likened this to a portal system with the efferent vessel connect­

ing the two capillary systems. Since that time much attention has been given 

to the nature and distribution ot these vessels. Kolliker in 1860 stated 

that "the vasa efferentia although arising from capillaries are still not 

veina, but have the significance, and in part the structure, of small arteries ·" 

Bensley, in 1929, using a special silver stain, round tbat there were special 

·cella closely applied to the endothelium of the vasa etferentia. These cells 

he ter.med pericytes. He did not claim that they were of contractile nature 

but suggested that if they were, the vasa efferentia were admirably suited to 

alter the intraglomerular pressue. He did not agree with those who held that 

the difference in pressures between the glomerular and tubular capillary 

plexuses was due to the smaller diameter of the vasa efterentia. In discuasing 

the distribution ot the vasa etterentia Bensley agreed with Xolliker (18601, 

Ise-Brown (1924) and others, who stated that the temination ot the vasa 

efterentia depended on their position in the cortex of the kidney. In the 

outer cortex the vasa efterentia were called the subcapsular type. These ran 

towards the capsule tor a considerable distance betore breaking up into a 

dense intertubular capillary plexus. In the middle ot the cortex there were 

the cortical type. These atter a short distance gave ott a tew capillaries 

and then brolœ up into an 1ntertubular capillary plexus. Those arising from 

glomeruli near the medulla were called the oortico--medullary type. 'lb.ese were 

directed towards the pelvis. They broke up by repeated divisions into long 

vessels ot large diameter which ran in a straigbt course between the collecting 

tubes ot the medulla. These st»aight vessels were called arteriolae rectae and 

ended 1D a capillar,y plaxua near the pelvis. 
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Direct Blood SUJ?PlY to Cortical and Medullary Capillary Plexuses 

Since Huschke's and Bowman's time the greatest differences ot opinion 

regarding the blood supply ot the kidney have arisen concer.ning the 

question whether or not .!.!!. ot the blood ot the renal artery first passes 

through the glomeruli before reaching the tubular capillary plexus ot the 

cortex and medulla. Various ideas have also been held concer.ning the question 

ot anastomoses between the capsular and interlobular arteries. These differ­

ences ot opinion are partly due to errors inherent in the various techniques 

applied and partly to the conclusions drawn regardini the blood supply or the 

human kidney from observations on abnor.mal kidneys and the kidneys ot other 

animale. For instance, there must always be a tendency to error in the re­

construction ot complicated structures from serial sections. ln the injection 

of vessels there is always the ditficulty that the injection mess may go too 

tar and completely obscure the structures to be studied, or it may not penetrate 

far enough. 

be broken. 

Then, too, in some injection techniques the fin er structures may 

It is known tbat there is good collateral circulation in the kidney 

ot a dog between the capsule and parenchyme.. The application ot conclusions 

fran experimenta on sueh animals to man must be guarded. As Ml.cCallum in ))939 

po1nted out "many ot these observations when analyzed are actually not in con­

flict but are mutually contir.matory." 

The different views concer.ning the finer blood supply of jhe kidney tall 

into three groups. Th6 first view (Huschk:e 1828, Bowman 1842, Huber 1906-Q7) 

is that all ot the renal arterial blood normally passes first through a 

glomerular capillary tuft betore reaching the secondary cortical and medullary 

peri tubular capilla:ry plexus es.. According to the second view ( Schweigger-Beidel, 

1865) most ot the medulJa ry and many ot the cortical peri tubular capillary 

plexuses normally have a direct non-glomerular arterial supply. 'lhe third 

view ( Golubew 1893) is a ccmprom.ise between the tirst and second: the normal 
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sup:ply in the normal mammal is both indirect or gloœrular and direct or 

non-glamerular in both cortex and medulla. 

Cortical Capillary Plexuses. As pointed out above, most writers be­

lieved that the renal arteries finally terminate in small branches called 

interlobular arteries which give origin to the afferent arterioles at the 

glo.merul1. HUschke (1828) believed that all of these small branches or the 

renal artery gave origin only to afferent arterioles which ended in glomeruli. 

He thought that all or the blood of the peri tubular capillary plexus of the 

cortex came from the efferent vessels of these glomeruli. Bowman injected the 

renal arteries of different kidneys with one or other of two kinds of injection 

maas and then studied sections with the microscope. Lead chromate was one ot 

the materials used and the other was vermilion-stained aize, a gelatinous 

material used tor stiffening cloth. Bowman believed that all ot the blood 

ot the renal artery except tor· a small amount of blood to the capsule, pelvic 

structures and walls of large blood vessels, tirst passed through glomeruli 

betore reaching any further capillary plexus. He commented at some length 

on this aspect ot the circulation of the kidney in the following words: "There 

are in the kidney two perfectly distinct systems of capillar.y vessels, through 

both ot which the blood passes in 1 ts course from the, arteries into the veina: 

the tirst; that inverted into the dilated extremities of the uriniterous tubes, 

and in ~ediate connection with the arteries; the second, that enveloping the 

convolutions ot the tubes and canmunicating directly wi th the veina. The 

efferent vessels of the Malpighian bodies, that carry the blood between these 

two systems, may collectively be termed the portal system of the kidney." 

These conclusions of Bo1111an 'a are essentially accurate even though the obser­

vations from which these conclusions were drawn are not all that could be 

desired. 

Ludwig ( 1844) believed that :the blood to the cortical intertubular 

capillar.y plexus first passed through glomerul1, but he thougbt tbat some ot 
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the 1nterlobular arteries ter.minated near the surface ot the kidney by 

greaking up dinrectly into a capilla:ry plexus. He tound an occasional small 

tWig arising from afferent arterioles just betore they entered a glomerulus. 

This twig passed directly to the cortical capillary plexus and later became 

known as Ludwig's arteriole. Kolliker (1860) agreed essentially with Ludwig. 

He stated that a tew ot the interlobular arteries terminated in a subcapsular 

capillary plexus W1. thout lf1 seing through glomeruli and some ot the inter­

lobular arteries penetrated directly to the fibrous capsule. Virchow ( 1857) 

also agreed with this opinion teeling that most ot the blood ot the inter­

lobular arteries passed through glomeruli although a tew branches teDRinated 

e1ther directly in the subcapsular capillary plexus or penetrated the 

fibrous capsule. In all ot these views it is hard to diti'erentiate between 

observed tact and mere opinion. 

In 1885 Steinach introduced the idea of direct communication between 

arteries and veina on the basis of injection experimenta on living animale. 

In kidneys injected through the artery with a suspension ot lead chromate in 

gelatin he tound some vessels in the boundary zone between the cortex and 

medulla containing 1njecting material, even though the glomeruli were only 

partly tilled and the efferent vessels in this region contained none or the 

injection maas. He concluded that these were veina which had been injected 

by some more direct route than through glomeruli. Be claimed to have con­

fir.med this view by injecting lycopodium spores Wbich were too large to pass 

through the glomeruli or through ordlna:ry capillaries, into the carotid artery 

and recovering them in the blood ot the renal vein. This seems open to 

serious doubt since these lycopodium spores, supposed to be incapable ot 

passing through ordinary capillaries, must have passed thrOQgh the capillar­

ies ot the head and lunga to have reached the Jett aide of the heart. 
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Golubew ( 1893) injected arteries with silver nitrate and claimed that 

this had the advantage of detining the structure of the vessel wall as well 

as marking out the course ot the vessel. He contir.med by direct observation 

the view ot Steinach that there were some direct connections between arteries 

and veina • He also described smal1 vessels arising from vasa etf'erentia close 

to the glomerulus and going directly to the intertubular capillary plexus ot 

the cortex. 

Buber ( 1906-07) employed a celluloid corrosion technique for the study 

ot the renal arteries. 'lhis method had the advantage ot allowiDg a great many 

vessels to be studied at one time throughout their entire length. Moreover, 

observations in three d~ensions of' injected arteries seemed to atford greater 

accuracy than observations ot reconstructions from serial sections. The injec­

tion mass was made ot photoxylin camphor, stained red with alkanin. The corrosion 

ot kidney tissue was carried out with strong hydrochloric acid. The kidneys ot 

daga, cats, rabbi ts and guinea pigs were used in this study. Huber was convinced 

that all of the blood ot the interlobular arteries reached the cortical capillary 

plexus only atter passing through glomeruli. He stated: "So far as may be 

dete~ined in corrosion preparations in which the peripheral portions of the 

interlobular arteries appeared completely injected, they end in afferent 

glomerular branches and do not present t eœinal branches which end in c apillaries 

in the peripheral portion of the cortex." "Now and then, and more particularly 

in the dog, have I round an interlobular branch which did not campletely break 

up into branches w1 thin the renal cortex, but could be traced beyond the outer 

border ot the cortex anastomosing. as it would appear, with capsular branChes.• 

He concluded this very important study with the tolloWing remarks: "From my 

observations on corrosion preparations of the dog. cat. rabbit• guinea-pig and 

rat, in which it is possible to trace the renal arteries througb their several 

branchings to their tem.1nat1on, 1nclud1ng the branches which go to the glomerul1, 

the glomerul1 themselves, the branches leaving the glomeru11. ana often the 
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capillary plexuses for.med by these, the conclusion seems warranted that prac-

tically all or the blood round in the capillaries surrounding the different 

portion~ of the uriniferous tubules is blood that has first passed through 

the glamerular vessels." Be commented that this was so clearly stated by 

Bow.man many years betore tbat he should be given full credit for discovering 

the truth ot this aspect of the circulation in the kidney. This was undoubtedly 

the beat injection study of tine ves$els of the kidn~ up to this time and 

in the main the observations agree with·what now seems to be fact according 

to the best authorities. 

Ise-Brown (1924) believed that he could settle these controversial 

points by preparing material which could be photographed. His photographs 

appear to be ot sections in Whieh the vascular tree has been injected but it is 

impossible from his paper to understand anything about the technique employed. 

He claimed that interlobular arteries besides ter.minating in glomerul1 may either 

break up into a subcapsular cortical capillary plexus or perforate the capsule. 

He also believed that the interlobular arteries deep in the cortex give ott 

branches very occasionally which break up into an intertubular capillary plexus 

wi thout passing through glomeruli. 

Morris on ( 1926) using the celluloid corrosion technique ot Buber wi th 

sligbt modification prepared specimens of which he was able to get sorne excellent 

photographe. The material was derived from human autopsies varying in age· from 

birth to seventy-five years and also kidneys tram dogs, cats, rats, rabbits and 

guinea-pigs. His descriptions and photographe of the vessels show that inter­

lobular arteries ~ either ter.minate in a subcapsular capillary plexus or may 

penetrate the capsule. He also showed a picture ot a vessel which arose tram 

an interlobular artery deep in the cortex and which broke up into a capillary 

plexus Wi thout passing through a glomerulus • Fran this study he believed that 

tundamentally the architecture of the renal blood supply was designed to allow 

all ot the blood to pass through glomeruli betore reaching the tubular capillacy 

plexuses, but that occasionally there were direct nutrient arteries tram the 
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branches or the temination or the interlobular arteries. He telt that these 

two additional non-glomerular sources ot nutrient supply were, however, so 

infrequent as to be negligible from a physiological point of view. The photo­

graphe of his material showing structures dawn to the aize ot glomeruli make 

this work a val ua ble contribution to the 11 terature of renal vascular archi-

tecture in man. 

14edullary C apillary· Plexuses. l4any opinions have be en e xpressed con­

cerning the route taken by blood reaching the medulla. Huschke in 1828 stated 

his beliet that all of the blood to the medullary capillary plexuses first 

passed through the cort.ical capillary plexuses and reached the medulla by a 

series of straight vessels. B owman ( 1842) thought that all ot the blood to 

the medulla passed through glomeruli but believed that the straight vessels 

arose directly from glomeruli adjacent to the medulla, and not from the cortical 

capillary bed. Ludwig (1844) accepted the opinion of Huschke that the straight 

vessels to the medulla arose from the cort:ical capillary plexuses • Virchow 

(1857) and Kolliker (186~ agreed essentially with Bowman that the straight 

-vessels of the m.edulla a rose from adjacent glomeruli. Kolliker called these 

arteriolae rectae after Arnold. Virchow also thought that some of these 

straight vessels arose directly from branches at the large renal arteries ad­

jacent to the medulla ( arteriolaè rectae verae); Golubew in 1893 expreased 

the opinion that the straigbt vessels to the medulla originated traœ three 

sources. Most of them arose from the efferent vessels o:r glomeruli adjacent to 

the medulla. However, he believed that some ot the arteriolae rectae had a 

direct origin from the afferent arterioles of adjacent glomeruli and from the 

arcuate arteries. He also described a new type of structure which he called 

retia ~rabilia renum nova. T.hese were small s~plitied glomerul1 lying near 

the corticomedullary junction. Golubew thought these were newly developed 

glomeruli. Aa will be seen later others placed a different interpretation on 

these structures. 
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Gross injected the renal arteries with gelatin coloured with Prussian 

blue • He noted that in the no:nnal human kidney the cortex stained while the 

medulla remained unstained. Thi~ appearance was almost reversed in small con­

tracted kidneys. Gross thought that these tindings indicated that in the con­

tract ad diseased kidney either the injection was forced into other nor.mal but 

more direct channels to the medulla because or the glomerular obstruction or 

else this appearance indicated newly ror.med direct vessels to the medulla. To 

settle this question he hardened the cortex ot a normal kidn·ey with formalin and 

then injected 1 t. No material reached the medulla. Be concluded fran this that 

in a normal kidney all of the blood of the medulla first passed through the 

glomeruli but that in the chronically diseased kidney new direct cbannels were 

tor.med to supply the medulla. This idea will be discussed more tully below 

along with the opinions ot others. 

Lee-Brown in 1924 said that he saw nothing clearly that could be called 

arteriolae rectae verae. Morrison (1926) stated that aside fran the straigbt 

vessels to the medulla arising from adjacent glomeruli, there were some straight 

vessels arising from branches of the areuates. The se branches possessed thicken­

ings in some cases. MorrisonLthought that these thickenings represented either 

Golubew's retia mirabilis renum nova, or the small glomeruli which Buber and 

Lee-Brown thought represented atrophie glomeruli lying close to the medulla, as 

a result of degeneration ot nephrons in this area. 

MacCallum. in 1926 and 1939 wrote two excellent papers which cleared up 

much ot the contusion that had existed regarding the finer blood supply of the 

kidneys. A combined method was used which consisted of staining the vessel 

wall and then injecting the lumen with material ot another colour. Vital stain­

ing ot the vassel wall was carried out with Janus green and the vessels were 

injected with carmine gelatin. The animals used ineluded the rabbit, dog, 

guinea-pig, rat, eat and opossum. Thes tained and injected kidneys were atudied 
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in seri al sections. This method has the advantage of indi cating what part of 

the vascular tree i s present in the sections and so preventing some ot the errors 

occurrtng when tracing a given vassel in seria! sections. This is very tmportant 

when drawing conclusions from serial sections where artery and vein lie parallel 

and close to one another. In his first paper ~cCallum came to the conclusion 

that interlobular arteries always terminated in glomeruli. He eonsidered 

that the suggestions of those.who believed that interlobular arteries could 

ter.minate directly in the subcapsular capillary plexus were founded on er~rs 

ot observation due to the r act that the arterioles from the end ot interlobular 

arteries were in the same line as the artery. Ir the glomerulus was missing 

it appeared as though the interlobular artery continued on to end directly in 

the subcapsular capillary plexus. In one dog 14acCallwn found an interlobular 

artery which penetrated the capsule. In the following quotation 'cCallum 

gives a clue to the conclUSion he was able to make in his later publication. 

He stated in regard to the arteriolae rectae verae, "l have failed to find in 

the animals mentioned a single instance of auch a vassel arising directly from 

the arterial arcades or interlobular arteries and breaking up directly into 

straight vessels in the medulla. It would be unwise, however, to draw the con­

clusion that such vessels never oocur, for I have tound in same instances 

atrophie glomeruli in which the afferent and efferent vessels were still patent, 

and it seems probable, as suggested by Huber, that the disappearance ot the 

glomeruli and ot the tubules to which they are related, either in the course ot 

development or as the result or disease, would result in the persistance ot their 

atterent and etterent vessels in such a way as to give the appearance of direct 

arteriolae rectae ar1sing from an artery and not througb the inter.mediary or a 

glomerulus. The instances which I have round of auch a partial disappearance 

ot glomeruli were not, however, in the lowermost areas of the cortex, and in 

relation with the larger arteries, but at the upper level of the cortex. In 
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two instances in guinea-pigs, vasa afferentia went to glomerul1 which con­

sisted of a single U-shaped loop, but were surrounded by a capsule and then 

continued on with undiminished calibre as efferent vessels." He believed at 

that time that a slow obliteration of the glèmerulus might allow the blood 

finally to pass througb. just one ot the short circuits within the glomerulus 

described by Johnston and so resul.t in a structure which looked like a direct 

artery to the capillary bed. He insisted on the relative unimportance of such 

an occurrence from the standpoint of the theory or normal urine secretion. 

MacCallum in 1939 was able to give a very comprehensive description of 

the steps leading to the development of direct vessels in the cortex and medulla. 

The seme technique, and animal& ot the same species were used as in his previous 

atudy. KacOallum's findings showed that in a glomerulus the site of disease, 

most of the capillary loops became compressed and obliterated, until the affer­

ent and efferent arterioles are joined by a single endothelial channel through 

a :fibrotic g.).omerulus. At this point the efferent vassel acquires a defini te 

coat of circular muscle so that there 1 s a direct vassel to the capillary 

plexus or the kidney composed of two arterial segments joined by a capille.cy 

loop. F.ram this point turther changes occur which may be divided aceording to 

MaœCallum into: "Type 1, vascular unit obliteration deviation process•, or 

~ype II, vascular unit non-g1omerular transformation process." In the change ot 

type 1 the capillary loop is compressed, the efferent vassel collapses and 

finally the lumen of the afferent arteriole is completely obliterated leaving 

no trace ot the afferent arteriole glomeru.lus and efferent arteriole. In the 

type I 1 process, the endothelial channel through the fibrotic glomerulus en­

large•, acquires a muscle coat, the etterent arteriole 1ncreases in diameter 80 

that :finally there is a single glomerulus-:free arteriel vessel unitor.m in aize 

and structure. 14a~allwn stated that depending on whether this vassel is in the 

cortex or close to the medulla, "this new type non-glamerular vessel 1s the 

controversial medullary true straight artery, arising directly from arcitorm 
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or interlobular artery and the direct glomerulus-free end or lateral branch 

ot the interlobular artery which joins the cortical peritubular capillary 

plexus without first having broken up into a glamerular capillary tutt and 

recombined." MacCallum described many variations of this direct artery to 

the cortical and medullary capillary plexuses. He mentioned that all of these 

vessels previously described in pathological human material bave been observed 

in the kidneys ot his apparently normal animale. He fel t that all of these 

represent either inte~ediate or end-stages or variants of a pathologically 

induced series of circulatory readjustments. ~cCallum concluded àis dis­

cussion by expressing the opinion that the oontroversy ot the past was due to 

a tailure ot.workers to detine nor.mality and to use what could definitely be 

called normal kidneys in their etudies. Be stated that the renal blood supply 

is exclusively glamarular until pathologically induced circulator.y readjustments 

make it otherwise and he went on to say: "When these relatively intrequent 

pathological departures tram the normal are noted in text-books ot nor.mal 

ana:tomy or physiology, i t should be pointed out defini tely that they are patho­

logie al in character." 

