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THE NATUREAND SCOPEOF THE PROBLEM

Shortly after the publication in 1941 of his
study of the "crush kidney," the late John Shaw
Dunn sent tissue showing the peculiar tubular
lesion that characterizes this condition to the sen-
ior author for microdissection. Somewhat later
similar material was received from Dr. J. Edgar
Morison of Belfast and this was followed by the
gift of a considerable collection of examples of that
larger group of renal lesions which was later to
become known as "lower nephron nephrosis" from
Dr. Baldwin Lucke.

Since that time a continuing study of these per-
plexing forms of renal damage has been in pro-
gress in this laboratory as confreres too numerous
to thank here in person have sent kidneys both
from their clinical cases and experimental in-
vestigations. Among the latter was a series of
dog kidneys from Drs. Donald Van Slyke, R. A.
Phillips and their co-worke.rs in which the func-
tional lesion of the "kidney of shock" had been re-
produced and studied in great detail by clearance
methods.

The result of these ten years of work in an ever-
widening area of investigation had been chiefly the
accumulation of a bewildering cloud of apparently
unrelated minutiae in which little evidence of a
pattern of unity of pathogenesis or functional cor-
relation could be discerned. As is not infrequent
in such situations, through no virtue of the present
investigators other than that they persisted in
their task of accumulating curiously damaged
nephrons while awaiting illumination, the cloud
was quite suddenly dissipated by the appearance
of two related studies in renal pathology.

1 This work was supported by grants-in-aid from the
Life Insurance Medical Research Fund, The American
Heart Association, and the New York Heart Association.

The first of these came to us through the priv-
ilege of a study of Dr. Homer Smith's manuscript
of Chapter XXIV (Acute Renal Failure Related
to Toxic and Traumatic Injuries) from his mono-
graph, The Kidney (1). This extended and
profound analysis of the functional disturbances in
the group we had been studying from the struc-
tural viewpoint allowed us by a sort of inductive
reversal of the causal line to proceed back from
functional "effects" to a confirmation of what we
had hitherto dimly glimpsed as hypothetical struc-
tural "cause," namely a disturbance in renal blood
flow. The successful conclusion of the present
work may therefore be looked upon as derivative
of, his effort.

The suspicions of the morphologists in regard
to the part that renal ischemia plays in the patho-
genesis of the renal lesion, even when reinforced
by the considerable support of the functionalist,
might well have remained, as conclusions drawn
from the static data of structural appearances so
often do, in the realm of reasonable hypothesis,
except for the discovery by Schlegel (2) of a
method for visualizing the pattern of the renal
circulation by the intravenous injection of a fluor-
escent dye into the living animal. As will be seen
in our later consideration of the problem, this pro-
cedure made possible certain crucial experiments
in which the pattern of the renal circulation could
be correlated with various sorts of tubular damage
and so confirmed the essential unity of our patho-
genetic theory.

Our investigation began therefore with an ex-
amination of the structural status of the "crush
kidney" and examples of "lower nephron nephro-
sis" and extended to cover all "Acute Renal Fail-
ure Related to Toxic and Traumatic Injuries."
Our exposition will follow a similar course, not
only from a desire to show the chronological pat-
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tern of our investigation but because, as will be-
come apparent, the "crush kidney" furnished the
key to the solution of the pathogenetic puzzle of
the broader group.

No detailed review of the lengthy literature
which concerns that form of renal damage which
not infrequently follows the syndrome of shock
need be restated, for the summaries, from the
pathological side by Lucke (3) and Mallory (4);
on its functional and experimental aspects by Van
Slyke (5) and by Corcoran and Page (6); and
more recently, on its clinical features by Burch
and Ray (7), leave little to add. It is clear from
these resumes that a most important syndrome
characterized by grave renal damage and failure
has been established, yet in a detailed study of
them, difficulties of interpretation and correlation
become so apparent as to leave the subject in the
minds of most who are practically concerned with
it, either as pathologist or clinician, in consider-
able confusion.

To set the problem clearly for our consideration
it might be useful to summarize some of the diffi-
culties which concern the pathogenesis of the renal
lesions of this group and the correlation of its
clinical and functional aspects with current de-
scriptions of the structural changes that occur in
the kidney.

As important in the pathogenesis of the tubular
lesions the following factors are usually men-
tioned; (1) the presence of blood or muscle pig-
ments in the tubules, (2) the hypothetical action
of unknown "toxic products" derived from
crushed tissues, and (3) the effects of local renal
ischemia which is a reaction to the general cir-
culatory disturbance of shock. To account for
the functional disturbances, oliguria, anuria, and
uremia, attention is usually called to (1) various
sorts of structural, or assumed "functional," dam-
age in the tubule walls, that might be reasonably
supposed to allow back diffusion, (2) the presence
of casts which might interfere with the flow of
fluid through the tubules, and (3) the renal
ischemia which might directly be the cause of de-
creased filtration.

To correlate with and to serve as an explana-
tion of these pathogenetic and functional prob-
lems stands the current description of the patho-
logical lesion in the kidney. This, as detailed by
Lucke (3), is based on the original description by

Dunn, Gillespie, and Niven (8) of a peculiar
lesion in the distal tubule. Lucke holds that this
lesion is "unique and regularly attended by char-
acteristic functional disturbances" and that the
"location of the lesions is so characteristic and
unique that the term 'lower nephron nephrosis'
seems more descriptive . . . (than) 'haemoglobi-
nuric nephrosis' " ( [3], p. 371). There are "rela-
tively slight or no structural changes in the upper
parts of the nephrons . . . renal corpuscles, prox-
imal and intermediate segments. It is clear that
the damage in this disease" (our italics) "is es-
sentially confined to a particular component of the
nephron. The identification of the several com-
ponents is not difficult ;" . "Proximal segment.
The appearance of the lining cells of the proximal
segment is often quite normal" . . . they may
"exhibit cloudy swelling. Occasional fatty de-
posits are disclosed . . . frank degeneration or
actual necrosis is very rare. Intermediate seg-
ment. Definite changes can seldom be found in
the intermediate segment; there is neither obvious
cellular injury nor precipitation of haem com-
pounds. Lower segment. It is widely agreed the
lower segment is damaged selectively" (p. 386)
and a description of the tubular lesions of Dunn,
Gillespie and Niven follows.2

If one returns from this description of the
structural status of the damaged kidney to ques-
tions of pathogenesis and functional correlation
difficulties become apparent. The first of these
is: what, even in the realm of hypothesis, could be
considered a likely cause of such a unique and
selective damage to a limited portion of a ne-
phron? Certainly not renal ischemia which from
our knowledge of the inter-tubular circulation
would of necessity involve any or all parts of
nephrons indiscriminately. Renal toxic agents
act on the tubule epithelium because of its func-
tional characteristics; mercury for example is
absorbed, or on the remote chance secreted, by the
cells of the proximal convolution and so they suf-

2 One finds in the literature some variation in opinion
as to the localization of tubular damage; some investi-
gators mention changes in the proximal convolution,
others deny them. It would seem that these discrepancies
arise from the use of a method of observation, the histo-
logical section, which is inadequate for the determination
of the desired information, and since a method is at hand
which can objectively settle the matter, they therefore
need not be critically discussed.
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fer. There is no evidence with which we are
familiar that suggests the existence of analogous
functional mechanisms which could produce a
specifically localized damage in ascending limbs
and distal convolutions.

If heme pigments are responsible for the ex-
treme damage to tubule walls, why are these sub-
stances found so innocuous in experimental pro-
cedures? Moreover, it is an established fact that
these pigments are specifically absorbed by the
proximal convolution (9) and yet this segment of
the tubule is described as uninjured.

Can the damage in the distal convolution be due
to the mechanical effects of the blockage by pig-
ment casts or crystals? This is a factor that at
least shows the desired specificity of location in the
"lower nephron," for it is here that deposits and
casts occur, but their presence in many other renal
conditions in which no such localization of tubule
damage is found makes it difficult to believe that
they can be a significant factor in the production of
the "specific" tubular disruption found in the kid-
ney of shock.

Correlation of the clinical and functional dis-
turbances of the syndrome with the uniquely char-
acteristic lesion described for "lower nephron
nephrosis" suffers similar difficulties of compre-
hension. Presumably tubule fluid might diffuse
or leak from any part of the renal tubular system
from glomerulus to the ducts of Bellini, but the
proximal tubule has been shown to be responsible
for 80 per cent of water absorption (10) and one
wonders if it may not be involved in a syndrome
which is characterized by oliguria or anuria. It
might also be expected that an uniquely localized
lesion would produce a recognizably characteristic
functional disturbance. It is of interest in this
regard that such a functional syndrome has been
described (11) and even designated as "pure"
lower nephron nephrosis, but this renal disturb-
ance bears no relation to what occurs in the kid-
ney of shock. The aetiological factor, renal
ischemia, for which strong clinical evidence exists,
though it might explain at least the early oliguria
could not, as we have said, on any known ana-
tomical basis account for a lesion limited to the
"lower nephron." In fact it is regularly reported
that experimental renal ischemia damages par-
ticularly the proximal convolution.

All the critical reviews of these matters em-
phasize these confusing complications and contra-
dictions and end with an expression of the hope
that more investigation, particularly along ex-
perimental lines, may lead to clarification. The
assumption is apparently made, therefore, that the
problem has been correctly stated in its structural
and functional aspects and that only elaboration of
detail is needed for elucidation. But before more
time is spent in the search for hypothetical toxic
materials acting on a functionally obscure portion
of the nephron by mechanisms as yet unknown it
might be well to examine again more closely the
relevancy of the fundamental question, for in the
manner of its asking may well lie the source of
our difficulties: can the status of the abnormal
kidney in this syndrome be properly considered a
renal disease that is characterized by an unique and
specifically localized lesion in the nephron. which
may be accurately described as "lower nephron
nephrosis"?

In such situations a change in point of view is
often helpful and that is the purpose of the present
report. It details the results of the application
of methods, designed to allow an inspection of the
damaged nephrons in their entirety and con-
tinuity, to the study of the structural lesions in the
kidney. It is obvious that such observations will
be especially pertinent in a problem where specific
localization of lesions is suspected.

METHODS

Though the mounting and staining of dissected neph-
rons has been a routine technique in this laboratory for
many years, no publication, except for a general descrip-
tion of its use (12), has given the detail of the procedure.

Small blocks, 0.5 to 1.0 cm. in thickness, of formalin-
fixed kidney are macerated in concentrated HC1 at room
temperature until they are quite soft. Depending on the
amount of fibrous tissue in the specimen this will require
from 12 to 24 hours. The macerated tissue is repeatedly
washed by decanting in tap water to remove the acid and
the nephrons are dissected while floating in water in a
Stender dish under a binocular microscope. Individual
nephrons are disentangled with needles, drawn up and
arranged on a slide in the same manner as is employed
with frozen sections and the excess water removed from
around the specimen by blotting. A streak of vaseline
is placed near each edge of the slide and a cover glass
lowered upon it to form a cell which is open at each
end; staining reagents may then be introduced by capil-
larity.

We have found the most generally useful stain to be
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iron-haemotoxylin. Ten per cent Fe2C13 is drawn
through the cell with filter paper and allowed to stand
for three to five minutes. It is then replaced by a 1 per
cent aqueous solution of haemotoxylin for five to ten
minutes. The densely black nephron is then differenti-
ated under the microscope with a weak solution of Fe2C1 3.
The degree of decoloration may be varied to suit the
purpose of the staining and final repeated flushing with
tap water completes the procedure. Microscopic examin-
ation of the uncleared nephron is made in water as we
have found that any attempt to clear or mount the speci-
mens in the usual media shrinks and distorts them. In a
similar manner other stains may be used: fat is well
shown by Quenzel's cadmium-Sudan III mixture and
aqueous toluidine blue is useful for metachromatic ma-
terials. Histochemical methods such as the common
reactions for Fe may also be done on the intact nephron.

As the specimens are mounted in water the stain is not
stable but fades in a few days. A special method of
microphotography has therefore been devised to record
permanently our observations. As a magnification of
from 100 to 200 times is necessary to show cellular detail
and the tubule or nephron to be photographed may be
from 1.0 to 1.5 cm. in length, serial overlapping exposures
on 31/4 X 41/4 Wratten Mplates are made as the specimen
is moved across the microscopic field. Due to irregulari-
ties in focus and lack of optical flatness of field only the
central third of each print is used in preparing the mon-
tage which shows the continuous structure. The overlap
is therefore sufficient to allow adjoining prints to be cut
on the bias and the direction and course of the tubule in
its final mounted form can thus be directed to fit the
form of a conventional illustrative plate with no loss of
continuity. The original plates measure 18 X 23 inches
but appear as reproduced for publication in a reduced
magnification of 40 to 80 X . Considerable sacrifice of
the finer detail has occurred in this economically necessary
procedure.

A nephron well stained with iron haemotoxylin from
tissue immediately fixed in 10 per cent formalin shows a
remarkable amount of cellular detail in spite of the pre-
liminary treatment with concentrated HC1 and the fact
that it must be examined in a relatively thick (40 to 60 u)
uncleared tubule. The appearance of the various por-
tions of the normal nephron are shown in Plates 1 and 2.
In summary, the nuclei appear as unstained vesicles due
apparently to the extraction of their nucleic acid. It is in-
teresting that the hyperchromatic nuclei of regenerating
cells often stain heavily and show considerable detail of
their chromatic structures, both chromosomes and nu-
cleoli (Plates 16 and 25). Whether this contrast in the
effect of extraction by HC1 is due to quantitative or
qualitative differences might be worthy of investigation.

The most characteristic cytoplasmic elements of the
renal cell, the mitochondrial rodlets, persist though their
form is changed from the long, filamentous structures
that are seen in well-fixed histological sections to short,
elongated granules which still maintain their original
linear orientation. As it is necessary to examine them

through the entire thickness of the tubule, their detail is
somewhat confused but since mitochondrial elements are
usually considered to be especially susceptible to the
action of acetic acid, it is surprising to see how well they
are preserved after the treatment with concentrated HC1
(Plates 2 and 28). Other cytoplasmic structures, such
as the brush border are clearly shown (Plate 2C) and the
basement membrane of the tubule stands out as a sharply
defined, homogeneous, thin band that outlines the lateral
aspects of the tubule (Plate 2A).

The examination of nephrons from routine human
autopsies suffers the same but no more difficulties in
cytological examination and interpretation than are en-
countered in preparations of this material by the tech-
nique of the histological section. With both methods, the
mitochondrial pattern suffers from the unavoidable delay
in fixation of the tissues. It has been found by experi-
ment that 15 minutes at room temperature is sufficient
to alter considerably the cytological detail, so that the
most common appearance noted in the renal epithelium of
normal dissected nephrons of human origin is that of a
darkly stained cytoplasm filled with irregularly distrib-
uted fine "granules," and, as in histological sections, the
brush border may be obscure. As will appear in our de-
scriptions of the damaged nephrons, various cellular ab-
normalities, cloudy swelling, hyaline droplets, fat ac-
cumulation, vacuolar hydropic degeneration, pigment
deposit, regeneration with the production of an atypical
epithelium, cast formation, and all the other phenomena
of renal tubule alteration and damage are seen in an
analogous but very different aspect from what is apparent
in the conventional pattern of the histological section.
It is perhaps unnecessary to add that the latter method
was used in all cases to supplement our study of the dis-
sected nephrons.

MATERIAL

The material of this study is of three sorts; first, hu-
man kidneys from a large variety of examples of renal
damage associated with the syndrome of "shock" and
other forms of acute renal failure (Table I); secondly,

TABLE I

Cliniical aetiology of 54 fatal cases of Acute Renal Failure

Crushing injury (bombing)
Burns
Transfusion accidents
Malarial blackwater fever
Obstetrical complications

(Eclampsia, hemmorhage, placental separation)
Surgical shock

(Perforated gastric ulcer)
Cold paroxysmal hemoglobinuria
Poisoning

Sulfonamides 10
Mercuric chloride 7
Di-ethylene glycol 2
Carbon tetrachloride 2
Potassium chlorate 1
Mushroom poisoning 1

7
7
5
5
5

1

1
23

54
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dog kidneys from a series of experiments in which the
pathogenetic factors and functional disturbances following
induced shock had been examined; and thirdly, rabbit
kidneys from experiments designed to show the aetiolo-
gical relations of the various factors involved in renal
damage due to toxic injury. We shall present first the
essential lesions that were found in the human kidneys
and then endeavor to show how these lesions may be in-
terpreted in the light of what was found under analogous
experimental conditions.

THESTRUCTURALCHARACTERISTICSOF THE LESION
IN THE HUMANKIDNEY IN ACUTERENAL

FAILURE ASSOCIATEDWITH TRAUMATIC
AND TOXIC INJURIES

Since the general nature of the clinical and
pathological syndrome has been thoroughly ex-
amined and described by many investigators and
these studies well summarized by Lucke (3) and
others we have omitted much of our detailed case
record description, both clinical and pathological,
except where it was pertinent to some particular
point in our exposition. This seemed permissible
for little new has been added by our investigation
to previous descriptions of the generality of the
pathological status of the abnormal kidneys; a
considerable addition results, however, from the
different aspect of the lesions and from the in-
tegration of them into the general picture of renal
damage that is made possible by their observation
in the continuity of the complete nephrons.

There are two questions regarding the struc-
tural lesion with which we shall be especially con-
cerned and both will be of crucial importance in the
final interpretation of its pathogenetic and func-
tional significance; first, the nature of the tubular
lesions, and secondly, the distribution of these
lesions not only in the individual nephron but
among the nephrons generally. Subsidiary to
these two problems are such matters as the nature
and degree of tubular occlusion, the occurrence of
interstitial tissue reaction, the presence and effect
of deposits of pigment, and the reparative changes
that may occur in the damaged nephrons.

The essential tubular lesion-tubular
disruption or tubulorhexis

As in all examples of renal disease, a consider-
able variety of "tubular lesions" is present in the
kidney when acute renal failure occurs as a re-
sult of traumatic or toxic injury. On this back-
ground of non-specific renal damage is found,

however, a lesion peculiar to and therefore char-
acteristic of the group, namely a localized destruc-
tion of the entire tubule wall. This lesion was
first described in histological sections by Dunn
and his co-workers in the crush kidney and its
occurrence in other related conditions has been
noted with emphasis in varying degree by all
subsequent investigators.

The lesion is clearly shown in all the varied
manifestations of its development in preparations
of complete nephrons; as one follows the course
of the intact tubule, quite suddenly a place is
found where the basement membrane is broken,
frayed or disintegrated and the epithelial lining
disrupted and necrotic. The result is a solution
of continuity which may include only a part of
the wall of the tubule or which completely inter-
rupts its course so that the fragmented remnants
lie between a still intact and well preserved proxi-
mal portion and its distal prolongation (Plates 3-
27). The lumen thus lies open to the intertubular
interstitial tissue and its capillaries and veins
(Plates 5 and 10).

The lumen of tubules so affected may or may
not contain solid material in the form of debris
or of a consolidated, well-formed cast. The fre-
quency of association of rupture and cast is ap-
parently determined by the situation of the lesion:
if the former occurs in the ascending limb of
Henle's loop or in the distal convolution where
casts are frequent, the two are not uncommonly
found together (Plate 5). That this association
can, however, be little else than fortuitous is em-
phasized by the fact that large and extensive casts,
many containing blood pigments, are frequently
found in the distal convolution with no lesion in
the tubule wall (Plates 7, 15, 17 and 19).

A great variation in the appearance of the dis-
rupted tubule results not only from the extent of
the damage and the presence or absence of solid
material in its lumen but also from the reaction
that may occur in both the tubule wall itself and
in the mesenchymal tissue in the neighborhood of
the rupture.

In certain instances a simple solution of contin-
uity describes the lesion, as the tubule wall ap-
pears dispersed into fragmented debris and necro-
tic desquamated epithelial cells that are loosely
held together by the thin, disintegrating basement
membrane which still maintains in some degree
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the original contours of the tubule (Plates 6, 8, 14
and 23). There is little or no reaction in the
peritulbular tissue. In other examples, the inter-
stitial reaction about the ruptured segmenit is ex-
tremiie so that in the dissected specimen tufted
masses of connective tissue fibers surround the
damaged tubule and are so firmlyll attached to it
that they cannot be remioved with the dissecting
needles (Plates 4. 9, 11 and( 26). Or the sur-
rounding reaction is seen as definite "granulation
tissue" w-ith a proliferation of capillaries among
the mesenchymal elements that not only surround
the ruptured tubule but grow into its disrupted
lumen (Plates 5, 10 and 25).

The reaction of the epithelial cells to damage
of the tubule wall will be considered in detail in a
later description of the reparative processes that
occur in the nephrons. As a rtule the epithelial
cells are remarkably well preserved up to the very
edge of the tubular disruption and by their larger
size and irregular shape show definite evidence of
proliferation. At times an actual extension by
growth of a thin, flattened epithelial margin may
be observed accompanied by irregular clusters of
atypical, hyperchromatic nuclei (Plates 16, 17, 19,
21, 24 and 25). However, as a result of the
peculiar character of the lesion, the basement
membrane being no longer present to support the
proliferating epitheliunm, restitution of the dam-
aged tubule wall seldoml results.

An examination of the illustrations of this un-
usual tubular lesion will show better than many
words the variations that are built up of combina-
tions of the elements wN-e have described. No
typical combination has been found in any par-
ticular clinical variety of the syndrome, though in
any one case they may tend to resemble each
other.

The localization of the lesion of tuib tlorhexis

Except for its three-dimensional aspect, our
description so far of this characteristic tubular
lesion does not differ essentially from that of pre-
vious studies based on its appearance in histolo-
gical sections. When the second of its supposed
characteristics is considered, i.e., its specific lo-
calization in the "lower nephron," a departure
from current concept becomes apparent as the
direct result of its examination in the continuity
of complete nephrons.

In all of the kidneys which we have examined
from every clinical variety of the syndrome the
disruptive lesion has been found in every portion
of the nephron froml the origin of the proximal
convolution at the glomerulus (Plate 13) to the
connecting tubule where it joins the collecting
dtucts (Plate 4). In no particular clinical variety
of kidney have we observed any especial distribu-
tion and even in a single kidney there is great
variability in its locatioii in the involved nephrons.
Moreover, even in severely damaged kidneys, not
all nephrons are affected and in the moderate ex-
ample, only occasional ones. Randomness of
distribution, both in the nephron and among
nephrons, is therefore another characteristic of
the disruptive lesion.

Although the disruptive lesion is found in all
segments of the nephroni there are two locations
where it is mlost obvious. The first of these is
the terminal portion of the proximal convolution
where it dips into the medulla (Plates 3, 6, 14 and
18) and the second is the distal convolution and
connecting tubule (Plates 4, 5, 7 and 10). Actual
disruption and fragmentation of the tubule is
somewhat less evident in the periglomerular por-
tion of the proximal convolution although it may
be foundI here anid often is easily identified in the
dissected specimens by means of the peritubular
adhesions which surround it (Plates 9 -and 26).
Short stretches of damaged proximal tubule al-
ternating with well preserved tubule are common
enough, however, anti produce a patchy irregu-
larity in the appearance of the stained specimen
that is in striking contrast to the evenly stained
pattern of the normal convolution (Plate 3).

