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ABSTRACT

o A brief review of the literature on traumatic anuria
(acute tubular necrosis, lower nephron neph;osis) has been pre-
sented, including a complete bibliography.A . Special attention
was paid to the rathology and pathogenesis of the syndrome and
it was concluded that Oliver's recent work (271) probably coﬁes
closest to presenting the true picture. He describes tubular
necrotic lesions for which the chémical toxins (mercuric chloride,
carbon tetrachloride) were responsible, and tubulorhectic lésions
which were characteristic of the shock kidney. These iesiéns
could appeaf ét ahy level in the renal tubule and wefe éharaééer-
1ized by destruction of the basement membrane. Pigment casts
were apparent if intravascular pigment release was associated
with the illness. The work of Phillips, Van Slyke and assoclates
(291, 292, 355, 356), of Cliver (271) and of Block et al (41)’
lead one to conclude that renal ischemia 1is the chief pathogen-
etic mechanism, though it is obvious that specific extrinsic renal
toxins play a major role in specific cases. The role of hemo-
globin appears to be chiefly in the production of obstructive
casts later in the course of the diseasej; these pigments are
precipltated in the lower nephron where ﬁrine is concentrated: and
acidified, and dehydration and oliguria contribute to their

formatien.

.Three hundred rats were studied in eightegg;e§ber2ménts

concerning crush syndrome- i It was concluded that the most‘
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important single factor tending to aggravate the renal effects

of crushing injury is the antecedent state of dehydraticﬁl
‘Myoglobin 1s not an essential factor in the deVelopment éf renal
damage but tends to aggravate the existing uremia. Acute renal
Jfailure was seen to be a late effect of shock; animals developed
acute tubular necrosis only if initial shock was severe, but not
severe enough to produce death from circulatory failure. Devel-
.opment of this delicate balance of factors was aided by reduction
of renal reserve by unilateral nephrectomy. A seldom described
but distinct and consistent phenoﬁenon was observed in the devel-
opment of marked, immediate and persistent diuresis in response
to the trauma of limb ligatiocn. This polyuria was of a dilute
urine and was taken as an indication of initial increased glomer-
ular filtration followed by decreased reabsorption of water
because of tubular damage. It was not an indication of a recov-

ery phase as 1s recorded in the clinical syndrome.

’ Testosterone propionate, desoxycorticosterone acetate,
cortisone acetate and Compound F did not appear to be promising
as therapeutic agents, although in one experiment Compound F
showed some promise. | Nelther did combined therapy with testos-

terone and cortisone reduce the mortality .rate or decrease uremia.

Although there was no doubt that'the syndrome of acute
renal failure due to acute tubular necrosis could be produced in
large numbers of these relatively inexpensive laboratory animals
by dehydration and 1limb ligation, production could not altogether

be standardized and the syndrome ran such a short course that
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serial observations were difficult to obtain and separation
of shock deaths was occasionally impossible. It is felt that
future work might well make use of some other laboratory
animal, perhaps the dog or cat, and that an initial stress 6f
contrclled hypotension or renal artery occlusion could be used.
It is also our opinien that further investigation into the
value of Compound F as a therapeutic agent in this syndrome 1is

Justified.
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- ACUTE RENAL FAILURE

INTRODUCTION

In the early years of the recent World War the heavy
bombing of British cities resulted in a great number of injuries
to the population from falling masonry. The subsequent course
run by many of these iﬁjured peopie was such that a "new" clinicai
syndrome was described. . Because the injurles sustained were con-
.sistently fhe result of prolonged exposure to the pressure of
destroyed brick and concrete structures, this syndrome was first
named the Crush Syndrome (69) and was typified by apparent early
recovery from the cfushing injury followed by a state of progress-
ive, acute renal failure; with oliguria, anuria and uremia,
frequently ending in death. In the ten years since that time
much work has been carried on to investigate the possible patho-
geneses of the condition, with'some progress being made. In this
thesis, an attemﬁt will be made to synthesize the great multitude
of papers published on the subject, to present principally the
eiperimental aspect of its pathogenesis and to formuléte a workable
pathogenetic.basis‘fqr treatment of the syndrome in the light of
more recent concepts. It was soon realized that only a briéf