Snmmary of present Statua: While there bas been a great difference of 

opinion regarding the blood supply of the kidney it now seems clear that in 

the normal human kidney the fundamental plan o:f the renal vascular architecture 

allows all of the blood to pass through glameruli before supplying the capillary 

plexus of the cortex and medulla. The majority of afferent arterioles and 

glimleruli are suspended :from arteries or rather uniform and small aize which 

in general are directed :from the medulla towards the surface of the kidney. 

These small arteries giving origin to most ot the glameruli are end-arteries 

and may conveniently be called interlobular arteries. Occasionally direct 

vessels to the capillary plexus ot the cortex and medulla do occur, and 1n the 

human kidney there are sometimes anastomoses between interlobular arteries and 

the capaular vessels. MlcCallum's work seems oonclusi ve in contirming the 
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opinion or Huber, Gross andMorrison that the direct vessels to the capillar,y 

plexuses are rare and occur as the result of the changes in the kidney con-

sequent on age and disease. As Will be seen later, Oliver and his co-workers 

have discussed more tully the development ot these direct channels in chronic 

renal disease and have attached a definite signiticance to their presence in 

the diseased kidney. 

Arterial and Arteriolar Changes in the Kidney in Hypertension 

General: Observations on autopsy material that indicate some association 

between renal disease and hypertension have been noted tor over one hundred 

years. But it was not until Riva-Rocci in 1892 developed the method ot measur-

ing blood pressure with the pneumatic curt and mercury manometer that hyper-

tension was recognized as a detinite clinical entity., It was only after this 

time that people began to investigate the specifie pathology ot this disease. 
A 

Whether or not disease ot the kidneys plays a primary role in the development 

or hypertension has been a question for speculation and controvers.y for a long 

time. Richard Bright, in 1836, in discussing the clinical picture of acute 

glomerulonephritis, mentioned the presence of a "full and bard" pulse in these 

patients. ID speaking about contracted kidneys he said: "The tirst circumstance 

which s trikes the mind, is the extent and trequency to which the derangement 

ot one organ is connected with the derangement of severa! others: Yet we are 

not at liberty to assume that the disease at the kidney bas been the pr~ 

cause on which the disease of the rest depended." That he recognized Changes 

wbich must have been due to the hypertension in these cases is apparent trom 

his comment that the hearts in many cases showed a marked hypertrophy, par­

ticularly of the left ventricle, for which no cause could be round in the heart 

or large arteries. He observed that the degree ot hypertroJhy paralleled the 

progress of disease in the kidneys tor the hypertrophy w~s most marked when 
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ot this hypertrophy to be due to a demand for increased effort on the part 

ot the heart and thought this might be a result either of an altered state ot 

the blood or of an increased resistance in the finer circulation. That he even 

anticipated the much later classification of contracted kidneys as being due 

to chronic glomerulonephritis and arteriolonephrosclerosis, seems apparent tram 

his comment that at autopsy he found oontracted granular kidneys which should 

have came tram patients with a history ot albuminuria, but no auch history 

could be obtained. He also found that there was an increased resistance to 

pertusion of nodular contracted kidneys. Toynbee ( 1846) showed that this 

difficulty was due to thickening of the wal.ls and narrowing of the lumens ot 

the iJ:.trarenal vessels. lohnston ( 1858) round a similar thickening in the 

small vessels of other organs, but he believed the primary disease to be in 

the kidney. He thought that the purpose of the thickening was to prevent the 

accumulated noxious substance from passing into the tissues. 

Gull and Sutton ( 1872) described a widespread "hyalin-fibroid" thicken-

ing of small vessels in the kidneys and other tissues from autopsy cases in 

which there were contracted granular kidneys. They also found similar but 

slight changes in the small vessels of kidne.ys which were finely granular, of 

normal size and presented no marked changes in the kidney parenchyma. From 

these observations the.y concluded that the first step in the development ot 

chronic Brigbt's disease was this thickening or small vessels througbout the 

body. They believed that this widespread thickening and con striction of tine 

vessels, which they called arterio-capillary tibrosis caused an increased peri­

pheral resistance resulting in the cardiac hypertrophy. It seems evident now 

that Without realizing it they were describing the kidneys of the early stages 

of benign arteriolar nephrosclerosis, and from their observations drawing the 

conclusion that arteriolar constriction was the cause of all renal contraction 

and gran ulari ty. 
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But it was not until the work or J'ores (1904) and Volhard and Fahr 

(1914) that contracted granular kidneys were clearly differentiated into two 

types: one the kidney of chronic glomerulonephritis and the other the kidne7 

ot arteriolar nephrosclerosis. Clinically it was known that contracted kidne7s 

were associated with arterial hypertension in most instances. The hypertension 

associated with chronic glomerulonephritis was generally regarded as of renal 

or1g1n while the hypertension assooiated with arteriolar nephrosclerosis was 

considered to be the essential hypertension of Frank and the problem became 

one of deter.mining the pathogenesia of this tor.m ot arterial hypertension. 

It soon became apparent that the arterio-capillary :fibrosis ot Gull & 

Sutton was not sutticiently widespread to cause an increase in peripheral 

resistance adequate to produee }Srsistent hypertension. Albutt (1915) expressed 

his beliet that a generalized vasoconstriction was responsible for essential 

hypertension and that the vascular disease was secondary, appearing as a con­

sequence of the hypertension. Attention was now directed toward :finding the 

cause ot this primary generalized vasoconstriction and for some years no 

serious thought was given to the kidney as a prtmar.y source of this widespread 

disturbance o:f vascular tone. But as time went on same workers had kept in­

sisting that there must be some signifieance to the constant association ot 

chronic renal disease and hypertension, Various methods have been used to 

study the blood vessels ot the kidney from cases of hypertension, all ot them 

yielding contradlotory results. MOre recently, the production of experimental 

hypertension by constriction ot the main renal artery by Goldblatt and others 

has awakened tre.mendous interest in the question of the relation ot renal 

vascular disease to hypertension and a marked tmpetus and direction have been 

given to all of these studies. 

Goldblatt (1932-38) reawakened the waning interest in the problem ot the 

relation ot chronic renal disease to hypertension. Goldblatt (1932} was 

success:ful in producing experimental hypertension in doge by markedly constricting 
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the main renal arteries with the production ot marked renal ischaemia. Since 

then in a series or brilliant papers be has confirmed the resulta ot the 

first expertments and extended the observations in an attempt to define the 

mechanism operating in the production of this for.m of hypertension in dogs. 

These same resulta have been contir.med in dogs and obtained also in rabbits. 

cats and monkeys by other investigators. 

Goldblatt started with the hypothesis that hypertension associated wit~ 

narrowing ot intrarenal arteries was caused by this arterial narrowing through 

the reduction of renal blood tlow Wbich he assumed would result from the pres­

ence of auch vascular lesions. Ir this hypothesis were correct. the experimental 

production or intrarenal vascular sclerosis should be followed by the appearance 

ot hypertension. NO exper~ental method was available for producing the requisite 

lesions in the intrarenal arteries, and tor this reason Goldblatt adopted a 

method by which he could at least simula te the presumable functional etfect ot 

arterial narroWing by reducing the blood tlow through the kidney. A special 

clamp was devised which could be fitted around the main renal artery and by 

means ot which the artery ·could be compressed and constricted to any desired 

degree with consequent renal ischaemia. 

Briefly stated, the resulta of these experimenta on dogs are these: 

Constriction of rather marked degree of one main renal artery causes a rise ot 

diastolic and systolic blood pressure which persista for about one month but 

gradually falls again to normal. When a similar constriction is applied to both 

main renal arteries usually a persistent hypertension oacurs. It constriction 

is carried out on the aorta just aboye the renal arteries. hypertension occurs 

in the bodY above the constriction, but if the constr1ct1on ot the aorta is 

below the renal arteries no rise in blood pressure occurs. 

The proof that ischaemia of the kidney is in sane way responsible for 

this r1se in blood pressure is shown by the :f'ollow1ng experimenta. If ischaemia 

ot only one kidney is produced and then, while the blood pressure is still 
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elevated, either the ischaemic kidney is removed or the arterial constriction 

relieved, the blood pressure falls promptly to normal. If, when hypertension 

bas been produced by constriction of both renal arteries, either one clamp 

or both clamps are ramoved, the blood pressure returns to normal -- this tall 

ot blood pressure being most rapid when both clamps a re released. When one 

kidney is removed and the other transplanted to the neck, constriction of the 

blood supply to the transplanted kidney resulta in an elevation of the blood 

pressure, proving that the mechanism of this form of hypertension_._is not reflex 

in nature. Bilateral nephrectomy is not followed by persistent hypertension 

indicating that renal i nsutficiency 1s not necessary for the development ot 

hypertension. In conclusion, Goldblatt stated tbat: "These results constitute 

evidence that the kidney is responsible for the affect and that it must be 

present in the body in order for hypertension to occur." Since then the study 

of experimental hypertension has been directed towards deter.mining the meChanism 

ot this tom ot experimental hypertension. All of these findings have stimulated 

the study or the renal vaàculature in cases ot hypertension in man in order to 

determine whether renal 1 schaemia may be responsible tor eesential hypertension 

in man as it is in the experimental animals. 

The studies of the renal vasculature of abnormal kidneys both before and 

atter Goldblatt's work have been carr18d out by the use of three main methods. 

Three-dtmensional etudies have been made by various injection techniques, by 

mdcrodissection and by reconstruction or a combination of these. There have 

been some excellent studies made on histological material. Others have 

attempted to study this pxoblem by perfusion exper~ents. 

Histological Investigations: Fishberg ( 1925) detined essential ·hyper­

tension as a persistent hypertension Which neither on clinical or anatomical 

grounds can be regarded as being c aused by intlammatory or obstructive disease 

ot the kidneya. In a study ot tissues tak:en at autopsy from 72 cases or 

essential hypertension he tound sclerosis ot small renal cortical arteries and 
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arterioles in every case. He concluded that arteriolosclerosis was a naturel 

phenomenon of ageing, accelerated in its development by the wear and tear of 

hypertension. He believed the renal lesion could not be held responsible 

tor the hypertension. In drawing thls conclusion he seems to have been intlu­

enced by lack of evidence of renal insutriciency in most cases. Since this 

work preceded that of Goldblatt, Fishberg was not aware that experimental 

hypertension of renal origin can be produced without signiticant impair.ment 

of renal excretory function. 

Bell & Clawson (1928) made a very careful histological study ot the 

renal arteries and arterioles of the kidneys :from 420 cases of essentiel hyper­

tension. Cases were accepted as instances ot essentiel hypertension when 

either there was a persistent systolic blood pressure of 150 mm. of mercury 

or more, not as~ociated with any disease known to cause hypertensien, or wben 

there was an idiopathie hypertrophy ot the heart exceeding 450 grams in the 

female and 500 grams in the male. From these studies they concluded that 

thickening of the elastic lamina of vessels down to the afferent arteriole was 

no indication that the patient had suftered from hypertension unless these 

changes were extremely severe. Restrictillg the te:nn arteriole to the afferent 

glomerular arterioles they stated that: "No instances of definite sclerosis of 

the afferent glomerular arterioles were observed inwhichhypertension could be 

excluded With certainty, so that we are inclined to consider this lesion pathog­

nomonic of hypertension: but turther etudies should be made before we conclude 

that this relationship is without exception." Ten percent ot their cases ot 

hypertension did not show renal arteriolar sclerosis. They believed that there 

were sutticient studies available to indicate that generalized arteriolosclerosis 

was not a common accompaniment of hypertension. They thought that on histo­

logical grounds alone a tundamental distinction could not be made between 

arteriosclerosis and arteriolosclerosis. In discussing the possible causes ot 
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hypertension they stated their beliet that renal disease could not be held as 

the cause of essential hypertension. They believed that primary hypertension 

was not c aused by vascular disease but that 1 t put an addi tional strain on 

the arterial system which intensified and accelerated arterial degeneration 

througb.out the body and especially in the kidney. At the time ot the ir work: 

they were not intluenced by Goldblatt's resulta. In 1939 Bell bad altered his 

opinion slightly and stated: "It is clear that severe renal arteriosclerosis 

may cause or intensity hypertension and it appears probable that hypertension 

may intensify arteriolosclerosis." 

Volhard ( 1935) stated that the dominant idea in the theories regarding 

the cause of hypertension was that the increased resistance was functional and 

not organic throughout the body. He divided hypertension into two distinct 

tor.ms: the "pale hypertension" of renal origin due to generalized vasoconstric­

tion caused by the presence of pressor substances in the body; and "red hyper­

tension" (or essential hypertension) which was not ot renal origin. He believed 

that red hypertension developed on the basis of an early senescence of the 

wh ole a rte rial tree. He e xplained the initial ri se in systol1c pressure on the 

basie of a loss ot elasticity of the larger arteries. This resulted in an over­

distension of smaller arteries which then underwent changes which converted 

them into rigid tubes. As ar esult, a more direct pressure was transmitted 

to the smallest vessels which were first reflexly contracted and then later 

became hypertrophied, resulting in an increased peripheral resistance. The 

changes in the larger arteries of these two forms of hypertension he thought 

could be distinguished. The vessels tram cases of red hypertension showed a 

dittuse losa of the muscle coat with sane hypertrophy of the outer coat and an 

increase in the elastic and collagen fibres and dilatation of the lumen, while 

in the vessels tfom cases of "pal~ or renal hypertension there was a dia­

seminated musoular hypertrophy and no dilatation of the lumen. To Volhard the 
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hyaline changes in renal arterioles were not sclerotic but rather soft in 

character ("arteriomalacia"). These changes he believed were due to a 

disturbed and inefticient blood supply to vessels ot this aize due to the 

changes occurring 1n the veasels proximal to them. Because or the changes 

occurring in the arteries proximal to the arterioles, he believed that the 

high blood pressure was not transmitted to the arterioles and theretor~ changes 

in arterioles could not be explained on the·basis of an increased strain. 

lioritz and Oldt ( 1937) noted an almost complete lack ot agreement as 

to the character and distribution ot vascular lesions in association with 

essential hypertension. They believed that a si. mple morphological study ot 

this problem should be capable ot accurate analysis. With this end in view 

they made a careful histological study or the arterioles of the kidney, spleen, 

pancreas, adrenal, gastro-intestinal tract, skeletal muscle and liver from 

100 cases of hypertension and 100 cases known to have been non-hypertensive. 

Vessels ot lOO)U or lesa in diameter were considered arbitrarily as arterioles. 

The criteria tor hypertensive cases 1ncluded a history ot persistent hyper­

tension higher tban 160/90 or 150/100 t ogether with a heart weight ot 450 grams 

or more in the male and 350 grams or more in the teu;.ale. Cases presenting any 

obvious cause 1br the cardiac hypertrophy auch as valvular lesions were not 

included. The non-hypertensive control cases were required to have had repeated 

blood pressure readings of lesa than 140/90 and heart weights lesa than 400 

grams in males and lesa than 300 grams in :females. They described three types 

ot change in the arterioles studied which they ter.med intimal hyalinization; 

intimal proliferation; and medial hypertrophy and degeneration. They con­

cluded that the first two of these were primar,y pathological processes occurr­

ing in bath hypertensi ve and non-hypertensi ve cases. The intima! hyalinization 

was more trequently severe in cases ot hypertension than in non-hypertension. 
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The medial hypertrophy they believed to be a secondary phenomenon represent­

ing a compensatory reaction to dilatation of the arterioles which may have 

resulted either from increased arterial blood pressure or medial degeneration. 

This type ot change was detinitely more coDDnon in cases ot hypertension. The 

only positive and detinite correlation of' arteriolar disease and hypertension 

was tound in the kidney. Ninety-seven percent of the cases of hypertension 

showed renal arteriolar s clerosis, while renal arteriolar disease of more than 

mild degree was found in only two percent of the non-hypertensives. It seemed 

to Moritz and Oldt that the only two possible explanations of these findings 

were that hypertension causes sclerosis of renal arterioles or that arteriolar 

sclerosis causes hypertension. They thought that the first view attributed 

an extremely high degree ot selective vulnerability on the part of renal 

arterioles to injury of a purely mechanical nature causes by the high blood 

pressure 8 ince the arterioles ot other organs frequent !y were normal. They 

believed it was more reasonable to assume that primary sclerosis of the arter­

ioles in the kidney was the cause of hypertension, and pointed out that this 

belief was in hamony with the mechanisms concemed in the experimental pro­

duction of hypertension by constriction ot the main renal arteries ( Goldblatt). 

This was the f'irst time in many years that a serious study had led to the 

implication of sclerosis of renal arterioles in the hwnan kidney as the primary 

factor 1n the causation of' essential hypertension. Since their observations 

were essentially the same as Bell and Clawson in 1929, it seems likely that 

the tindings of Goldblatt strongly intluenced thei r interpretation of the 

relation of renal arteriolosclerosis to hypertension. 

Williams and Harrison ( 1937) studied the relation of changes in the 

renal arterial and arteriolar vascular bed to age and hypertension. They 

examined histological sections ~m normal kidn~s, kidneys or chronic glomerulo­

nephritis, b enign nephrosclerosis and malignant nephrosclerosis. They round 
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an association between age and hypertension on the one hand and sclerosis ot 

renal vessels of all sizes on the other. The atherosclerosis of the larger 

vessels was most commonly associated with age while the changes of small 

vessels and arterioles were most commonly round in cases of hypertension. 

They considered that same cases of essential hypertension may arise on the 

basis of a severe degree of renal arteriosclerosis, but to them it seemed most 

likely that the changes in amall arteries and arterioles in cases ot hyper­

tension were secondary to the hypertension. This opinion is in accord with 

that of Bell and Clawson and opposed to the views or Moritz and Oldt. 

Since Goldblatt's work a number of cases have been reported purporting 

to show that obstruction of the main renal artery in man can produce hyper­

tension. From the se the following two cases were selected as the best examples 

to illustrate how the Goldblatt mechanism of hypertension might apply to some 

cases ot hypertension in man. Leadbetter and Burkland (1938) reported a case or 

hypertension of three years' duration in a boy of 5i years of age which was 

cured by unilateral nephrectomy. In the main renal artery ot this kidney 

there was a smooth muscle plug almost completely filling the entire lumen of 

the main renal artery. Boyd and Lewis in 1938 reported a case ot persistent 

hyperteüsion in a man of 30 years of age cured by unilateral nephrectomy. 