In the terminal portion of the proximal con-
volution the tubular damage is seen in its maxi-
mum development: the disintegrating basement
membrane exists only in thin, barely perceptible
outline and the epithelium is necrotic and desqua-
mated. Long stretches of tubule may thus be
denuded of their epithelial lining and as a result
are reduced to a third of their original diameter
(Plates 3, 6 and 14). They thus no longer have
the typical appearance of proximal convolutions
but resemble damaged limbs, either descending
or ascending, of Henle's loop. In such instances,
even in the continuity of the dissected nephron,
the point of transition to the thin limb of Henle's
loop with which they are continuous can be de-

1312



PATHOGENESISOF ACUTE RENAL FAILURE-THE ISCHEMURIC EPISODE

termined only by the fact that proximal convolu-
tions have a relatively constant length in each
species. These terminal portions of the proximal
convolution, it will be remembered, lie in the outer
stripe of the outer zone of the medulla interspersed
among ascending and descending limbs of Henle's
loop, a topographical configuration which makes
any identification of one from the other in histolo-
gical section quite impossible (Plates 3 and 7).

Although debris and loose conglomerations of
desquamated cells may be found in the damaged
proximal convolutions, one rarely finds consoli-
dated "casts" as the term is applied to the coagu-
lative plugs that are common in ascending limbs,
distal convolutions and collecting tubules of all
forms of kidney disease (13).

As might be expected from the differing mor-
phologicil and functional characteristics of the
distal convolution and connecting tubule, tubular
disruption in these regions produces lesions of a
somewhat different appearance from those seen
in the proximal convolution. The damage may
involve a short segment or a considerable portion
of the affected tubule. Around the point of dis-
ruption peritubular adhesions and ingrowths of
reactive granulation tissue are frequent and ex-
tensive (Plates 5 *and 10). A well-formed
coagulative cast may or may not be present at the
site of rupture; however, since cast formation is
frequent in this region of the nephron, many but
not all damaged distal convolutions contain such
a coagulum (Plate 25). Not infrequently, how-
ever, it is found to lie above or below and not
contiguous to the point of tubular rupture (Plates
4and 19).

The disruptive lesion is frequent in both limbs
of Henle's loop and may consist of a repetition of
short damaged segments or of long stretches that
include the greater part of the limb.

To summarize, the distribution of the disruptive
lesion in a single nephron is entirely random:
there may be severe damage in the proximal con-
volution and none in the remainder of the neph-
ron, though in such cases the ascending limb and
distal convolution are certain to contain much
debris and probably casts. In another nephron
from the same kidney the distal convolution may
show extensive disruption, either with or without
cast formation, and the other segments be normal.
In another, only the ascending limb of Henle's

loop is involved, either in its entirety or in seg-
mental fashion with stretches of well preserved
tubule intervening. Nor are all the nephrons af-
fected, for even in severely damaged kidneys a
considerable number contain only casts in the as-
cending limb or distal convolution and the tubule
wall is intact throughout.

* * * * * *

The disruptive lesion is clearly quite different
from the damage that results from the action of
toxic agents on renal epithelium and which is
commonly considered characteristic of a "nephro-
sis." In the toxic tubular lesion the renal
epithelial cells undergo regressive change, die,
desquamate and disintegrate to debris that may be
seen filling the space outlined by the basement
miiembrane. This structure suffers no visible
change but remains intact and on its supporting
surface regenerating epithelial cells may ulti-
mately reconstitute the tubule. These tubular
lesions, as will be seen in our next subdivision, are
commonly found in certain examples of acute
renal failure. Plate 16A and B1 show the contrast
between disruptive and toxic lesion.

Two sorts of tubular lesion, strikingly different
in the nature of the damage that results to the
tubule both in-regard to structural alteration, loca-
tion in the nephron and the degree of later re-
generative repair that is possible, must therefore
be recognized. For these reasons it would seem
that they should be distinguished by appropriate
terms: nephrotoxic tubular damage describes the
one and some such term as tubulorhexis seems ap-
propriate for the disruptive lesion.

Nephrotoxic tubular damage

If the clinical origin of many of the examples of
"lower nephron nephrosis" is considered, it would
seem certain that toxic damage to the kidney must
be a factor in the development of whatever renal
lesion may be present. Such, for example, are
the 20 cases of poisoning in Lucke's summary
which includes such toxic agents as mushrooms,
denatured alcohol, arsenicals, carbon tetrachloride,
and phenol.

As we have mentioned in our discussion of the
difficulties involved in the concept of "lower neph-
ron nephrosis," the presence of these cases in the
syndrome, as its structural status has been de-
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scribed, is a source of considerable perplexity, for
all past experimental study of toxic substances in-
dicates that they damage not distal but proximal
convolutions (14). Our findings to this point
might seem on first thought to have at least cleared
this difficulty for we have found that the proxi-
mal convolution is as badly damaged in some
fashion or other as is the distal in even the classi-
cal example of the "crush kidney."

And so it might be thought that at this point in
our exposition a major stroke of simplification
would be possible: under the general heading of
Acute Renal Failure we have only to put the cases
of renal poisoning in one group and the kidneys of
"pure" shock in another. The first could be the
plain or garden variety of "nephrosis," its lesion
being that of nephrotoxic damage and the latter,
if not "lower nephron," at least some other special
brand characterized by the presence of tubulo-
rhextic lesions.

But any such procedure would be to cut, not
unravel the pathogenetic tangle for as our dis-
sections will show we are faced with the fact that
the examples of renal poisoning have both sorts of
tubule lesion, tubulorhextic and nephrotoxic.
Lucke was therefore well justified in recognizing
common qualities in kidneys from crush injury
and carbon tetrachloride poisoning. Moreover
the clinical and functional evidences, which we
shall consider later, strongly suggest, or one might
say demand, a certain degree of unity in the over-
all group of Acute Renal Failure.

The contrast between the structural changes of
tubular damage dut to a nephrotoxic agent and
those of the tubulorhextic lesion, therefore, still
remains as a complication to pathogenetic theory.
Its solution requires experimental examination
and will therefore be delayed for later considera-
tion. At this time we shall describe typical ex-
amples of human kidneys that showed in signi-
ficant degree nephrotoxic tubular lesions as well
as the disruptive tubulorhextic damage.

Again to contrast briefly the two types of tubu-
lar damage, the most distinctive difference is found
in the lack of the element of disruption of the
tubule wall in nephrotoxic damage: the epithelial
cells are dead and may ultimately be reduced to
granular debris that packs, sausage-like, an intact
basement membrane (Plate 16A). The location
of the toxic lesions also shows a striking difference

from what is observed of tubulorhextic disruption:
the former occur only in the proximal convolu-
tions and, moreover, are evenly distributed among
all the nephrons.

Our material consisted of 21 human kidneys
from instances of definite clinical poisoning. These
were supplemented by the kidneys of 29 experi-
mental animals, dogs and rabbits, which were used
in our study of the relation of renal ischemia to
toxic renal injury which will be described later.
In detail, the examples of human kidneys dissected
were as follows:

Mercuric chloride
Potassium chlorate
Di-ethylene glycol
Mushroom
Carbon tetrachloride
Sulfonamides

7
1
2
1
2

10

It might be objected that kidneys damaged by
mercuric chloride should not be included in our
list, for although the other forms of renal poisoning
that we have given are accepted as proper ex-
amples of lower nephron nephrosis, it is generally
admitted by those who haive supported this con-
cept that corrosive sublimate is the classical ex-
ample of a toxic agent which damages the "upper"
nephron, or, in more accurate terms, the proximal
convolution. As we have stated, this fact has
been experimentally established (14, 15). From
what we have seen in our examination of the
"crush kidney," the example par excellence of the
"lower" nephron nephroses, the acceptance of the
"unique" characteristic that presumably estab-
lishes this latter syndrome is subject to consid-
erable reservation, for the tubulorhextic lesions
were found as frequently in the proximal as in the
distal portions of the nephrons. We shall now
see that the lesion in the "sublimate kidney" is
also less simple than the classical description indi-
cates when it is viewed in the continuity of dis-
sected nephrons from fatal cases of human poison-
ing. To the resolution of this added complication
we shall return at a later time; at present we shall
describe without theoretical comment what was
found in the kidneys of those who had died of
the acute renal failure associated with toxic in-
jury.

A 44 year old woman took six mercuric bichloride
tablets (3.0 gm.) and entered the hospital with nausea
and abdominal cramps three hours later. Her blood
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pressure was 86/60. Five hours after the ingestion of the
poison, BAL treatment was begun and she was given 2 cc.
every four hours for six days, and then 1 cc. every 12
hours for five days. During the first 42 hours the pa-
tient had diarrhea, vomited and suffered abdominal
cramps. Fifty cc. of urine were passed in the first 24
hours, then none for five days. The urinary output rose
slowly for six days to 935 cc. and then fell to an average
of 120 cc. until death. The NPNon the second day was
53 mg. per cent rising to 450 on the 28th day. On the
29th day she died. Clearances of inulin, creatinine and
PAH were infinitesimal on six occasions.

Histological sections showed extreme tubular
damage concerning the location of which we need
not speculate until our dissections, which ac-
curately determine the seat and nature of the

lesions, are described. A most striking histologi-
cal feature was the interstitial edema and infiltra-
tion with monocytes and leucocytes which had
occurred throughout the cortex and outer medulla.
This reaction was especially intense and at times
could be seen to originate around disrupted cross
sections of tubules which had the general location
of the distal convolution. Extensive regeneration
as evidenced by atypical epithelial cells either
lining the tubule wall or forming irregular masses
that impinged on the tubular lumen could be seen
in the sections (Figure 1).

In the dissected nephrons extensive tubular
damage of the nephrotoxic type was present in

FIG. 1. SUBLIMATEPOISONING-SECTION THROUGHTERMINAL SEGMENTSOF DAMAGEDPROXIMAL
CONVOLUTIONS

The normal diameter of these segments is represented by the two lower tubules, the epithelium of which is
largely necrotic. Above is a section through a greatly swollen tubule apparently similar to the disruptive
lesion shown in Plate 16B1. Note the heaped up irregular mass of proliferating epithelium and at the ar-
row, the disruption of the basement membrane. Below to the right the inflammatory infiltration in the in-
terstitial tissue is apparent. Magnification 250 X.
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the proximal convolutions: scattered along the
course of these damaged convolutions were
stretches of disruptive tubulorhexis in which the
tubule was greatly swollen, its basement mem-
brane destroyed and the lumen open to the ex-
terior. Plate 16 shows such a lesion in the
terminal portion of a proximal convolution; to the
upper left and horizontally, the necrotic but still
intact tubule can be seen, then follows, on the ex-
treme right, a stretch of disrupted tubule and the
convoluition ends in the narrowing descending
limb, again intact as a tubule but necrotic. The
dissection of such nephrons was exceedingly diffi-
cult since their continuity had been practically de-
stroyed by the disruptive lesions. In these lesions,
masses of proliferating cells could be seen with
well stained prominent nuclei. As we shall at a
later point return to the reparative processes that
occur in damaged kidneys they are only noted
here in passing.

Plate 17 shows a collecting tubule (left) and
two attached distal convolutions. In the greater
part of all, the lumen is filled with a solid cast
which stains a deep black with the iron haemotoxy-
lin. In sections, similar casts stained with eosine
and gave no reaction for heme pigments or iron;
they are therefore simple hyaline or granular
casts composed of coagulated protein and cellular
debris. The detail in the lowermost of the distal
convolutions is largely obscured by this cast for-
mation. The first portion of the uppermost distal
convolution has been almost completely relined
by a thin layer of atypical epithelial cells; at cer-
tain points the disruptions are not completely
closed. Further evidence of the incompleteness
of tubular restitution is seen in the irregular stric-
tures and dilatations of what was originally a
smoothly contoured tubule.

Our five other examples of fatal poisoning with
mercuric chloride added little else to the picture of
renal damage by this agent. The survival periods
were four, eight, 11 and 14 days and one unknown,
so that there were individual differences especially
in regard to regeneration in the various cases.
Of the six, four showed interstitial edema and
leucocytic and round cell infiltration to a consid-
erable degree and one only focally around rup-
tured tubules. The remaining case showed, in
conformity with the classical description, no evi-

dence of an inflammatory process. In only one
case was there calcification of luminal debris.

Another example of the renal lesion associated with
toxic injury is the case of a man of 19 admitted for
nausea, vomiting, abdominal cramps and black urine of
30 hours duration. Before death he admitted to eating
two tubes of tooth paste containing 40 per cent of po-
tassium chlorate. The coffee colored urine showed 4+
albumin, on admission. The patient was given infusions
of 5 per cent glucose and sucrose; vomiting continued to
the end. The NPN on the fourth day was 128 mg. per
cent; on the ninth day, 165. On the fifth day the urine
volume was 80 cc. in 24 hours and then rose to 200 cc.,
finally to decrease with death on the 11th day.

Sections of the kidney showed extensive dam-
age to the tubular epithelium that will be described
as it appears in our dissected nephrons; the
glomeruli showed no lesion other than evidence of
increased permeability to plasma proteins (Fig-
ure 2). In the sub-cortical medullary zone, that
is, in the region occupied by the terminal seg-
ments of the proximal convolution, there was a
focal infiltration with round cells, plasma cells and
occasional polymorphonuclear leucocytes. As our
dissection will show, it was in these terminal seg-
ments that the greatest damage had occurred.

Plate 18 is a typical complete proximal convolu-
tion. Its first half shows a relatively well pre-
served although swollen tubule but there is little
evidence of a nuclear pattern. The terminal por-
tion down to the origin of the narrow limb of
Henle's loop is severely damaged with necrosis,
desquamation and disintegration of the tubular
epithelium. Nuclear debris and cellular detritus
fill the course of the tubule. Other proximal con-
volutions showed disruptive lesions.

In Plate 19 is shown an example of an ascend-
ing limb and distal convolution to its junction
with a collecting tubule. The nuclear pattern of
the swollen ascending limb can still be recognized.
In the distal convolution, horizontally center, is a
greatly swollen area of tubular disruption. The
basement membrane has disintegrated and pro-
liferating epithelial sheets grow at random with no
reconstitution of the tubule wall. A dense cast
follows and then another area of disruption.

Our two cases of poisoning with di-ethylene
glycol will be but briefly mentioned here as they
are to be considered in detail at a later point when
the reparative processes that occur in the kidney
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FIG. 2. POTASSIUMCHLORATEPOISONING-SECTION THROUGHTHE PERIGLOMERULARLOOPSOF A
PROXIMAL CONVOLUTION

Some nuclei persist in the swollen vacuolated epithelium but in many, necrosis is complete. The cross sec-
tions of this figure correspond to the first half of dissected specimen of Plate 18. Magnification 250 X.

of acute renal failure are described. Sections of
the kidneys of two individuals who took the toxic
agent at the same time showed on the 12th day the
typical vacuolar nephrotoxic lesion in the proxi-
mal convolutions. In sections of the kidney from
the individual who had survived for three weeks,
areas of cellular infiltration with monocytes,
plasma cells and occasional polymorphonuclear
leucocytes were present in the sub-cortical zone
and in foci throughout the cortex. In the dis-
sected specimens there was extensive nephrotoxic
damage in the proximal convolutions as well as
disruption and dissolution of the basement mem-
brane (Plate 22). In the ascending limbs dis-
ruptive lesions were also frequent and more ex-
tensive (Plate 23).

One case of mushroom poisoning showed in its

proximal convolutions a necrosis of the epithelial
cells of its terminal medullary portion as well as
frequent tubulorhextic disruptive lesions scattered
along the course of the entire nephron from proxi-
mal to distal convolution. The same description
might be applied to the lesions noted in the neph-
rons of a case of carbon tetrachloride poisoning.
In both cases, focal areas of monocytic- infiltration
were present in the sub-cortical medulla in the
region of tubular damage.

Ten examples of the damage done to the
nephron by sulfonamides were examined. The
treatment of the tissues with concentrated HC1
had removed all traces of crystalline deposits in
our dissected specimens. As has been noted in
the literature, considerable variation was seen in
different cases in the detail of the renal lesions.
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All showed in histological sections an inflam-
matory interstitial reaction, either diffusely in the
cortex or sub-cortical medulla or in a granulo-
matous aspect around ruptured tubules. It was
the rare example which showed even in histologi-
cal section the presence of crystals. No special
means had been taken in the preparation of this
material to preserve these structures, but it seems
unlikely that they could have been present in every
ruptured tubule, and several of the few that were
found lay in tubule cross sections which showed
no damage. With no very positive evidence in
the matter, but with the knowledge that similar
disruptions must have another origin in the other
forms of renal toxic damage, we are therefore
somewhat sceptical towards the suggestion that
rupture of tubules in sulfonamide poisoning is
the result of perforation of the wall by crystals.

As has also been the experience of others, we
have found considerable variation in the types of
damage to the tubule of the nephron in our dis-
sected specimens. In all ten cases definite dis-
ruptive lesions were found throughout their en-
tire length from proximal convolution, especially
in its terminal medullary segment, to the connect-
ing tubule. In four of the ten cases there was
frank necrosis of the middle and terminal portions
of the proximal convolution. In Plate 20 is
shown a complete example: the tubule is swollen
and the nuclear pattern is obscure throughout.
In several stretches the disintegration of the tubu-
lar epithelium is evident and in its terminal por-
tion it is frankly necrotic.

In the other six cases the nephrotoxic lesion in
the proximal convolution was, if present, so slight
as to be uncertain. As we have mentioned in the
description of our methods and as will be ap-
parent in the discussion of our results, human
autopsy material is unsuited even under the best
of conditions for the determination of slight
epithelial alterations, for both in histological sec-
tion and dissected specimen the demonstration of
the finer cytoplasmic detail, such as the condition
of the mitochondrial rodlets, requires immediate
fixation.

In Plate 21 an ascending limb, left lower, with a
well preserved nuclear pattern passes up to a
distal convolution in which there are several dis-
ruptive lesions. An attempt at regenerative repair
may be noted but the break in the tubule wall is

not closed. Another distal convolution joins from
above and the collecting tubule, arching down-
ward and then up to the right, is filled with ir-
regular masses of detritus and debris, but its cellu-
lar pattern is perfectly preserved.

* * * * * *

Later in our exposition we shall return to a
further consideration of the damage that is found
in kidneys of acute renal failure associated with
toxic injury, first when the problem of repair in
the damaged kidney is discussed and later when
an experimental examination of the problem of
the aetiological relations of the two sorts of tubu-
lar lesion, nephrotoxic and tubulorhextic, is ex-
amined. Considerably more data will thereby be
available concerning renal toxic injury.

For the present, two points may be emphasized.
First, all examples of fatal acute renal failure due
to poisoning that we have examined have shown
not only the classical nephrotoxic necrotizing
lesion in the proximal convolution but also, scat-
tered throughout the length of the nephron, the
disruptive tubulorhextic lesion that was the pre-
valent feature in the kidney of crush injury.

The second is the regular occurrence of an
interstitial inflammatory reaction in greater or
less degree in fatal acute renal failure whether it
had arisen on the clinical basis of traumatic or
toxic injury. This reaction was particularly
prominent in the sub-cortical medulla where the
terminal portions of the proximal convolution lie
which, as our dissections have shown, are the fre-
quent sites of disruptive tubular damage: it was
also prominent in histological sections in the cor-
tex around disrupted distal tubules.

These interstitial reactions have been generally
recognized as an integral aspect of the renal lesion
in certain of the "lower nephron nephroses," such
as the crush and sulfonamide kidney, but at least
not emphasized or even mentioned in other mem-
bers of the group of frank toxic origin. This
perhaps stems from the subconscious feeling that
the essential toxic lesion, following sublimate for
example, must be "non-inflammatory," a fact
firmly established indeed by extensive experi-
mental evidence. We see again, therefore, the
semantic, yet nonetheless real confusion that has
resulted from the introduction of the term "ne-
phrosis" and its variant of the "lower nephron"
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into the nomenclature of renal disease. It is not
surprising that A. and H. Bergstrand object most
strongly to the "-osis," and insist quite logically
that it must be an "-itis" (16), for originally (17),
and to many authorities today, this is the dis-
tinction for which the etymological curiosity was
coined. Since, as we have said elsewhere, "ne-
phrosis" in its protean connotations is "all things
to all men," it is doubtless futile to insist on any
particular meaning in the use of the term. Leav-
ing the solution of the semantic aspect of the prob-
lem to the ages, we can at least offer an explana-
tion of the apparently incongruous fact that the
damage of fatal acute renal failure due to a toxic
injury that is characterized by the necrotizing,
non-inflammatory tubular lesion also shows an in-
flammatory element in the interstitial tissue of the
kidney. The latter is obviously not the result of
the toxic action which caused necrosis of the
epithelium of the proximal convolution but, as
can be seen from its localization, is related to the
disruptive tubulorhextic lesion. The "cause" of
the interstitial reaction is therefore tied to the
aetiological factors that operate in the production
of tubular disruption and these will be examined
by experimental methods at a later time.

The collecting tubules and cast formation
No damage has been found in the collecting

tubules of any of the kidneys of Acute Renal Failure
save compression of epithelial cells and occasional
desquamation; these ducts, however, contain casts
and debris in proportion to the amount of damage
that has occurred in their contiguous nephrons.
These occlusions are essentially similar in their
morphological aspects to those seen in all forms
of renal damage (13), but a description of them
as they occur in the kidney of Acute Renal Failure
may be repeated, as the appearance of the tubular
"cast" is strikingly different in dissected material
from what is seen in the conventional histological
section. Functional implications drawn, as they
usually are, from the latter are apt to be inade-
quate. Some casts, when seen in their entirety
lying in situ in the upper or middle branchings of
the collecting systemA, are relatively short plugs
and their appearance is not very different from
what is observed in longitudinal histological sec-
tions of a collecting tubule (Plates 17, 21 and 25).
Many other coagula are -of relatively enormous

extent: they may be traced as a continuous struc-
ture in dissected specimens from their origin in the
ascending limb of a nephron, through its distal
and connecting tubule into the peripheral branch
of the collecting tubule and then down through the
cortex to a point deep in the medulla. In its
course through the cortex are found branch-like
extensions of solid material continuous from other
damaged nephrons which drained into the oc-
cluded collecting duct, so that the whole coagulum
forms a hydra-like be-tentacled structure 2 to 3
cm. in length (Plates 4 and 17). Yet in a histo-
logical section such a complex object might appear
as a few scattered sections of "tubules and casts"
that bear no apparent topographical relation to
each other. I

These ramifying coagula are not homogeneous
in structure throughout their considerable length.
In some, long stretches are composed of clear
hyaline material and in this substance are irregu-
lar collections of granular deposit either diffusely
scattered or conglomerated in irregular masses.
The dark staining granular material is evidently in
part cellular debris, for fragments of epithelial
cells are at times recognizable (Plate 23). Pig-
ments and crystals, to be described more fully
later, are also present. In other examples the
entire extent of the coagulum may be opaque and
granular from an admixture of heterogeneous
debris.

Pigment deposition in intratubular debris and casts

In considering the appearance of the heme pig-
ments in our preparations it should be recalled
that the kidney tissues had been macerated in
concentrated HC1 for 24 to 48 hours preliminary
to dissection and staining of the nephrons. This
treatment might be expected to alter both the
physical and chemical nature of blood pigments
but, as will be apparent, our findings in the dis-
sected material agree in all essentials with pre-
vious observations made on fixed histological ma-
terial.