-

summary of this veluminous literaturé was practical but an attempt



has been made, nevertheless, to include as complete a bibliography
as possiblé. In addition, experiments designed to reproduce
consistently in rats a syndrome resembling that seen in human
grush injuries are reported, as well as the results of using cer-
tain agents to lessen the effect of the presumably temporary

cessation of renal function.

| Since Bywaters (69) first described the crush syndrome,
a similar clinical picture has been noted in a great many other
conditions and has been described under various titiés. "Traumatic
Anuria" 1s perhaps a more general term,Aindicating that the anuria
and its outcome is a result of various forms of trauma.v The
pathological_picture has been taken into consideration together
lwith a slightly different etiological agent in the deécription
"Hemoglobinuric Nephrosis" (229) and in 1946, Lucke (213) summar-
ized the various conditions known to give rise to this syndrome
and described the lesion in the kidney as "Lower Nephron Nephrosis".
Maegraith (226), emphasizing his opinion that the kidney damage 1s
a result ofioxygenvlack, has insisted that the "Renal Anoxia.
Syndrome" 1s a better name; and more recently, other investigators
(55) have tried to remain general in their description of the patho-
logical picture, at the same time avoiding the use of thenupdesir-
able term "nephrosis"™, by referring to it as "Acute Tubularii
Nécrosis". All these descriptions, varying in specificity and
point of view, are descriptions of forms of acute renal failure

which are closely allied and must be discuss$ed in any c03§ideration



of traumatic anuria itself.

If one must be restricted by the narrowness of definition
then one could desecribe the elinical syndrome and its experimental
counterpart as a state of acute‘renal failure as exhibited by
~oliguria or anurla, retention of nltrogenous wastes within the
body (i.e., uremia)‘and‘histological evidence of renal tubular
'damage which foliowe trauma. }It is obvious that this statement
best defines "traumatic anuria", but to include all conditions
likely to end in this picture one needs merely to add the various
other etiolegies such'as intravascular hemolysis, extrinsic cheﬁi-

cal toxins and so on.

HISTORY

As 1s the case with most "new" clinical entitlies, the
syndrome of traumatic anuria and its pathological ﬁicture are not
“new at all. Renal deaths with hemoglobinuria after unmatched
blood transfusions were apparent as long ago as 1667 when Denys
(12) cfoss-transfused blood from sheep to man. Experimental
work'with and clinical trial of blood transfusion continued through
the subsequent years, notably in the late nineteenth century, and

in early editions of Osler's Principles and Practice of Medicine

(277) reference is made to "acute parenchymatous nephritis" as a
type of acute Bright's disease caused by various toxic agents
such as turpentine, phenol and potassium chlorate, acting on the

kidney. The same pathological picture could be seen as a late



effect of burns andAin toxemias of pregnancy; 1in later editions,
trauha and extensive surgery were added as causes of the subsequent
fenal damage. Adami (3) in 1909 added salicylic acid, phosphorus,
bichloride of mercury and cholera as agehts gilving rise to the |

plcture of "acute degenerative parénchymatous nephritis®,.