The kidney was the site of a marked arteriosclerosis ot the large vessels. 

In one main b ranch occlusion had ocourred producing an infarct. It seems 

likely that the hypertension in both of these cases is explained on the basis 

of renal ischaemia due to marked obstruction of the large renal arteries. 

Undoubtedly there are other cases in which hypertension developed 

on the same basis. But when these cases come to autopsy it is ~possible to 

prove that auch a mechanism operated in the production of the hypertension. 

Moritz and Oldt ( 1937) reported three cases or chronic hypertension which 

showed a marked arteriosclerosis of the large vessels of the kidney and no 
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arteriolar sclerosis. In one case there were obstructing annular plaques 

around the aortic ostia of the renal arteries. 

Oppenheimer • Klemperer and Moschkowi tz { 1939) were the first to study 

the relation of arteriosclerosis and narrowing of the main renal arteries to 

hypertension. They round that out of 18 cases which came to autopsy with 

unilateral narrowing of the main renal artery, 15 bad had hypertension during 

lite. All ot the cases of hypertension also showed sclerosis of intrarenal 

vessels while the three without hypertension showed no change in the intrarenal 

vesaels. Blackman (1939) made a similar study. He examined and measured 

cross sections of the main renal artery from 50 cases of chranic hypertension 

and 50 non-hypertensive control cases in approximately the same age groups. 

The main renal artery in 54 percent of the cases of chroni c hypertension showed 

a marked narrowing, the degree of which can be best appreciated by examination 

ot the series of photographe accompanying his paper. The lumina of both renal 

arteries in 5 of the se cases was r educed to 1.5 mm. or less in Width and in 

11 of the cases the lumen of one renal artery was reduced to 1.5 mm. or lesa 

in width. These were the only cases where the œchanism ot Goldblatt could 

be seriously considered to have e:xerted i ts influence on the production of 

hypertension. Another 32 percent ot the cases ot hypertension showed a moderate 

degree of arteriosclerosis of the main renal artery, while the remaining 14 

percent showed no signiticant narrowing of the portion ot the renal artery 

available tor examination. Only 50 percent ot these cases showed a "vascular 

nephritis." No striking difference was round in the incidence and degree 

ot stenosis of the main renal arteries in the cases ot hypertension with 

vascular nephritis and those without vascular nephritis. While there was 

detinite arteriosclerosis or intrarenal vessels in all or the cases of hyper­

tension, there was no correlation between the degree ot arteriosclerosis ot 

the intrarenal vessels and the degree ot stenosis of the main renal artery. 
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In the 50 control cases there were f'ive ( 10 percent) with signiticant arterio­

sclerosis and stenosis of the main renal arteries. Blackman f'elt, in view of 

this evidence, it see.med probable that in the cases reported, the marked occlu­

sion or the main renal artery or over 50 percent of the cases ot hypertension 

was an important factor 1n the pathogenesis of the hypertension. But he 

thought the f'ive control cases which showed stenosis of' the main renal arteries 

without hypertension indicated that other factors were necessary tor the 

development of hypertension basides partial occlusion of renal arteries. In 

agreement wi th others, he believed that a pressor substance was produced as a 

result of the renal ischaemia. He suggested that the mechanism responsible 

tor this type of hypertension might fail if the pressor substance were not 

produced, if the reaction at the site or peripheral vessels failed, or if the 

heart should fail to respond to the heightened peripheral resistance by an in­

crease in its work. The important tact from both these papers is the constant 

association of sclerosis of intrarenal arteries and arterioles with hypertension 

wh ile the arteriosclerosis and stenosis ot the main renal artery is a v aria ble 

finding. 

Investigations by Injection, Microdissection and Reconstruction Techniques. 

Gross ( 1918) studied the arterial system of contracted granular kidneys 

but he made no attampt to differentiate between the different for.ms of con­

tracted kidney. In jactions or the arteries were c arried out ei th er wi th oo loured 

gelatin or with a radio-opaque injection maas. He described the withered and 

bare appearance ot the arterial tree in contracted kidneys but from the pictures 

of the skiagraphs nothing can be seen of the 1nt1mate changes in the smaller 

vessels ot the cortex. He believed that there was a readjustment or the ci~ 

culation to account for his injections reaching the medulla in oontracted kidneys 

and not in normal kidneys • No attempt was made to interpret the relation ot 

these changes to the cause of high blood pressure. 
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Graham in 1928, using the technique of Hill, 1njected a series of 48 

kidneys with radio-opaque bismuth oxychloride suspended in a 1~ solution of 

acacia. Without detining what he meant by the ter.m nephroscle~tic kidn~, 

he claimed tbat in these the earliest and most striking change was a tortuous, 

gnarled-oak appearance of the arcuate and interlobar arteries. In the more 

severe cases tortuosity of the interlobular arteries and a losa of glomeruli 

could also be seen. He thought that this method ot injection mdght ditteren­

tiate between the vascular changes in nephrosclerosis and glomerulonephritia 

because he tound in one kidney trom a case ot glomerulonephritis only a few 

glomeruli injected and the medullary vessels well injected, the only auch 

result in his whole series. The resulta or this study are rather vague and 

iœ onclusive. 

Baehr and Ritter in 1929, employing the injection technique ot Gross, 

injected a series of kidne,ys which included kidneys from three cases ot primary 

arteriolar nephrosclerosis complieated by a necrosing arteritis and arterio-

11 tis, two cases each of a cu te and subacute glomerulonephri tis and nine cases 

of cbronic diffuse glomerulonephritis. They were especially interested in 

determining wbether there was any ditference in the arterial pattern ot the 

kidneys ot chronic glomerulonephritis and arteriolar nephrosclerosis. They 

telt that Gross had not ditterentiated between these tn the injections ot 

contracted kidneys and they believed that the one kidney or glomerulonephritis 

that Graham injected was not a definite case ot chronic glomerulonephritis. 

In their material there were no signiticant alterations in the architecture 

ot the arterial tree in kidneys ot acute and subacute glomerulonephri ti a. The 

arterial and arteriolar pattern of both forma ~ oontracted kidneys were allke, 

consisting ot a losa of the finer interlobular arteries and arterioles, while 

the larger branches were tortuous and irregularly coœtricted. They concluded 

trom their observations that the final pathological picture in both torms ot 

contracted kidney was caused by thick:ening and narrowing ot the smaller arteries 
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and arterioles and that this was responsible tor the indistinguishable clinical 

picture. The, also believed tbat it was futile to speculate on the primary 

1 mportance or arteriolar sclerosi s in the c ausation of arterial hypertension. 

Untortunately, they did not make it clear whether they were reterring to 

arteriolar aclerosis in general or as it occurs in the kidney. The work ot 

Gross, Graham, and Baehr and Ritter, preceded the papers by Goldblatt and these 

1nvest1gators tailed, therefore, to draw any conclusions as to the possible 

significance of the arterial changes in relation to the Goldblatt type ot renal 

hypertension. 

Oliver and Lund (1933), Oliver and Luey (1934 and 1935), Loomis ( 1936), 

and 011 ver ( 1939) , did much to correlat a disturbances ot renal physiology w1 th 

the anatomical changes which occur in chronic Brignt's disease. They pointed 

out particularly tbat disturbed renal function cannot be interpreted on the 

basis of purely quantitative changes in the anatomy ot the kidney. They studied 

caretully the Wbole problem ot kidney architecture in contracted kidneys by two 

methods. Reconstruction from serial sections were made by the Born wax plate 

method and on some kidneys microdissectionwas pertormed tollowing maceration 

in hydrochloric acid ai'ter the method of Huber. The most important obsenation 

ot these workers was the description of the aglomerular tubule, which they 

believed represented an adaptation ot the tubule occurring in the diseased kidney 

to allow this portion of the nephron to pertor.m under proper conditions some ot 

the tunctions ot the glomerulus which bad been deatroyed by disease. They 

conaidered the.aglomerular nephron to be a reversion to the tor.m ot aglomerular 

nephron seen in some tishes. Coincident with the development or the aglomerular 

nephron there were corresponding adjustments of the circulation. The inter­

lobular arteries and arterioles became tortnous, shrunken, beaded and angulated. 

These changes were considered to be ot a regressive nature, due to disease ot 

the vassel walls and ot the surrounding parenchyma. More iaportant were the 

changes ot progressive character. These resulted in the development ot a new 
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direct blood supply to the cortical capillary plexus either by Short circuits 

througn preexisting channels inside or outside ot the glomerulus or by the 

actual development ot new veasels. Jbr the tiret time a real signiticance 

was plftMrl on the new direct vessels to the capillary plexuses wbich Buber, 

Lee-BroWD. and lfa.cCallum had stated occurred only as a result ot age or diaease. 

Regarding arteriolosclerotic renal disease, Loomis concluded that: "All these 

adaptive changes in the blood vessels are of the greatest importance &ince 

where they are effective the kidney can continue to function even when there 

bas been tibrosis of the majority of glomeruli. The condition ot the kidney 

at any stage of the arteriolar sclerotic disease is then the resultant ot 

quantitative changes aftecting the blood supply •••••••• The tempo or the disease 

determines whether the progressive processes (hypertmphy or the nephron, 

development ot new vessels) can successtully·counteract the regressive processes. 

The continued function ot the organ depends on this balance." It will be seen 

later that these findings have an important bearing on the interpretation ot 

resulta obtained by perfusion of abnormal kidneys. The appearance ot the 

vessels in chronic glomerulonephritis and arteriolosclerotic Brigbt's disease 

was similar. Even though Goldblatt bad published his tirst paper at that 

time no suggestion was made that these renal vascular changes might produoe 

ischaemia ot the kidney sutficient to cause hypertension by a mechanism similar 

to that in experimental hypertension in doge. 

Investigations by Pertusion Techniques: Hayman ( 1929) wished to deter­

mine the importance ot reduced renal blood flow due to mechanical obstruction 

ot the renal circulation in the production of disturbed renal tunction in the 

different diseases ot the kidney. He pertused human kidneys obtained at auiopay 

with Ringer' s solution and acacia. The rate of flow ot the pertusate trom the 

renal vein was correlated w1 th the histology and the appearance ot injected 

specimens obtained by the technique ot Graham. His resulta showed, in kidneya 

presenting arter1oloscleros1s, a reduced perfusion rate per gram of tissue 
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proportional to the severity ot the histological changes and to the degree 

ot abnormality of the vascular architecture as seen in the roentgenograms 

ot the injected kidneys. In kidneys with chronic glomerulonephritis the per­

fusion rate was reduced to the same degree and the histological picture and 

appearance of the injected kidney were ot the same type as in the kidneys of 

advanced arteriolosclerosis. 

Stimulated by the work ot Goldblatt and others, Christian and Schlesinger 

( 1939) tried to determine the degree ot iscbaemia in the kidneys or human beings 

sutfering from hypertension. They believed that this problem could beat be 

investigated by calculating the perfusion rate and by s tudying injected specimens 

ot kidney from cases or hypertensionwith and without evidence or renal tailure. 

Physiological saline and Lock-Ringer' s solution wre used tor per:tu.sion; no 

detectable difference was found in the rate of perfusion for the different types 

ot pertusate. The rate of perfusion was calculated tor every rise in pressure 

ot 20 mm. ot mercury between 60 to 240 mms. Only one kidney was used 1n each 

case. Injections were finally made with lead phosphate in agar and the kidney 

sectioned, x-rayed and dissected according to the technique ot Schlesinger. 

Fort y-six kidneys in all were studied, inc~uding 27 normal con tm 1 kidneys, 7 

kidneys tram cases or hypertension without evidence or renal insutticiency, 

3 kidneys tromcases of hypertension with evident renal failure, and 8 kidneys 

tram cases ot inconstant hypertension. Perfusion rates calculated both on the 

basis of body height or weight of kidney tissue varied considerably within eaeh 

g10up, but there was no significant overlapping between the perfusion rates ot 

the control cases and tho se w1 th hypertension. The lB rfusion rate ot the kidneya 

trom hypertensive patients even at high pressure did not equal the perfusion 

rate of the normal kidneys at normal pressure. This is contrary to the findings 

ot Hayman, who round tbat when the perfusion pressure was raised to a level 

equal to that occurring in hypertension, the perfusion rate of an arteriolo-
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sclerotic kidney equalled the perfusion rate or a normal kidney at a normal 

pressure. In Christian and Schlesinger's work, there was no great differ­

ence in perfusion rates of the hypertensive cases with or.without renal in­

sutficiency. No correlation existed between the perfusion rates and the degree 

of atherosclerosis seen in the injected kidneys. It is signiricant to note 

that rather marked constriction ot the main renal artery did not alter greatly 

the renal blood flow. All or these resulta must be interpreted with the utmost 

caution because in the perfusion or a kidney, oedema of the interstitial tissue 

develops. The degree of this oedeme. may vary between the normal and abnormal 

kidneys. .Another factor moditying the pertusion rates ot abnormal kidneys is 

the development or new vascular channels. And the final and probably most 

im.portant consideration in interpreting auch resulta is the tact that we do not 

know how closely such perfusion experimenta app~ach the conditions controlling 

the renal circulation during lite. 

Cox and Dock in 1941 thought that the resulta of any perfusion method 

used to study the renal vascular bed could not be considered valid unless the 

perfusion rates approximated the renal blood flow as deter.mined clinically by 

the diodotrast clearance method in similar cases. Perfusion experimenta in 

the past had yielded values mucb lower than those Obtained by clinical methode. 

Cox and Dock realized that in post-mortem me.terial 1 t was impossible to duplicata 

the flow durtng lite but they felt that by a suitable method, the maximum carry­

ing capacity of the renal vessels could be determined. To combat the oedema 

tbat developed during perfusion experimenta, they used kerosene as a pertusate. 

In order to break down all rigor mortis in the vessels, the kidney was kept 

tor 24 hours at 4°C, and then pertused with a litre ot kerosene at a pressure 

ot 200 mms. of mercury. The maximwn renal blood flow was calcula.ted from the 

perfusion rates and this was compared with diodotrast clearance values tor men 

ot the ~e age. The perfusion rates obtained tor normal kidneys were 5~ 



39 

higher than the renal blood flow obtained by the diodotrast clearance method 

in men of the same age. They believed that this indicated tbat their method 

was a valid measure of maximum renal blood flow. There was a reduction in the 

perfusion rate of one-quarter between maturity and late middle age. Seventy­

five percent of the hypertensive group bad values within the normal range. The 

possible renal blood flow was reduced in kidneys from patients who had sutfered 

from renal insufficiency due to a variety of pathological processes in the 

kidneys. They round that narrowing of a short segment of the main renal artery 

must be very marked before the perfusion rate is lowered, a finding in agreement 

with Christian and Schlesinger. They concluded from their observations that 

hypertension is usually not associated with renal arterial disease at its onset, 

and is usually not accompanied by significant reduction in the renal vascular 

bed. They believed that hypertension may initiate and accelerate degenerative 

changes in renal arterioles and that this acoounts for the reduction in blood 

flow in sorne cases. As will be pointed out later, histological section of 

kidneys made after perfusion by this method reveals that in sorne kidneys the 

peripheral glomeruli are stutted with red blood cella. This must affect to 

sorne degree the resulta obtained for any one kidney and therefore variations of 

perfusion rates between different kidneys must be interpreted with the utmost 

caution. 

Summary of Present Statua: All of these etudies have resulted in con­

tusing and contradictory observations and opinions. Many workers are agreed, 

particularly since Goldblatt's work, that disturbances of the renal vasculature 

in man are responsible for the productjon of esssntial hypertension. B~t 

no consistency of opinion exists regarding where these changes occur or what they 

are. Much of the difficulty lies in the inherent limitations of the methods 

used in these studies. Observations of histological material may be inaccurate 

because ot the variation in shrinkage that may take place in vassel walls de­

pending on whether they are healthy or diseased. These observations also have 
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the disadvantage ot being only two-d1mensional, and at the most only a small 

part or any one kidney can be studi ed. Conclusions drawn :rrom the pertusion 

rates ot abnormal kidneys must always have some degree ot uncertainty because 

ot the ettect on the p3 rtusion rate or the aglomerular blood channels that de­

velop in chronic renal disease and, as will be shown later, may become quite 

extensive. Interpretations r rom reconstruction methode are limi ted because 

ot the small amount of the kidney studied and because or dirticulties ot re­

conetructing accurately very complicated structures. Injection etudies have 

yielded reliable information only of the larger vessels. Up to the present 

time, i~jections of kidneys trom cases of essential hypertension have not given 

any clear and exact knowledge or the tiner vascula.ture to which so much import­

ance is attached owing to the changes seen in the small arteries and arterioles 

in histological section ot such kidneys. 
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Part II 

BKVIEW OF INJECTION TECHNIQUES FOR THE STUDY Ol BLOOD VBSSEIB 

AB Applied to the Kldney 

The study ot blood vessels by the injection of the1r lumdna bas been 

pertormed tor many years. The methode employed resolve themselves principal.ly 

into tour methods. 

(1) Injection of a coloured material into vessels tollowed by clear­

ing by the Spe.lteholz technique or sorne modification. The vessel walls also 

may or may not be stained previous to injection. 

(2) Injection ot a coloured material tollowed by serial section ot 

the organ from which drawings and reconstructions can be made. '!he vessel 

walls also may or may not be sta1ned. Reconstruction may not require previous 

injection of the organ. 

(3) Injection of a radio-opaque material followed by an x-ray pieture 

of the injected organ. 

(4} Corrosion technique: This method consista or injecting a material 

into the vessels tollowed by corrosion or the crgan tissue by some reagent 

which will not destroy the injected material. This leaves a cast ot the lumen 

ot the vascular tree which can be studied in three dimensions. 

The success ot all or these methode requires the tulfillment or a few 

tundamental requiranents. The organ to be injected should be as fresh as 

possible, whether the material be trom animale or from human autopsies. The 

organ may be injected in the body or outside or the body. It it is to be 

injected outside ot the body a long shank ot the artery to the organ should 

be lett attached to the removed tissue and a good deal of surrounding fat or 

other tissue should be removed at the same time. Preliminary waahing by water 

or other tluid is carried out. A.t this time all leaks may be stopped bJ 
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ligating veasels and tissue showing any oozing. If the organ is in the body 

all vessels that can act as anastomotic channels between the organ to be 

injected and the rest of the body must be closed. This preliminary washing 

must be carried out until the organ is quite pale and generally speaking it this 

does not occur within the tirst tew hours a poor result usually tollows. 

A briet review ot the materials used in these various methods tollows 

and the details in each instance can be round in the original papers. 