As has been the experience of other investigators,
we have found heme pigment in all of the kidneys
that we have examined from cases where myo-
globin or haemoglobin was liberated into the blood
stream as part of the primary cause of the clinical
disturbance. In these and many other instances
blood transfusions had been given and though a
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transfusion reaction may not have been noted in
the clinical record an added source of the pro-
ducts of blood degradation was therefore present.
In the cases in which there was no evidence in
the clinical record that haemolysis or muscle in-
jury had occurred the typical disruptive tubular
lesions were found with no histochemical evidence,
such as the benzidine or Prussian Blue test, of
heme pigment in casts or tubular debris. It is
noteworthy, therefore, that in this group of con-
stant and similar renal disturbances associated with
shock and related conditions of Acute Renal Failure
there is from their very origin no constancy in re-
gard to any aetiological factor that concerns heme
pigmentation.

The appearance of the pigment in the dissected
nephrons differs as it is seen in fully formed casts,
i.e., in the upper ascending limbs of Henle's loop,
the distal convolutions and the collecting tubules,
or in the loose unconsolidated debris that is found
in the proximal convolution.

The appearance of the heme pigments in casts
as they lie in sitit in the lumen of the dissected
nephrons is essentially that which one would ex-
pect to see when viewing in their entirety the ob-
jects that have previously been described in histo-
logical section. What would otherwise be desig-
nated as a "hyaline" cast may show an evenly
diffused, faint brownish discoloration in the un-
stained specimen. When stained N-ith iron
haemotoxylin these coagula take on a dense black
color, the same reaction that is seen in them and
in red blood cells in histological sections. When
tested for free iron b- the Berlin Blue method the
casts in distal portions of the nephrons and in the
collecting tubules are negative, but are positive to
the benzidine reaction. The treatment with HC1
has therefore not affected these histochemical
reactions. In long casts that run continuously
through considerable lengths of tubule it is often
observed that the concentration of pigment varies
greatly and at times with remarkable abruptness
in various portions of the coagulum. Histological
sections of such a structure would be interpreted
as several separate and different sorts of casts.

In other examples the hemiie pigment is less
evenly and finely dispersed in the substance of the
matrix so that a definitely granular appearance is
produced which may be exaggerated to the extent
that conglomerates or sphericles of pigment and,

in the extreme case, deformed crystalline deposits
are seen. We have never observed crystalline
deposits unassociated with organic matrix. In
restricted stretches of tubule this appearance may
be simulated but by following along the tubule it
becomes evident that these apparently isolated
"free" crystals form a part of a coagulated struc-
ture.

The general distribution and optical character-
istics of the heme pigment in the casts in the iso-
lated nephrons have therefore the appearance that
mnight be expected if a column of protein-contain-
ing fluid with irregularly distributed concentra-
tions of heme pigment had coagulated with the
production of a varying and discontinuous pattern
of pigment deposit, from a molecularly dispersed,
diffuse staining to the inclusion of relatively pure
crystalline masses.

As was the case in our correlation of the pres-
ence of casts with tubular disruption, no positive
result was observed betwveen the presence of pig-
ment deposition, either free or in casts, with
tubular lesions. If a cast was fortuitously pres-
ent at the point of rupture, it often but not always
contained heme pigment, but other casts of great
extent filling continuously- the ascending limb anid
distal convolution with extreme concentrations of
granular pigments were commonly observed sur-
rounded bv an intact and well preserved tubular
Nall (Plates 4, 7, 10, 12, 15 and 19). Ihere was
therefore no evidence that the presence of large
concentrations of heme pigment had any specific
ill-effect on the tubular epitheliumii.

\Ve havre found little mention in pirevious
studies of shock kidneys of the occurrence of hemiie
pigmeints in the proximal convolutions. This
seems remarkable for much experimental work
lhas shown that under normal circumstances these
pigments are selectively absorbed, stored and
metabolized, as are other proteins (9), by the
epithelial cells of this portion of the nephron (18).
The physiological conditions under which heme
pigments occur in the proximal convolution are
therefore very different from what obtains in the
distal nephron where the pigment lies in the tubule
lumen unabsorbed and unchanged, as is shown
by the positive benzidine and negative Berlin Blue
tests, by the activity of the renal epithelium. Our
findings in both sections and in dissected nephrons
of human kidneys were difficult of interpretation
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until we had studied these processes in the kidneys
of experimental shock. Our description and dis-
cussion of heme pigments in the proximal con-
volution will therefore be deferred until the latter
have been described.

Reparative processes in the kidney of Acute
Renal Failure

Whereas the clinician has opportunities to fol-
low the restoration of function in the damaged
kidney the pathologist sees only the more extreme
of renal lesions and only those that did not re-
cover. His factual knowledge is therefore con-
fined to what he sees of inadequate attempts at
restitution of a normal structural and functional
status in the damaged kidney; to this he com-
monly appends by a sort of imaginative extrapola-
tion a description of what he thinks the course of
adequate repair must be in those conditions of
lesser damage of which he has no first-hand ex-
perience. The resulting descriptions of what is
called "tubular regeneration" are perhaps ade-
quate for concepts of renal structure based solely
on the study of histological sections which de-
scribe the kidney as composed of "glomeruli"
and various sorts of "tubules," but they prove
quite meaningless in considering the repair of a
tortuous and tenuous organ like the nephron
where continuity is essential to normal function.
Failure of restitution of a freely draining lumen
at a single point in its course, for example, or the
persistence of a single minute hole in its wall,
may destroy the total functional integrity of the
whole organ so far as its excretory capacity is
concerned, no matter how many regenerating
epithelial cells may have been seen by the ob-
server's imaginative eye to be "creeping beneath
the dead debris to reline the most damaged areas."

A consideration of the appearance of the disrup-
tive lesion in Plates 5, 10 and 16 will show at a
glance that its most severe form is probably ir-
reparable. Disruption or dissolution of the base-
ment membrane, the characteristic that distin-
guishes this lesion from that of nephrotoxic dam-
age, is the factor which prevents repair, for not
only is there no directing surface on which re-
generating epithelial cells "creep" to reform the
tubule, but the gap in the tubule wall is invaded
by granulation tissue which fills and obliterates
the tubule lumen. Here again, then, is seen the

antithesis of tubular disruption and the tubular
lesion of nephrotoxic damage, for in the latter, as
exemplified by the kidney of the moderate ex-
ample of sublimate poisoning at least in its ex-
perimental form, regenerating epithelium relines
the bare but intact membrana propria so that both
structure and function are restored.

It may be that minor disruptions of the tubule
wall are plugged by proliferating cells; certainly
evidence of epithelial regeneration, as contrasted
to nephron reconstitution, is frequently found in
the dissected specimens. At the margin of the
tubular disruption may be seen large atypical
epithelial cells with hyperchromatic nuclei, an ex-
ample of exuberant but obviously futile regenera-
tion, and analogous abortive attempts at repair, as
evidenced by an irregular heaping up of new-
formed but misplaced cells, are shown in Plates
16, 17, 19, 21, 24 and 25.

In instances where considerable amiiounts of
blood pigment have flowed through damaged
tubules, as in the kidney of the transfusion ac-
cident, it can also be seen that the regenerating
renal epithelium has regained at least certain of
its functions. In Plate 12 long stretches of dam-
aged proximal conrvolution have been relined with
an atypical epithelium containing irregularly dis-
tributed, oval nuclei, yet in spite of this structural
abnormality the cells have absorbed blood pigment
and reduced it in part to hemosiderin. Yet in
spite of these good intentions no restitution of the
function of the nephron as an excretory organ has
occurred when the distal convolution, as shown in
Plates 5, 10, 19, 23 and 25, is the seat of an ir-
reparable disruption.

Recovery of a structural renal status compatible
with adequate function therefore becomes a com-
plex matter when the problem is considered, as
it must be, from the viewpoint of "restitution of
nephrons" and not "regeneration of the kidney
tubules" (19). The detail of three clinical cases
may be given to illustrate the varied course of the
reparative processes.

The first two examples form an almost perfect
experimental examination of the problem of repair
in acute renal failure related to toxic injury. We
are indebted to Drs. E. S. Breed and C. F. Baxter
for their functional data which they will publish
in detail at a later time, to Dr. R. S. Hotchkiss for
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FIG. 3. DI-ETHYLENE GLYCOL POISONING-SECTION OF KIDNEY OF W. R. WHODIED ON THE 12th DAY

Cross sections of periglomerular coils of proximal convolution showing complete vacuolar necrosis of the
renal epithelium. There is no regeneration or significant interstitial inflammatory reaction. Cf. Plate 22
for dissected specimen; also Plate 44. Magnification 250 X.

the clinical details and to Dr. Milton Helpern for
the anatomiiical material.

Two young, apparently healthy prisoners, W.R. and D.,
in a penal institution obtained surreptitiously a supply of
what was described as an anti-freeze mixture. How
much was drunk and for how long continued is not known
but after eight days W. R. was admitted to the hospital with
bilateral kidney pain and shortness of breath; red cells and
albumin were found in his urine. His blood pressure was
170/100. On the 12th day his PAH, 02 and inulin ex-
traction ratios were all 0; the BUNwas 266 mg. per cent.
During four hours 0.02 cc./min. of urine was collected.
The blood K was 8.85 m.eq./l. Decapsulation was at-
tempted during which operation he died of cardiac arrest.

D. came to the hospital on the day following his com-
panion's entrance with essentially similar clinical findings.
On the 11th day his urine flow was 0.035 cc./min. An
"artificial kidney" reduced his blood pressure from 200/80
to 110/70, his NPNfrom 300 to 180 mg. per cent., and his
blood K from 8 to 5.19 m.eq/1. The next day the ex-

traction ratios of PAH, inulin anid 09 were 0. That
afternoon a decapsulation was done and a biopsy obtained
from the right kidney. The patient did fairly well post-
operatively; on the 16th day he was put on the artificial
kidney again and his blood K reduced from 8.6 to 5.5
m.eq/1. At this time NPN was 324 mg. per cent.
The urine output increased gradually from 89 cc. in 24
hours on the 17th day to 1151 cc. on the 21st day. His
inulin clearance was then 1.92 cc./min., creatinine 1.16/min.
and PAH 1.31/min. Three days later he became dis-
oriented and died.

The kidneys were therefore available from two
individuals who took the same nephrotoxic agent,
di-ethylene glycol as subsequent histological ex-
amination proved, at the same time. One (W.
R.) died on the 12th day at what might be de-
scribed as the height of renal damage and in renal
failure. A biopsy was taken from the other (D.)
at approximately the same period after the poison-
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ing, thus allowing a comparison of the anatomical
lesion in the kidneys of the two cases at the point
of its maximum development. The individual,
D., showed a functional recovery so far as water
excretion was concerned, but died of renal failure
24 days after taking the poison.

Histological sections of the kidney of W. R.
who died on the 12th day showed the typical
vacuolar epithelial alteration caused by di-ethylene
glycol in sections of what are apparently proximal
convolutions; there were casts and debris and
other alterations in the other portions of the ne-
phron. There was no evidence of epithelial re-
generation (Figure 3).

Dissections of nephrons showed the full develop-
ment of the renal lesion with no evidence of repair.
In Plate 22 is shown the glomerulus and the first

portion of a proximal convolution; the epithelium
of the tubule is completely disarranged; the vacu-
olar change is not evident in the thickness of the
dissected specimen which was purposely heavily
stained in order that the protoplasmic remnants of
the epithelium would be visible. The dissected
specimen shows quite clearly that the damage is
more than a nephrotoxic epithelial lesion, for the
basement membrane has been destroyed along the
greater part of the preparation and at several
places in the course of the tubule typical disruptive
tubulorhexis is evident. In ascending limbs and
distal convolutions (Plate 23) the disruptive
tubular lesions are also present along with casts
and diffuse basement membrane damage. The
epithelium of the collecting tubule, however, is
intact though its lumen contains irregular collec-

FIG. 4. DI-ETHYLENE GLYCOL POISONING-BIOPSY FROMTHE CORTEXOF THE KIDNEY OF D. ON THE 11th
DAY

Note that the lesion is identical with that of the other case shown in Figure 3. Magnification 250 X.
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7~~I
FIG. 5. DI-ETHYLENE GLYCOL POISONING-THE KIDNEY OF D. AT AUTOPSY13 DAYSAFTER THE TAKING OF

THE BIOPSY OF THE PRECEDING FIGURE

No vacuolated necrotic cells remain, the original tubular lining being completely replaced by the pro-
liferation of a flat epithelium. There was, however, no significant return of tubular function and the lack
of restitution of a nephron structure compatible with function is seen in Plates 24 and 25. Magnifica-
tion 250 X.

tions of cellular debris and casts. The over-all
picture of the renal lesion may therefore by sum-
marized as a combination of extensive nephro-
toxic and disruptive tubular damage with no re-
generation or repair.

Histological sections of the biopsy taken on the
11th day from the kidney of D. showed widespread
and acute lesions identical to those observed in
W. R.; this observation is of importance as it
shows the degree of damage in the kidney of this
individual 13 days before his death (Figure 4).
Histological sections taken from the kidney post
mortem, that is, approximately three weeks after the
ingestion of the poison, showed none of the acutely
damaged vacuolated cells seen in the biopsy in the

cross sections of proximal convolutions. These
tubules were considerably dilated and completely
lined with a flat, atypical, regenerating epithelium
which in appearance had reformed the tubule wall.
In cross sections of other portions of the nephron,
tubular damage and casts were frequent. In the
sub-cortical region and extending deep into the
medulla there was a heavy infiltration with in-
flammatory round cells and leucocytes (Figures
5 and 6).

Dissections of proximal convolutions present
an entirely different aspect of the epithelial re-
generation from what was apparent in histological
section, for it can be seen at a glance that the
tubule wall is neither reformed nor a continuous
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lumen reestablished, which is the only sort of
lumen that has functional significance. The
tubule is greatly dilated and its contours are re-
markably irregular. This irregularity is due
both to sudden constrictions (A) scattered along
its length and to sudden fingerlike pouches and
protrusions (B) which are formed of dark stain-
ing bands and strips of regenerating renal epithel-
ium. Moreover regenerating cells are not con-
fined to the wall of the tubule, but grow in ran-
dom whorls that double back into the lumen (C)
and at times form valve-like flaps and irregular
masses which impinge upon and obstruct it (Plate
24).

In the ascending limbs and distal convolutions
there is also extensive disruptive tubular damage,
extensive cast formation and irregular repair.
The sheets and bands of dark staining regenerating
epithelium are clearly seen; it will be noticed that

they are exceedingly patchy in distribution and
that the tubule wall, even where regeneration is
most active, is far from reestablished. The dark
black segments are portions of relatively intact
tubule filled with casts. Frank disruptions of the
tubule wall with surrounding ingrowths of inflam-
matory granulation tissue are present (Plate
25).

To summarize, it is clear that in this kidney
which showed grave structural damage on the
11th day, and of which, from the appearances noted
in histological section, it would have been said
that extensive "tubular regeneration" had oc-
curred by the 24th day, there was little evidence
of an adequate reconstitution of functional ne-
phrons in spite of the exuberance of epithelial
regeneration.

Referring back to the examples of toxic renal
injury due to sublimate and potassium chlorate,

FIG. 6. SAME SECTION AS FIGURE 5 SHOWINGCROSS SECTIONS OF DISRUPTED TUBULES WITH HEAVY
INFLAMMATORYREACTION IN THE INTERSTITIAL TISSUE. Magnification 250 X.
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similar difficulties in the repair of the disruptive
tubular lesions may be noted. In Plate 16 the
large disruption in the proximal convolution is
filled with masses of dark staining, atypical epi-
thelial cells that protrude into the irregularly dilated
lumen and, as a result of the disintegration of the
basement membrane, form isolated islands of pro-
liferating epithelium rather than a reconstituted
tubule wall. In Plate 19 the swollen disruption
in the distal convolution is only partially lined by
sheets of epithelium, and these, lacking the sup-
port of a basement membrane, stream out irregu-
larly into the tubule lumen.

As evidence of the permanency of the damage
that is inflicted on the individual nephrons by the
disruptive tubular lesion, an example of repeated
episodes of renal damage over a period of years
may be cited. Our material was obtained from
a case of paroxysmal hemoglobinuria reported by
Drs. Ralph Sussman and Herbert Kayden (20).
After 11 typical attacks over a period of two years,
an extraordinarily severe seizure resulted in
oliguria and nitrogen retention with death on the
12th day. The typical lesions of tubular disrup-
tion and heme pigment casts were described by
Dr. Alfred Plaut and the authors point out the
similarity of the renal condition to "post-trans-
fusion and crush injury nephrosis." Of interest
to our immediate problem, the histological exam-
ination by Dr. Plaut showed not only typical acute
tubular lesions but also "a diffuse fibrotic process
with numerous scars . . . apparently remnants
of renal injury resulting from 11 previous hemoly-
tic episodes. It should be noted that no vascular
changes were reported to suggest a vascular cause
for the renal lesions."

In the more dense fibrotic scars which were
scattered through the renal cortex only remnants
of nephrons could be found by dissection. These
consisted of atrophied bits of what could still be
recognized as proximal convolutions attached to
shrunken, fibrous glomeruli. In the looser fibrous
tissue at the periphery of the scars better pre-
served but markedly deformed nephrons were
found. Plate 26 shows an irregularly atrophic
proximal convolution in which are seen several
tubulorhextic disruptions surrounded by ad-
hesions of granulation tissue that resulted from
the terminal acute attack. In Plate 27 is seen a
badly damaged ascending limb and distal con-

volution which, probably as a result of peripheral
obstruction, shows a huge irregular cystic dilation.
Numerous diverticula, the origin of which bears
no relation to the renal lesions, are present.

To summarize our findings regarding the re-
parative process: restitution of function in kidneys
of Acute Renal Failure associated with traumatic
and toxic injury would seem to depend chiefly
on the recovery of functional normality in ne-
phrons which have never suffered the fully de-
veloped disruptive lesion. In the case of poison-
ing, where nephrotoxic tubular lesions with an
intact basement membrane predominate, epithelial
regeneration can reconstitute the tubule of the
nephron with relative ease; if there is extensive
tubulorhextic damage, as there is in fatal poison-
ing, the reparative problem is less simple. Then,
as in the case of "the crush" or "shock" kidney
where disruptive tubular lesions prevail, recovery
of renal function depends on the restitution of
functional normality in nephrons which have never
suffered the full brunt of the disruptive injury.
The peculiarly spotty distribution of these lesions
among the nephrons, some of which show no
significant damage in the most grievously altered
kidney, makes this eventuality possible.

Summary of the structural alterationis in humtan
kidneys in Acute Renal Failure

Before proceeding to an examination by the
experimental method of aetiological problems, a
brief summary of the structural alterations seen in
the human kidney in Acute Renal Failure related
to traumatic and toxic injury should be useful to
fix clearly in mind what sort of lesion is to be
reproduced.

The distinctive disruption of tubules described
by Dunn, Gillespie and Niven is characteristic of
all members of this group. This lesion, for which
the name tubulorhexis has been suggested, occurs
in all parts of nephron indiscriminately from the

3 These objects, found not infrequently in normal kid-
neys and only on the distal convolution, may become so
large as to have the configuration of glomeruli (cf. insert,
Plate 27) ; they have on occasion been described as such
in dissected specimens and so led to much perplexity as
to how glomeruli could become attached to collecting
tubules. In histological sections they may appear as
gland-like structures independent of the tubules and, with
their contained colloid-like material, have been inter-
preted as renal "endocrine" elements.
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proximal convolution to the collecting tubule. Its
distribution is entirely random both in the ne-

phron and among the nephrons; even in the kid-
ney that has failed some nephrons are found
essentially undamaged. The lesions show no

constant association with either casts or accumula-
tions of heme pigment; the lumen of the distal ne-

phron commonly contains these materials with no

damage to the tubule wall.
In kidneys from cases where poisoning has been

the clinical cause of renal failure there is also
found besides the disruptive lesions tubular dam-
age of a nephrotoxic nature; this is located in
proximal convolutions and is evenly distributed
throughout all the nephrons. Such lesions are

absent or minimal in cases where the renal damage
follows shock resulting from traumatic injury.

THE REPRODUCTIONOF THE LESIONS OF THE

KIDNEY OF SHOCKBY EXPERIMENTAL

PROCEDURES

Now that the lesions observed in the human
kidney of shock have been described we may re-

turn to our earlier stated problems of aetiology,
pathogenesis and clinical correlation. It is clear
at once, however, that these questions present
themselves in a very different form when they
arise from the consideration of the description of
the structural status of the damaged kidney that
we have given rather than on the basis of the cur-

rent designation of the lesion as a "lower nephron
nephrosis." The problems to be put to experi-
mental test are therefore quite different from those
which have been examined by previous investi-
gators, and this is particularly true when the ex-

periment is directed toward the reproduction of
the human type of lesion in the kidney of animals.
A priori, one could be reasonably certain that no

such disturbance as an induced ischemia could
produce lesions limited to the "lower nephron"
for the anatomical characteristics of the renal
circulation and the topographical arrangements of
the nephron make such an eventuality impossible.
As has been suggested in our introduction, the
frustrations and difficulties of experimenters in
the past were, therefore, due to the fact that ques-

tions were asked that had no answer. With the
knowledge that proximal convolutions must be
damaged if the human lesion is to be reproduced
and that in fact any or all parts of the nephron

may be involved, we can approach the experi-
mental verification of the thesis of ischemic dam-
age with a new and more hopeful attitude. This
is particularly true since there would seem to be
little chance that experiments based on a hypo-
thesis of toxic damage would be successful, for it
is apparent from our descriptions that the essential
disruptive tubular lesion of the human kidney is
different, in both its nature and location in the
nephron and in its distribution among the ne-
phrons, from what is produced experimentally by
nephrotoxic poisons. No toxic substance reach-
ing the kidney by the blood stream could con-
ceivably cause such random damage as we have
described in such functionally disparate parts of
so many independent organs.

Among all the factors that have been suggested
as a cause of the renal lesion, ischemia stands out
as the disturbance par excellence which produces
random and scattered damage. This is especially
so when the circulation fails in small, widely dis-
tributed, terminal arteries and arterioles; an ex-
ample of its effect is seen in the kidney itself
where arteriolar-sclerotic fibrous scars, irregularly
scattered through the renal cortex, encroach upon
and surround atrophied portions of the nephrons
at random. So close is this analogy drawn from
his general experience, that the pathological ana-
tomist might have little hesitation in deciding our
problem on the basis of induction from his struc-
tural observations of the human renal lesions alone
if the experimental verification of 'this conclusion
were not possible.