However,-in the reshuffling of classifications of kidney
pathologies based on the work 6f Volhard and Fahr abouf thirty-five
years ago, this particular entity was largely dropped or divided
so that it received lessvemphasis, at least in the English litera-
ture, until its'rediscovery‘and description as "Crush Syndrome"
by Bywaters and Beall (69) in 1941. One must nevertheless be
careful not to malign the quite adequate powers of observation.of‘:
the many cliniclans and experimenters of those first forty years
of the centufy, for cases which we would now classify as lower
nephron nephrosis or traumatic anuria were noted and carefully
described. | Bell (27) considered under the description of
clinical acute’nephritis not only acute glomerulonephritis, but
also tubular disease due to mercuric chloride and hemoglobin
obstruction. In a large measure, these entities which we are fo
consider were included in the term "extra-renal (pre-renal)
uremia” (133). This azotemla stands in‘céntrast to that of
primary renal disease in which morphological kidney damage is
obvious. Under extra-renal azotemia, Bell includes such causes
as diabetic coma, peritonitis, hypochloremia and external or
internal haemorrhagé,"and specifies the absent or minimal kidney

structural changes. Fishbérg (133) anticipates to a large



extent our present classifications by listing prolonged vomiting,
diarrhea (as in cholera), hepato-fenal syndrome, diabetic écid-
osis, Addisonian crisis and shock(traumatic, post-operative,
peritonitis, burns, coronary‘thrombosis, etc.) as frequently
giVing rise to pre-renal uremia. Also, focussing 6n a less
prominent feature of the pathological lésion‘in the'kidney,
Kimmelstiel (192) described cases of "acute hematogenous inter-
stitial nephritis" dying in uremia as a result of septic abortion,
burns and éevere'infections. He recognized that his entity was
part 6f'a picture of delayed renal tubular pathology in infections
and septicemia, conditions associated with hemolysis and the

hepato-renal syndrome.

In any case, Bywaters‘énd Beall (69) in 1941 noted
that casualties brought'in to hospital after being released from
under fallen bulldings soon developed signs of shock which'went
oﬂ to a picture.éf renal'failure; uremia and death. They feport-
ed the first four such cases in the British Medical Journal of |
Mareh 21, 1941. Bywaters soon discovered that the same entlity
had been described adequately in the German literature about the
time of World War I, notably by Dr. Siégo Minami (243) in 1923,
though von Colmers (245) had also encouhtered it with the German
relief expédition to the Messina earthquéke of 1909. Hackradt
(245) in 1917 deséribed a case of burial for nine hours with
resultant renal damage in which he ehphasized tubular damage but

Minami's description of the tubule damage with pigment casts
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following "Verschuttung" (burial), resulting in death on about
the seventh day (Figure 1), was more complete both clinically
and pathologically. His cases tallied well with those of

hVer . i
v Auch die 1
b. 145 pische) Degeneration der Fasern
mmel:  Jungen spielen eine, wenn auch
Die histologischen Bild
Nieren stellen sich
mafen dar:
Fall 1 (Sektion 41€

Bywaters and he compared them with paralytic myohemoglobinuria

of horses. Although his description of pigment casts in the
tubules of the renal pyramids and Bywaters' rediscovery of the
syndrome and identification of the pigment as myoglobin (myohemo-
globin, muscle hemoglobin) were separated by some twenty years,
work had been going on, clinically and experimentally before and
during this period, in the field of intravascular hemolysis.

Blackwater fever and incompatible transfusions in particular were
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involved and an end result of renal failure with uremla and
pigment cast formation in the kidney tubules had been noted.

The obvious similarity of these syndromes was soon realized and
_mucﬁ of the older investigative work was applied to the new crush
syndrome, with invéstigation in both fields receiving great
impetus from the renewed impoftance of the clinical entity. In
1941, then, investigation into the possibility of a common patho-
genesis for these various illnesses attracted new interest and
since that time much experimental work has been carried out, many
treatments tried and volumes of papers written. Basing their
opinions on the work of Baker and Doddé'(IS) in 1925, Bywaters
and Beall (69) at first carried on the idea of.obstruction.of
renal tubules by pigment casts into their theory of the patho-
genesis, substituting myohemoglobin for hemoglobin. Because
this concept did not sétisfy all the observed facts, the idea. of
renal anoxia was upheld by Maegraith (226) in his work on black-
water fever and he posﬁulated some sort of short circuit of blood
through the renal parenchyme (223). When Trueta and assoclates
(353) in 1947 described just this phenomenon (which haé come to
be known asvthe Trueta or Oxford Shunt) it was felt that the
answer, the common factor, had been found. Trueta's classical
work, however, was soon followed by reports which cast doubt on
the importance -- and perhaps even the factv-- of this bypass