V•rious methods have been used tor the sole purpose ot filling the vessels 

with a coloured material so that on section in various directions the course 

ot blood vessels can be seen in any organ studied. Bright in 1842 used ver­

millon coloured aize, a gelatinous material, tor injection ot the vessels ot 

the kidney, and studied his material by merely sectioning the kidney in various 

directions and observing the course of the vessels by the nalœd eye. Gelatin 

coloured with Berlin blue, carmine (Gross 1917, and MacCallum 1926}, and in­

numerable other dyes has been a tavourite. Sometimes, in addition, the walls ot 

the blood vessels have been stained as well. YacCallum (1926) accomplished 

this by use ot janus green and Bensley used a silver preparation, both with the 

object ot determining what part ot the vascular tree was being studied when 

thick sections are observed under the microscope. Organs stained by these 

methods may be cleared. Spalteholz developed one of the original methode ot 

clearing tissue. Gross in 1917 round that aniline oil worked well tor clearing 

kidnay sections. There is an obvious limitation to all ot these methods when 

observation is limdted to sections ot the kidney. Clearing ot sudh injected 

organe possesses the advantage ot allowing a three-dimensional view ot the 

1njected material in relation to the parenchymatous structure. There is the 

detinite disadvantage that even under the most tavourable circumstances the 

clearing extends through sections only a tew millimeters in thickness. 
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The coloured materials used tor injections preparatory to serial 

section and reconstruction are similar to those described tor use wbsn the 

organ is to be cleared. llacCallum (1926) succeeded in developing a good in­

jection technique tor gelatin stained with carmine. The vassel walls may also 

be stained by the methods of MBcCallum and Bensley previously mentioned. 

These injected organe are open to t110 methods of study. They may be eut in 

thick serial section, studied With a binocular dissecting microscope and draw­

ings made from these observations. Reconstructions by the Born wax plate 

method can be made from drawings of serial sections or these specimens. Oliver 

and his co-workers in 1939 have described this reconstruction method in detail 

as it was applied to the uninjected kidney. The resulta of drawings or recon­

structions from serial sections ot injected or non-injected material are valuable 

in attempting to define tine complicated structures since they can be traced 

through their complete course at higb magnification. The greatest disadvantage 

to this method lies in the tact that the final product, whether a drawing or 

reconstruction, is at beat only a modal and so subject to the inaccuracies of 

any auch reconstruction. lloreover, only a limited amount of Jœterial can be 

studied because of the laborious nature ot this method. 

Another method which bas been widely employed is the injection of the 

vessels of an organ with radio-opaque material tollowed by roentgenogram of the 

injected organ. Gross in 1917 used barium sulphate suspended in gelatin tor 

this purpose. Baehr and Ritter used the same material in a study of renal blood 

vessels. Hill in 1929 improved this technique s:> that tiner structures could 

be injected. He tiDally used bismuth oxychloride in acacia and tound tbat by 

varying the concentration and forcing the solution througb cloth that he could 

govern the aize of partiales and so the size of the veasels to be 1njecte4. 

Graham used this technique for an extensive study ot the kidney• s vascular tree. 

The x-ray pictures that he presents show the interlobule.r arteries and glomerul1 
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quite wall. He claimed that stereoscopie films of auch kidneys allowed an 

accurate study ot the finer structures. These methode, depending on the use 

of radio-opaque material, allow an excellent study of the relation of the vessels 

of an organ through the whole depth. While this is of value for an accurate 

understanding or the blood supply of an organ, it does not compenaate for the 

tact that the tiner structures cannot· be isolated from one another and hence 

cannot be studied individually with any assurance of accuracy. 

Possibly the commonest technique used for the study ot the blood supply ot 

an organ is that term.ed the corrosion method. According to Narat, Swammerdam 

tirst applied this method in 1670. Wearn states tba.t Ruyich (1704) introduced 

the corrosion methcds in studying the finer arterial branches of the myocardium. 

Since that time many substances have been us.ed including white wax, cellulqse, 

celloidin and paratfin. Ghoreyeb (1916) studied the finer blood supply of the 

kidney by the use ot Woods' metal. The interlobular arteries were injected but 

not the afferent arterioles or glomeruli. Within the last torty years celluloid 

and related substances have been used more widely than other materials. Huber 

(1906-o?) used celluloid to inject the arteries ot the kidney and corroded the 

kidney with hydrochloric acid. He presented plates prepared from drawi~gs show­

ing the arterial tree of the kidney injected down to the glomeruli. ·Barker ( 1928) 

used celluloid in a study ot the blood supply ot normal and abnormal hume kidneys. 

Jlorrison in 1926, using celluloid, presented some excellent photographe ot the 

arterial tree of the kidney proving that this method is capable ot 1nject1ng 

glomeruli. More recently vartous plastics have been used. Narat (1936) used 

Vinylite resin and coloured this with "Luxol Fast" dyes. These dyes were ob­

tained in various colours and were resistant to the acid used in corrosion. 

lfith auch materials arteries, veina and ureters could be injected separately and 

in the ~e kidney their relation to one another studied easily due to the differ­

ent coloura. None ot the pictures preaented gives convincing proot that the finer 
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structures could be injected with vinylite resin. The corrosion methods have 

the advantage ot allowing a study of the lumina of blood vessels in three 

dimensions. In all or these corrosion methode the greatest objections arise 

from the possibili ty that the ma.terial may shrink as 1 t hardens and so may not 

leave an accurate cast ot the vessellumen. Moreover, the final specimen is 

brittle and the finer structures cannot be traced out and separated from one 

another for study under the microscope. 

Lteb in 1940 described a corrosion technique using a liquid latex 

"Neoprene".* This material overcame the disadvantage ot shli nkage and the 

b.rittleness of the final cast seen in corrosion specimens made by any ot the 

materials previously used. This material was capable of reaching vessels down 

to the size of capillaries. Neoprene colored with various acid-fast dyes can be 

obtained, and there 1s a variety containing a radio-opaque material. lhen a 

corrosion specimen is made the tiner structures can be separated from one 

another and studied under the dissecting microscope. Histological section can 

be made from the injected kidney. Neoprene was selected for use in the present 

investigation as an injection maas for study of the renal arterial architecture 

o t the kidney in corrosion specimens. The method of Lieb was used wi th slight 

modifications, the details of which are described under Methods in the next 

part of this thesis. 

*Neoprene obtained trom the American Anode Inc., 60 Cherry St., Akron, Ohio. 
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Part III 

ORIGINAL mvESTIGATIONS 

Our present knowledge regarding the normal blood supply and the 

arterial and arteriolar changes in kidneys in hypertension shows in the former 

that there are still some points open to controversy, and in the latter that 

there is still contusion and lack ot agreement as to the character, site and 

degree ot the arterial and arteriolar changes in hypertension. .Also the 

question is still open as to the signiticance ot the se changes, whether they 

are primary or secondary in hypertension. Following the production ot ex­

pertœental hypertension in dogs by constriction ot the main renal arteries, 

papers have appeared purporting to show that there are mar.ked constrictions 

ot the main renal arteries in kidneys tram cases ot easential hypertension. 

But the suggestion that this is the cause ot essential hypertension in man is 

not very conv1nc1ng as it is not a consistent tinding in kidneys from cases ot 

essential hypertension. Others believe that the pathological changes occurring 

in the small arteries and arterioles ot kidneys from hypertensive cases cause 

sutticient ischaemia ot the kidney to produce essential hypertension by the 

Goldblatt mecbanian. Here again the changes in small vessels ot the kidney are 

not :found in avery case ot hypertension and there is no convincing proot that 

during lite there is any marked constriction of the lumina ot the small vessels 

ahowing pathological changes in their walls. Some perfusion experimenta tend 

to show that there is no reduction ot the vascular bed in kidneys tram cases 

ot essential hypertension. The question still existe as to whether essential 

hypertension in man is a result of ischaemia of the kidneys, and if ischaemia 

ot the kidneys is responsible tor essential hypertension in hyman beings, 

there 1s still the question as to what exactly is the cause ot this ischaemia. 
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There appeared to be a possibility that these questions could be 

clarified by use or neoprene as a new injection mass tor preparation of 

corrosion specimens, which possesses certain advantages over materiels pre­

viously amployed as pointed out in the review of injection techniques. Lieb 

had pioneered in the use of this material but had me rely worked out the 

technique and had not applied it to any systematic study of the arterial 

vasculature or either normal or abnormal kidneys. Therefore it seemed worth­

while to attempt a thorough-going investigation of both normal kidneys at 

various age pe~iods and abnormal kidneys from cases of essential hypertension, 

in the hope that by means of this new technique it might be possible to gain 

new and pertinent information, not hitherto available by older methode. The 

present investigation was therefore undertaken. 

Methode and Material 

The kidneys to be 1njected were removed as soon atter death as possible. 

In general the beat resulte were obtained in kidneys removed tive hours or less 

atter death, although excellent resulta were obtained in sorne kidneys removed 

as long as titteen hours after death. As much or the surrounding fat as possible 

was removed with the kidney and the main renal artery was eut close to the 

aorta and the vein left as long as possible. As large a cannula as possible 

was tied into the renal artery and this was attached to a cold water tap con­

nected with a mercury manometer. The water tap was then turneà on and the 

pressure regulated to 75 mm. of mercury tor the first halt hour and then raised 

to 150 mm. ot mercury un til the kidney was completely washed. As soon as the 

water was turned on, obvioualy leaking vessels were clamped and ligated. Any 

oozing trom 1ndef1n1te sources was controlled by ligating a mass ot perirenal 

tissue. The discovery ot these lealœ was facilitated by tying a long glass cannula 

into the vein so that this bloody escaping fluid would not colour the whole 

kidney. The utmost care was taken not to twist the arteries or angul.ate the 
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cannula so that its orifice was not in any way pressed against the aide ot 

the vessel wall. The beat injections were obtained when the washings co~ngthrougb 

the renal vein ware almoat clear within the tiret halt hour. Some kidneys 

appeared to wash clear much better than others but otten tor no known reason. 

The number ot hours alapsing between dea th and the washing of the kidney was 

probably important especially when the time exceeded ten hours but there was 

no constant relationship between the elapsed time a:t'ter death and the ease 

ot achieving satisfactory washing of tbe kidney. If the washings came back 

almost clear in the first half hour the kidney would be pale within three 

hours. When the kidney was unitormly pale it was removed :t'rom the tap. If 

it did not become pale it generally did not inject well. 

Atter washing by perfusion with water was completed, the kidney was 

kept at 4°C. tor twelve hours to allow tor the escape ot as much of the fluid 

as possible that had accumulated in the tissues. It was then kept at room 

temperature tor tive hours in order to decrease the oedema still turther, to 

remove any rigor mortis that might still remain and to make the whole kidney 

sott and pliable. The kidney was then ready tor injection. Fig. 1 shows a 

histological section ot a normal kidney at this stage in the technique. It 

is seen that while the histological detail is not well preserved there is 

still no great distortion due to oedema. Fig. 2 shows a histolog1cal section 

ot the opposite kidney which bas been washed with two litres of kerosene, 

which, according t;o Cox and Dock, does not cause oedema. The histological 

detail is better preserved but so tar as oedema is concerned, there is no 

great ditterence between the two kidneys. Mbreover, all ot the glomerul1 in 

Fig. 1 are washed tree ot any red blood cella while the peripheral glomeruli 

seen in Fig. 2 are stutted with blood, indicating the greater etticiency ot 

washing the vascular system with pertused water rather than with kerosene. 
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The neoprene was injected into the washed k1dney from an apparatus 

possessing a mercury manometer and an escape valve so that the pressure could 

be kept constant. The injection was made through the main renal artery under 

a pressure ot 150 mm. ot mercury. 

tor 3t minutes and then stopped. 

Injection at this pressure was continued 

It was round important to bave the full 

pressure on as soon as the neoprene entered the renal artery. Betore the 

pressure was released, the main renal artery and vein were ligated and the 

kidney immediately ~ersed in commercial hydrochlaric acid at 56o c. Yor 

the purpose ot ei ther injecting completely through the capillary system or ot 

overcoming soma obstruction to the tlow caused by renal disease, 3 tactors may 

be moditied to obtain the desired injection. The kidney may be warmed up to 

60° tor halt an hour, the injection pressure raised to 250 IDil. ot mercury and 

the injection time lengthened to tive minutes. T.his higner injection pressure 

will not destroy the glomeruli it the washing has been carried out at a pres­

sure ot 150 mm. of mercury. 

Por corrosion specimens the injected kidney was then placed in commercial 

hydrochloric acid at 56° c. and agitated gently from time to time. At the end 

ot 24 to 36 hours all ot the macerated kidney tissue could be removed by gently 

washing in warm water. The pliable neoprene cast ot the renal arterial tree 

tloats in water like some delicate sea plant. Pieces ot varying aize can be 

removed, tloated in water and caretully teased apart under the binocular dis-

secting microscope. 

studies ot the tiner structures were made from special mounts ot such 

structures on glass elides under coverslips. The measurements recoràed later 

in this paper and the photographe ot the small structures trom neoprene casta 

were made trom sprigs ot interlobular arteries mounted in this way. This 
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method consista ot placing a drop ot Yarrant•s*solution on a glass slide. 

This 1s a viscid transparent tluid. An interlobular artery with a tew 

branches was tben snipped from a neoprene cast and placed in this drop ot 

tluid. The branches, afferent arterioles and glomeruli were then straightened 

out by gently teasing with tine needles. A coverslip was then applied. 

Sutticient Farrant's solution was used so that no pressure of the coverslip 

was made on the cast. 

The injected kidneys may be studied in two other ways. It radio-

opaque neoprene is used x-ray films may be made of the injected kidney. This 

method was not employed in the present study. Histological sections may be 

made ot an injected kidney. This method bas been described in detail by 

Lieb. To do this the injected kidney is immediately tixed in 4~ tor.maldehyde 

and 4~ acetic ac id in dilute alcohol ( 50-70%). Atter 18-24 hours fixation, 

the block is prepe.red by the gelatin embedding technique. The sections are 

eut on the treezing microtome, atained with haematoxylin and eosin and mounted 

in glycerin jelly. A mdcrophotograph ot auCh a section ia sbown in Fig. 3. 

It Shows well a vassel completely tull ot the neoprene indicating that no 

ab.rinlœge takes place as the neoprene hardens and, theretore, any cast is an 

accurate reproduction ot the vassel lumen. 

From this description it is apparent that "Neoprene" as an injecting 

tluid tor the study ot blood vessels possesses all the advantages round in all 

ot the materials previoualy used tor injection of blood vessels. Serial sec­

tions ean be eut and s tained from which drawings and reconstructions can be 

made. Badiographa can be made of whole organs. In addition, there is a great 

*Glycerine 50 cc., s2o 50 cc., Powdered Gum Arabie 50 gms., Arsenous acid 1 gm. 
Dissolve arsenous acid in water, place gum Arabie in glass mortar and 

mix in the water. Add glycerin and tilter through muslin or wet tilter paper. 
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advantage in the type ot corrosion specimen prOduced. The two most import­

ant teatures ot the corrosion specimens, not obtainable with the use of 

any other material, are that an accurate cast Qt the smallest structures is 

obtained, and tbat the cast is flexible and can theretore be studied minutely 

under the microscope. 

Fitty-seven human kidneys in all were successfully injected (Table I). 

These were trom patients vary.lng in age trom 6 months to 78 years. Of these, 

36 were from patients with no antecedent history ot kidney disease or ot 

hypertension and in which at autopay there was no cardiac hypertrophy and 

no gross or hiatological abnormality ot the uninjected kidney. or the remain-

ing 21 kidneys 1njected, 18 were from cases ot essential hypertension. The 

criteria used tor the selection or these eighteen cases were those ot MOritz 

and Oldt. In each case during lite there had been repeated blood pressure 

determinations higher than 160/90 or 150/100. No male was included in this 

group it the heart weigb.ed lesa tban 450 grams and no tamale it the heart 

weighed less tban 350 grams. Ot·her abnormal kidneys injected included one 

trom a child 7 years ot age who bad died of renal amyloidosis secondary to 
.. 
Pott's disease ot the spine; one from a girl 14 years of age who clinically 

presented the picture of lipoid nephrosis and in whom the kidneys at autop~y 

showed a pure lipoid nephrosis or "me.mbranous glomerulonephritis" ot Bell; 

and one tram a case ot marked chronic pyelonephritis. During lite this latter 

patient had had persistent hypertension and at autopsy marked cardiac hyper­

trophy was tound. The age and sex distribution ot all the cases 1s shown in 

Table I. 
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a 8 T bl I 

Age Normal Hypertensive Miscellaneous Total 
in 

Years )4 F Total )( l' Total 14 F Total 

0 - 9 • 3 '1 1 female amyloidosis 4 4 8 

10 - 19 2 l 3 1 temale 11poid nephroais 2 2 4 

20 - 29 5 1 6 5 1 6 

30 - 39 3 2 5 3 2 5 

40- 49 6 2 8 2 3 5 8 5 13 

50 - 59 3 1 4 1 4 5 1 male chronic pyelo- 5 5 10 
nephritis 

60 - 69 1 1 2 5 2 '1 6 3 9 

70 - '19 1 1 1 1 1 1 2 

25 11 36 8 10 18 34 23 57 

Observations 

Normal Kidneys 

General: The appearance of a caaplete neoprene cast of a norMl kidney 

is shown ln Figure 4. In auch a cast, the main renal arter,y is seen to 

d1T1de into tour or tive large branches which atter a short distance are 

hidden trom view by the luxuriant foliage of the amall veasels loaded with 

their glomeruli which overhangs the hilllll of the kidney. The glomeruli on 

the surface are Shown in higber magnitication 1n Figure 4A. When auch a 

specim.en is studied w1 th a hand lens the glomeruli look like apples on a tree, 

each glo.111erulus being suspended trom a small artery by the connecting atterent 

arteriole. 

Main Renal Artery and its Primary Divisions: When a neoprene cast ot 

the renal arterial vasculature is separated into anterior and posterior halvas 

(Pig. 5) the main renal artery 1s sean to divide into branches running in two 
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main directions in order to supply the anterior and posterior portions of the 

kidney. li>re tban halt and usually about two-thirds to three-quarters ot 

the renal vascular tree arises frœ the branches passing to the anterior 

surface of the kidney. The kidney falls easily into two balves indicating 

that no anastomoses exiat between these two main diVisions of the renal artery. 

This first diVision ia usually in the torm ot one large branch to the anterior 

surface and one to the posterior surface of the kidney, or there may be more 

than two branches arising stmultaneously with the greater number passing to 

the anterior surface. These two or more tirst large branches turther divide 

so as to torm usually three large divisions which pass around the anterior 

surtace or the pelvis and two around the posterior surface ot the pelvis. 