As a matter of fact the recent development of a
visual technique has made it possible for the
morphologist to observe directly the circulatory
status of the kidney and, as is desired in our
problem, to actually see the pattern of an ischemia
as it existed in the experimental animal at the
moment prior to its sacrifice. Schlegel and Moses
(21) have shown that the fluorescent dye, thio-
flavin S, when injected intravenously in small
amount, diffuses into the wall of the arteries and
arterioles and glomeruli and is there retained for
a sufficient time so that if the kidney is promptly
removed and viewed at low magnification under
ultra-violet light all the glomeruli and vessels
which had been receiving blood containing the dye
stand out in brilliant secondary fluorescence against
the darker background of the renal tissue. We
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shall use this technique at a later point in our in-
vestigation and will at that time describe more
fully the technical details. For the present, one
of Drs. Schlegel's and Moses' original illustrations
of a normal kidney of a rabbit showing the arteries,
arterioles and glomeruli that were receiving blood
at the moment of its death is seen in Figure 7A.
The even distribution of the circulatory patterni
is most beautifully demonstrated and in contrast,
Figure 7B, taken fronm the saie report, shows
the pattern of the renal ischemia that followed the
intravenous injection of 1/10,000 adrenalin. Ir-
regular areas of renal cortex are seen in which
the patent and fluorescent vessels and glomeruli
stand out in brilliant contrast to the patches of
dark ischemic tissue where the circulatory bed had
received no dye. If one visualizes the distribu-
tion of the constituent nephrons on this spotty
background of ischemic cortex one can anticipate
how the random pattern of tubular damage that
we have described in the nephrons of the human
kidneys of shock might develop. (Figure 8.)

* * * * * *

Our examination of the structural lesions in the
kidney of experimental shock was made on ma-
terial from the extensive studies of Drs. D. D.
Van Slyke, R. A. Phillips, V. I. Dole, P. B.
Hamilton, K. Emerson, Jr. and R. M. Archibald,
on the functional disturbances that occur in the
kidney in this condition (5, 22).

In these experiments on dogs the functional
effects of the renal ischemia which is kniown to be
part of the general phenomena of shock in man
were examined under varying conditions. To
determine the effect of duration of the ischemia,
clamps were placed on the renal artery so that
blood' flow to the kidney was arrested for periods
up to three hours and longer. In animzals whose
renal artery was clamped three hours, the kidneys
after a few days of renal inadequacy ultimately
recovered their functional capacity; those whose
artery was clamped longer died in renal failure.
Analogous functional disturbances were observed
in dogs in shock when the renal blood flow, es-
timated by hippurate clearance, had been reduced
as a result of a henmorrhage or trauma below 1
per cent of its initial normal rate for a period of
four hours. These investigators found that in
general the progressive effects of ischemiiia on the

kidney, both in the experimental animals and in
human cases, could be divided into three stages:
(1) reduced renal function without functional
evidence of damage to nephrons; (2) miiore severe
reduction in renal function with functional evi-
dence of reversible damiiage to nephronis; and (3)
the developmenit of a progressive uremiiia and
death with apparently irreversible danmage to
nephrons. The first two stages could be pro-
duced in dogs by shock resulting from traumlla or
hemorrhage; the production in the dog of the
third stage usually required the clamping of the
renal artery for at least four hours.

The kidneys of representative animials fromi
these investigations Nere studied by us in histo-
logical section anid l)iX microdissection. It can
easily lie uniderstood from a consideration of the
precarious situation that must have obtained in
experiments of the sort described (where the ani-
mal is in severe slhock or is subjected to such rela-
tively grave experimiienital procedures as a pro-
longed clamlping of his renal artery and y-et must
be maintained so as to respond to elaborate func-
tional examinations), that it cannot be hoped that
every experiment will approximate the delicate
bialance that determines the status of the human
kidney in naturally occurring shock. M;Iany of
the kidneys, especially those whose renal artery
had leen clamiiped four hours, showed gross struc-
tural damage far beyond that ever seen in the
kidney of shock in mlani andl in other experimiienits.
conversely-, not enough structural damage was
produced to lie comparabile with the fatal human
renal lesioni. The grossly damaged kidneys, as
we shall point out later, were useful, however, as
their exaggeration confirmiied conclusions derived
from the fully successful experiment where lioth
functional and structural lesions reproduced the
sy-ndrome seen in the humiiani kidney of shock.

The effect on the kidney of direct ischeinia
produced by clamiping the renal artery

Wehave found that nephrons from kidneys, the
renal artery of which has been clamped four hours or
longer, cannot be dissected because the basement
membrane of the necrotic tubules, though still visible
in sections, is also "necrotic," with the result that
the tubules disintegrate completely on macera-
tion and only short remnants and debris can be
isolated. It is noteworthy, therefore, that the
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A

B

FIG. 7. FROMSCHLEGELAND MOSES-VISUALIZATION OF KIDNEY BLOOD VESSELS (21)

A, the pattern of the normal circulation in the rabbit kidney; B, the patchy ischemia resulting from
the action of adrenalin. Reproduced by permission of the authors and publishers.
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FIG. 8

tubular lesion in these exaggerated instances of
experimental ischemic damage show the essential
characteristic that was noted in the tubulorhexis
of the human case, i.e., dissolution of the base-
ment membrane as well as epithelial necrosis.

Considerably less ischemic damage is shown in
the following experiment (dog K29). Under
nembutal anesthesia the area of the renal vessels
was exposed on the left side and, two rubber
covered serrefines placed on the left renal artery
where they remained for 66 minutes. The right
kidney remained undisturbed in situ. Seventy-
two minutes after the removal of the clamps a

350 cc. infusion was given consisting of 50 cc. of
the animal's red cells laked with 200 cc. of dis-
tilled water with added salt to isotonicity and
50 cc. of the animal's plasma. As one kidney had

remained intact in this experiment no functional
examinations were made. The animal was killed
five days later.

Histological sections of the right kidney- showed
no lesions; in the left kidney there were irregularly
scattered areas of tubular destruction in which
proximal convolutions were prominent; approxi-
mately one-half of the cortical tissue was thus in-
volved.

Dissections of nephrons showed a peculiarly
localized nature of tubular destruction: rarely was.
the greater part of any portion of a nephron en-
tirely involved. In Plate 28 is shown a complete
proximal convolution. Its first portion is com-
pletely destroyed, the basement membranie has
disintegrated' and its epithelium is reduced to
debris. The mid-portion then appears remark-
ably well preserved; even the mitochondrial rod-
lets, the most sensitive indicator of cellular dam-
age, can be seen and the usual cellular pattern of
the unstained nuclei of the renal epithelium is,
clearly apparent. At the beginning of the medul-
lary segment scattered areas of epithelial necro-
sis appear which become progressively more ex-
tensive until complete epithelial disintegration is
observed in its terminal part which narrows to
the thin limb of Henle's loop. It should be noted
that in the severely damaged terminal portion of
the convolution the basement membrane, so
clearly seen in the normal middle portion, had dis-
appeared.

A typical lesion in the distal portion of the ne-
phron is shown in Plate 29. The contours of
the ascending limb to the left are fairly well pre-
served but throughout its length irregular col-
lections of cellular debris are seen in the tubule
lumen. The distal convolution is filled and ir-
regularly distended with deep black, consolidated
haemoglobin casts that were positive to the benzi-
dine test (A) and at (B) a typical disruptive
lesion of tubulorhexis is observed. Crystal-like
deposits of heme pigment are well shown at this
point (B'). It can be observed that from here
on the distal and connecting tubule are markedly
distended with a solid coagulum of heme pigment
yet the tubule wall is intact.

This experiment is of interest in showing that
though in histological section the severity of the
damage in the proximal convolution masks its es-
sential identity with what is observed in the kid-
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ney of human shock, an -examination of the lesion
in the isolated nephrons shows not only the same
type of limited, disruptive tubular damage but also
the same random involvement of scattered
stretches of nephron from proximal to distal con-
volution that is so characteristic of the human
lesion.

In experiment K26 an even closer approxima-
tion to the human lesion was obtained. Under
nembutal anesthesia the right kidney was removed
and a serrefine placed on the left renal artery for
60 minutes. The animal remained in good clinical
condition; no functional studies were made and it
was killed on the fourth day after the operation.

Sections of the left kidney show none of what
is commonly called "frank" necrosis of renal
tubules. The epithelial cells in occasional cross
sections of a proximal convolution appear des-
quamated or disarranged but so rare is this ap-
pearance among surrounding well-preserved cross
sections that a conservative examiner would prob-
ably ignore it as some sort of fortuitous artifact.
The distal convolutions and collecting tubules
contain casts that stain deeply with eosine and
which are benzidine positive but negative for free
Fe.

Plate 30 shows a complete proximal convolu-
tion. The cellular pattern is particularly well
shown; at (A) even the mitochondrial rodlets of
the epithelium can be made out. At the arrows
various degrees of cellular damage, from an ir-
regularity of the mitochondrial pattern to com-
plete necrosis with disruption of the tubule wall,
are evident in short isolated segments of the con-
volution. At (B) are seen short segments of
tubule where the basement membrane is destroyed
and the necrotic epithelial cells are resolved into
dark stained debris. In Plate 31 three distal con-
volutions join a collecting tubule on the left. In
the distal convolutions and collecting tubule (A)
can be seen the infrequently mentioned dark stain-
ing intercalated cells peculiar to this portion of the
nephron. There are many small diverticula on
the upper portion of the collecting tubule. There
are no casts or damage except in the lowermost
distal convolution. At (B) the tubule is dis-
rupted and filled by a black stained plug of heme
pigment; at (C) the lumen is packed with similar
material but the epithelium is intact.

To summarize these experiments it may be said

that under proper conditions of degree and dura-
tion, direct ischemia of the kidney following clamp-
ing of the renal artery reproduced the essential
structural lesions that are observed in the human
kidney in shock. In the instances where either
the degree or the duration of the ischemia was
extreme, the extensive structural damage still
showed. in exaggerated form the two character-
istics of the renal lesions that are seen in human
kidney of shock, namely irregularity of distribu-
tion of tubule damage, both within the nephron
and throughout the kidney as a whole, and the
complete destruction of limited stretches of tubule
and basement membrane scattered along the
course of a well preserved normal nephron.

The effect on the kidney of ischemia produced by
renal vasoconstriction following trauma

The second group of experiments was analogous
in the manner in which renal ischemia was pro-
duced to what occurs in the "crush kidney" of
man, namely a renal vasoconstriction following as
a reflex to trauma of the muscle masses of the
limbs. Conversely to the previous experiments
where exaggerated effects were more easily pro-
duced, in these the difficulty of a successful dem-
onstration lay in the production of a sufficient de-
gree and duration of renal ischemia to produce
structural lesions and in the necessity at the same
time of maintaining the animal in a physiologically
adequate condition that would allow the perform-
ance of the functional tests (in particular hip-
purate extraction) that measured the degree of
functional damage and renal blood flow. The
details of these experimental procedures and the
rationale of the functional determination of renal
blood flow are given in extenso in the publication
of Phillips, Dole, Hamilton, Emerson, Archibald
and Van Slyke (22). The kidneys examined
were from experiments similar to those shown in
Table IV of that article: unfortunately the kid-
neys from the identical dogs of this table were not
available for structural examination, but the func-
tional findings in those whose structural status is
here reported were similar. The rate of hippurate
excretion during the course of each experiment
will be given as an indication of the degree and
duration of renal ischemia that existed in the kid-
neys.
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1. Minimum functional and structural damage
(K33). Under deep nembutal anesthesia, with the
customary priming dose and sustaining infusion cf
PAH, trauma to the legs was begun at minute 92
of the experiment. At 94 the PAHexcreted had
fallen from 5320 y/min. to 709 y, at minute 119 to
11 y, and at 131 to 1 y/min. The trauma was in-
terruptedly repeated from minutes 134 until 301,
and during this period the average of PAH was
4.7 y/min. A transfusion of the dog's own blood
at minute 303 was followed by a rise of excretion
to 33 y/min. and at minute 397, to 2890 y/min.
On the fourth day, though the animal's clinical
condition was good, it was sacrificed. The blood
urea N preceding the experiments was 15 mg.
per cent. It rose to 24.8 on the second day and
was 14.5 before death. Judging from the func-
tional examination it might be said that although
there was a period of extreme renal ischemia for
200 minutes the functional damage was reversible
and not severe.

Histological section of the. kidney showed only
slight evidence of damage, much less than that
seen in even the least damaged kidneys of the
previous experiments where the renal artery was
clamped. Benzidine positive casts, however, were
frequent in the distal convolutions.

Dissections of nephrons showed the majority
to be well preserved; many, however, showed the
lesions to be described.

The lesions in the damaged, nephrons were en-
tirely similar in distribution throughout the ne-
phron and in their nature to those seen in the
former experiments of clamping the renal artery
and to those that we have described in the human
cases. Plate 32 shows a typical complete proxi-
mal convolution. The normal epithelial pattern
of clear nuclei in a dark background of cellular
granular protoplasm exists throughout the greater
part of the convolution. At (A) the tubule is
swollen, the epithelium entirely necrotic and the
basement membrane disrupted. The detail of
these lesions is shown in the inserts of Plate 33.
The arrows indicate where lesser degrees of simi-
lar damage may be seen. The terminal segment
contains, as it normally does in the dog,4 a con-

4The presence of fat in the terminal portion of the
proximal convolution of the normal dog nephron is well-
known to anatomists (23) but less so to some experi-
mentalists. As a result there quite regularly appears in

siderable amount of fat which stains so black that
cellular detail is obscured. In Plate 33 is shown
a typical ascending limb and distal convolution.
The first portion of the former contains isolated
casts of black stained heme pigment; its upper
portion and all of the distal convolution is dis-
tended and filled with a solid continuous heme
stained coagulum. The cellular detail is thereby
completely obscured, but the damage to the base-
ment membrane of the distal convolution is evident
from the adhesions which surround the tubule
wall.

2. Severe functional and stru-ctural damage
(K32.) The experimental procedure was essen-
tially similar to the preceding experiment. At 21
minutes the priming dose of PAH was begun.
At 49 minutes PAH excreted was 3100 y/min.
Trauma was begun at 70 minutes; at 80 minutes
excretion had dropped to 1660 y/min. The
trauma was repeated at intervals and at 159 min-
utes PAH excretion was 3.0 -y/min. and fell pro-
gressively to 1.5 y/min. At 305 minutes 1000 cc.
of a whole blood transfusion was begun; to the
blood were added 35 cc. of laked blood cells. The
animal responded well. Before the experiment
the blood urea nitrogen was 10.9 mg. per cent.
On the fourth day it was 25.4 and on the seventh
day, 79.4. The animal, having convulsions, was
sacrificed.

Histological sections of both kidneys showed
moderate but definite damage to tubules. An
occasional cross section of a proximal convolution
could be found with definite necrosis of epithelial
cells. There were many heme pigment casts,
positive to benzidine but negative to the Berlin
Blue reaction, in distal convolutions and definite
epithelial necrosis in "straight tubules" which
might be either ascending limbs or medullary seg-
ments of proximal convolution.

On dissection a relatively large number of ne-
phrons, definitely the majority, showed varying
degrees of damage. In Plate 34 is seen a com-

the literature correlation of various procedures with the
experimenter's discovery of this normal anatomical fact.
In the last two years the senior author can recall three
s;ich instances; two in which dietary factors and one in
which a neurological lesion were implicated. There will
doubtless be more, so that the general reader may care
to keep this bit of elementary histology in mind for future
critical use.
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plete proximal convolution. The first two thirds
are fairly well preserved though stretches are seen
where the cell pattern is disturbed. Beginning in
the terminal medullary segment (A) there is
frank necrosis of epithelial cells and disintegra-
tion of the basement membrane with resulting
peritubular adhesions. From this point on to the
end of the convolution is seen an extensive and
complete necrosis of the tubule. The detail of
these lesions is shown in Plate 35 at a higher
magnification.

Ascending limbs and distal convolutions also
frequently showed typical tubulorhextic lesions
(Plate 36). The cellular pattern of the lower por-
tion of the ascending limb is visible; its upper third
contains black stained heme pigment casts and it
passes into a distal convolution that also is dis-
tended and plugged with a similar material. The
wall of the distal convolution is disrupted and
there are the usual peritubular adhesions.

To summarize: in these experiments where
renal ischemia followed upon shock produced by
trauma to muscle, lesions of the nephrons were
produced similar in their nature and distribution
to those that were found in the human "crush
kidney."

One point stands out more clearly in the ex-
periments than in the human examples of the renal
lesion, for in them it is plainly evident that the
degree of damage in the kidney of shock is
largely a function of the number of nephrons af-
fected by the ischemic insult and not of the sever-
ity of the lesion in the nephrons per se. The few
nephrons of the first experiment where renal func-
tion was not greatly reduced were damaged as
severely and in the same manner as the many
damaged nephrons of the third experiment in
which renal failure resulted. This is in striking
contrast with the situation in the kidney of wide-
spread nephrotoxic tubular damage where, since
all nephrons are universally affected by the toxic
insult, it is the degree of nephron damage that
determines the total functional result.

Another apparently minor point, but one to
which we shall later refer in our discussion, is
established by the experimental procedure. This
is the remarkable cytological normality of the
epithelial cells of the tubule in regions other than
where ischemic disruptive tubulorhexis has oc-
curred. The immediate fixation of the tissues

that is possible in the experiment allows the ob-
servation of such detail as the intactness of the
mitochondrial rodlets in the cells throughout the
nephron immediately up to the point of disruption
(Insert, Plate 28). There is therefore no evi-
dence of any toxic damage in the experimental
lesion produced by the identical mechanisms that
are the cause of the "crush" kidney in man.

The heme pigm,nent metabolism in the
kidney of shock

Wehave previously described the occurrence of
heme pigments only as they appear in casts in the
distal segments of the nephron. These deposits
lie in the lumen of the tubules and therefore out-
side the kidney tissue and from their histochemical
reactions, i.e., positive benzidine test and negative
Berlin Blue reaction, have undergone no apparent
alteration in their chemical structure since they
give the same reactions to these tests as does
haemoglobin. As it is well known that heme pig-
ments filtering through the glomerular membrane
under a variety of circumstances are absorbed
by the epithelial cells and are there broken down
to simpler degradation products, it would seem
warranted to consider these processes as a special
case of the metabolic mechanism by which the kid-
ney handles proteins (9). Recent studies of
these activities in the case of blood pigments may
be found in the work of Rather (18) and Lipp-
man, Ureen and Oliver (24) .

In our earlier discussion concerning the finding
of heme pigments in the casts of the human
"crush" kidney the comment was made that it
seems singular that so little mention is made in
the current literature of these processes in the
proximal convolution. The presence of the pig-
ment in the distal portion of the nephron is proof
that the cells of the proximal portions must have
been in contact with these materials, so that the
absence of the usual absorptive activity in the
proximal convolution requires an explanation.
Considerable light is thrown on this anomalous
situation by an examination of the material from
the experiments of Van Slyke and his co-workers
and comparison of these findings with those of the*
human material.

The full picture of the renal metabolism of the
heme pigments is seen in those experiments where
the more natural and moderate mechanisms of
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reflex vasoconstriction following trauma were the
cause of ischemia and nephron damage. In these
experiments the ischemia, though extreme and of
more than one hQur duration, was not absolute as

it was in those in which the renal artery was

clamped. Three potential sources from which
heme pigments may enter the tubule lumen are

evident in the experiments; namely, as a result of
the glomerular filtration of haemoglobin free in the
circulating blood, from the transfusion of whole
blood even when not followed by any perceptible
clinical reaction and from the entrance of myo-

globin and possibly also haemoglobin as a result of
muscle trauma. In experiment K32 the urine
was noted as "blood tinged" 28 minutes after
trauma was begun and 207 minutes before a trans-
fusion was given. A fourth source may also be
mentioned in passing though there is no direct
evidence of it in the experiments, namely the pas-

sage of red cells through glomeruli made more

permeable by ischemic damage followed by hae-
molysis of them in the tubule lumen. At least
there seems no other source of the few benzidine
casts found in experiment K26 where the renal
artery was clamped but no transfusion or trauma
to muscles occurred.

In histological sections of all of the trauma ex-

periments (K31-33 and K35) whether laked
-blood or an apparently reactionless whole blood
transfusion had been given, the epithelial cells of
-those parts of the proximal convolutions which
had escaped damage, a considerable portion as

judged by the intact mitochondrial pattern seen in
Plate 32, were filled with fine benzidine positive
droplets. There was also, as is always observed
in normal renal cells absorbing heme pigments, a

light diffuse tinging of the protoplasm by the
benzidine reaction. In the occasional cross sec-

-tion that showed damage in the form of disruption
or desquamation of epithelial cells only a very

light diffuse staining was evident and'few if any

droplets. In the lumen of the proximal convolu-
-tions there was also seen granular detritus or

debris that was benzidine positive, but in straight
-tubules in the outer stripe of the medulla, presum-

ably ascending limbs, and in the periglomerular
loops of the distal convolution, deep brownish
yellow stained, well-consolidated casts were pres-

qent. There were also many benzidine positively
reacting casts in collecting tubules.

As all these animals had lived several days, the
degradation of the heme pigments could be fol-
lowed. The Berlin Blue reaction was strongly
positive in all the cells of the proximal convolution
that the benzidine stain had showed to contain
heme pigment. The free Fe existed either as
discrete granules or as a bluish tinge of droplet-
like structures. Within the lumen of the proxi-
mal convolution the debris was faintly positive
for free Fe, but the massive well-consolidated
casts in the ascending limbs, distal convolutions
and collecting tubules were negative.

In those experiments where an absolute ischemia
for three or more hours had followed a clamping
of the renal artery no evidence of heme pigment
absorption or degradation was found in the
severely damaged cells of the proximal convolu-
tion even when copious infusions of laked cells or
whole blood had followed the unclamping of the
artery. The necrotic cells of proximal convolu-
tions were occasionally tinged a faintly diffuse but
perceptible yellow, indicating that heme pigment
in solution had seeped through the dead tubule
wall, and in such kidneys there were many heme
pigment casts in ascending limbs, distal convolu-
tions and collecting tubules that were strongly
positive to benzidine. It seems therefore reason-
able to conclude that the extreme structural tubu-
lar damage, including necrosis, of great stretches
of proximal convolution had abolished the func-
tional activity of pigment absorption. As a con-
sequence of this absence of absorption there
resulted a negative reaction of the proximal con-
volutions to the Berlin Blue test which is the in-
dication of heme pigment degradation.

In certain experiments where transfusions or
haemoglobin infusion followed one hour after total
ischemia from a clamping of the renal artery,
lengths of proximal convolution remained un-
damaged at least in the structural sense and yet
in these structurally intact cells there were ob-
served only traces of a diffuse positive reaction
with benzidine and no well formed droplets. In
the lumen of the lower reaches of the nephron the
consolidated heme casts were strongly positive.
As might be expected, no free Fe resulting from
intracellular pigment degradation was found in
the cells or lumen of any region of the nephron.
The cellular damage responsible for this failure
of cellular activity was invisible to the methods of
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examination that were available and in this re-
stricted sense the lesion may be said to be "func-
tional" (25).

To summarize: in all the experiments, whether
the ischemia was the result of clamping the renal
artery or of reflex renal vascular spasm following
muscle trauma, heme pigment flowed through
proximal convolutions and was consolidated into
casts in the distal nephron. Such pigment at no
time was intracellular and therefore was not broken
down to show free Fe. In the experiments where
the ischemia was the result of the more natural
and moderate mechanism of reflex vascular spasm
and where large stretches of proximal convolution
remained undamaged, absorption of heme pigment
in droplet form and subsequent degradation to a
Fe free form was observed. In the more drastic
and total ischemia following clamping of the renal
artery where proximal convolutions were ex-
tensively damaged no absorption of heme pigment
and consequently no degradation products oc-
curred. Occasionally proximal convolutions,
which by present methods of examination appeared
structurally intact, contained no pigment.

The experiments therefore supply a morpho-
logical demonstration of variations in the damage
that may occur to one of the functions of the ne-
phron, namely protein absorption. The phe-
nomena of heme pigment metabolism differ
strikingly in their manifestations even in the rela-
tively uniform group of experimental animals. It
is therefore not surprising to note even more
remarkable variation among the examples of the
human shock kidneys, where conditions of origini
and subsequent clinical course were extremely
varied. The one manifestation previously noted
by all writers was consistently found in our ma-
terial; that is, the presence of heme pigment posi-
tive to benzidine and negative to Berlin Blue test
in the casts of the distal convolution and collecting
tubules; it was the rare example where either the
benzidine or Berlin Blue reaction showed that any
of this material had been absorbed in the preceding
proximal convolutions. In only two examples was
the typical and complete picture of heme pigment
metabolism present. One of these was a case
of transfusion reaction following shock after pros-
tatectomy and the other a case of blackwater fever.
In both instances not only were the benzidine
positive casts present in the distal nephron but

droplets positive to both benzidine and the Berlin
Blue reaction were seen in the proximal convolu-
tions in histological section and dissected nephrons
(Plate 12).

One case of blackwater fever deserves further
comment. In histological section the cells of its
proximal convolutions were distended with large
droplets that stained heavily with iron haemotoxy-
lin and benzidine. That this was an exaggerated
example of the condition was clear from the ap-
pearance of the kidneys: the formalin-fixed tissues
of the gross specimen were almost black and in
sections not only was intracellular and intratubu-
lar pigment present, but even the interstitial tissue
as well was impregnated with "formalin precipi-
tate" and benzidine positive haemoglobin. Though
postmortem diffusion may be in part the source
of this impregnation, excessive quantities of the
pigment from violently acute intravascular hae-
molysis might well be expected to appear in the
interstitial fluid of a kidney, the nephrons of
which are damaged to the point of physical rup-
ture. We believe therefore that this case shows
in visible pigmented form, that leakage of protein-
containing fluid from the lumens of disrupted
tubules the significance of which in the production
of alterations in renal function will receive fur-
ther attention in our discussion.

Our experience derived from the study of human
lesions viewed in the light of the experimental
findings therefore suggests that though the typical
phenomena of heme pigment metabolism may
occur in the shock kidney of man its manifesta-
tions are usually modified and obscured. If
enough pigment reaches the tubular lumen of the
proximal convolutions over a sufficient period of
time and if the cells of the proximal convolutions
have not been too greatly damaged, as they were
for example in the experimental kidney-s where
the renal artery was clamped, then in addition to
the distal pigment casts there may be found the
evidence of tubular absorption of heme pigment
and protein degradation in the proximal convolu-
tion. Renal ischemia, which we can now believe
to be the essential cause of the disruptive tubular
lesion in man, can therefore, as in the experimental
animals, quite adequately account for the func-
tional failure of absorption in the proximal con-
volutions as well as for the associated structural
lesions.
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AN EXPERIMENTAL EXAMINATION OF THE RELA-
TION OF TOXIC AND ISCHEMIC DAMAGEIN, THE

KIDNEY OF ACUTERENAL FAILURE

The structural characteristic of the kidney in
fatal Acute Renal Failure that differentiates this
condition from other nephropathies is founid not
in the location of tubular lesions but in their na-

ture. We have shoNwn that the Dunnli-Gillespie-
Niven lesion, to which for conv\enience we have
given the namiie of tubulorhexis, occurs at random
in all parts of the nephron, that it cionsists of a

peculiar form of disruption of the enitire tubule
wall and that such randomness and disruptive
damage can be explained as a result of ischemia.
These conclusions, drawn from a study of the
spontaneous lesions seen in miian, are confirmed by
the experimenital reproduction by Van Slyke and
his co-wl-orkers of the lesion in dogs by renal
ischemia resulting from various procedcures. in-
cluding traumatic shock, an admittedly important
source of the renal disturbance in man.

It has also been shown that another type of
tubular damage is frequently founid in the human
kidney of Acute Renal Failure, namiiely various
"degenerations" and necrosis of the epithelium of
the proximal convolutions; these lesions have all
the structural appearances of the action of a toxic
agent.

This confusing combination in a single kidney
of tubular lesions of such different nature and
origin constitutes one of the major difficulties in
current concepts since it lies at the very origin
of the renal disturbance. The confusion may be
readily cleared if one accepts what seems to the
pathologist the obvious solution; namely that in
certain situations there are two sorts of renal
damage in the final picture, each due to its own

mechanism. Renal ischemia, a result of circula-
tory imbalanice or "shock," might well complicate
a severe intoxication which has produced its usual
nephrotoxic effect on the renal tubule and so pro-

duce in addition the random tubulorhextic lesions
that characterize the full-blowvn kidney damage
that is seen in certain examples, of fatal Acute
Renal Failure. The drinking of an anti-freeze
compound, or any other renal poison, would
therefore bear the same relation to the final renal

status as does a traumatic crush accident, the con-

vulsions of eclampsia or a transfusion mishap.
By this concept the difference between Acute

Renal Failure following poisoning and that re-
sulting from the effects of traumatic injury and
shock would lie in the fact that in the case of
poisoning the effects of tw-o renal insults are pres-
ent rather than one.

'lThis coniclusion arising fromii the structural as-'
pect of the lesion is in fact supported by the results
of the clinical-functional study of the disturbances
observed in certain chemuical intoxications that
conclude wAith the suggestion by the investigator
that there may be some combination of the effects
of specific nephropathic action and ischemia.
Sirota (26), for examlple, in his study of carbon
tetrachloride intoxication and Marshall and Hoff-
man (27) so interpret the results of their studies
by clearance methods.

If it is difficult or at present imiipossible to dis-
tinguish such pathogenetic minutiae in the comi1-
plexity of the clinical case, it should be possible to
demonstrate these distinctions under experimental
conditions. Certain nephrotoxic substances pro-
duce, under proper conditions, exquisitely localized
tubular dami-age. It was shown in 1912 by Susuki
(14) that uranium caused tubular necrosis in the
middle third of the proximal convolutioin and not
elsewhere, and this finding, a difficult if not pre-
carious conclusion on the evidence available in
histological sections, was confirmed by micro-
dissection of complete nephrons by the senior
author in 1915 (28).

Any morphologist who has been practicallv
concerned with the study in histological sections
of considerable numbers of animals poisoned with
uranium or any other heavy metal has doubtless
had the experience of seeing tubular lesions which.
though obviously predominant in the proximal
convolution, seem at times to involve other por-
tions of the nephron; the ascending limb of Henle's
loop, for example. Appreciatiing the difficulty or
impossibility of exact orientation in sections, such
apparent discrepancies are usually passed without
comment, but do leave a certain scepticism in the
mind of the observer as to the exactness of Sus-
uki's description. It will now be shown that under
some circumstances there is real cause for doubt;
other parts of the nephron besides the proximal
convolution can be seen to be damaged in dis-
sected specimens. Moreover it will be shown by
visual demonstration that in these kidneys there
existed at some time prior to the sacrifice of the
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animal a patchy ischetmia and that in dissected ne-
phrons two sorts of lesions are found; first, the
distinctive nephrotoxic damage in the proximal
convolutions of all nephrons and secondly, ran-
dom tubulorhextic disruption in various and in-
discriminate parts of some.

In the following experiments a functional dis-
turbance in the renal vascular bed was produced
in addition to the nephrotoxic tubular lesion by
means of large doses of toxic agents. The effect
on the vascular system in the kidney was directly
observed at varying periods of the intoxication by
the method of Schlegel (2) that we have previously
mentioned.

A series of 65 animals were used in the visualiz-
ation of the renal circulation, 20 as controls to
establish the constancy of the normal pattern and
45 that were given the following well-known
nephrotoxic poisons: uranyl nitrate, potassium
bichromate, corrosive sublimate, carbon tetra-
chloride, sodium potassium tartrate and di-ethy-
lene glycol.

The procedure of vascular visualization was the
same in all experiments. The animal was placed
under Dial anesthesia, the abdomen opened and
then closed by clamps so that the kidneys could
be removed in a matter of a few seconds. After a
one-half hour interval, 1.0 cc. of 4 per cent
thioflavin S solution per kilo was injected into the
ear vein in a three second period, one renal artery
clamped and the kidney removed at a measured
time interval of six to eight seconds from the be-
ginning of the injection. Free hand slices, both
sagittal and longitudinal, were immersed in glyc-
erin and observed with a binocular microscope
under incident Wood's light at a magnification of
8 to 12 x.

The pattern seen in the normal animal is re-
markably constant (Plate 37A). All the glomer-
uli throughout the cortex are evenly and brilliantly
illuminated and no dark glomeruli that did not
receive the dYe by way of the circulating blood are
evident. The cortical background of tubules is
faintly illumined by the natural fluorescence of the
renal tissue and by the small amiiount of dye which
has diffused out of the vessels. The intensity of
the relative contrast between vessels and glomer-
uli and background tissue therefore depends on
avoiding this diffusion; hence the need of speed
in removing the kidney as soon as the blood has

fully perfused the organ. It may be recalled that
the circulation time in the rabbit is of the order of
7.0 seconds so that three seconds is ample time
to accomplish the optimal visual effect.

On the faintly fluorescent background of the cor-
tex are seen the brilliantly illuminated sections of
the arterial tree as the chance cut of the razor has
exposed them; large branches of the renal artery,
"arcuate" arteries, and interlobulars with, in the
fortunate section, appended delicate afferent ves-
sels and glomeruli and, less clearly, the irregular
plexus of intertubular capillaries and venules. In
the medulla a brighter zone of primary tissue-
fluorescence is present in which lie more brilliant
efferent capillaries from the cortex. For a more
detailed description of this functional-anatomical
presentation of the renal circulation the reader is
referred to the studies of Schlegel and Moses
(21).5

The general appearance of the renal circulation
at periods from 3% to 70 hours after the ad-
ministration of the poisons was relatively similar.
All showed in varying degree the pattern of an ir-
regular cortical ischeria.

Plate 37B shows the kidney 19 hours after the
subcutaneous injection of 400 mig. per kilo of
sodium potassium tartrate. There is an extreme
ischemia with an irregular area to the left where
considerable blood and dye have reached the glo-
meruli; in this area diffusion through the vessel
walls is pronounced.

In Plate 38A is shown the vascular pattern 4%2
hours after the intravenous injection of 24 mg. of
corrosive sublimate per kilo. On the greyish,
natural fluorescence of the renal cortex only a few
scattered, irregularly illuminated glomeruli and
cut branches of the smaller renal arteries are
seen. The second kidney (38B) into which

5 The pattern of the renal circulation displayed by this
technique which depends solely on the functional forces
that operate under physiological conditions is strikingly
different from that produced by the artificial inj ection
under pressure of various substances that hitherto have
been the main source of our visual impressions of the
nature of the renal circulation. No matter how carefully
selected the injection material and how meticulously
regulated the pressure, it is apparent that the distended,
tortuously obese appearance of capillaries and glomeruli
which forms the subconscious basis of our present con-
cept of the renal circulatory bed is an artifact that is
never simulated under living conditions.
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blood was deflected by the clamping of the op-
posite renal artery and which therefore had, re-
ceived blood for a period three times as long as
the first, thus allowing the accumulation of more
dye in the vessel wall, shows more and brighter
glomeruli and vessels but a comparison with the
even pattern of the normal kidney (Plate 37A)
which received dye over a lesser period, indicates
that there is a persistence of irregular areas of
cortical ischemia where no glomeruli are evident.

In Plate 39A, uranyl nitrate, 40 mg. intrave-
nously per kilo after 70 hours, an irregular area of
dark ischemia is seen in the center of the cortex.
Plate 39B shows the kidney 19 hours after an intra-
venous injection of 30 mg. per kilo of potassium
bichromate. The ischemia of the cortex is obvious.

Plate 40A shows the kidney removed on the
second day after two subcutaneous injections of
4.0 cc. carbon tetrachloride; in Plate 40B the
kidney after a 24 hour period in which the animal
took ad lib. 5 per cent di-ethylene glycol in his
drinking water. In both the irregular pattern of
cortical ischemia is evident.

A visualization of the renal vessels at various
periods after the administration and during the
action of nephrotoxic agents leaves no doubt that
over an extended time there is an irregularly dis-
tributed disturbance in blood flow through the
renal cortex. A comparison of the resulting vas-
cular pattern with that which Schlegel and Moses
(21) have demonstrated to follow the injection
of adrenalin, a form of renal ischemia concerning
whose mechanism of origin we have more in-
formation, allows certain speculative interpreta-
tions in regard to the situation that obtains in the
cortical ischemias following renal poisons.

As Schlegel and Moses have shown, and as
might be expected from our pharmacological
knowledge of its mode of action, the renal ischemia
of adrenalin action is abrupt in onset, intense in
degree and relatively short in duration. In com-
bination with- the apparent irregularity of its
action on the terminal branches of the renal ar-
terial bed, these factors produce temporarily
patches of almost bloodless cortical tissue in which,
at times, can be seen totally ischemic glomeruli.
There is also an apparent decrease in blood flow
through the medulla, Such is the picture that
might be expected to follow a sudden, complete,

but evanescent spasm of small arteries, presumably
chiefly interlobulars and glomerulus afferents.

Judging from the. appearance of the toxic ische-
mic vascular pattern it would seem that the ische-
mia, though equally irregular in its distribution, is
less absolute; a few shrunken, i.e., not fully irri-
gated, dimly illuminated glomeruli are scattered
throughout the relatively bloodless regions giving
an appearance that suggests that a mere trickle of
dye-containing blood had been flowing in the in-
volved areas. This impression is strengthened by
the appearance of the second kidney, if it is re-
moved and examined after a period of dye-
containing blood flow two to three times as long
as that which had occurred in the first kidney:
more glomeruli and vessels are seen to be fluor-
escent, though there still is nothing comparable to
the even, bright pattern of the normal animal.
Evidently the dye can accumulate in the wall of
the vessel with time even with a considerable re-
duction of blood flow. Another effect that results
in a somewhat different picture of toxic cortical
ischemia from that seen after the action of adrena-
lin is possibly due to damage to the vessel wall and
an increased diffusion of the dye into the cortical
tissue.

The similarities and differences between the
two patterns of vascular disturbance show there-
fore that in the case of severe nephrotoxic poison-
ing there is a long-continued, irregularly dis-
tributed ischemia of the renal cortex, a potential
cause, as the Van Slyke-Phillips experiments
demonstrated, of irregularly scattered disruptive
tubulorhextic lesions. Dissections of the ne-
phrons from the kidneys of the animals of our ex-
periments show that, besides the lesions in proxi-
mal convolutions due to the poison, the random
disruptive lesions are in fact present.

There was considerable variation in the degree
of damage noted in the kidneys from the individ-
ual experiments; in some the nephrotoxic lesion
limited to the proximal convolution alone was
evident and the remainder of the nephron was
normal except that the lumens of the ascending
limbs and distal convolutions were filled with
epithelial debris and casts. The epithelium of
these latter segments though compressed showed
well preserved nuclei and even a normal mito-
chondrial pattern. In other animals, however, in
which a well developed ischemic pattern had been
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demonstrated in the renal cortex there were found
typical tubulorhextic disruptions occurring in all
parts of the nephron including the proximal con-
volutions.

In Plate 41 is seen a proximal convolution from
rabbit 60 which had received 0.4 gm. of sodium
potassium tartrate per kilo subcutaneously and
which was killed 19 hours later. The ischemic
pattern in this animal is .shown in Plate 37B. It
will be noted that in the first few coils of the con-
volution the nuclei may be faintly seen in the
heavily stained cytoplasm of the intact epithelium;
from this point onward the tubule is swollen and
the necrotic epithelial cells have disintegrated into
cellular debris. This lesion is that of typical
nephrotoxic damage: at A, however, the base-
ment membrane is ruptured and a short seg-
ment of tubule shows the tubulorhextic lesion.
Similar disruptive lesions are found in the ascend-
ing limbs of Henle's loop and in the distal con-
volution. Plate 42A from another animal which
received the same dosage and was killed on the
second day shows an extreme form of the lesion,
with dissolution of the basement membrane
throughout and, in the right descending portion of
the illustration, disruption.

In Plates 42B and 43A are shown distal con-
volutions and ascending limbs of two rabbits
which had been given 40 mg. of uranyl nitrate per
kilo intravenously and killed 70 hours later. The
visualized ischemic pattern of the cortex of Plate
42B is shown in Plate 39A. The proximal con-
volutions of both these animals showed extensive
nephrotoxic damage with the typical specific lo-
calization in their middle and terminal portions.
It will be noticed that the disruption of the tubule
wall involves only short segments in both ex-
amples and that there is no evidence of a diffuse
nephrotoxic necrosis in the remaining portions.

Plate 42C and D are from a rabbit that was
given 15 mg. per kilo of corrosive sublimate and
killed- 18 hours later. The pattern of cortical
ischemia is seen in Plate 38A and B. The prox-
imal convolutions showed typical nephrotoxic
damage in the middle and terminal portions. The
short segment of disruptive tubulorhexis at the
junction of ascending limb and distal convolution
is clearly evident, while in both preparations the
normal appearance of the distal convolution indi-

cates that there was no general toxic involvement
of its epithelium.

The disruptive effect of ischemia occurring in
di-ethylene glycol poisoning in rabbits which had
taken ad lib. this toxic agent in 5 per cent solution
in their drinking water for five and seven days is
seen in Plate 43B and C and Plate 42E. Lesions
of slight degree and moderate extent are shown in
plates 42E and 43B; note the normal nuclei in both
ascending limb and distal convolution except
where the ischemic disruptive lesion has occurred.
In Plate 43C there is extensive and extreme
damage with dissolution of the basement mem-
brane and destruction of epithelium throughout
two greatly swollen ascending limbs and distal
convolutions from another animal which had taken
the poison for seven days. Disruption has oc-
curred where the two distals are adherent and
there is a large collection of black stained debris
at this point. The patchy cortical ischemia of a
similar animal is shown in Plate 40B. The ne-
phrons of all these animals showed an extensive
nephrotoxic necrosis in the terminal half of the
proximal convolution, this portion being greatly
swollen; even the typical vacuolated appearance of
the necrotic epithelium is evident (Plate 44).
There is no disruptive ischemic lesion in this
proximal convolution but others showed irreg-
ularly scattered segments of tubulorhexis.

In Plate 43D the disruptive lesions associated
with the cortical ischemia (Plate 40A) that fol-
lowed 48 hours after subcutaneous injection of 4
cc. per kilo of carbon tetrachloride are illustrated.
The areas of tubular damage are quite small and
localized and complete disruption of the tubule
wall has not resulted. The proximal convolutions
showed a typical nephrotoxic necrosis of the
epithelium of their terminal portion.

In summary, the lesions seen in the kidneys of
the experimental animals poisoned with various
nephrotoxic agents all showed the typical in-
volvement of the proximal convolution that is
characteristic of this group of substances. Fig-
ure 9 shows camera lucida tracings of nephrons
with the localization of nephrotoxic damage from
various poisons.6 In other kidneys in which the

6 It should be emphasized that the production of exact
differences in localization of the lesion demands careful
experimental control for their demonstration: if too large
a dose is given the area of damage tends to spread
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FIG. 9. LocI.IZATION OF NEIIROTIOXIC I)A-MAGE IN TIlE PROXIIMAL. (oNV\()tXTI()\N IN VARIOUS FOR-MlS OF

POTISoN 1 N;

1, Potassiumil hiciromiiate; 2, urainyl nitrate; 3, corrosive subllimate, 4, sodliumi pAotassiumi tartrate5, po-

tassiunm chlorate; 6, di-ethyleuc glycol; 7, carbolu tetrachiloride; 8, mushlroomi )oisoning 9, seriuie; 10, sulfonla-
inides. The necrotiziilg effect of imioderate doses is shiown lhby black areas; ith large (loses the area of
localization tend(ls to spread anid there is the furthier complication of an iscelihiemric episode with the develop-
milCeIt of disrup)tive tuhular lesionls. Alagnification 20 X.

1340



PATHOGENESISOF ACUTE RENAL FAILURE-THE ISCHEMURIC EPISODE

Schlegel technique had demonstrated that there
had existed an irregular and patchy cortical
ischemia, the disruptive lesions of ischemic dam-
age were found scattered at random throughout
the length of the nephrons.

The experimental method, by its opportunities
for control in dosage and consequent damage,
allowed the demonstration of early forms of these
ischemic lesions; Plate 42C, D and E and Plate
43B and D, for example, show short, limited
areas of tubule swelling and basement miiembrane
dissolution in stretches of tubule, the epithelial
cells of which are generally normal. The simi-
larity of these early lesions to those produced in
the Van Slyke-Phillips experiments by purely
ischemic insult in which no toxic substance was
concerned (Plates 30 and 32) is striking evidence
of a different manner of origin of the scattered
tubulorhextic lesions from that of the nephrotoxic
damage in the proximal convolutions. In our ex-
perimental procedure the only factor introduced
to cause a disturbance in renal blood flow was the
use of large doses of the toxic elements for this
was adequate to establish the point of our argu-
ment. It seems certain, however, that if the
other complicating factors, such as dehydration,
vomiting, colitis and even "shock" that accompany
fatal human poisoning, had been reproduced in the
experiment, then the renal lesions in the animals

along the course of the tubule until in the end the greater
part or all of the proximal convolution is affected and the
selectivity of the toxic action is lost. There is also, as
we have just shown, the complication of renal ischemic
damage that accompanies the graver intoxications and
this may occur in the proximal convolution as well as
elsewhere and so disturb the pattern of the specific lesion.
The selective localization of the action of various toxic
agents, as observed in the experimental animal, does not
therefore, as we have seen in our dissections, commonly
occur in human poisoning, but it has nevertheless con-
siderable theoretical importance in regard to the recog-
nition of differences in the seat of functional activities
in the proximal convolution (29). The only confirma-
tions by dissection of Susuki's original conclusions, which
were drawn from the study of histological sections with
which we are familiar, are in the case of uranium (28)
and corrosive sublimate (15). During past years a con-
siderable number of other poisons have been studied in
this laboratory and these findings are shown in Figure 9.
This is not a diagrammatic, i.e., interpretive presentation,
but shows camera lucida outline tracings of actual ne-
phrons with the area of nephrotoxic damage indicated by
cross hatching.

would have departed as far from the classical de-
scription of the effects of toxic substances as did
those of the human cases of poisoning which we
have previously described.