These tive branches may be spoken of as the primary divisions of the renal 

artery and all or thea lie between the pelvis and the overhanging lip or 

cortex which bounds the hilum of the kidney. The only aide branches from the 

main renal artery and its primary divisions are small slender twigs which supply 

the capsular fat (Fig. 6) and occasional branches to the pelvis and peripelvic 

tissue ( J'ig. 7) • 

Interlobar Arteries: From the large primary divislons ot the renal artery, 

eight to twelve large divisions arise corresponding approximately to the number 

ot py~ids in the kidney. These arteries, which tan out towards the upper 

and lower po les ot the kidney, may be called interlobar arteries. 

Arcuate Arteries: The large interlobar arteries divide dichotomously 

into two directions at right angles to one another. Before examining portions 

ot the neoprene cast it is wall to study Fig. SA, which is a photograph ot 

the surface or a kidney exposed when a layer about halt an inch in depth bas 

been shaved trom the convex surface ot the kidney. This shows the medullary 

pyramida in cross section. Ea.ch medullary pyramid is surrounded by a rim ot 

cortical tissue. Towards the surtace ot the kidney this layer ot cortical 
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tissue is thick. Between adjacent medullary pyramida 1t is thin. In this 

cortico-medullary interval cross sections ot intrarenal arteries are seen. 

The dichotomous division ot an interlobar is seen well in Figure a. These 

divisions spread out in two directions from the central 1nterlobar artery 

11ke the veina ot a leat. All ot these branChes lie parallel to the surface 

ot a medullary pyramid and when they lie on the aide o t the pyramid tacing 

the surtace ot the kidney they are also almost parallel wi th the surtace ot 

the kidney. When an interlobar artery lies near the pole ot the kidney the 

branches arise only from the aide ot the interlobar artery facing that pole 

(Fig. 9). The interlobar arteries also divide dichotomously into arteries 

which pass with a slight inclination towards the surtace ot the kidney and 

theretore these branches lie slightly auperticial to the cortico-medullary in­

tenal. This is well shom in Figure 10. The arteries are seen pe.asing with 

a slight inclination towards the surface ot the kidney but still almoat parallel 

to the arteries which lie in the cortico-medullary interYal. The tiret ot 

these branches which pass with a sligbt inclination towards the surt~ce ot the 

kidney arise trom the interlobar arteries to supply cortex near the hilum, 

while the teminal ones supply cortex near the convex border ot the kidney. 

T.hese br,anches then supply areaa ot cortex situated along lines passing from 

the hilum to the convex border ot the kidney. The divisions previously described 

spreading out in the cortico-medullary interval supply an area or cortex e:xtend­

ing along linas joining the two poles. Thus the branches or the interlobar 

arteries which pass in two different directions, one set branching parallel to 

the surface ot the kidney and the other branching at right angles to this sur­

face, torm a series ot arteries wbich succeed in supplying an area ot cortex 

which lies on either side ot the interlobar artery and extends along the course 

ot the interlobar artery trom the hilum to the convex border ot the kidney. 
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All o~ these branches ot the interlobar arteries along with the con­

tinuation ot the interlobar artery, when that remains as a continuous 

vassel, lie either in the interval between cortex and medulla or parallel 

to 1 t but slightly towards the surface ot the kidney. The se branches vary 

a good deal in length, each tor.ming a segment in the line trom the hilum 

to the convex border ot the kidney. They ali end rather abruptly by break:­

ing into a series of branches which run towards the surtace of the kidney. 

All ot these branches might quite properly be called arcuate arteries so 

long as the term. does not convey the idea that auch an artery must run an 

unbrok:en course trom the hilum to the convex border of the kidney lying in 

the interval between the cortex and medulla and contorming to the arch ot 

that interval. In other words, the term arcuate artery should be reserved 

tor a series ot branches ot the interlobar arteries ot varying length, site 

ot origin and termination, which lie in or parallel to the interval between 

cortex and medulla. There is normally a marked constriction ot the lumen of 

the arcuate arteries at their origin (Fig. 11). This constriction is in the 

portion of the vassel lumen which passes through the wall ot the parent vessel 

and may possibly be accounted for by contraction ot tbat vassel wall. 

Near the hilum, arteries arise corresponding to the arcuates already 

described, but instead ot passing towards the convex margin of the kidney 

they arch towards the .margin ot the hilum ot the kidney but still parallel to 

the surface in order to supply the lip of cortex which closes in the hilum 

(Fig. 12). 

Interlobular Arteries: hom the convex surface and the term1nat1ons ot 

the arcuate arteries there arise a series ot rather unitorm but small calibre 

arteries which run out from and perpendicular to the surfaces ot the medullary 

pyramida. In the oolumns of Bertin lying between the pyramida these vesaela 
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approach one another from their origine near adjacent pyramida. lhen these 

vessels arise from a surface of a pyramid facing the surface of the kidney 

the vessela are then also perpendicular to the surface ot the kidney (Fig.l4). 

These small arteries may be called inter1obular arteries. From them arise 

the majority ot the afferent arterioles to the glomeruli. It seems that in 

most instances the arteries do not give origin to atterent glomerular arter­

ioles until they are o:r a tairly amall aize, so tbat all ot these 1nter1obular 

arteries at their origin are ot a unitormly small bore. They are truly 

interlobular arteries since they are the arteries which lie between and 

aurround the k:idney lobule as described by Traut (Fig. 15), and 1t talees 

many ot these interlobular arteries along with their atterent arterioles to 

supply the glomeruli of one or these lobules. They are true end-arteries 

and there 1s no arterial anastomos1s between i nter1obular arteries supp1ying 

the same lobule or adjacent lobules. This is shown very well in Figures 16 

and 1'1 where there are groups ot interlobular arteries with no anastomoses 

whatsoever between them. The interlobular arteries arise in two ways. Some 

of them ar1 se trom the convex surface ot the arcuate arteries ( J'igs. 14 & 16) • 

Others arise trom the abrupt termination ot the arcua.te arteries in a series 

ot small vessels which spread out like the lash ot a whip (Fig. 17 ). The 

interlobular arteries vary considerably in length within the aame kidney 

(Figs. l8A & B). Even though they give ott afferent arterioles they continue 

to divide giving rise to more interlobular arteries (Figs. 16 & 17). The 

œntour ot these vessels is smooth and they taper gradually to end in a series 

ot afferent arterioles (~ig. 19). 

Atterent Glomerular .Arterioles: Most ot the atterent glomerular 

arterioles arise trom the interlobular arteries. They vary considerably in 

length. sometimes they supply only one glomerulus, at other timea two or 

more (Fig. 20). They arise ei thar trom the aides ot the interlobular arteriea, 

or the interlobular arteries may ter.minate in a series ot long slender afferent 
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arterioles (Fig. 19). The afferent arteriole maintains a fairly uniform 

bore throughout its entire length except tor a slight constriction at the 

origin (Fig. 21) and at its entrance to the glomerulus (Fig. 22). The con­

striction at the entrance to the glomerulus is often hidden trom view by the 

capillary tutt. Theee constrictions vary a good deal but there 1s usually at 

least a suggestion ot some constriction at the origin and ter.mination ot the 

afferent arteriole, most marked when they arise trom the sidas of interlobular 

arteries. Even when an afferent arteriole supplies more than one glomerulus 

the original arteriole is not a great deal larger than the two or more tinal 

divisions (Fig. 20), indicating that these are all of similar tunctional s1gn1-

t1cance. The afferent glomerular arterioles arising close to the medulla, 

including a tew originating trom the a rcuates and origine of the interlobular 

arteri es, are otten very or moderately long (Fig. 23). 11hile the afferent 

arterioles wi th the ir glomeruli do not arise at regularly spe.ced intervals 

from the interlobular arteries, they bave sutticient regularity in their apac­

ing to prevent the appearance of any large gaps between adjacent glomeruli 

(J'ige. 16 & 17). 

Glomeruli: The glomeruli consisting in the cast of masses at capillaries 

present a tairly unitorm rounded apJBarance with a slight tlattening at the 

point or entrance at the afferent arteriole. In any one kidney they are of 

tairly unitorm size, although there are usually a few large glomeruli seen 

most often near the cortico-Jil8dullary junction. Only rarely are the small 

glameruli seen that Golubew described. No microdissection was carried out to 

determine the minute structure. 

Etterent Arterioles and Capillary Plexuses: ln the neoprene caste the 

efferent arterioles are detinitely smaller than the afferent arterioles. 

They and in a capillary plexus atter a rather short course. Adjacent capillary 

plexuses appear to anastomose (Fig. 25). the efferent arterioles of glomeruli 
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near the medulla, atter a short course, break up into a series ot long tine 

veasele which paas towards the pelvis. These are the so-called arteriolae 

rectae spuriae ( Fig. 26) • 

Figure 27 1s a photograph or a cast dissected and prepared in auch a way 

as to show the course ot the blood as it passes through the interlobar arteries, 

the arcuates, the interlobulare,the arterent arterioles and the glomeruli. 

A sutticient number of branches have been removed that the relation ot these 

various divisions to one another can be seen. Figure 28 illustrates how the 

arcuate arteries divide at various levels into more arcuate arteries. The 

abrupt ending ot a tairly large arcuate arter,y by breaking up into a large 

number ot interlobular arteries is well seen in this picture. 

Up to this point the description or the renal vascular architecture in 

the normal kidney indicates that all or the blood entering the main renal artery 

tirst passes through the glomerular capillaries berore supplying the parenchymal 

capillary bed. This is a true statement or the tacts as seen in a neoprene cast 

or the arterial vessela or a normal kidney. These observations agree with the 

views or those who followed Bowman in stating tbat the renal vascular archi-

te ct ure was tor.m.ed on a primary glomerular blood supply, and tbat all blood 

passed through the glomeruli betore supplying the intertubular capillary ple:ms 

ot the cortex and medulla. 

Direct Blood Supply to Cortical and Jledullary Capillary Plexuses: That 

the controversial direct vessels to the cortical and medullary plexuaes exist 

ln what w:>uld be considered a normal kidney cannot be denied. Nevertheless, 

the se direct vesse la arise most likely as the result ot S> me damage to this 

part ot the kidney. ~igure 29 shows a direct vassel from an interlobular artery 

to the cortical capillary plexus. Occasionally a similar veasel is seen to 

arise troa the atterent arteriole betore it entera the glomerulus. Figure 

30 shows a atraight vessel arising directly from an i nterlobular artery and 
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breaking up into tine stra1ght vessels as it passes towards the pelvis. This 

is the so-called arteriola recta vera. No oapillary communications are seen 

in the normal kidney between auch arteries and the intertubular capillary 

plexus. It capillary communications were present they should be injected 

b7 this method which completely injecta the delicate coile or the glomerular 

capillaries. The two for.ma or direct vessels described represent examples 

ot the vessela over which there bas been much controverey. Some authors have 

claimed that they are numerous in the nomal kidney and torm a large part ot 

the supply to the intertubular capillary plexus. MacCallum bas given an ex­

cellent description of the various kinds ot direct vessels and how they are 

tormed. Most or these are extremely rare and sometimes none ot them can be 

tound in neoprene caste ot normal kidneys and must be considered exceptions to 

the tundamental plan or the renal arterial blood supply, resulting from adapta­

tion to age and disease, even thougb they occur in kidneys which ror practical 

puzposes would be considered normal. That these direct vessels are a result ot 

damage, and not just an anomaly, seems clear because ot the tact that it is 

very ditticult to tind them in kidneys tram young individuals while they are 

tound more readily in kidneys from older people and in kidneys damaged extena-

iYely by diseaae. 

A more comm.on departure tmm the typioal pattern of blood supply is the 

continuation ot an interlobular artery througb the capsule t1 the kidney into 

the capillaries ot the perirenal tat (Fig. 31) • 

ye Changes: All ot the parts ot the renal arterial tree already des-

cribed are present at birth except tor direct vessels to the cortical and 

medullary capillary plexuses. A neoprene cast ot the arteries of an intant' s 

kidney 1s a miniature replica ot that t:mm the injection ot an adult k1dney. 

All of the vessels are smaller in diameter and length and the glomerul1 are 

amaller in aize (Figs. 32 & 33). The various components ot the arterial bed 



- 60 -

gradually increaee in aize until the middle ot the second decade or a little 

later. Growth then ot the renal vascula ture atter birth is only an increase 

in siza of the structures already present. T.here is no development of new 

structures. Atter middle lite the larger vessels become notched and the con­

strictions at their origins more marked {Fig. 31). The contour ot interlobular 

arteries becomes uneven and tortuous and the origine of many ot the interlobular 

arteries show marked constriction (Fige. 3Q & B). The glomeruli lose the ir 

delicate structure and become more s1mpl1fied and coarae (Fig. 35). A sprig 

ot interlobular arteries shows a losa ot many of the glomeruli and presents a 

"blighted appearance" like the branches ot a tree fran which most of the leaves 

have fallen (Fig. 36) • The number ot di reet vessels to the capillary plexuses 

ot the cortex and medulla increases with age. All of these changes occur in 

kidneys from elderly inàividuals who have not bad hypertension. A comparison 

ot these ebange& with those seen in neoprene casta of kidneye from hypertensive 

cases will be made later. 

Observations 

Abnormal Kidneys 

Kidneys trom Cases ot Bssential Hypertension: '!he most striking teatures 

revealed by an examination ot renal arterial caste from patients with essential 

hypertension is the lack ot any unitorm or characteristic change in the renal 

vascular architecture. Neoprene casta trom individuals who have had detinite 

hypertension tor a year or more may tail to show any abnormality while others 

show an ertreme degree of change in the arterial pattem. In this respect 

they tollow closely the degree of abnormality seen grossly and in the histo-

logical sections in the opposite kidney. 

somet~es the cast may show nothing more than a slight tortuosity ot the 

interlobular arteries and arterioles. All ot the glomeruli may be well injected. 

There may be nothing to auggest even the slightest abnormality ot the renal 
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vasculature. This is well illustrated in Yigures ~A& B which, respectively, 

represent photographe ot a parattin section stained with haematoxylin and 

eosin, and an arterial cast or the opposite kidney trom a 49 year old tamale 

who was known to have bad persistent hypertension tor the tour years preceding 

dea th. There ia some intimal proliferation ot arteries corresponding to the 

arcuatea in aize. At no place do these show any severe constriction. The 

interlobular arteries and arterioles are tree ot any recognizable change. There 

are a tew scattered fibrosed glomeruli. The neoprene cast shows a slight tor­

tuosity or the interlobular arteries. The afferent arterioles and glomeruli 

are normal in appearance. While there is apparently some change in the small 

arteries in the hietological section, the complete injection cast indicates 

that none ot these changes bas serioualy constricted any ot the arteries in the 

1njected kidnay. 

More pronounced, but still slight degrees ot change are otten sean. 

Pigure 38 shows the arterial architecture ot the kidneys trom a 68 year old 

temale known to have had persistent hypertension tor mme months. Histologie-

ally the kidney is normal in spite ot the patient's age and the authentic 

history ot hypertension. The neoprene cast, on the other band, presents a 

blighted apiS arance wi th tortuoai ty ot the interlobular arteries and arterioles 

and losa ot glomeruli. Other glomeruli show what appears to be only a partial 

injection ending in three or tour ot the primary capillary divisions ot the 

atterent arteriole. 

In casta showing more marked alterations in the arterial architecture, 

a variety or changes may occur. Sometimes the constrictions appear to be lim­

ited to the arterioles and there is loss ot gloneruli without any other signi­

ticant abnor.mality. 71gure 39B shows the appearance in auch a case. In the 

hiatological sections or the opposite kidney tbere is seen detinite hyaline 

thickening ot arterioles and thickening ot the basement membranes ot the 
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gloaeruli. There are a tew scattered tibrosed gloaeruli surrounded by atroph­

ied tubules ( Pig. 39A) • There is a marked reduction in the number of glomeruli 

in the cast but since those near the end ot the interlobular arteries are in­

jected this losa must be real and not due to technical reasons. The injected 

glomerul1 are s~ple and coarse in their structure compared to the intricate 

and delicate structure of the normal glomerulua (Fig. 39C). The interlobular 

arteries are qui te amooth in their outline. The se kidneya wre :tmm a 50 year 

old woman who was said to bave bad hypertension for twenty-aeven years betore 

death. At autopsy the heart was found to weigh 600 grams. The restriction ot 

severe changea to the atferent arterioles in this case appears to refute the 

opinion ot those who claim that hypertension is an important factor in the 

developaent ot organic changea seen so often in the small arteries as well as 

arterioles ot the kidney in cases ot hypertension. Changes for the most part 

limited to the arterioles are well shown in Figure 46. Here the afferent 

arterioles are long and tortuous. The interlobular arteries are 1'airly smooth 

in outline and there is some loss ot afferent arterioles from the proximal parts 

ot the interlobular arteries. 

Severe changea ot the renal arterial architecture in cases ot essential 

hypertension may present a different p1cture. There may be marked tortuosity 

and constriction ot the interlobular arteries. Same ot these cODStr1ct1ona 

may alm.ost completely eut ott the vessels. There may be very great accentua­

tion ot the normally slight conatriction present at the origine ot the inter­

lobular arteries (Fig. 40). In these cases there is also a losa ot glomerul1 

due to conatriction ot the afferent veasels sutticient to prevent the injection 

ot glomeruli. These extreme constrictions ot atterent arterioles appear most 

otten in thoae arising trom the interlobular arteriea close to their origin, 

suggesting the poas1bil1ty that these atterent vessela, more exposed to the full 

torce ot the elevated blood pressure, sutter more severely than those arising 

trom the terminations ot the interlobular arteries, which remain well preserved. 



- 63 -

All ot this 1s well seen in Figure 41 in which is 1lluatrated the renal vaa­

culature ot one kidney troa a male patient 47 years ot age who had a persis­

tent blood pressure ot 210/120. The capsule ot the opposite kidney stripped 

with ditficulty revealing a fine granular surtace. The kidney weighed 140 

grams. 

One further and iaportant change œ curring in the blood supply ot kidneya 

from patients with hypertension is the development ot many new direct veesels 

to the intertubular capillary plexus. 'l'he se are more numerous tban in normal 

kiclneye from normal subjects ot the same age. Sometimes a simplitied glomerular 

atruc~ure, as described by KacCallum, may be seen among these direct veaaels. 

Pigures 42A, B and C, show a histological section and injection trom auch a 

case. In the section, marked intimal proliteration of the interlobular arteriea 

ia seen and there is a marked hyaline thickening ot arterioles. lény ot the 

glomerul1 are tibrosed and there is atrophy and dilatation of the tubules in 

many areas ot the cortex. In the injection only an occasional glomerulue was 

injected. It is unlikely that this means that all ot the uninjected glomeruli 

were completely removed trom the circulation. It only indicates a severe degree 

ot constr1ct1on present in the afferent arterioles sutticient to have prevented 

injection ot silch glomerular capillaries as remained open. Ar1s1ng from the 

interlobular arteries are many long slender vessels which end in capillaries. 