SUMMARY,REITERATION, AND SPECULATION

It is clear that what has been revealed by this
investigation, both in its examination of the struc-
tural status of the human kidneys and by- its ex-
perimental procedures, does not lead to a con-
firmation of the currently prevailinig concept of
a "kidney disease" the "unique" pathological char-
acteristics of which can be described as "lower
nephron nephrosis," for the lesions in the kidney
are not peculiar to or localized in any portion of
the nephron and their diverse character would
seem to strain even the meaningless embrace of
that most tolerant of terms, "nephrosis." Nor
are our findings compatible with the present
theories of this curious malady, the pathogenesis

7 The term "haemoglobinuric nephrosis" is equally un-
satisfactory, for it can hardly be used to apply to the
whole group (Acute Renal Failure associated with trau-
matic and toxic injury) since in many examples hac-
moglobin is not concerned at all in the lesion. Even in
those in which heme pigments are found either in casts
or in the renal cells it is doubtful that they play any part
as a "toxic factor" in the production of the characteristic
tubular lesions. We have shown that the cells of the
tubule are well preserved in the presence of deposits of
heme pigments either free or in casts and that it is only
coincidentally that lesions and pigments are found to-
gether. Extensive experimental evidence indicates that
in any moderate amount haemoglobin does not damage
the nephron: it is in fact used experimentally as a meas-
ure of glomerular permeability and does not sufficiently
disturb renal function to interfere with the use of clear-
ance methods. Its appearance in the cells of the proxi-
mal convolution in droplet form is a special case of the
normal activity of these cells in absorbing protein from
the tubule fluid and digesting it (9). In the case of
haemoglobin this metabolic activity is indicated by the
appearance of free Fe in the renal cells. It is true that,
as in all digestive processes, an over-loading of the mech-
anisms can produce indigestion with resulting transient
ill effects on the digestive organs, in this case the renal
cells. A similar indigestion of serum proteins with the
development of cellular abnormalities, hyaline droplets,
occurs in the nephrotic syndrome of chronic glomerular
nephritis, but these tubular alterations are entirely dif-
ferent in character from those which we have been con-
sidering. It is also true that too-bountifully a good meal
has its ill effects, but one would hesitate to designate this
not unpleasant temporary discomfort as a "disease" of
the stomach.
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of which fits no functional or anatomical pattern
known to the kidney and whose "cause" is sought
in toxic factors such as heme pigments or among
less determinate entities such as "products of
traumatized tissue," "electrolyte imbalance" and
even "allergies."

And yet amidst all this elaboration of hypo-
thesis and semantic confusion the syndrome does
stand clearly outlined as the most important of
the acute disturbances of the urinary system.
This place it maintains not only by the frequency
of its occurrence and the gravity of its ultimate
effects, but more importantly by the remarkably
protean aspect of its origin: it would seem that
almost any clinical situation-trauma, malarial
infection, obstetrical accident, transfusion reac-
tion, postoperative complication or intoxication-
may end with its manifestations of renal failure.
There must be, therefore, some pathogenetic unity
behind this screen of functional, pathological and
clinical diversity.

Dr. Homer Smith solves the nosological puzzle
by bringing all Acute Renal Failure together in
Chapter XXIV of his recent monograph (1), and
it is evident that from the functional viewpoint a
most reasonable unity results. But the question
may arise if the job has been completely finished,
for a morphologist will be disturbed to note that
the chapter begins with a consideration of the
kidney in sublimate poisoning and ends with the
"crush kidney," and from what he knows of the
structural changes that occur in these two con-
ditions, the squeezing of any two such "entities"
into one pigeon-hole may seem a unification of di-
versity attained only by considerable Procrustean
violence. As he sees quite different structural ef-
fects, he will suspect different pathogenetic causes;
the sublimate kidney seems obviously the result
of a toxic factor while the functional data stress
the importance of some disturbance of renal blood
flow in the "crush kidney." Though in the last
analysis toxic and ischemic damage may, as in-
terferences with cellular respiration, be similar, at
the more immediately accessible level of their
mechanisms they seem quite different, a difference
indeed that might determine such very practical
matters as prognosis and manner of treatment.
And so a-morphologist justifiably might be doubly
perplexed to find not only one but both of his

conceptual progeny in this galley of Acute Renal
Failure.

Functionally the two examples of the renal
lesion are similar, for clearly the kidneys of both
sorts have "failed," but this is not enough. Struc-
turally they are different; again apparently the
all-too frequent dichotomy of the functional and
structural approach. Believing that the best way
to solve a dilemma is to avoid it, we suggest, at the
hazard of considerable reiteration, that the situ-
ation be reviewed from the beginning and, quite
naturally, that the start be made from the struc-
tural standpoint.

The common structural lesion in all members
of the group of Acute Renal Failure is tubular
damage, and if a name be required, they may all
be said to be examples of a "tubular nephropathy."
This is not to assume that the glomeruli are en-
tirely normal; proteinuria and consequent cast
formation are clear evidence that the filters are
leaking, an abnormality which must be structural
in mechanisms which are invisible to present
methods of observation. For this practical reason
only we suggest the use of the tubular aspect of
the renal lesions as the "structural characteristic"
of the pathological entity.

When the tubules of the nephrons from a large
number of examples of this group of varied clini-
cal origin are examined by a method which ade-
quately displays not only the cytological lesion but
the topographical continuity of the nephron, it
becomes apparent that there are two quite dif-
ferent sorts of tubular damage.

One sort of tubular damage is the well-known
nephrotoxic lesion that results when some poison
in the blood stream is distributed evenly and
equally to every nephron of the two kidneys.
Like many foreign substances, it is filtered through
the glomerulus and absorbed by the cells of every
proximal convolution. A. considerable intracel-
lular concentration above what exists in the cir-
culating blood is thereby established and the renal
cells die. The basement membrane is not visibly
affected in this lesion nor are the epithelial cells
of the other portions of the nephron; both escape
because in regard to the toxic substances- they are
functionless. The tubule lumen below the site of
actual damage may be filled with the products of
both the glomerular lesion, that is, coagulated pro-
tein in the form of casts, and epithelial destruction.
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The other sort of tubular lesion, first recognized
by Dunn, Gillespie and Niven in the "crush kid-
ney" and thought by many to be peculiar to the
"lower nephron," is in almost every way the
antithesis of the nephrotoxic tubular lesion. Its
distribution within the kidneys is entirely ran-
dom; some nephrons, often in groups, are in-
volved while others are free of it. Within the
nephron any portion may be the seat of damage,
from the origin of the tubule at the glomerulus.to
the collecting tubule. One of the most frequent
sites is the second half of the proximal convolution
which extends into the outer medulla and in his-
tological section is easily confused with the as-
cending distal limb of Henle's loop.

The lesions themselves differ strikingly in
their appearance from what is seen in the nephro-
toxic lesion. Rarely is any whole segment of the
nephron affected; there may be only a short stretch
of tubule or a series of isolated spots that lie
distributed over several anatomically and func-
tionally different divisions of the nephron. In
these areas the entire tubule wall is affected, in-
cluding the basement membrane, which may be
broken with its remnants still visible or thinned to
a barely perceptible sheet or completely disinte-
grated. The epithelium within it is dead and
desquamated so that the result is a disruption of
the continuity of the tubule. From this character-
istic the term "disruptive" or "tubulorhextic" has
been suggested to distinguish it from the nephro-
toxic tubular lesion.

If casts are present at the site of the disruptive
lesion, and they often are not, they may extrude
from the gaping hole in the tubule. In the in-
tertubular connective tissue in the vicinity of the
rupture there commonly occurs an inflammatory
reaction with leucocytic infiltration and the forma-
tion of inflammatory granulation tissue which ex-
tends by growth into the lumen of the disrupted
tubule; if larger vessels are present "tubulo-venous
anastomoses" may form.

If one wishes to speculate as to the origin and
cause of a lesion of this sort on the basis of the
purely morphological data, a procedure that was
necessary in the earlier stages of this investigation,
it certainly is quite clear from what is known of
the functional and anatomical pattern of the kid-
ney that no such damage can conceivably be the
result of a poison reaching the nephrons by the

blood stream. This conclusion disposes of a
vast amount of speculative hypothetical possi-
bility, such as an origin resulting from "toxic
products of tissue damage." A great deal more
will have to be said about the part that toxic dam-
age may play in the group of Acute Renal Fail-
ure, it is true, but in our immediate and restricted
problem, the cause of the disruptive tubular lesion,
we can be reasonably satisfied that this element is
eliminated.

Another considerable simplification in the de-
cision as to possible causal factors results from the
observation of casts, pigment and debris deposits
in the continuity of the' dissected nephrons for
these objects have a much greater extent and
complexity than is suggested by their appearance
in histological sections. It is readily seen in the
dissected nephrons, for example, that extensive
deposits of extraordinary length of heme pigment
and thick casts, either containing or free of heme
pigment, may distend ascending limbs, distal con-
volutions and connecting tubules and yet a com-
pletely intact tubular wall persist in which both
the renal epithelial cells and basement membrane,
though thinned perhaps by tension, are not other-
wise damaged. Moreover casts and pigment de-
posits are extremely uncommon in the proximal
convolution where disruption is frequent. In
some instances it is true that casts or pigment de-
posits coincide with tubular disruption, but the
more frequent negative evidence precludes any
possibility of a causal relation.

There remains as a causal factor to be consid-
ered, the phenomenon of reduced renal blood flow
which, as Dr. Smith's chapter emphasizes, ac-
companies so many of the renal disturbances of
this group. This factor would be equally in-
credible if the current concept of a lesion unique
in its localization to the lower nephron were true,
but a morphologist would be quick to seize upon
the factor of renal ischemia as a likely cause of
scattered and random lesions in the kidney for he
has seen many such examples of cause and effect
in other tissues and organs. Moreover this con-
clusion from his general experience is made more
certain by the visualization of the mechanisms and
patterns of renal ischemia by Schlegel and Moses
whose technique allows an objective and exact
morphological view of the exact status of the renal
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blood flow at any given moment and under any
particular condition.

One of the most important contributions of
this technique is the demonistration of the re-
markable patchiness of renal ischemiiia; in the ex-
perimental conditions which we have examined
there is rarely an over-all, even reduction of flow
through the vascular bed; somie areas are blood-
less, others appear congested. In viewing this
total pattern one might wvonder if there had been
much if any reduction in total renal blood flow
but rather if there had not occurred only an ir-
regular distril)ution of blood flow within the
cortical tissue.,' The implications of this pos-
sibilitv are of considerable imiportance both to the
morphologist and the functionalist. To the former
it explains the peculiar random distribution of the
lesions he sees in the nephrons and to the latter
it may bring further complications in his interpre-
tation of the significanice of "clearances" in the
pathological kidney for it would appear that some
nephrons or even parts of nephrons can be blood-
less while others are irrigated with an excess and
yet the total blood flow may be approximately
normal. In uranium poisoning, for example,
clearance methods inidicate a normal renal blood
flow (1), yet Plate 39A shoNs a definite, irregu-
lar cortical ischemia.

All this preliminary spade work of a priori
evidence and speculation as to the part that might
be played by renal ischemiiia in the production of
disruptive tubular lesions may well seem to have
been a labour of supererogation when N-e come at

8 In the cortical ischemia following tile administration
of toxic substances we have never seen a pattern sug-
gesting a deflection or shunt of blood from an anemic cor-
tex to the medulla. In this regard, i.e., the production
of the Truetta phenomenon, it might be said in passing
that the normal anatomical configuration of the circula-
tory bed in the kidney is such that any drop in the pres-
sure head in the larger distributing arteries (interlobar
or arcuate) will automatically result in a cessation of
flow at the periphery of the system, i.c., the terminal
branches of the interlobular arteries and so produce a
zone of sub-capsular ischemia which, as the pressure
head further falls, will spread downwards toward the
medulla.

The medulla may thus continue to receive blood from
the efferents of the juxta-medullary glomeruli at a time
when the cortex is largely ischemic. Such a maldistribu-
tion of blood is not a shunt, but only the final stage in
the persistance of the failing circulation.

last to the actuality of its experimental production
by Van Slyke, Phillips and their co-workers.
In anatomical mnaterial from delicately balanced
experiments wvhere the operative margin between
too much and too little miiust have been peculiarly
precarious, our dissections have showni that they
produced the typical disruptive lesionis both by
direct ischemia folloNwing clamnping the renal artery
of dogs and l)y that wlhiclh follows reflex renal
vasomotor conistrictioni associated with muscular
trauima. This demonistrationi, with the extensive
functional evidence which they have produced,
would seeml to settle the question as to what is
the cause of the disruptive tubular lesion in the
kidney of shock. Besides this, the chief contribu-
tion of their experiments, there are certain sub-
sidiary evidences of considerable value.

For examlple, many attempts have been miade to
reproduce the "crush kidney" by clamlpinig the
renal artery w-ith dubious success. The Van
Slyke-Phillips kidneys show clearly in the large
series of their experiments every degree of renal
damage fromll what might be called an infarction
of the kidney to the typical, scattered lesions of
disruptivTe tubular danmage in isolated nephrons.
Exactly the right degree, both in duration and ex-
tent, of renal ischemnia is required to produce the
distinctive, disruptive lesions of the shock kidney.
Moreover earlier investigators were discouraged
in their attempts by finding involvement of the
proximal convolution when the key lesion the)
wvere seeking was presumably confined to the
"lower nephroni." They- could not reproduce the
"unique" lesion which does not and, from the
structural and functional pattern of the kidney,
could lnot exist.

Another finding of considerable importance in
the experimaental mlaterial was the observation that
in tubules contaiining well developed disruptive
lesions as a result of the renal ischemia that fol-
lowed extensive traum-iatization of nmuscle and
where heme pigments were excreted into the
tubule lumen, absorbed by the epithelium of the
proximal convolution and also deposited un-
changed in cast form in the distal convolution,
there was no structural evidence of toxic injury
to the renal cells, even to those which were con-
tiguous to the points of tubular disruption.

The most sensitive morphological criterion of
toxic damage to the renal epithelium requires im-
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mediate and perfect fixation of the tissues and
so it cannot be applied to human autopsy material.
This evidence of a toxic lesion consists in a dis-
solution of the mitochondrial rodlets of renal cells,
yet in the experimental material these structures
were found well preserved throughout proximal
convoluted tubules that contained extensive dis-
ruptive lesions of ischemia. To the morphologist
this seems proof that neither products of the
muscle injury nor the heme pigments could have
had even a minimal toxic effect on the tubules of
these experimnental "crush" kidneys.

Though such refined cytological evidence is
unavailable in human kidneys from autopsy, the
general tenor of the argument would seem to indi-
cate with reasonable certitude the pathogenesis of
one member of the group of Acute Renal Failure,
namely the "crush kidney" of traumatic injury:
the structural lesion is characterized by the dis-
ruptive tubular type of damage with no nephro-
toxic tubular damage and renal ischemia con-
comitant with or a sequel to the syndrome of
circulatory collapse or general shock is the reason
for its occurrence.9

To return now to Dr. Smith's category of Acute
Renal Failure, it is found that the "crush kidney"
comes at the end of a series, the first of which is
the renal disturbance produced by uranium poison-
ing; between the two are distributed functional
disturbances that result from the most varied of
clinical conditions. Regarded purely on the basis
of their structural status no more apposite serial
arrangement of the members of the group could be
made by the morphologist, for the uranium kidney
in its simpler form seems far removed from the
"crush kidney," its tubular lesions being by classic
description of the nephrotoxic sort with no evi-
dence of involvement of anything but the proximal
convolutions and with no disruptive tubular dam-
age.

When two structural lesions are antithetical it
might be contended that they can hardly be com-
patible members of the same pathogenic group
and that at last the much desired correlation of
our structural-functional data has broken down.

9 In the crush syndrome of man it is of course con-
ceivable that the vasomotor spasm which is the "cause"
of the ischemia might be the result of a poison acting
on the arteries and arterioles. The "cause" of the
epithelial lesion under these hypothetical conditions
would remain, however, the ischemia.

But on considered thought and in the light of what
we have seen in the sublimate kidney of man, the
discrepancy is not so real as would appear and it
arises only because two very different circum-
stances of renal insult have been compared,
namely one that arises spontaneously under stress
in man and another that is produced experi-
mentally in the laboratory animiial under carefully
controlled conditions.

When a man is poisoned in the course of nat-
ural circumstance, by corrosive sublimate for ex-
ample, in a dosage of uncontrolled amount and
passes through periods of excitement and de-
pression, of vomiting and dehydration, of violent
enteritis and exhausting diarrhea that end in a
state of circulatory collapse, what has occurred to
him as a living organism is very different from
what has happened in a rabbit which has been
given moderate intravenous injection of the same
substance and which passes quietly and ostensibly
without clinical symptoms or disturbances into
renal failure. It is therefore not surprising that
the lesions in the human kidneys are not examples
of simple nephrotoxic damage, but that there are
also present, as evidences of circulatory disturb-
ances, the disruptive tubular lesions of ischemia.
Wehave shown that this is also true in the kidneys
of rabbits that have received large doses of ne-
phrotoxic poisons and have demonstrated by vis-
ualization of the renal circulation that during the
course of these severe intoxications periods of
renal ischemia occur which might reasonably ac-
count for the mixed nature of the tubular lesions.

To put the varied possibilities in much over-
simplified case form, an individual may therefore
suffer Acute Renal Failure under the following
circumstances:

1. Crushing injury-shock-renal ischemia-
random disruptive tubular damage-anuria-ure-
mia-death.

2. Anti-freeze or sublimate intoxication-dif-
fuse nephrotoxic proximal damage-dehydration,
K poisoning, enteritis, diarrhea-circulatory col-
lapse-renal ischemia-random disruptive tubular
lesions-anuria-uremia-death.

3. Moderate poisoning-diffuse nephrotoxic
proximal damage-oliguria or temporary anuria-
regeneration-recovery.

This last group is obviously a theoretical in-
stance for the pathologist for even in the classical
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and "purest" example of nephrotoxic damage, the
sublimate kidney, all fatal cases showed the effects
of ischemia by the presence of disruptive tubular
damage. It is one, however, which he can accept
by analogy from his experimental experience and
that of his clinical confreres.

By this concept unity of pathogenesis is ob-
tained in both the structural and functional as-
pects of a renal syndrome that seems at first glance
to be a bewildering clinical congeries of placental
separations, transfusion accidents, traumatic or
surgical shock of varied origin, malarial infections
and diverse intoxications from "anti-freeze" in-
dulgence to sulfonamide therapy.

The unifying element in this heterogeneous
complex, Acute Renal Failure, is renal ischemia,
for under whatever clinical circumstance renal
ischemia may develop, there the disruptive tubular
lesions, either alone or mixed with the effect of
antecedent toxic damage are found along with the
functional disturbances of oliguria or anuria and
all the consequent varied tubular dysfunctions that
are revealed by clearance techniques. The syn-
drome remains, therefore, on the firm basis of an
adequate correlation of its structural and func-
tional characteristics an entity.

This unity, however, arises not from what hap-
pens primarily in the kidney but outside it in that
area so susceptible of disturbance, the general
circulation. What confronts us is therefore not
a "renal disease" but a circulatory episode that
may complicate any clinical situation and we
therefore suggest that it be so recognized under
some appropriate term.

In various clinical situations from the shock of
crush injury to chemical. intoxication, one may,
on the development of this clinical-pathological
syndrome, speak of the occurrence of an "ische-
muric renal episode," thus emphasizing in a sort
of portmanteau word the principal phenomenon
of cause and effect, namely the renal ischemia and,
to use an older term, the ischuria.

The structural status of the kidney in the case
needs, or perhaps one might say deserves, no
specific pathological designation, any more, for
example, than the structural status of the kidney
in chronic passive congestion is given a patho-
logical-anatomical name.

With the unity of pathogenesis of the syndrome
established and an appropriate term for its desig-
nation suggested, we can now turn to various
problems regarding the correlation of the struc-
tural lesions with their functional and clinical
manifestations. Perhaps the first of these that
presents itself is the "cause" of the oliguria or
anuria which is closely related to all those other
more recondite disturbances that are revealed by
clearance methods. It is surely too much to hope
that they can all be elucidated, but it is encourag-
ing to see that the earlier dichotomy of interpre-
tation is progressively narrowing as both func-
tionalist and morphologist gain in experience of
the renal lesions and, it might be added, of each
others' ideas.

From the morphological viewpoint it seems
certain that there is no single "cause" of oliguria
but a great collocation of them, or as we would
prefer to put it, that a constellation or "field" of
structural phenomena determines and at the same
time is a consequent of the functional disturbances.
This latter form of causal concept is particularly
useful, because as will be evident in our listing of
them, the "causes" are interdependent, one modi-
fying, often intensifying and -at times nullifying the
other. Moreover, it is often impossible to say
whether a certain structural change is the "cause"
of a certain functional phenomenon or whether
the latter is not the determinant of the former, for
"structure" and "function" are not two separate
categories of being but different aspects of the
same thing (25). The morphologist who has no
way of measuring quantitatively the many effects
of either aspect of the lesion should, however, call
attention to them, leaving the final decision of their
relative importance or priority for future decision.

There can be little doubt that renal ischemia
may result in decreased filtration in the earlier
stages of the development of the syndrome.
There is small likelihood, however, that the sim-
plicity of this factor remains long uncomplicated.
First of all, the visualization by the Schlegel tech-
nique of the patchy cortical ischemia which pro-
duces the tubular lesions is quite a different pat-
tern than what might be suggested by the simple
statement that cortical renal blood flow is re-
duced. As we have suggested, perhaps over-all
renal blood flow is not greatly decreased and yet
the patchy maldistribution of blood to nephrons
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may still result in tubular dysfunction and even-
tual structural damage. In any case the tubules
under conditions of ischemia must suffer func-
tional derangement and presumably one of the
first and least effects, occurring long before the
development of a structural lesion, would be a
reduction in water absorption. At least this
sequence of events is demonstrable in the per-
fused kidney of the frog (30), and so to the fac-
tor of reduced filtration is added a counter factor.

It would not seem likely that this period of the
slightest of tubular dysfunctions can long endure;
with the beginning of structural change an in-
creased permeability of the tubule wall and back-
diffusion begins. The methods of clearance have
given much data at least for speculation in regard
to the diffusion of the various substances through
the tubule wall and the morphologist cannot be
very helpful in the interpretation of this complex
problem. He can, however, emphasize the im-
portance of a much simpler form of tubule leak-
age to which functionalists have paid less at-
tention, and this is the gross pouring of tubular
fluid in toto through holes in disrupted tubules at
every level of the nephron from the origin of the
proximal convolution to the collecting tubule.

The leakage of tubule fluid into the interstitial
tissue, a factor that might directly reduce the
amount of fluid delivered to the collecting system,
would seem to be one element in the production of
the intertubular edema which may at times be so
apparent in histological section. This edema in
turn seems an important factor in the production
of a rise in intrarenal pressure, a potential cause
of oliguria by its pressure on tubules with a direct
impedance of flow and on vessels, with an indirect
effect in the same sense by its compression of thin
afferent capillaries and a consequent exaggeration
of renal ischemia and lessened filtration.

Moreover, the flooding of the interstitial tissue
with tubule fluid produces much more than an in-
crease in physical tension. In many instances,
following the administration of sulfonamides, for
example, leaking fluid is an irritant which pro-
duces an exudative inflammatory reaction which
becomes granulomatous in its later development.
The degree of this "pyelonephritis" varies re-
markably in different kidneys for reasons that are
not always apparent. Perhaps one constant fac-
tor in its production is the protein which the

escaping tubule fluid contains, this derived from
the increased permeability of glomerular mem-
branes as a result of the original ischemic damage.
And so another modification of another sort of
intrarenal tension, the oncotic pressure of the
interstitial fluid, results with effects on tubule re-
sorption and blood flow that are as yet not clearly
understood.