While it is impossible to say precisely wbat these capillaries repreaent, it 

seems aate to conclude that these small vessels arising trœ the interlobular 

arteries have passed into a capillary plexus without the interposition ot any 

glomeruli. 

Kidneys ot Other Chronic Renal Diseasea: These cbalgea ot interlobular 

arteries, atterent arterioles and glomeruli are not limited to, or necessarily 

characteristic ot kidneya from cases ot essential hypertension., Tortuoaity or 

oonatriotion ot interlobular arteries and losa ot glomeruli are seen in other 

cases ot chronic rmal disease. Such changes, illuatratad in ligures 43A and B, 
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were observed in the neoprene castet a kidney ot chronic pyelonephritis, aaao­

c1ated with hypertension. 

Broadly speaking, severe changes of the 1nterlobular arteries, afferent 

arterioles and glomeruli occurring as a result ot old age are ot 8 aimilar 

kind to the changes occurring in kidneys from hypertensive cases, but the 

aeverity and location ot these changes show some differences between the 

kidneys ot old age and those ot hypertension. The constrictiona and tortuos­

ity ot the interlobular arteries and atterent arterioles,and the losa and 

coarseness of glomaruli ot the kidneys trom elderly individuals, are scattered 

evenly along the course ot the interlobular arteries. In kidneys from cases 

of hypertension, soaetimes the interlobular arteries show marked irregularities, 

while the afferent arterioles and glomeruli show no very marked departure troa 

the normal. Sometimes the interlobular arteries are smooth and the irregular-

1 ties are confined to the afferent arterioles. This particular appearance is 

peculiar to kidneys from cases ot hypertension and is seen in many auch kidneys. 

The interlobular arteries are smooth and from the proximal parts ot the inter-

1 obular arteries there arise only 11 ttle s tubs ot at:rerent arterioles, while 

the enda ot these interlobular arteries are surrounded by a bruah ot long 

tortuous atterent arterioles and tairly normal appearing glomeruli. 

Pigure 44 is a photograph of a kidney from a tourteen year old girl 

who clinically presented the features of lipoid nephrosis and who at autopsy 

showed the tindings in the kidney ot a pure lipoid nephrosis or "membranous 

glomerulonephritis ot Bell." This was not a completely successtul injection 

but it can be noted that the interlobular arteries and afferent arterioles are 

normal while the glamerular capillaries have lost some of their usual delicacy. 

Yigure 45 representa an injection ot a kidney from a boy 7 years of age sutter­

ing from aayloidosis secondary to Pott' s diaeaae. In a histological section 

all ot the glomeruli were tilled with amyloid deposit. The injection shows a 
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complete absence of glomeruli. While this does not indicate complete obstruc­

tion ot blood flow thron~~ th 1 ~ e g omeruli during lite, it certainly indicates 

a marked reduction 1n the dimensions and perhapa in the numbera ot capillary 

loops in the glomeruli. 

Measurementa 

General: It it is aasWiled that a widespread narrowing of the lwnina of 

the small arteries and arterioles ot the kidneys in patients with essential 

hypertension is sutfieient to produce a renal ischaemia of a degree capable 

ot produeing hypertension, it would be ot value to bave an accurate quant1ta­

t1Ye estimation or this narrowing. The sprigs ot interlobular arteries mounted 

on glass slides by the technique described above seemed to otter material upon 

which such a study could be made. The measuraments adopted to deteDDine the 

degree o t narrowing and other changes of the small vessels of the renal cortex 

were meaaurements ot the length and w1dth ot the afferent arterioles and the 

width ot the interlobular arteries at the point of origin ot theae same atterents. 

It was hoped that such measurements would render it poasible to tollow accurately 

the changes that occur with the development ot the kidney trom childhood to adult 

age, and the changes that occur in the adult kidney with the advance ot age. 

In order to determine whether signiticant chal ges occurred in these structures 

in kidneys trom cases ot hypertension, it seamed desirable to make simdlar measure­

ments ot the kidneys in hypertensive cases and to compare these with measurem.ents 

ot the same structures from normal kidneya ot the same age period. In the hope 

ot discovering tbe œture ot any auch changes, the measurements ot kidneya trom 

hypertensive patients were also compared with measurements ot the so-called 

normal kidneys ot advanced age groups showing changes due to degenerative pl'O-

cesses ot the vaacular tree. 

'l'he m.ounted aamples ot interlobular arteries and their atterent arterioles 
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were usually spread out sutticiently that under the microscope the majority 

ot atterent arterioles were ina tair~y etraight line capable ot measurement. 

There were in soma instances slight angulations that rendered accurate measure­
ment of these veasels impossible but in order to compensate as much as possible 
for error, all measurements were done by the same individual. The narrowest 

points in the width of afferent arterioles and the width ot the interlobular 
artery at the origin of the atterent arteriole are susceptible of accurate 
measurement. All measurements were carried out with a Zeiss micrometer, 
kompens-okular No. 755. 

In the measure.ments ot the lengths ot the afferent arterioles a magnificat-
ion was used such that one unit of the ocular ecale was equal to .os mm. In 
measuring the widths of the afferent arterioles and interlobular arteries 

another magnificat! on was used in which one unit was equal to .03 mm. The 
means and standard deviations are given in term.s of units and their equivalent 
given with each table. 

Preliminary measurements were carried out to ensure the accuracy of the 

observations and of the sampling. The accuracy of the measurements was deter-
mined by measUZing the length and width ·or one arteriole and the width ot one 

interlobular artery one hundred times. The mean values and standard deviations 
ot these 100 measurements are seen in Table II. 

'I'Ab1A II 

Mean 
Length ot atterent arteriole 1 unit • .oa mm. 1.68 

Width ot afferent arteriole 1 unit • .03 mm. .97 

Width ot interlobular artery 1 unit • .03 mm. 1.93 

*s.D. =Standard Deviation. 

* S.D. 
.17 

.07 

.10 

The standard deviations ot these measurements ia obviously small enough, 

eapecially in the meaaurements ot width, to indicate that the error of meaaure-

ment is insigniticant when making one hundred measurements on these structures. 
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To test the accuracy or sampling, six aample sprigs or sprays ot inter­

lobular arteries were p1cked from a normal adult kidney and 50 measurements in 

each aaœple were made of the lengths and widths of different afferent arterioles 

and the widths ot the interlobular arteries. Samplea A & JI are from the opposite 

po1ea, B & B'trom opposite aides or the hilum, and c & c/trom two points on the 

convex surface of the kidney. The mean and S.D. ot these groups of fitty are 

shown in Table III. 

Table III 
A. A' B B' c c' 

Mean S.D. Mean s.n. Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Length or 
afferent 
arteriole 1 unit•.OS mm. 2.02 .75 2.08 .65 1.89 .43 2.08 .ao 2.02 .60 2.14 .'15 

Width of 
afferent 
arteriole 1 unit•.03 mm. .91 .14 .92 .14 .sa .20 .94 .17 .86 .24 .94 .33 

Width of 
inter-

lobular 
artery 1 unit-.03 mm. 2.65 1.32 2.71 1.16 2.6~ 1.12 2.74 1.09 2.58 1.33 2.89 1.44 

The mean and s.n. ot the length of the afferent arterioles show no great 

differences except tor thoae obtained in sample B. The mean and S.D. ot the width 

ot the afferent arterioles show no signiticant variation. The means of the width 

ot inter1obular arteries show no signiticant variation. The S.D. of the width 

ot the interlobular artery ia quite large and places the validity ot this measure-

ment open to question. When the A JI. samples, the B B' aamplea, and C C'Samples 

are placed in three groups ot one hundred measurements in each sample, the mean and 

S.D. ot these measurements are as shom in Table IV. 

Table IV 
A&A! B & B1 c & c1 

Mean S.D. Mean S.D. Mean S.D. 

Length of atterent arteriole 1 un1t•.08 mm. 2.04 .70 1.95 .69 2.08 .59 

Width ot atterent arteriole 1 uni t•. 03 mm. .92 .14: .91 #19 .91 .,29 4 

Width of interlobular arte~ 1 un1t•.03 mm. 2.67 1.24 2.71 1.06 2.59 1.40 
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When the meana and s.n. are calculated for the six samples together 

81110unting to 300 measurements for each structure, the resulta are as shown in 

Table V. 

Table V 
Mean ot S.D. ot 
300 Meas. 300 Keas. 

Length ot afferent arteriole 1 unit • .oa mm. 2o04 .79 

Width ot afferent arteriole 1 unit • .03 mm. .91 .03 

Width ot interlobular artery 1 unit • .03 DL"D.e 2.66 1.22 

Samples were taken and measurements made in exactly the same way from 

a neop~ne east of a kidney from a detinite case ot hypertension. The resulte 

are set forth in Tables VI, VII, and VIII, in the same way as tor the preceding 

kidney. 

Table VI 

A L B B' c c' 

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

Length ot 
atterent 
arteriole 1 uni t•. 08 JIUI14 2.12 .93 2.04- .3~ 2.35 .ao 2.03 .60 2.12 .97 2.14 .93 

Width ot 
atterent 
arteriole 1 un1t•.03 mm~ 1.09 .66 1.10 .17 1.06 .14 1.01 .20 .94 .14 .99 .10 

Width ot 
inter-

lobular 
artery 1 unit•.03 mm4 1.89 .41 1.74 .52 1.81' .51 1.70 1.27 2.01 1.18 1.77 .60 
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Table VII 

A & 1! B & B" c & a~ 

Mean S.D. Mean s.n. Mean S.D. 

Length ot afferent arteriole 1 unit•.OS mm. 2.07 •. 74 2.18 .86 2.13 .87 

Width ot afferent arteriole 1 un1t•.03 mm. 1.10 .42 1.04 .14 .98 .06 

Width ot interlobular artery 1 unit•.03 mm. 1.82 .54 1.76 .43 1.89 .79 

Table VIII 

Mean ot S.D. ot 
300 lleas. 300 Meas. 

Length of afferent arteriole 1 unit•.08 mm. 2.13 .al 

Width of afferent arteriole 1 unit•.03 mm. 1.05 .35 

Width of interlobular artery 1 un1t•.03 DIDlo 1.83 .58 

In these measurements ot a normal kidney and a kidney from a case ot 

hypertension there are sligbt variations between the mean and s.D. troa 

aaaple to sample of the same kidney. These variations are largest in the 

length of the afferent arteriole and in the width ot the interlobular artery. 

They are sutficiently close, however, to be ot value in determining, on the 

basis of 50 measurements, whether there is a significant difference between 

silllilar measurements in different kidneya. This is particularly true regard-

ing the measurements of the width of the afferent arterioles where the variations 

of the mean and S.D. iD groups ot 50 measurements are suti'iciently close to 

allow calculation ot any statistical difference that might occur in 50 measure-

mente of different kidneya. 

Nom.al Kidneys: For these reasons it seemed justifiable to make one hundred 

measurements ot any one structure in each of the kidneys measured trom which 

to determine any signiticant differences in the measurements ot stœilar struc­

tures from one kidney to the other. Two &amples ot titty measurements each 

were used troa eaoh kid.ney. The aamples were arbitrarily chosen, one from the 
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convex surface ot the kidney and one troa around the hilum. 

In order to determine the changes that occur in the measurements ot 

the length and Width ot the afterent arteriole and the width ot inter1obular 

arteries as the kidney deve1ops from ch11dhood to adult age and the changea 

that oocur with the advance ot age, measurements were made in a series ot 

normal kidneya trom auto pey cases ranging in age from th rea years to seventy-

eight yaars. The mean and S.D. of these measuraments are recorded in Table IX 

and these figures are graphically represented in Graphe I, II & III with the 

varioua measurements plotted against age. 

Decade Age 

0-10 3 

10-20 20 

20-30 27 

30-40 39 

43 40-50 
45 

52 
50-60 54 

60-70 61 

70-80 78 

Table IX 

Measurements ot Normal Kidneys 

*L* ot Att. #w. ot Mt. +W. of Inter. 
1 unitz.OB mm. 1 un1t•.03 mm. 1 unit•.03 mm. 

Sex Mean S.D. Mean S.D. Mean 

., 1.35 .35 .90 .01 1.60 

)( 2.04 .79 .91 .03 2.66 

)[ 1.84 .51 .99 .20 1.85 

., 2.29 .84 .86 .29 1.82 

JI 2.14 .85 1.01 .14 1.59 
)( 2.11 1.00 1.13 .14 2.03 

)( 1.97 1.01 .94 .26 1.94 
14 2.14 .48 1.04 .41 2.21 

~ 2.4'1 .14 1.11 .24 2.38 

J4 1.82 .48 .95 .35 1.76 

* L • Length of afferent arteriole 

1 w • Width of atterent arteriole 

+ w • Widtb ot interlobular artery 

S.D. 

.46 

1.22 

.82 

.83 

.73 

.80 

.91 
1.12 

1.07 

.51 
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The trend of any differences in the measurements from different kidneys 

is best seen in the graphs. It ia apparent at once that there is no straight­

line relationahip between the length of the afferent arterioles and age. 

There is a tendency tor the afferent arterioles to increase in length up to 

torty yeara ot age. But at any given age, normality in regard to the length ot 

the atterent arterioles is represented by a broad band. Similarly the width 

ot afferent arterioles seems to remain about the same up to twenty-tive years. 

'fhen there appears to be a wide scatter in the widths of afferent arterioles 

during middle and old age. There is a tremendous variation between the widths 

of interlobular arteries for any one age. It is doubtful if any conclusion 

wbatsoever can be drawn about differences in the width of interlobular arteries. 

Since these measurements are made at the point of origin ot the afferent arter-

ioles the figure will vary according to whether the afferent arterioles arise 

evenly along the course of the interlobular arteries or whether they arise 

mainly from the proximal or distal parts of the interlobular arteries. 

The num.ber of normal and abnormal glomeruli were counted in each sample. 

TWo hundred were counted altogether trom each kidney. The glomeruli were con-

sidered normal when two or more capillary loopa were completely injected. lhen 

an atferent arteriole ended without entering a glomerulus this was considered 

to represent only one abnormal glomerulus, even though in many instances this 

may have represented the loss ot two or more glomeruli. Uninjected glomeruli 

were counted as abnormal only when other glomeruli aupplied by the same inter-

lobular artery at a more distal point were properly injected. 

The percentage ot normal glomeruli for normal kidneys of different 

ages 1s seen in Table X and tbese are arranged graphically in Graph IV. 
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Table X 

Percentage ot Normal Glomeruli in Normal Kidneys 

Decade Age Sex 
Percentage ot 

Normal Glomeruli 

0-10 3 p 93.5 

10-20 20 )( 98 

20-30 27 )( 96 

30-40 39 F 91 

40-50 43 )4 80 
45 14 83.5 

50-60 52 )4 67.5 
54 )( 80 

60-70 61 r 60 

70-80 '18 Il 50 

Graph IV shows well a tairly regular loss in the number ot nor.mally 

injected glomeruli with a marked decrease in the number ot normal glomeruli 

atter the age ot titty. 

Kidneys from Cases of Hypertension: To determine if' there were any 

signiticant ditterences in corresponding measurements between kidneys trom 

cases ot hypertension and normal kidneys ot the same age period, measurements 

were made on the neoprene casta ot the kidneys from 4 cases ot hypertension. 

Glomerular counts were also done. The measurements and glomerular counts are 

seen in Table XI. The resulta are also recorded on Graphe I, II, III & IV by 

a cross. The tour cases were seleeted cases ot hypertension. This was neeessary 

because the technique adopted tor a desired injection ot normal kidneys was 

maintained when injecting abnormal kidneye. This tailed to inject a sutticient 

number ot glomeruli in some cases to make proper measurements on a small sprig 

ot interlobular arteries. Theretore, the resulta ot these four cases must be 

considered 1n their proper perspective and probably represent the least possible 

cbanges that occur in the small vessela ot kidneys from cases ot 4et1nite hyper-
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Table XI 

Keasurements ot Kidneys from Cases ot Hypertension 

!Bngth ot Width ot 
afferent atterent Width ot Percentage 
arteriole arteriole interlobular of 

1 unit•.OS mm. 
Normal 

He art 
1 unit•.03 mm. 1 unit=.03 mm. Glomeruli 

Age Se x Wt. B.P. Ile an S.D. Mean S.D. 14ean S.D. 

47 14 615 g. 210/120 2.13 .81 1.05 .35 1.83 .58 55 
many 
years 

60 )1 475 g. 190/100 1.98 .77 1.02 .14 1.49 1.40 60 
unknown 
duration 

68 ., 315 g • 160/120 .2.ll .59 1.0, .24 1.91 .73 58 

unknown 
duration 

73 )(" 635 g. 200/90 2.41 .56 .95 .17 1.83 .48 50 

some 
years 1.-

It is obvious that the 1ength and width ot the atterent arterioles ot 

kidneya t10m hypertensive cases lie within the normal ranges tor these measure-

ments in corresponding age groups. While it 1Duld be necessary to study many 

more hypertensive kidneys betore definite conclusions could be drawn regarding 

this problem, 1t can at least be stated that the injected afferent glomerular ar-

terioles in these cases ot hypertension did not show any signiticant reduction in 

the size ot their lumina. These measurements ot width are tor the narrowest 

points in the glomerular arteriole. However, this is not the whole picture tor 

it is noted ln the glomerular counts tbat the percentage ot normal glomerul1 in 

these cases ot hypertension lies between 60 and 50 percent. This does not mean 

that during lite there was complete occlusion ot atterent arterioles to 50 percent 

ot the glomeruli, but it does indicate a severe degree ot obstruction. Because 

ot the loss ot glomeruli trom the proximal parts of the interlobular arteries, 

the afferent arterioles •asured ,are a select group :trom the distal parts ot 
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the interlobular arteries and this may modity the value ot the measurement. It 

is 1nterest1ng to note that the percent or normally injected glomeruli tor the 

kidneys trom the hypertensive and the elderly non-hypertensive cases are both 

on the lower tœ.rgin of the normal range. The values for the width ot the inter­

lobular arteries from kidneys or cases or hypertension all lie along the lowest 

liait for normal and one is deti.nitely below this. As pointed out above, this 

bas no significance since the afferent arteriolesmeaaured in these cases, and 

so the points of the interlobular arteries measured, may lie along the distal 

parts of the interlobular arteries. Also, it is impossible to give a normal 

figure that can be considered valid. 

The variable factors, the error of measurement and the S.D. in the 

measurement of the length of the afferent arterioles and the width ot the inter-

lobular arteries are of auch a magnitude that a true value tor the se measure1nents 

cannot be obtained. The slight error of measurement and the small s.D. for 

meaaurements of the width of the afferent arteriole in the normal kidney make 

this the only measurement which is statistically valid. The error ot measurement 

and S.D. tor this measurement in kidneys from cases ot hypertension is also small 

enough that this mean width ot the atterent arteriole of these kidneys should be 

an accurate mean for the afferent arterioles measured. From the resulta ot the 

measurements on kidneys trom cases ot hypertension, it is impossible to general-

ize about the width ot afferent arterioles in all kidneys from cases ot hyper-

tension as compared to the same measurement in normal kidneys because the measure-

ment represe~ts the width of a select group of afferent arterioles in these kidneys 

trom cases of hypertension. In order to have a true measurement for the width 

ot the atterent arterioles ot kidneys from cases of hypertension it would require 

a neoprene cast resulting trom an injection in which every afferent arteriole was 

injected to the point ot complete occlusion. This result cannot be clatmed tor 

the casta used in this study as they were the result of injecting kidneys by 
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exactly the same method as was used tor injection ot the nor.mal ~idn~•· 

The only just conclusion that can be drawn trom the measurements obtained 

in this study tor the width of the atterent arterioles ot k1dneys trom 

cases ot hypertension is tbat the mean width ot the afferent arterioles 

measured in these kidneya lies within the range for this measurement in 

normal kidneys. 
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Part IV 

DISClBSICN 

Kolliker in 1860 described fairly accurately the main divisions of the 

renal artery in man. He recognized that the main renal artery divided into 

several large arteries in the hilum of the kidney and these were continued on 

in the cortico-medullary interval where there was repeated branching of these 

vessela without anastomoses. He did not note, as Huber did and as confirmed 

in this present work, that rather large branches arise from the arteries in 

the cortico-medullary interval and pe.ss w1 th a slight inclination towards the 

surface or the kidney but almost parallel to the branches in the cortico­

medullary interval. Von Ebner in 1893 and Golubew in 1899 stated tbat the 

main renal artery divided into a tew large branches which ran in the cortico­

medullary interval and arched over the base of the pyramid, forming a continuous 

arched vassel running from the hilum ot the kidney to the convex surtace ot 

the kidney. From these large arteries with an arched course there arose at 

right angles and at regular intervals a series of small vessels which ran 

directly towards the surface of the kidney giving ott afferent arterioles 

in their course. The long arched vessels they called arcuate arteries. Lee­

Brown' a description as late as 1924 leaves a similar impression with the reader. 

The observations of the neoprene casta of the renal arteries from the kidneys 

ot man in general are in agreement with Kolliker and more particularly Huber, 

and may be swnmed up by stating that the main renal artery di vides usually 

into two primary divisions, one tor the supply of the anterior surface of the 

kidney, and one tor the posterior surface of the kidney. The branches to the 

ante ri or surface ot the kidney supply more tban half ot the kidney. The se 

two main divisions torm about five branches in the hilum ot the kidney between 

the kidney pelvis and cortex in this region, and these primary divisions in 

turn di vide into a s aries of interlobar arteries equal in number to the nWI.ber 
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ot medullar.y pyramida which usually total between nine and twelve in number. 

These interlobar arteries gain the interval between the cortex and medulla 

and than by repeated division without anastomoses foDn a series of branches 

which lie in the cortico-medullary interval. In accord with Huber but not 

noted by Kblliker, a series ot branches arise from the arteries in the cortico­

medullary 1nterval and pass with a slight inclination towards the surtace ot 

the kidney almost parallel to the arteries in the cortico-medullary interval. 

All of these vessels in and close to the cortico-medullary interval should be 

called arcuate arteries. Small arteries ot uniform bore arise from the con­

vax surface and from the ends ot these arcuate arteries and pass out tram the 

surfaces of the medullary pyramida. These small arteries divide repeatedly, 

do not anastomose, and give origin to the afferent arterioles. T.hese small 

arteries are the interlobular arteries. They are not, as Von Ebner and Golubew 

thought, vessels which run a direct course w1thout division from the cortico­

medullary interval to the surtace of the kidney, nor are they intralobular 

arteries as Gross called them. They are truly interlobular arteries, many ot 

them lying between the adjacent renal lobules ot Traut. The arteries Huber 

described running directly outwards between the arcuate arteries and the inter­

lobular arteries but not giving origin to afferent arterioles are not present 

in the neoprene casta of the renal vasculature or normal human kidneys. There 

are, however, lateral divisions from the main renal artery and its primary 

divisions to the capsule, pelves and per1pelv1c tissues. T.hese were described 

by KOlliker, Bowman and others. 

Most authors agree that the majority of afferent arterioles arise from 

the interlobular arteries. The observations ot the neoprene caste confir.m the 

opinion of Huber, Traut, Morrison and others who stated that sorne afferent 

arterioles supplying glomeruli near the cortico-medullary junction arise from 

the arcuate arteries. 
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Bowman was the firat to describe clearly the etterent arterioles join­

ing the glomeruli and peritubular capillary plexus and he called this series 

ot efferent arterioles the "renal portal system." These efferent arterioles 

are seen well in the neoprene casta and as stated by Kolliker and Lee-Brown, 

vary in their appearance depending on their position in the cortex. Those 

etterent arterioles art.sing from the peripheral glomeruli continue towards the 

surtaee ot the kidney in the same direction as the corresponding arteriole to 

end in the subcapsular capillary plexus. Those efferent arterioles arising 

from the glomeruli in the central portions of the cortex orten run at right 

angles to the corresponding afferent arteriole and after a short course end in 

the peritubular capillary plexus. The efferent arterioles taking origin trom 

glomeruli near the eortico-medullary zone end in a series of long vessels which 

run as a sheath of long straight parallel vessels between the medullary tubules. 

These are the so-called "arteriolae rectae spuriae." Bowman observed these 

vessels and thought that they supplied all the blood to the medullary capillary 

plexus. Huschke thought that the medulla received its blood supply from the 

cortical capillary plexus. 

Bowman believed that all ot the blood to both the cortical and medullary 

capillary plexuses passed through glomeruli and then reached the capillary 

plexuses by way ot the etterent arterioles. Since that time there has been a 

good deal of controversy regarding the truth ot this statement. Ludwig, Kolliker, 

Korrison and others described various direct arterial connections between the 

arteries and the parenchymal eapillary plexus of maamalian kidneys. The argu­

ment bas resolved itself into the question of whether these direct vessels are 

tound in normal mammalian kidneys and, if so, whether they are of importance. 

In the cortico-medullary region these direct vessels were described as 

arising either fJOm the proximal parts ot interlobular arteries or trom arcuate 

arteries, and were called the "arteriolae rectae verae." In the cortex these 
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direct vessels were described as arising from the ter.œinations ot the inter­

lobular arteries, from the aides of the interlobular arteries and from the aff­

erent arterioles just as these entered the glomeruli. Steinach stated that 

there were direct communications between arteries and veina, and Golubew 

claimed to have confirmed this. Htiber did not believe any auch direct con­

nections existed in the normal mammalian kidneys which he studied. MacCallum 

in 1926 denied that any auch direct communications exlsted although he thought 

that tbere mignt possibly be a few auch vessels. In 1939 he had tor.med the 

opinion that in the normal mammalian kidne.ys which he studied there were 

direct communications both in the cortex and medulla. He showed by a series 

ot drawings how these various direct communications developed as a result ot 

degeneration ot the glomeruli. He pointed out in conclusion tbat these direct 

vessels should not be considered to be entirely normal but were for.med as the 

result of degeneration ot a glomerulus and its associated afferent and etferent 

arterioles. 

The present study deals only with the kidneys of man and except for the 

work ot Morrison and Lee-Brown pfesents the only photographs ot isolated small 

structures in the renal blood vessels of man, that the writer has been able 

to find. From the resulta ot this study it is clear that in kidneys ot man, 

which for practical purposes must be considered normal, there are no arterioles 

arising trom large arteries and passing to the parenchy.mal capillary plexus 

ot the kidney, and there are no direct communications between arteries and 

veins as described by Steinach and Golubew. There are, however, occasional 

direct vessels arising trom the smaller arteries and passing to the capillary 

plexuses of the cortex and medulla. Close to the medulla these direct veasela 

arise either tzom the proximal ends ot interlobular arteries or trom arcuate 

arteries. and atter passing towards the medulla they end in a series of long 

atraight vessels which supply the medullary capillary plexus. These are the 
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"arteriolae rectae verae." In the cortex there are direct vessels arising 

from the aides and ter.minations ot the interlobular arteries and from afferent 

arterioles which pass to the cortical capillary plexus. 

Long search of neoprene casta ot kidneys ftom individuals in the first 

two decades of life otten fails to reveal any of these direct vessels. They 

are found more otten in normal kidneys of adulte in the later decades of lite 

but in auch normal kidneys a prolonged search reveals only a few. Previously 

it bas been claimed by soma that injection methode do not penetrate the finer 

structures sutriciently in corrosion casta of kidney blood vessels to warrant 

the conclusion that these direct vessels are not common in normal kidneys. 

The neoprene casts present a complete injection of glomeruli, efferent arterioles, 

a portion of the peritubular capillary plexus and in the medullary region reaCh 

as far as the normal "arteriolae rectae spuriae." There can be no doubt that 

this method would show any direct vessels that exist in the cortex and medulla. 

It can then be concluded from this study that in nor.mal kidneys of man the 

tundamental plan of the renal vasculature is designed to carry all of the blood 

that entera the main renal artery through the glomeruli before any of this blood 

reaches the cortical or medullar.y capillary plexuses. As Huber pointed out, 

Bowman should be given full credit for being the first to discover the truth 

ot this aspect ot the kidney circulation. Occasional direct vessels to the 

peritubular capillary plexus do exist. But. as Huber, Lee-Brown and Mbrrison 

have pointed out, these are insignificant in their affect on renal physiology, 

and as MacCallum has shown they probably develop as a result of damage to 

glomeruli and their associated afferent and efferent arterioles. It seems 

reasonable to assume this origin for these vessels since they are very rarely 

sean in the kidneys ot young individuals; they do occur more frequently in the 

kidneys from elderly individuals, and they may become quite common in kidneys 

the site or chronic renal disease. 
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It would seem, as MacCallum has pointed out, that whenever these direct 

vessels are mentioned in text-books ot histology it should be specifically 

stated that they arise as the result of adaptetion to sorne damage in the kidney 

cortex. As Oliver and his eo-workers have shown, these direct vessels have a 

real significance in the physiology of the kidney of chronic Bright's disease. 

The development of our present knowledge regarding the changes in the 

renal arteries and arterioles in hypertension has already been traced in the 

review ot the literature. Thickening and narrowing of the arteries in contracted 

kidneya bas been rec~gnized tor almost one hundred years. It is true that 

speculations as to the association of arterial hypertension could not be con­

fir.med until a clinical method was available for measuring the blood pressure 

accurately, and the problem could not be properly appreciated until the differ­

entiation bad been made between the contracted kidney of chronic glomerulo­

nephritis and that of nephrosclerosis. Atter this differentiation had been made, 

a sharp distinction was drawn between the hypertension associated with chronic 

glomerulonephritis and the so-called "essential" hypertension associated with 

nephrosclerosis. The former was, and still is, generally regarded as hyper­

tension ot renal origin. Essential hypertenslon, on the other hand, was at 

first thought of as having a non-renal origin and the associated renal vascular 

and parenchymal changes were regarded as the result of this hypertension. In­

deed, the opposite view, that primary renal vascular disease is the cause ot 

essential hypertension, has come into prominence only within very recent years, 

due ~rgely to Goldblatt's experimental demonstration that renal ischemia is 

capable or producing hypertension without detectable impair.ment ot renal excret-

ory function. 

Moritz and Oldt (1937) have brought forward anatomicalevidence which they 

interpreted as supporting the conclusion that primary renal vascular disease 

by producing renal ischemia caused essential hypertension. However, in their 
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series of cases ot hypertension, as in the series ot Fishberg {1925) and Bell 

and Clawson (1929) , there were a few cases in which no disease of the intra­

renal arteries or arterioles could be discovered. such cases provided one of 

the principal arguments supporting the conclusion of Fishberg, and Bell and 

Clawson, that the renal vascular lesions were not the cause ot essential hyper­

tension but secondary to it. Moritz and 0ldt pointed out that in the cases in 

their series which lacked intrarenal vascular disease there were constricting 

arteriosclerotic plaques in the large renal arteries and they concluded that 

these were sut.ficient to account tor renal ischemia and renal hypertension in 

thoae exceptional instances. This facile explanation, however, seems open to 

challenge tor it bas been pointed out by Christian and Schlesinger ll939) and 

Cox and Dock (1941) that anything but the most extrema oonstriction of the main 

renal artery does not affect the perfusion rate of the kidney post mortem. In-

deed, Cox and Dock, contra~; to Christian and Schlesinger, round no signiticant 

decrease in the perfusion rate of the kidney in cases of essential hypertension, 

unless the patient bad died with signa of renal insufficiency. They concluded, 

therefore, that hypertension at its onset is usually not associated with a 

reduction of the renal vascular bed. 

It need scarcely be pointed out that no detinite conclusion can be 

drawn regarding the degree of renal ischemia produced during lite by. thickening 

and narrowing of renal arteries and arterioles observed in histological sections. 

Nor is the observation of post mortem renal perfusion rates a method beyond 

criticism, for it is obvious that the development of direct arterial connéotions 

to the capillary plexuses could well compensate tor the closing off ot vascular 

channels elsewhere. Thus, a nor.mal perfusion rate cannot by any means be 

sately interpreted as indicating a normal flow through a normal renal vascular 
A 

bed. From all of this, it seems clear that the possible role ot renal arterial 

and arteriolar changes in producing renal ischemia and hence hypertension 1s 

atill an open question. 
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It seems doubttul that this question can be detinitely and finally 

settled by the application of any single method of study. It is clear that 

the study of neoprene casta ot the renal vasculature cannot give a measure 

of renal blood tlow any more than can the study ot histological sections. 

However, the neoprene casta otrer a definite advantage over histological 

methods in ~bat the arteries and arterioles can be traced in continuity do~ 

to their finest ramifications. Moreover, the neoprene casta are accurate 

reproductions ot the lumina ot the renal arteriel vessels distended under a 

pressure within a physiological range. Since the pressure used in the injec­

tion of the kidneys from cases of hypertension was the same as the pressure 

used in injecting the renal arteries of normal kidneys, and since all other 

factors were kept constant during the injection of normal and abnormal kidneys, 

it is reasonable to conclude that any differences noted between the casta ot 

normal and abnormal kidneys represent changes due to organic lesions in the 

arterial walls. While it cannot be said that the width of the lumina ot small 

arteries and arterioles as judged by the neoprene casts is an accurate measure 

ot the width of these same lumina during lite, it is sare to conclude that 

the diameters represented in the casta are in any case the maximum tbat could 

be tound tor a corresponding point during lite. Fbr these reasons, one can 

gain trom a study of the neoprene casta a much more accurate idea ot the all­

~portant lumina of the renal arteries and arterioles in essential hypertension 

than is possible in histological etudies which deal with the state ot the 

no~al or diseased vassel walls or with the supposed functional capacity ot 

their more or lees collapaed lumina. 

Study ot neoprene caste of the renal arterial vasculature in cases ot 

essential hypertension shows tbat there are no constant severe constrictions 

ot the main renal artery. In some kidneys there are no observable constric­

tiona in the smaller arteries and arterioles. In other kidneys there are 
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constrictions and angulations ot the interlobular arteries and arterioles, 

sometimes confined to the interlobular arteries, sometimes confined to the 

afterent arteriole and sometimes round in both types of vassel in the same 

kidney. These changes are often so slight that it would be dirticult to be­

lieve that they are capable of producing an appreciable reduction ot blood 

flow, much less an ischemia of the renal cortex sutticient to cause hyper­

tension by tbe Goldblatt mecbanism. 

On the other band, there are severe constrictions of the small renal 

arteries and arterioles in sorne of the hypertensive kidneys, espec1ally when 

the kidneys are markedly contracted. In these cases the afferent arterioles 

and associated glomeruli are often missing from the proximal parts ot the inter­

lobular arteries and direct vessels to the cortical and medullary capillary 

plexuses may be very numero us. There may be a loss ot as many as fi tt y percent 

of the glomeruli. Measurament of the width of the afferent arterioles which 

remain in these cases reveals no significant narrowing of the lumina ot these 

vessels on the average. However, as bas been already pointed out, the value 

tor this measurement is only an average ot the measurements of the injected 

afferent arterioles, and until it is certain that avery afferent arteriole 

which is not completely occluded has been completely injected, no conclusion 

can be drawn regarding the average width of the afferent arterioles for the 

whole kidney. Nevertheless, the losa of 50 percent ot the glomeruli in some 

of these kidneys from cases ot hypertension indicates that the afferent arter­

ioles to these glomeruli are severely constricted and in some instances com­

pletely occluded. It seems reasonable, thereforet to believe that in these 

cases there would be sutficient ischemia of the renal cortex to cause elevation 

ot the blood pressure. 

The lack ot any observable change in the lumina ot the small renal 

arteries and arterioles in the kidneys trom some cases ot detinite and persiat-
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ent hypertension, and auch slight changes in other kidneys that they could not 

be considered adequate to produce ischemia ot the kidney cortex capable of 

causing hypertension, suggests that in the early stages ot essential hypertension 

there is no widespread and severe organic constriction of the srnall renal vessels 

producing ischemia ot the kidney cortex, and that if ischemia of the kidney is 

responsible for the hypertension then there must be a widespread tunctional 

vasoconstriction of the small renal arteries and arterioles. The normal con­

strictions ot the afferent arteriole at its origin and ter.mination may indicate 

some physiological mechanism capable of producing marked narrowing of these 

segments of the renal afferent arterioles under certain conditions resulting in 

a sutticient degree of ischemia of the kidney cortex to produce persistent high 

blood pressure. 

The marked Changes described in the small renal vessels in soma cases of 

hypertension undoubtedly do produce ischemia of the kidneys, and may aggravate 

the mechanism already causing the hypertension; or when these changes are so 

severe as to be no longer reversible, they may be entirely responsible tor the 

maintenance of high blood pressure. But it seems reasonable, on the basis ot 

these tacts, to believe that the arganic changes noted in these vessels arise 

from damage to these small vessels, either as a result of severe vasoconstriction 

or the wear and tear ot high blood pressure, or both. 
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SUMMARY & CONCLUSIONS 

1. The literature on the blood supply of normal and abnormal mammalian 

kidnays is reviewed. 

2. Injection methode for the study of blood vessels, more particularly 

of the kidney, are discussed and campared. 

3. The injection technique using "Neoprene", a liquid latex, as the 

injection maas, is described in detail. 

4. The advantagesof this material, which produces an accurate mold ot 

blood vessels, are pointed out. 