The interminable discussion and argument in the
literature concerning the part played by stoppage
of renal tubules with casts may well be the result
of a confusion between the "casts" that are seen
in the urine as discrete plugs and the accumula-
tions of epithelial debris, pigment, and proteins
in every degree of sol-gel transformation that oc-
cur in the tubule of the nephron. Much of this
confusion would be avoided if it were remembered
that, judging from the results of microdissection,
it is very improbable that any cast seen in the
urine could have come from a nephron: urinary
casts arise in the straight collecting tubules from
which they are readily expelled. It is hardly
necessary to state that any physical obstruction
whether in the form of solid matter or an in-
creased viscosity of a semi-coagulated protein
fluid will lessen tubular flow; or that a lessening
of flow for this or another reason will tend to ex-
aggerate accumulation of these impeding ma-
terials, which in their turn will further decrease
flow. Moreover any impedance in flow through
the lumen of a ruptured tubule, or one even more
permeable than normal, will increase leakage into
the interstitial tissue and so will result in altera-
tions of physical and oncotic intrarenal pressure.
Again a circular effect on tubule fluid flow results
extending beyond its own immediate viscious
circle, and by the consequent disturbance of renal
blood flow enmeshing, wheels within wheels, one
cycle of oliguria-producing phenomena with an-
other.

If we have over-laboured in what is admittedly
a highly speculative manner the discussion of the
question, "what is the cause of anuria," it is be-
cause one so frequently hears and even reads,
where more considered treatment might be ex-
pected, argument brought either for or against
some particular factor which doubtless seems to
its proponent the definite, specific and therefore
logically valid "cause." A great deal of such
para-logical discussion we believe originates in the
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subconscious use of a "linear" concept of causality
and would never arise if the constellational or field
concept were applied to the elucidation of wN-hat
must surely be an infinite collocation of related
phenomena among which we can at best define
only a few.'0

A few other clinical correlations miiay be briefly
attenmpted. During the stage of recovery the
volume of urine increases, at times rather sud-
denly, to a degree that might be considered a
state of diuresis. In its explanation a morpholo-
gist can do little but draw on an imagination
reasonably controlled by what he knows of the
altered structural status of the kidney-; certainly it
is difficult for him to believe that any profound
structural change has abruptly occurred in the
damaged kidney, such as a sudden flushing out of
impedinig casts and debris from tubule lumens,
for these structures have too much the look of
permlanency in his dissected specimiens. What
seemls more likely to him is that a partial recovery
of both blood flow and tubule function has oc-
curred to that level where a moderate filtration is
comlbined with a still inadequate tubular absorp-
tion of water, a situation mentioned earlier as a
theoretical step irn the progressive development of
the functional lesion of oliguria. Under such
conditions a very little filtrate from a few ne-
phrons might result in a large volume of urine
and such a change, being determined by increased
blood flow, might develop suddenly as it depends
on no alteration of the structural basis of the renal
lesion but rather on a relaxation of vascular
spasm.

To speak of reparative processes raises the
question of the very considerable practical im-
portance in problems of prognosis., prophylaxis

10 In this last regard, that is, our doubtless long to
continue ignorance of the totality of renal fundamentals,
it is well to remember that in the present problem, the
explanation of a change in rate of flow through the renal
tubules, we do not yet kniow how fluid cah flow through
the tubule even under the presumably relative simpler
conditions that obtain in the normal nephron! Lichtwitz
(31) was forced to the assumption that tubule fluid, like
mercury in contact with glass, does not wet the wall of
the tubule and Winton (32) after considerable calcula-
tion leaves the mystery with the pertinent suggestion
that, in view of our uncertainty regarding this basic
datum, we need feel no surprise if our explanations of its
infinitely more complicated derivative problems prove in-
adequate.

and of treatment, of what may have seemed to be
largely an excessive refinement, namely the sharp
distinction we have made between the two sorts
of tubular damage. As we have shown, the re-
pair of extensive and severe disruptive tubulor-
hextic lesions is difficult of achievement; extensive
but futile "regeneration of tubular epithelium"
may occur with nevertheless a failure of recon-
stitution of nephrons whose struicture is compati-
ble with function. Nephrons so affected are
probably lost forever and a return to adequate
renal function must therefore comiie froml compen-
satory processes in those that escaped the original
ischemic insult. The number of these is doubtless
determined in the early stages of the syndrome.
so that the sooner renal blood flow is increased
the better the chance of ultimate recovery. After
the ischemuric episode has occurred and its dis-
ruptive lesions are established it would seem
doubtful if any amount of renal circulatory im-
provement could do much good. The clinical in-
stance of glycol intoxication which we have de-
scribed, where after three weeks there had been
no return to functional normality even with a
reestablished "urinary output," is a good example.
This is not true of those kidneys where the ne-
phrotoxic tubular lesions predominate; here the
intact basement membrane provides the scaffold-
ing for epithelial regeneration and nephron re-
constitution; if the individual can be maintained a
sufficient time, recovery of a funictioniing kidney
can occur although the great mnajority of the ne-
phrons were originally damaged. Unfortunately,
as our cases of glycol and sublimate poisoning il-
lustrated, severe intoxication leads to the compli-
cation of a renal ischemia with added disruptive
tubular damage, so that the prognosis in such in-
stances is perhaps niot better or may be even worse
than in the simpler case of the "crush kidney."

Complication by an ischemuric episode with
its disruptive tubular damage in cases of poisoning
may well be a reason for the failure of such
therapeutic agents as BAL in certain specific
forms of poisoning and in any example of severe
intoxication; no matter how efficacious this pro-
cedure may be in its effect on the nephrotoxic
action of the poison, it seems clear that its mech-
anisms cannot obviate or relieve the effect of the
complicating renal ischemia and its consequent
disruptive tubular damage. A reference to the
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case of sublimate poisoning treated with this agent
will emphasize this point.

It may seem to some that a defect in our final
conclusions is our inability, or disinclination, to
give a specific anatomical-pathological name to
the abnormal kidney in Acute Renal Failure.
Webelieve, however, that the situation in the kid-
ney, even from the relatively simpler aspect of its
structural alteration, is much too complex to be
covered by any meaningful termii. A recent at-
tempt to do so illustrates this difficulty: the con-

ditions w-ith which we are concerned are distrib-
uted variously among three categories, Upper Ne-
phron Nephrosis, D;stal Nephron Nephrosis and,
apparently to catch the anomalous stragglers, Upper
and Lower Nephron Nephrosis. It would seem

unlikely that any sort of renal lesion could escape

this nosological net, but what does one distinguish
by the use of such all-inclusive terms? Only that
there seems to be no Middle Nephron Nephrosis.

The structural lesions,.if not the sort of "renal
disease," that occur in Acute Renal Failure can,

however, be accurately and meaningfully stated:
they are: "nephrotoxic tubular necrosis" and dis-
ruptive tubular damage or "tubulorhexis," each
with its distinctive structural characteristics both
in regard to the sort of damage that is done to the
tubule and to the location of the lesions. Of per-
haps more importance to the clinician, each has
its differential aetiological characteristic, a renal
poison in the one case, and in the other the
ischemia of the ischemuric episode. All these
essential connotations are clouded or even com-

pletely obscured wheni an attempt is made to find
a phrase that covers everything and describes
nothing.

It is, therefore, when one attempts to pass from
the objective level of the renal lesions to the higher
albstraction of a "renal disease" that semantic
difficulties with- all their conceptual confusion re-

sult. The answer, of course, is not to take this
unnecessary step, for Acute Renal Failure is the
result not of a specific sort of altered kidney that
can be given a name, but of the summation of
various structural-functional lesions in several
million nephrons (19).

It is quite true that under controlled experi-
mental conditions Acute Renal Failure can be
produced in two specific forms, one characterized
by purely nephrotoxic tubular lesions limited to

the proximal convolution or on the other hand, as
our dissections of the material of Van Slyke,
Phillips and their co-workers showed, a con-
trasting renal status with only disruptive tubulor-
hextic lesions so pure in form that even the mito-
chondrial elements of the intact tubule showed no
evidence of toxic effect.

It seems very doubtful, however, if the clear-
cut distinctions of the experimental situation ever
occur spontaneously in Acute Renal Failure as it
happens in man. The "crush kidney," or the
kidney from individuals where an ischemuric epi-
sode has occurred during surgical shock, may ap-
proach the ideal example of purely tubulorhextic
damage, but in the protracted course of the renal
failure it will be the rare case where some com-
plicating nephrotoxic damage to the renal tubules,
such as the "cloudy swelling," has not occurred.

In the fatal case of Acute Renal Failure where
an ischemuric episode has complicated poisoning,
the abnormal structural renal status is from its
origin always confused; there are both nephro-
toxic tubular lesions peculiar to the specific poison
in the proximal convolution and the disruptive
tubular lesions of renal ischemia everywhere in
the nephron, all so mixed and blended that their
separate identities are at times difficult to dis-
tinguish even in the continuity of a single isolated
nephron. Moreover, besides necrosis of tubules
there are present the interstitial inflammatory re-
action that follow-s tubular disruption and the ab-
normalities in the epithelial regenerative processes
with the failure of restitution of functioning ne-
phrons.

From the standpoint of pathogenesis, one phe-
nomenon stands clear in this confusion of various
tubular necroses, inflammatory reactions and re-
generative abnormalities-the ischemuric episode-
for the occurrence or not of this event determines
the course and direction of the reactions in the
kidney to the ill effects of traumatic and toxic in-
jury.

CONCLUSIONS

In Acute Renal Failure related to toxic and
traumatic injuries the structural alterations which
are correlated with and which may reasonably ex-
plain the functional disturbances in the kidney are
those of a tubular nephropathy.
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Two sorts of tubule injury are encountered.
The first is a nephrotoxic necrosis limited to that
part of the nephron, the proximal convolution,
which is functionally concerned with the handling
of the poison. Since poisons are distributed by
the renal circulation all nephrons are equally in-
volved. The second type of lesion is a disruption
of the renal tubule (tubulorhexis) due to focal
cortical ischemia. It occurs at random among
nephrons and in any part of a nephron.

In the kidney of any case of fatal Acute Renal
Failure arising under various clinical circum-
stances these two lesions appear in varying pro-
portions depending on the nature of the renal in-
sult, whether toxic or circulatory or both. In
Acute Renal Failure of non-toxic origin (shock,
crush injury, etc.) the insult is purely circulatory,
a part of or an episode in the general circulatory
disturbance which has involved the peculiarly sus-

ceptible area of the renal blood flow. The term
ischemuric episode is suggested to designate this
complication.

Such a renal circulatory episode also may occur

as a consequent of the general circulatory dis-
turbances of grave intoxication. From this co-

incidence stems the unity of pathogenesis in the
group of Acute Renal Failure as a whole the
members of which include such clinically disparate
origins as crush injury, transfusion reactions, ob-
stetrical accidents and fatal poisonings.
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PLATE 1

This figure shows the detail that can be seen in a normal nephron (rabbit)
when fixed immediately in 10 per cent formalin, dissected after maceration in
concentrated HC1 and stained with iron haemotoxylin, mounted in H20
without the use of any clearing agent and photographed through the thickness
of the specimen (60 u) at a magnification of 100 X.

The nuclei are unstained and therefore appear as clear spots on the dark
mitochondrial pattern of the renal epithelium. The decreasing gradient of
the mitochondrial pattern is well shown, so dense in its first portion as to
almost obscure the nuclei and fading almost to disappearanice in the terminal
medullary portion.

Certain discrepancies may be noted in the size of the objects photographed
in the following plates. This is due to the pressure of the cover slip which
flattens and spreads the glomeruli, actually 0.20 mm. in diameter, so that
they appear out of proportion to less compressed tubules.
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PLATE 2. DETAILS OF THE PRECEDING CONVOLUTIONOF PLATE 1
AT A MAGNIFICATION OF 300 X. (SEE LEGENDTO PLATE 1)

In A to E are portions of the convolution showing the decreasing gradient
of the mitochondrial apparatus, so dense near the glomerulus as to obscure
the nuclei (A) and practically invisible in the medullary portions (D) and
(E). In favorable regions of focus and where not too densely packed to-
gether the basal ends of the rodlets can be seen at the arrows. In the mid-
portion of the convolution where the mitochondria are less dense the brush
border can be seen (C). The ascending limb is shown in F and in G the
distal convolution with its stout heavy rodlets. In H is the transition of the
proximal convolution into the thin, descending limb of Henle's loop. The
tubule is over-stained to show the islands of cells in the proximal convolution
as they progressively fade into the capillary-like thin segment. The di-
verticulum on the proximal convolution (A) is the only one we have ever
noted in any species in this situation; they are common in the distal convolu-
tion of man (Plate 27).

The appearances noted above are only perfectly seen in immediately fixed
material: 20 minutes delay at room temperature will cause a dissolution of
the mitochondrial rodlets to a diffuse granular background. As in the
histological section, human autopsy material therefore never shows the
perfect picture of these finer structures; this contrast will be apparent in a
comparison of the human with the experimental material.
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PLATE 3. CRUSHANURIA-MANBURIED UNDERDEBRIS FOR SEVERAI HOURS

Fracture of spine with compression of cord; passed a few oz. of urine each
24 hours and died with a blood urea of 420 mg. per cent (cf. J. Path. & Bact..
1941, 53, 493, Case 1). Specimen through the courtesy of Dr. J. E.
Morison, Belfast, N. I.

A complete proximal convolution with glomerulus. The patchiness of the
staining of the mitochondrial pattern is evidence of the damage to the tubular
epithelium. At the arrows this damage is so intenise as to have resulted in
disruption of the basement membrane and the epithelium is reduced to
granular debris. In spite of these areas of tubular destruction, note inter-
vening stretches with normal nuclei and mitochondrial apparatus (A). Areas
of damaged and well preserved tubule alternate irregularly to the terminal
medullary portion of the convolution (B). Here the basement membrane
is barely visible and there is complete destruction of the renal epithelium; the
irregular black stained spots are clumps of cellular debris and detritus.
Magnification 80 X.

The insert shows the detail of an incipient disruptive lesion. Mlagnifi-
cation 200 X.
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PLATE 4. A SPRAY OF DISTAL CONVOLUTIONSJOINING TO FORMA

COLLECTING TUBULEFROMTHE SAMEKIDNEY AS IN PLATE 3

Four ascending limbs with normal nuclear pattern and tubular contour
rise on the left to pass into the distal convolutions. Note the rupture of the
basement membrane and tubular disruption in all four at the arrows; each
distal is distended with a heme pigment cast (A) of varying length; note
lack of cast or pigment at points of tubular damage and the lack of disruption
where the casts distend the tubule. The cast is continuous in the upper two
distals far into the collecting tubule. Magnification 40 X.

Insert shows detail of disruptive lesion in lower distal convolution. Mag-
nification 100 X.

1358



A.

A

Ib
.....*+

ii II

iIa



PLATE 5. CRUSHANURIA-YOUNGWOMANPINNED
UNDERA BEAMFOR Six HOURS

Legs crushed; shock. Lived nine days, urinary output 120 to 420 cc. per
24 hours, terminal blood urea 368. (Cf. Lancet, 1941, 2, 549, Case 1).
Specimen through the courtesy of the late John Shaw Dunn of Glasgow,
Scotland.

The appearance of the disruptive lesion in the distal convolution from the
first case in which it was described by Dunn, Gillespie and Niven (8). An
ascending limb with a fairly well preserved nuclear pattern curves down and
then up to the distal convolution. At this point (A) the basement mem-
brane is ruptured and the tubular wall disrupted. There is no heme cast
at this point of damage but at B the tubule is distended with a black pigment
cast and there is an extensive fragmentation of the tubule wall. Surrounding
the fragmented tubule are granulomatous adhesions in which large capillary
venous channels can be seen. Another fragmentation follows C; irregular
masses of regenerating epithelial cells can be seen in the tubule below tliis
point (D) but the tubule wall is not repaired. Magnification 81 X.
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PLATE 6. FATAL BURNS-MANSUSTAINED MULTIPLE THIRD DEGREEBURNS
OVER 1/6 OF HIS BODY

Urinary output 600 cc. per day until death on ninth day. Specimen
through the courtesy of Dr. Baldwin Lucke.

A complete proximal convolution with its glomerulus. In the first quarter
of the convolution the nuclear and mitochondrial pattern is essentially nor-
mal; from this point on there is extreme damage. At A the tubule is
swollen, the basement membrane broken, the renal epithelium necrotic, and
the tubular wall disrupted. Varying degrees of tubular damage alternate
until the terminal portion of the convolution is reached (B) ; the basement
membrane shows almost complete dissolution and only irregular clumps of
nuclear and cellular debris remain. Magnification 83 X.
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PLAJE 7. 'IHIE ASCENDING LIMB AND DISTAL CONVOLUTIONOF THE

SAMENEPHRONAS IN PLATE 6

The former curves from right to left: it is fairly well preserved in its
first portion but from A its basement membrane is fragmentary and the
epithelium necrotic and desquamated. In the distal convolution there is a
segment of tubular disruption with fragmentation of the basement membrane
(B) ; note that there is no associated heme cast or deposit in the tubule
lumen. Where these objects occur (C) there is no tubular disruption.

The damaged terminal segment of the proximal convolution shown in the
preceding figure and the ascending limb of this figure lay side by side in the
subcortical medulla. It is commonly stated that the distinction between them
in the histological section is not difficult, an opinion which may be judged
by comparing the two figures. Magnification 83 X.

Insert shows detail of disruptive lesion at a magnification of 200 X.
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PLATE 8. FATAL BURNS-MANBURNEDBY GASOLINE EXPLOSION, FACE,
NECK, SHOULDERSAND BACK TO WAIST

Died in renal failure on ninth day. Specimen through the courtesy of Dr.
N. Winer.

The insert shows a Camera lucida tracing of a complete nephron. The
cross-hatched portion of the tubule indicates the seat of extreme tubular
disruption as illustrated in the photographs. As evidence of the random
distribution of the disruptive lesions note that the terminal segment of the
proximal convolution was intact in this specimen. The distal convolution
contained no heme casts and showed no apparent lesions. In Inserts 1, 6-8
the nuclear patterns are normal, but obscured by the dense black staining of
the mitochondrial material. Magnification 83 X.
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PLATE 9. UTERINE HEMORRHAGE-COPIOUSHEMORRHAGEIN
THIRD STAGE OF LABOR; SHOCK

Plasma, whole blood, and haemoglobin solution given intravenously. Urine
volume on fourth day 120 cc.; 360 cc. on the sixth. Died on the nintl
day. Specimen through the courtesy of Dr. Baldwin Lucke.

Glomerulus and proximal convolution. The greater part of the proximal
convolution is well preserved: the heavy staining was deliberately done to
bring out the contrast of two regions (A) where stretches of the convolution
show damage. In the more proximal a slight disruptive lesion is shown;
in the second there is complete disruption of the tubule wall with surrounding
tissue reaction. Magnification 83 X.

Insert shows incipient disruptive lesion. Magnification 200 X.
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PLATE 10. ASCENDING LIMB AND DISTAL CONVOLUTION
FROMTHE SAMEKIDNEY AS IN PLATE 9

The first portion of the ascending limb is intact, from A it shows extensive
(lamage. At B is complete disruption of the distal convolution with sur-
rounding adhesions of reactive granulation tissue in which are large capil-
lary-like channels. The dense black segments of the greater part of the
convolution are tubule filled with heme cast; as is so commonly the case there
is no apparent lesion in the tubule in the proximity of the pigment casts.
Magnification 84 X.

Insert shows detail of disruptive lesion at a magnification of 200 X.
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PLATE 11. TRANSFUTSION REACTION-TRANSURETHRAT PROSTATECTOMY,
SHOCK

B.P. 78/60. Three blood transfusions. Urine output from retained
catheter not measured. Died on fifth day following operation with "marked
elevation of blood chemistry."

A complete proximal convolution. The glomerulus is missing. The most
striking feature shown by this specimen is the random scattering of stretches
of disrupted tubule (A) among portions in which the nuclear pattern indi-
cates a relative normality of the tubule wall. (B) The very dark stretch of
tubule is due to the presence of haemoglobin in the renal epithelium. Mag-
nification 82 X.
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PLATE 12. THE TERMINAL SEGMENTOF ANOTHERPROXIMAL CONVOLUTION
FROMTHE SAMEKIDNEY AS IN PLATE 11

Regeneration has replaced the original epithelium by cells with oval nuclei
and with sparce mitochondrial material. The new epithelium had absorbed
haemoglobin as is evident from the dark granules which were positive for
free iron with the Berlin Blue reaction. At A debris impregnated with
blood pigment, negative for free iron but positive to benzidine, fills and
distends the tubule lumen. Note that as is usual, these substances have
caused no damage to the epithelium of the tubule wall. Magnification 82 X.

Insert shows detail of pigment in regenerated cells at a magnification of
200 X.
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PLATE 13. BLACKWATERFEVER-MAN BRoUGHlIT FROM THlE COIUNTRYSIDE
WVITH A TYPICALI HISTORY OF BLACK\VATER FEVER; DIED SUORTLY

AFTER ADMISSION TO TIHE HOSPiTAl.

Specimen through the courtesy of Col. H. C. Clarke, Canal Zone, Paniama.
This and Plate 14 show a complete proximal colnvolutioni with its glomller-

ulus. At the very origin of the convolution dilatation of Bowman space,
(lissolution of the basement membranie and destruction of the tubule wall are
seeni (A). There then follow irregularly alternating disruptive lesions
and stretches of convolution which are relatively better preserved. Magni-
fication 82 X.
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PLATE 14. THE DISTAL HALF OF THE CONVOLUTION (SEE PLATE 13)

This shows more damage and the terminal medullary portion is the seat
of an almost continuous disintegration of the basement membrane and
necrosis of the tubular epithelium. In areas of relatively. normal tubule,
droplets of absorbed heme pigment are visible, some positive to the Berlin
Blue reaction and some to benzidine. These stain black with iron haemo-
toxylin and therefore are obscured in the upper portions of the convolution
by the mitochondrial elements; where the latter are less dense (A), the fine
pattern of heme pigmentation can be seen. The dark granular material in
the desquamated dead cells in the lumen of the tubule (B) was positive to the
Berlin Blue reaction. Magnification 82 X.

Insert shows detail of heme pigment granules at A at a magnification of
200 X.
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PLATE 15. ASCENDING LiMB AND DISTAL CONVOLUTIONFROM

THE SAMEKIDNEY AS IN PLATES 13 AND 14

A dilated ascending limb on the left, lined by an atypical epithelium.
Note the similarity of this abnormal distal portion of the nephron to the
abnormal regenerated terminal portion of the proximal convolution in Plate
12, except that the ascending limb does not contain granules or droplets of
absorbed heme pigments. A complete dissolution of basement membrane,
necrosis of epithelium and tubular disruption in the distal cozvolution at A.
Scattered along the length of the entire specimen are collections of heme
pigment impregnated debris. (B) As is usual, the tubule wall is less
damaged at these points. Magnification 82 x.
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PLATE 16. SUBILIMATE POISONING

Details of clinical history in text, page 1314. Died on the 29th day.
The terminal medullary portion of a proximal convolution. The cortical

portion of this convolution showed the typical nephrotoxic necrosis due to
mercury. This lesion is visible in the horizontal stretch of tubule above,
A, an intact basement membrane outlining the dead mass of dark stained
necrotic debris. At B there begins a long segment of tubule, greatly
swollen, in which the basement membrane has completely disintegrated and
the tubule wall is destroyed. The tubular disruption ends abruptly (C) and
the convolution continues, its basement membrane intact, to the passage into
the thin loop of Henle's loop. At the point of greatest disruption (B')
irregular regeneration of the epithelium is evident in the clusters and
masses of cells with large vesicular nuclei. It is also evident that this re-
generation has not repaired the tubule wall or reestablished a lumen; this,
apparently due to lack of a basement membrane to direct the course of the
proliferating cells. Magnification 82 X.