5. A study is reported of fitty-seven kidneys injected by this method. 

Ot these, 36 were normal, 18 were from cases of hypertension, one was tram a 

case ot amyloidosis, one from a case ot lipoid nephrosis and one from a case 

ot ch~nic pyelonephritis. 

6. It is shown that the main renal artery divides into five main divisions, 

which the.n fo~ about twelve interlobar arteries. These divide into a series 

of large vessels running parallel and close to the cortico-medullary interval 

and called arcuate arteries. From these arise the interlobular arteries which 

divide and give off the afferent glomerular arterioles. 

7. Three types of efferent arterioles are noted: the subcapsular type, 

the cortical type, and the cortico-medullary type which end in the "arteriolae 

rectae spuriae". 

a. Direct vessels to the cortex and medulla are described in essentially 

normal kidneys, but were considered to be unimporta.nt in renal physiology 

and were considered to bave developed as a result ot damage to glomeruli. 

9. Age changes ot the renal blood vessels are described. 
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10. In kidneys from cases of essential hypertension there are no 

observable changes in the arterial lumina in sorne instances, while in others 

there are .marked changes or the small arteries, arterioles and glomeruli. 

11. It is concluded tbat in the early stages of essential hypertension, 

there are no organic constrictions of small vessels capable of producing an 

ischemia of the kidney cortex sutficient to cause hypertension. The severe 

changes seen in small arteries and arterioles in the kidneys from some cases 

ot hypertension are considered to be the result or damage caused by severe 

tunctional constriction ot these vessels or by the wear and tear of high blood 

pressure, or both. 
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Part V 

ILLUSTRATIONS AND GRAPHS 

Illustrations: These include sorne photomicrographs of kidneys 

ot the opposite side to the one injected. The ~jority of illustrations 

are or neoprene casts mounted according to the method described pre­

viously. 

It should be remembered that in these photographs of neoprene 

casta i t is a cast of the lumen that is seen. Therefore, any changes 

noted are indications of the effect on the lumen ot the vessel observed. 

No conclusions can be drawn regarding the state ot the vascular tree 

beyond the last point or injection. When the injection stops short of 

a glomerulus it does not indicate complete obstruction at that point 

but merely a severe degree or obstruction to the injected neoprene. 



F1s. 1 (A-11369). Photomicrograph ota histological section of a 

normal kidney, man age 45. This is th appearance of a kidney ready 

for injection. T.he kidney was perfu d with tap water for eight hours, 

left at 4° c. for 18 hours then at room temperature for 4 hours. A 

block of the kidney as th n tixed in tormalin and stained with h emat­

oxylin and eosin. ote that While histological detail is not w 11 

pr served thar is not much distortion of architecture due to o de.ma 



Fig. 2 (A-11369). Photomicrograph ot histological section of a normal 

kidney from the same case as used in Fig. 1. This kidney was pertused 

with 2 litres of kerosene at 200 mm. of mercury, and then fixed in for.malin 

and stained with haemato~ lin & eosin. Compare with Fig. 1 which wa 

taken at the same magnification. Note in Fig. 2 that the glameruli are 

stutfed with blood. These are from the periphery of the cortex. The 

structures do not show any great variation in size between the two kidneys. 



Fig. 3 • Photomicrograph of a histological section of a normal kidney. 

This kidney was injected and prepared for histological section by the 

method described in the text. Note the neoprene completely filling one 

of the arteries indicating that no shrinkage occurs as the neoprene 

hardens. 



Fig. 4 (A-484-40). Photograph or a neoprene cast under water or 

a normal kidney from a woman, age 41. This shows the large branche 

dividing and then as they pass into the kidney they are soon covered 

by the overhanging mass of glomeruli around the hilum. The glomeruli 

for.m a dense thick covering giving the whole the appearance or some 

luxuriant tropical bush. 



Fig. 4A (A-10955). Photograph of a neoprene cast under water. 

From a normal kidney, male age 20. Note how thickly the glomeruli 

cover the whole surface of the cast. 



Fig, 5 (Â-11412), Photograph of neoprene cast under water. From 

a normal kidney or ·a boy age 18. This is a cast separated into anterior 

and posterior sections. Note that the main renal artery divides into 

two main branches, one for supply of the anterior surface and one for 

the posterior surface. These both soon divide into further prtmary 

divisions. Almost two-thirds of the blood supply passes to the 

anterior portion. 



- Fig. 6 (A- 11269) • Photograph of neoprene cast un der water. From 

a normal kidney of a man aged 52. Note the small vessels arising 

from the primary divisions of the renal artery to supply the capsule. 

... 



Fig. 7 (~11333). Photograph of neoprene cast underwater. From 

the kidney ot a man age 43. Note a small vassel arising from one ot 

the main divisions of the renal artery, for the supply of pelvic and 

peripelvic tissue. 



Fig. 8 (A-11412}. Photograph of neoprene cast under water. From 

the kidney of Fig. 5. This shows an interlobar artery dividing into 

arcuate arteries by repeated dichotomous division. Some of the larger 

branches lie parallel to the surface of the kidney. The sme.ller on es 

pass with a slight inclination towards the surface ot the kidney. 



Fig. SA. Photograph of a eut surface of a normal kid.ney. A layer 

of cortex half an inch in thickness has been shaved from the convex 

surface of the kidney. The medullary pyramids are sean in cross 

section surrounded by a layer of cortical tissue Which is thick towards 

the surface of the kidney and thin between adjacent pyramida. Cross 

seetionsof arcuate arteries are seen in the cortico-medullary interval. 



Fig. 9 (A-11412). Photograph of neoprene cast under water. From 

the kidney of Fig. 5. This shows an interlobar artery near the lower 

pole giving ott arouates only on the sida towards the pole. 



• 

Fis. 10 (A-11412). Photograph of neoprene cast of a normal kidney. 

From the kidney of Fig. 5. This surface is at a right angle to the 

surface seen in !ig. 5. Note the interlobar artery dividing dicho omous y 

into arcuates wbich pass with a slight inclination towards the surface 

of the kidney. 



Fis. 11 (A-11412). Photograph of' neoprene cast under water. From 

the kidney of Fig. 5. A primary division is seen dividing into t o 

interlobar arteries. Note the marked constrictions occurring at the 

take-ott of the arcuate arteries as they divide. 



Fig. 12 (A-11412}. Photograph ot neoprene cast under water. From 

the kidney of Fig. 5. An interlobar artery dividing into arcuate arteries 

as seen in a plane at right angles to the surface or the kidney. Note 

that the proximal arcuates arch down to supply the glameruli ot the 

cortex overhanging the hilum or the kidney. 



Fig. 14 (A-11412) • Photograph of a neoprene cast from a normal 

kidney, male age 18 years. The interlobular arteries are arising in 

a fairly regular manner from the convex surface of an arcuate artery. 

These divide repeatedly but maintain a course almost parallel to one 

another with a slight radial arrangement. 



semi-diagrammatic drawing of extcn ively 
mac rated kidney ti ue to illusirate the mann r in 
which the kidney re olv it If into imilar units of 
renal sub tance. The unit are pyramids having t heir 
ba in the cortex and th ir apiccs in the inner zone of 
the rn !ulla. C., cort x; O. Z., outer zone; 1. Z., inner 
zone; 1. A., in t rlobular artery; G., glomerulus; .1. V., 
arcuat · vcin. 

Fis. 15. Reproduction from Traut. This shows the pyramidal lobul s 

formed around central collecting tubules. In the cortex the four si des 

of the pyramid are cov red with glomeruli. In the interval between 

these lobules run the interlobular arteries. 



F1g. 16 (A-484 40). Photograph or a neoprene cast of a normal kidney. 

This shows a series of interlobular arteries arising tram the convex 

margin of an arcuate artery. Note that the interlobular arteries divide 

after giving origin to afferent arterioles. No arterial anastomoses 

exist between any ot these interlobular arteries. 



Fis. 17 (A-10958). Photograph of a neoprene cast ota nor.mal kidney, 

man age 20. This shows the interlobular arteries arising from the 

ter.mination ot an arcuate artery. Note that no arterial anastomoses 

exist between the interlobular arteries. 



Figs. lSA cl B. Photographs of same neoprene cast as 14B. These 

are interlobular arteries taken at the same magnifioation showing the 

great variation in length between interlobular arteries from the same 

kidn Y• 
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Fi • 19 (A-10758). Neoprene cast of a normal kidney from a r 
' 

age 39. Note the y the interlobular artery termina tes by breaki u 

into seriee of long afferent arterioles ending in glomeruli. 



Fig. 20. Photograph of a neoprene cast of a normal kidney from a 

f'emale, age 50. Note the number of glomeruli arising from a structure 

the aize of an arteriole. The size of this vassel is only slightly 

larger than any on of the afferent arterioles arising from it. 



Fig. -1 376 • Photograph of neopr ne ca t of a normal kidn 

fr a , ge 23. ot the marked constriction of the a tarent 

arteriole close to 1 ts origin from the i rlobular art ry. 



• 

Fig. 22 (ÀP-11269). Photograph ot a neoprene cast of a normal kidney 

from a male, age 52. Some ot the structures have been broken ott in 

the preparation. This shows very well in two ot the a:tf rent arterioles 

the constriction that is commonly seen as th afferent arteriole ent rs 

th glomeruli. 



Fig. 23. Photograph of a neopr ne cast of a kidney ran a man, 

age 50. Note the long afferent arterioles taking origin fran the 

large proximal part of an interlobular artery. 



Fis. 25 (A-10753) • Photograph of neoprene ca t of a normal kidney. 

Note the three subcortical glomeruli and their efferent arterioles 

hich break up almost tmmediately into a peritubular capillary plexus. 

Apparently there is extensive anastomosis of capillaries from adjacent 

glomeruli. 



Fig. 26 (A-11203). Photograph of neoprene cast of normal kidney. 

ote the groups of arteriolae reotae spuriae streaming out from the 

glomeruli close to the medulla and arising from very short efferent 

arterioles. 



Fig. 27 (A-11412). Photograph of neoprene cast under water. From 

kidney of Fig. 5. This shows an interlobar artery dividing into arcuate 

and these in turn into interlobular arteries. Same of the branch s ha e 

been removed. Sorne of the interlobular arteries ari from the ter.minatio 

of arcuates while other aria from the trunk:s of the rcuate • All pass 

towards the surface at approxtmately the leval of th origin or the inter­

lobular arteries. 



Fig. 28 (A-11412). Photograph of same neoprene cast as Fig. 14B. 

The large arcuate artery is dividing into further arcuate arteries which 

for.m acute angles at their origins. Same have been ramoved and the 

rest separated from one another. Ordinarily these lie almost parallel 

to one another. All of theae arcuates give off interlobular arteries. 

A te direct vessels can be seen arising trom the large arcuates and 

also a tew afferent arterioles take origin from these. 



Fig. 29 (A-11203). F.hotograph or neoprene cast tram a nor.mal kidney 
ot 8 male, age 45 years. A direct vesse1 to the cortical capillary 
pleXUS is aeen which appears to be the direct continuation ot an 

afferent arteriole. 



Fig. 30 (A-11197). Photograph of a neopren cast of a nor.mal kidney 

from a male, age 45. Among the arteriolae rectae spuriae one vessel 

can be s en arising directly from the interlobular rtery and pass1ng 

towards the medulla without passing through a glomerulus. This is one 

of the so-called "arteriolae rectae verae • 
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-11276) • P otogra h of a kidney rom a ag d 78. 

• o e the rk d gnarled appearanoe ot the arge branches. On int r-

lo ar rter.y 1 s n con inued out and anasto osin ith rirenal 

ve sels. 



.is. 32(A-10955). hoto ra h of neopren cet of a nor.mal kidne 

from a age 20. Com e size or struetur s with those in ig. 33 

fra chil ag 3. Both ictures tak n at the same magnification. 

The omeruli p rticula l vary in aize. 



( - 1187 • eo en ca t of no .. ~.a.. ........ e 3 r 

t e _ e r he vario s ructures an corn re with Fi • 



F.ig. 34A (A-10737). Photograph of a neoprene cast of a normal kidney 

from a f'emale, age 60. Note the marked constriction at the take-o t 

ot the lo er.most interlobular artery. 



Fig. 34B ( A-11197). Photogra.ph or a neoprene cast of a normal kidney 

:t'rom a male, age 45. The glomeruli are all well injeeted. Note 

irregularity of the interlobular arteries. 



, 

Fis. 35 (~112?6). Photograph of a neoprene cast of a nor.mal kidney 

from a male, age 78. The interlobular arteries are irr gular. Note 

particularly the coarse simplified appearanc ot many of the glom ru11. 



Fis. 36 {A-10737). Photograph of a neoprene cast of a normal kidney 

from a fEmale, age 60. Note the "blighted" appearance due to loss of 

glomeruli. Some glomeruli show only a coil or tl«> injected and in some 

cases only the short primary di vi si ons of the afferent arteriole. Note 

the marked conatriction of the origin or the most proximal interlobular 

artery. 



Fig. 37 A (A-10873) • Photomicrograph of a histological section from 

a kidney or a female, 49 years of age, blood pressure 196/126 for four 

years, heart eight 375 grams • There is marked hyaline thickening of 

the walls of some of the afferent arterioles with reduction in the aize 

of their lumina. The glomeruli and tubules appear normal. 



Fig. 37B (A-10873). Photograph of neoprene cast of opposite kidney 

:rrom the same case as Fig. 37A. The interlobular arteries, afferent 

arterioles and glomeruli are all wall injected. 'Ihere are one or two 

small vessels that might be direct vessels to the peritubular capilla~ 

plexus. 



Fig. 38 (A-512-40) Photograph of neoprene cast of kidney from 

temale, age 68. B1ood pressure 160/120, heart weight 315 grams. Note 

the tortuosity of the inter1obular arteries with some rather severe 

constrictions particu1arly at their bifurcations. Some glomeruli sho 

only a few coils injected; same merely a fe of the primary divisions, 

and in others the injection has not entered the glomerulus. There are 

a few convoluted tubules injected. 



Fig. 39A (A-11178). Photomicrograph of a histological section of 

a kidney from a female, age 50. Blood pressure 270/130, heart eight 

600 grams. The afferent arteriol s show a marked hyaline thickening 

of their walls with extrema narrowing of their lumina. The basement 

membranes of the glomeruli are thiokened. 



Fis. 39B (A-11178) • Photograph of neoprene cast of kidney from a 

female, age 50. Blood pressure 210/130, heart weight 600 grams. ·Note 

the rather ven contour of the interlobular arteries. The Short stems 

ot afferent arterioles are seen arising along the course or the inter­

lobular arteries but rail to end in glomeruli. 



Fig. 39C (~11178). Photograph of neoprene cast or a kidney from 

a female, age 50. B1ood pressure 270/130, heart weight 600 grams. 

The interlobular arteries appear relatively nor.ffial. Note the marked 

tortuosity and constrictions of the afferent arteriole and the coar e 

pattern of the glomeruli. 



Fig. 40 (A-10776). Photograph of neoprene cast of a kidney from 

a female, age 59. Blood pressure 230/130, heart eigbt 430 grams. 

This injection was not complete but it shows ell the beaded appear­

ance of the interlobular arteries. Some of the angulations and 

con triotions almost completely occlude the lumen. 



ig. 41 (~11194 • Photograph of a neopren cast of a kidney from a 

man a 47, B.P. 210/120, heart w ight 615 gms. 'lh proximal rts of 

the inter. obular art ri s are normal. There is slight notching 

angulation of th t rminal portion. ot the extreme 

from the prox mal rts o the interlobula.r art ri • 

ck of lomeruli 

Only l•ttle spikes 

re resentin th a fer nt arterioles can b s en. h glomeruli aro d 

the er.minal portion o the int rlob ar art ries ar coarse. 



.ig. 42A (A-10857). his is a photomicrograph of a histolo cal ectio 

fr he 1 e o a mal , age 49, blood pressure 200/140, heart eight 

680 grams. here is a marked intima roliferation of the interlobular 

arteri hich ap ar almost co lete Y occluded t sorne oi ts. e 

eriole sho a marked hya ine th ckening of their wa s. Som 

gio ru 1 a ib s an there is a ood deal o tubul r atro h n 

nt r iti 1 ccumulation of round cells. 



Fis. 42B (A-10857). This is a photograph ot a neoprene cast from 

the opposite kidney of the case shown in Fig. 42A. Many fine vessels 

ari e trom all portions of the interlobular arteries and end in a 

capillar.y plexus without the interposition of glomeruli. T.here are 

some simplified loop along the course of some of these which may 

represent degenerating glomeruli. The ter.minal portions of the inter­

l obUlar arteries are notched. 



Fig. 420 (~10857). This is a photograph of a neoprene cast from the 

opposite kidney of the case shown in Fig. 42A • Thi shows particularly 

ell direct vessels to the cortical capillary plexus arising from all 

levels of the interlobular arteries. The laok of injection ot more 

glomeruli does not mean that these arterioles were eut otf campletely 

from their blood supply. It only admits of severe obstruction of their 

afferent arterioles. 



Fig. -1 239). Photomicrograph of k dney from a man age 52, 

suf ering fr chronic pyelonephritis confir.med at autopsy. Note the 

lo 0 lomeruli, tubular atroph and the rked int rsti 1 1 prolif ra-

ti on. 



Fig. 43B {A-:).1239). Photograph of a neoprene cast of a kidney from 

a man, age 52, blood pressure 220/95. At autopsy there was round 

prostatic obstruction, chronic pyelonephritis; heart weight 450 grams. 

There is a beaded and tortuous appearance to the interlobular arteries. 

Some afferent arterioles are injected which fail to end in glomerUli. 

Many glomeruli are lost and those present stmplified to a few coarse 

loops or stems. 



oto raph of neoprene ca t rom 

female a e 14. Cl ni cal 11 oid ne rosis con i ..... ..I..Ll'!I;;~\..L a auto t 

the int ob ar art ries an a erent arte io e are a r 

co nt h g om 1 in eot are coars an c 



ig. 45. Photograph of a neoprene cas rom a bo e 7 ut rin 

tro amyl 1dosi • The histological s otion sho s all or h om ru11 

nearly 1 led th amyloid deposi t. Note the normal contour o h 

inter obular arteri • an ar erent arteriole are n e ted but ai 

1 mo t ev ry instanc t reach the glom rul 



Fig. 46 (A-11388). ~ Photograph of neoprene cast ot a kidney from a 

. male, age 731 B.P. 200/90, heart weight 635 grams. The interlobular 

arter.ies appear nor.mal and present a smooth contour. There is a loas or 

glomeruli from the larger parts of the interlobular arteries, but occas­

ionally a short stem of an afferent arteriole can be seen arising in these 

areas. The afferent arterioles situated near the ends of the interlobUlar 

arteries are long and tortuous • Many of the glomeruli are simplified in 

appearance. 
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