Insert B' shows the disruptive lesion at B' at a magnification of 200 X.
For the appearance in histological section of a similar lesion cf. Figure 1.

Insert A shows a typical nephrotoxic tubular lesion in the terminal seg-
ment of a proximal convolution of a nephron from the kidney of a dog
which had received an intravenous injection of 75 mg. of corrosive sub-
limate. The, renal epithelium is completely necrotic and reduced to granular
debris. Note the intact basement membrane, at places out of focus and
therefore invisible, which maintains the tubular contours. Magnification
200 X.
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PLATE 17. Two DISTAL CONVOLUTIONSAND THEORIGIN OF THE
COLLECTING TUBULEFROMTHE SAMEKIDNEY AS IN PLATE 16

At the lower right a distal convolution is filled in great part with dark
staining casts which in histological section stained with eosine and contained
no heme pigment. The second half of the upper distal convolution is
similarly filled and the cast extends some distance into the collecting tubule
on the extreme left. The original thick epithelium of the first portion of the
upper distal convolution has been replaced by a flat atypical regenerated
layer of cells which has not completely healed the disruption that had oc-
curred in the tubule wall (A). Magnification 83 X.

1384



S

a,

A

A



PLATE 18. POTASSIUMCHLORATEPOISONING

Details of clinical history in text, page 1316. Died on the 11th day.
A complete proximal convolution. The dark staining -poorly preserved

mitochondria in the first half of the convolution indicates a relative integrity
of the tubular epithelium, although there may be some lesser form of damage
such as "cloudy swelling." Beginning at the arrow there is a frank necrosis
of the tubular epithelium with desquamation which continues to the termina-
tion of the convolution in the narrow limb of Henle's loop. Magnification
84 X.

For the appearance in histological cross section of the partially necrotic
upper half of a similar convolution, cf. Figure 2.
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PLATE 19. AN ASCENDING LIMB, BELOW, AND DISTAL CONVOLUTION
FROMTHE SAMECASE AS IN PLATE 18

The ascending limb is dilated but its cellular pattern is fairly well pre-
served. At A is a huge cast which blocks the distal convolution and proxi-
mal to it a greatly dilated segment with complete disintegration of the base-
ment membrane and disruption of the tubule wall. Note the abortive re-
generation of sheets of cells that grow at random. Magnification 84 X.
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PLATE 20. SULFONAMIDEINTOXICATION

Womanwith sinusitis and a previous history of albuminuria took 3.4 gm.
sulfathiazole in one day at home, and 3 gm. after entering hospital for severe
headache and pain in back. Did not void in 12 hours, erythematous rash
appeared, 60 cc. urine by catheter. Died 20 hours after admission (cf.
J.A.M.A., 1942, 119, 8, Case 4). Specimen through the courtesy of Dr.
Max Lederer.

A complete proximal convolution and its glomerulus. As was noted by
Dr. Lederer in histological section there is necrosis of the renal epithelium
throughout almost the complete length of the convolution. The basement
membrane, however, is intact and its tube is stuffed with cellular debris in
various degrees of consolidation. This case showed in extreme degree
damage of the proximal convolution: as noted in our text there is great
variation in the type of reaction of the kidney to the deleterious effects of the
sulfonamides and many do not show the nephrotoxic effect on the proximal
convolution that is well illustrated in this case. Magnification 80 X.
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PLATE 21. SULFONAMIDEDAMAGE-MALEADMITTED WITH A "COLD"

Symptomless treatment with sulfathiazole one month previously. Given 13
gm. sulfathiazole in 48 hours; nausea, vomiting, urinary suppression, 150 cc.
in four days, and death in uremia eight days later. Specimen through the
courtesy of Dr. Baldwin Lucke.

Ascending limb and two distal convolutions and collecting tubule. The
ascending limb (left) shows an intact epithelium. At A and Al the distal
convolution shows the disruptive lesion; at B there is a cast distending the
intact tubule. At A a projecting sheet of atypical epithelial cells can be
seen but the disruption is not filled. The other distal convolution, above
and to the right, shows less damage; at C there is an incipient solution of
continuity of the basement membrane. In the collecting tubule, below, the
typical epithelial pattern is well preserved; the lumen contains masses of
debris and desquamated epithelial cells. Magnification 83 X.

Insert shows detail of disruptive lesion at A at a magnification of 200 X.

1392



j4.

B

A

I

C

AA

.4.41

.1

..I&



PLATE 22. DI-ETHYLENE GLYCOL POISONING

Details of history in text, page 1322. Died on the 12th day. Specimen
through the courtesy of Dr. Milton Helpern.

A portion of the proximal convolution. The dissection of proximal con-
volutions from this kidney was exceedingly difficult because there was a
combination of a nephrotoxic vacuolar necrosis of the epithelium and a dis-
ruption of the basement membrane (A) throughout the convolution. For
the appearance in histological section of the lesion see Figure 3. The
specimen was under-differentiated for purposes of contrast as the almost
complete vacuolization of the renal epithelium left little to stain by the usual
procedure. For the typical appearance of a lesser and limited lesion of
di-ethylene glycol under experimental conditions, see Plate 44. Magnifi-
cation 84 X.
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PLATE 23. ASCENDING LIMB WITH DISTAL CONVOLUTIONON THE RIGHT
JOINING ANOTHERTO FORMA COLLECTING TUBULE; FROMTHE

SAME CASE AS IN PLATE 22

There are casts of debris in the ascending limb and in other portions of the
various tubules at A. At B the distal convolution is greatly swollen, the
basement membrane disintegrated and the tubule disrupted. The distal con-
volution on the left is fairly well preserved; the wall of the collecting tubule
is intact and its lumen contains debris and a consolidated cast. Magnification
80 X.

Insert shows detail of disruptive lesion at B at a magnification of 200 X.
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PLATE 24. DI-ETHYLENE GLYCOL POISONING-KIDNEY OF THE OTHER
INDIVIDUAI WHOWASPOISONED AT THE SAME TIME BUT LIVED 24 DAYS

(See text, page 1322, for detailed history.)
Glomerulus and first half of proximal convolution. In contrast with the

intensely damaged convolution shown in Plate 22, extensive regeneration of
the tubular epithelium has occurred in the 12 days following the biopsy.
See Figures 4 and 5 for the change that occurred in this time. The
dissected specimen shows, however, the inadequacy of this marked epithelial
proliferation so far as a restitution of a functioning nephron is concerned.
Masses and sheets of proliferating renal epithelial cells impinge upon and
occlude the lumen with the production of valve-like flaps and whorls of cells
(C). As a result, irregular constrictions (A) alternate with pouch-like
protrusions or diverticula (B). At many places the earlier disruption of
the tubular wall persists (D) though one "side" of the tubule wall seems
repaired. The contrast of the real inadequacy of this repair, as seen in the
dissected nephron with what appears to be good "tubular regeneration" in
the histological section (Figure 5), is noteworthy. Magnification 82 X.
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PLATE 25. ASCENDING LIMB, DISTAL CONVOLUTIONSAND COLLECTING
TUBULE FROMTHE SAME KIDNEY AS IN PLATE 24

Extensive casts (A) are seen in various portions of the tubules; at B and
B' there are disruptions of the distal convolution, the latter surrounded by
interstitial reaction and large capillaries. There is extensive regeneration in
the ascending limb and distal convolution on the right. From B1 to C the
detail of this incomplete repair can be seeo in the irregular sheets of cells
that imperfectly reconstitute the tubule wall. Magnification 80 X.

Insert shows the detail of the incomplete regeneration in the upper right
distal convolution at a magnification of 200 X.
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PLATE 26. PAROXYSMALHEMOGLOBINURIA

Repeated attacks of cold induced hemoglobinuria; death 12 days after a
particularly severe attack. (See details in text, page 1326.) Specimen
through the courtesy of Drs. Alfred Plaut and R. Sussman.

Proximal convolution and its glomerulus. This nephron came from the
periphery of a fibrous scar in the kidney which, since there were no vascular
lesions to account for it, was apparently the result of the damage of an
earlier attack. There is an irregular atrophy and distortion of the con-
volution; at A there are frank disruptive lesions with peritubular adhesions.
Magnification 84 X.
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PLATE 27. ASCENDING LIMB AND DISTAL CONVOLUTION FROM A SIMILAR
FIBROUS AREA OF THE SAMEKIDNEY AS IN PLATE 26

Descending from the upper right, an ascending limb. It is difficult to
decide in this atrophied and distorted nephron where the distal convolution
begins, but since we have never seen diverticula elsewhere than on the distal
convolution, presumably its origin is at A. There is a typical recent dis-
ruptive lesion at B with a small heme pigment cast in situt. These lesions
were noted by Dr. Plaut in histological section and the similarity of the
lesion to "crush injury nephrosis" noted. At C is a cystic dilatation of a
segment of the convolution which contains some debris. Its angular ir-
regular configuration strongly suggests the deforming effect of shrinkage of
the connective tissue which surrounds it. Magnification 80 X.

Insert shows three large diverticula on another distal convolution which
have the general configuration of glomeruli. Magnification 200 X.
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PLATE 28. DoG K29

Under nembutal anesthesia the left renal artery was clamped for 66 min-
utes. Seventy-two minutes after removal of clamp a 350 cc. infusion was
given, consisting of 50 cc. of the animal's red cells laked in distilled water with
salt added to isotonicity and 50 cc. of the animal's plasma. The animal was
killed five days later.

A complete proximal convolution with its glomerulus. The first part of
the convolution shows a complete disintegration of its basement membrane
and disruption of the tubule wall. The convolution from here on is re-
markably well preserved; note perfect delineation of the rodlets in the basal
portion of the renal cells in the insert. At A this mitochondrial pattern is
disturbed and at B the basement membrane is disintegrated and the cellular
detail lost. This portion of the proximal convolution in the dog normally
contains much visible fat and this is the source of some of the granular ap-
pearance noted in this region.

A most striking feature of the disruptive lesion due to the renal ischemia
in all of the experiments, was the immediate continuity of stretches of com-
pletely damaged and perfectly preserved normal tubule; there was therefore
no general toxic damage in these kidneys in spite of the infusions of haemo-
globin. Magnification 82 X.

The insert shows the perfect preservation of the mitochondrial rodlets in
areas of tubule which have escaped ischemic disruptive damage. Magnifica-
tion 200 X.
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PLATE 29. ASCENDING LIMB AND DISTAL CONVOIUTION
FROMTHE SAMEKIDNEY AS IN PIATE 28

The ascending limb on the left is well preserved. At A the tubule is in-
tact but distended with heme pigment casts that were positive to benzidine
and negative for free iron by the Berlin Blue test. At B and B1 there is
disintegration of the basement membrane and a complete disruption of the
tubule wall. At B1 crystals of heme pigment are present. Magnification
84 X.
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PLATE 30. DOGK26

Under nembutal anesthesia the right kidney was remov.ed and a serrefine
placed on the left renal artery for 60 minutes. The animal remained in good
clinical condition and was killed on the fourth day after the operation.

A proximal convolution. The greater part of the tubule is well preserved
as is shown by the mitochondrial pattern; at A even the detail of the normal
rodlets can be seen. At the arrows this pattern is disturbed and a dis-
integration of the basement membrane is evident. At B the lesion is fully
developed, the tubule is swollen, the basement membrane disintegrated and
the renal epithelium necrotic. At C there is a collection of heme pigment
impregnated debris; note the continuity and normality of the basement mem-
brane. Magnification 80 X.
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PLATE 31. THREEDISTAL CONVOLUTIONSFROMTHE SAMEKIDNEY (PLATE
30) JOIN TO FORMA COLLECTING TUBULE ON THE LEFT

At A are seen the infrequently mentioned intercalated cells (12) common to
all species in this portion of the renal tubule. All of the tubules are essentially
normal except at B where an incipient disruption can be seen. At C the
distal convolution contains a densely stained heme pigment cast; note that
the tubule wall is not disturbed by its presence. Magnification 80 X.

Insert shows the detail of collecting tubule at A with granular intercalated
cells. Magnification 200 X.
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PLATE 32. DOGK33-THE RESULTS OF EXTREMERENAL ISCHEMIA OF 200
MINUTES DURATIONAS MEASUREDBY CLEARANCESFOLLOWINGTRAUMA

UNDERNEMBUTALANESTHESIA TO MUSCLEMASSES

A transfusion of the dog's own blood was given at the end of the experi-
ment. Clinical condition of the animal was good on the fourth day. Blood
urea 24.8. The animal was then killed.

Proximal convolution and glomerulus. Many nephrons from this kidney
were structurally normal; others, perhaps 1/4, resembled the illustration.
The mitochondrial pattern of the greater part of the convolution is normal;
from B downward the dark staining is due to the normal presence of fat in
the convolution. Compare with the similar segment of Plate 28 where both
normal fat and disintegration of the basement membrane are present. At A
and A' are short segments of swollen convolution in which the basement
membrane is fragmented, the renal cells necrotic and the tubule disrupted.
These are shown at a higher magnification in Plate 33. At the arrows in-
cipient lesions of the same sort are evident. Magnification 41 X.
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PLATE 33. ASCENDINGLIMB AND DISTAL CONVOLUTION
FRO-M TIlE SAMEKIDNEY AS IN PLATE 32

Except for the presence of heme casts which have produced no tubular
lesion the ascending limb is normal. Its upper portion and the greater part
of the distal convolution are distended with heme casts; at A the presence
of tubule wall disruption is evidenced by the surrounding adhesions of re-
active intertubular tissue. Magnification 45 X.

Inserts show the detail of the disruptive lesions of the preceding plate at
a magnification of 200 X.

1416



A

V

>5~~~~~0

/ AA~~~~~~~~~~~~~~
117~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1.4114w-

I

It-



PLATE 34. DOG K32-EXPERIMENTAL PROCEDUREAS IN THE EXPERIMENT
OF PLATES 32 AND 33

A transfusion of the animal's blood was given at the end of the experiment.
Before the experiment the blood urea was 10.9; on the fourth day 25.4 and on
the seventh, 79.4. The animal, having convulsions, was killed.

Complete proximal convolution and glomerulus. The first 2/3 of the
convolution is fairly well preserved, though small areas are visible, as at B1,
where the mitochondrial and nuclear pattern are disturbed as compared to the
normality at B. Beginning in the terminal portion of the proximal con-
volution (A) there is an extensive disintegration of the basement membrane
with epithelial necrosis and tubular disruption. Magnification 40 X. Les-
ser disruptions are evident at A1 and A2. For detail see following plate at
a higher magnification.
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PLATE 35. A HIGHER MAGNIFICATION OF THE TERMINAL SEGMENTOF
PLATE 34

The tubule begins in the center and it will be noted that its first part as it
passes upwards is well preserved and the basement membrane intact. At A
the epithelial cells are necrotic, the basement membrane disintegrated and
the tubule disrupted; a short stretch of better preserved tubule with intact
basement membrane follows and at A1 another disruption. A third dis-
ruption, less severe, is seen at A2 and the tubule following to the thin limb of
Henle's loop is again intact. Magnification 82 X.
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PLATE 36. AN ASCENDING LIMB AND DISTAL CONVOLUTION
FROMTHE. SAMEKIDNEY AS IN PLATE 34

The ascending limb is entirely normal in its first portion; at A are heme
casts. In the distal convolution at B the tubule is swollen, the epithelium
reduced to necrotic debris and its wall disrupted. Magnification 45 X.

Insert shows the disrupted distal convolution at B at a magnification of
bo X.
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PLATES 37 TO 40

CIRCULATORY PATTERNSIN THE RENAL CORTEXUNDERNORMALAND Toxic
CONDITIONS AS SHOWNBY THE SCHLEGELTECHNIQUE

Magnification of all plates 16 X. The experimental animal received under
anesthesia 1.0 cc. of 4 per cent thioflavin S intravenously. Tlle kidney
was removed in six seconds, split, placed in glycerine and photographed
under illumination by Wood's light. The fluorescent dye is held in the walls
of the arteries and glomerular tufts. Capillaries show faintly and the veins
not at all.

PLATE 37

A. TIIE CORTICAL CIRCULATION IN A NORMALRABBIT

Note the even distribution of the blood to all glomeruli. The brilliant
zone in the outer medulla is due to natural fluorescence of this tissue.

B. THE CORTICAL CIRCULATORY PATTERN 19 HOURS AFTER THE SUB-
CUTANEOUSINJECTION OF 400 MG. OF SODIUM POTASSIUM TARTRATE

A large interlobar artery below with its arcuate branches. There is an
irregular area of cortical ischemia where the dye in the blood did not reach
glomeruli and intertubular capillaries. To the left an area of more nearly
normal blood flow. The disruptive lesions in the nephrons which ac-
companied the irregular ischemia are seen in Plate 42.
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PLATE 38
A. THE CORTICAL CIRCULATION IN THE KIDNEY OF A RABBIT WHICHHAD

BEEN GIVEN 24 MG. OF SUBLIMATE INTRAVENOUSLY41½ HOURSPREVIOUSLY

There is a marked retardation of blood flow from which only occasional
glomeruli received the dye-containing blood.

B. THE OTHERKIDNEY OF THE SAMEANIMAL WHICHWASALLOWEDTO
RECEIVE BLOOD FOR A PERIOD THREE TIMES AS LONG AS THE FORMER

More glomeruli and interlobular arteries have accumulated enough dye
to fluoresce, but as compared to the normal pattern of 37A, the irregular
patchy ischemia is still evident. Disruptive lesions in the nephrons of an-
other animal which received the same dosage but which lived 18 hours
are shown in Plate 42 C and D.
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PLATE 39

A. THE CIRCULATORY PATTERN IN THE CORTEX OF THE KIDNEY OF A
RABBIT WHICHHAD BEEN GIVEN AN INTRAVENOUSINJECTION OF 40 MG. OF
URANYL NITRATE 70 HOURS PREVIOUSLY

An irregular area of ischemia with few glomeruli is seen. The exposure
in this photograph and in Plate 38A was considerably longer than in the
other figures hence the background of natural fluorescence of the renal
tissue produced a greyish tone which is also somewhat exaggerated by the
slight diffusion of the dye through vessel walls. Disruptive lesions in the
nephrons of this animal are shown in Plates 42B and 43A.

B. THE CORTICAL CIRCULATORY PATTERN IN THE KIDNEY OF A RABBIT
GIVEN 30 MG. OF POTASSIUM BICHROMATE INTRAVENOUSLY 19 HOURS
PREVIOUSLY

There is a widespread but irregular ischemia of the cortex. The sub-
cortical glomeruli, near the larger arteries, seem better irrigated.
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PLATE 40

A. IRREGULARLY PATCHY CORTICAL ISCHEMIA IN THE KIDNEY OF A
RABBIT GIVEN 4 CC. OF CARBONTETRACHLORIDEON Two SUCCESSIVE DAYS
AND INJECTED WITH DYE 48 HOURSLATER

To the left the cortex has received a considerable amount of blood and
the glomeruli and small arteries are brightly fluorescent; in the sub-
cortical zone, particularly in the center, they can only dimly be seen.
Disruptive tubular lesions from the animal are shown in Plate 43D.

B. THE PATCHYCORTICAL ISCHEMIA IN THE KIDNEY OF A RABBIT WHICH
HADDRUNKad lib. DI-ETHYLENE GLYCOLOVERA 24 HOURPERIOD

Disruptive lesions in the nephrons of other rabbits which had drunk the
same mixture over periods of five to seven days are shown in Plate 43
B and C.
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PLATE 41. A PROXIMAL CONVOLUTIONAND GLOMERULUSFROM A RABBIT
POISONED 19 HOURSPREVIOUSLY WITH 400 MG. PER KILO

OF SODIUM POTASSIUM TARTRATE

The first few coils of the convolution are fairly normal in their nuclear and
mitochondrial pattern but from the arrow distally the epithelium of the
entire convolution is necrotic and reduced to cellular debris which fills the
intact tube-like basement membrane. At A, however, this structur,e has
disintegrated and typical tubular disruption has resulted. The ischemic
pattern of the cortex in this animal is shown in Plate 37B. The disruptive
lesions in the ascending limb from another animal which had received the
same dosage are shown in Plate 42A. Magnification 82 X.
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PLATE 42. DISRUPTIVE TUBULAR LESIONS FOUND IN ANIMALS THAT
HAD RECEIVED VARIOUS TOXIC AGENTS

All of these animals showed the typical nephrotoxic necrosis in the
proximal convolutions of all the nephrons along with occasional disruptive
lesions in this segment. The occurrence of disruptive, but never nephro-
toxic, lesions in other parts of the nephron is illustrated below. A. Sodium
potassium tartrate. A greatly swollen ascending limb with disintegration
of the basement membrane throughout the greater part of its length. At
the arrow a more discrete disruption in the distal convolution. B. Uranyl
nitrate. Basement membrane disintegration and tubular disruption at the
arrows situated at the junction of the ascending 'limb and the distal con-
volution. C and D. Corrosive sublimate. In C an incipient disruption
showing a localized swelling of the tubule and in D another with definite
basement membrane rupture. E. Di-ethylene glycol. A similar early swell-
ing with disruption in the upper ascending limb. Magnification 80 X except
B which is 100 X.
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PLATE 43

A. Uraiiyl niitrate. An ascending limb filled with cellular debris derived
from the nephrotoxic damage in its preceding proximal convolution.
Disruptive lesions are seen at the arrows. B anid C. Di-ethylente glycol.
At B an incipient lesion at the junction of ascending limb and distal convolu-
tion. In C a pair of ascending limbs and distal convolutions are
greatly swollen and the basement membrane is almost completely disin-
tegrated. A few necrotic cells persist in the "tubule" lumen and there is
a localized disruption above where the two distal convolutions adhere. D.
Carbon tetrachloride. Two examples of stages of the disruptive lesion in the
upper ascending limbs. The dark cells mark the beginning of normally pre-
served distal convolutions. Magnification 80 X.

1436



III 4EIEIpSE iIIpl.-

C

.1 .

".:. A..".:. 'LAW.



PLATE 44. PROXIMIAL CONVOLUTIONFROM A RABBIT WHICH HAD DRUNK
WATERad lib. FOR FOUR DAYS CONTAINING 5 PER CENT

DI-ETHYLENE GLYCOL

The localized specific effect of moderate glycol damage is seen in the
extreme swelling and vacuolization of the epithelial cells of the terminal
half of the proximal convolution. Magnification 82 X. Compare with the
appearance in Figures 3 and 4 and with Plate 22 which shows more severe
damage in the human kidney.

The disruptive damage in ascending limbs in this and other similarly
poisoned animals is seen in Plate 42E in its incipient form and fully developed
in Plate 43C. The pattern of cortical ischemia that accompanies glycol
poisoning is shown in Plate 40B.
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