and at present the‘idea of pathogenesis appears to be in a state
of flux, in which several modes of development appear te be

acceptable, rather than one.
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It should be mentioned here, too, that a third line
of investigation has been carried on in the ten year period from
1941 to 1951, based on early observations of the toxic action of
such chemical agents as mercury, uranium and phosphate on the
renal tubﬁles. Nephrotoxins, acting directly on the renal
tubules, have been said to be released from ischemic muscle, and
such workers as Eggleton (125), Bywaters (67, 75) and Bielchowsky
and Green (30) have named breakdown products of muscle protein,
myoglobin derivatives and released intracellular components as
being responsible for the renal damage. Two of the pathogenetic
theories are drawn together in work on shock which produces
hypotensioh and thus renal anoxia. Corcoran and Page (85),
among many others, have ldentified a vaso-depressor substance
released'frqm tissues in trauma which causes a prolonged lowering
of blood pressure, thch in terms of Maegraith's concept (226) of
renal anoxia, would damage the kidney in such a way as to produce

the acute renal failure seen clinically.

It can be seen, then, that the syndrome described by

Bywaters (69) in 1941 was not new, but had been encountered in
similar circumstances earlier in the same century and described
adequately by Minami (243) in 1923. In addition, the same end
result had been recognized and 1nvestigated in conditions of
release of hemoglobin into the bloodstream, nétably in incompati-
ble blood transfusion and Blackwater fever. The pathological
pictdre was described, at the turn of the century, as acute

tubular nephritis, but with fhe identification of etiologies



responsible in recent years, specific descriptions such as crush
kidney,_hemoglobinuric nephrosis and lower nephron nephrosis

were suggested. As might be expected, with the realization_ |
that the kidney damage was the common end of multiple etiological
factors, the pendulumvhas returned, so that at the present time
the term suggested by Bull, Joekes and Lowe (55), acute tubular
necrosis, seems more satisfactory. Threevmain theories of patho-
genesis, to be discussed later, remain but theseﬁére perhaps ‘
being viewed in their proper perspective as each contributing in

varying degrees to the end result of acute renal failure.

AETIOLOGY

In the years sihce the crush syndrome was rediscovered
the concept has broadened to include many more etidlogies produc-
ing the same end result.‘ As mentioned previously, the similarity
between this syndrome and the renal deaths encountered in Black-
water fever and incompatible transfusion was soon realized.
These étiologies are so numerous and appear so diverse that it
seems advisable to name the syndrome on the basis of a common
- pathological picture. For this reason, the term acute tubular
necrosis seems éatisfactory. In Table A, an attempt has been
made to group the causes of acute tubular necrosis under eight
headings. Indicative of the confusion as to the pathogenesis of
the condition 1s the rather large column under "Miscellaneous",
and it wlll be noted that sevéral etiologies appear_under more

than one heading, "a fact which indicates that more
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TABLE A

INTRAVASCULAR HEMOLYSIS ‘ _

1 Transurethral prostatectomy ... 219, 207, 94, 367.

> Blackwater fever ... 371,137,223.

3 Incompatible transfusion ... 12, 229,96,45,365,16,106,109,
128,129,10,343,341,121,151,14,105,246,310,107,135,127.
Quinine ... 349, 278.

Burns ... 236 53, 328, 153, 272, 122.

Malaria ... 307

March hemoglobinuria ... 293, 310.

Paroxysmal cold hemoglobinuria ... 345, 310, 333, 109:

O 00 3 O W

Paroxysmal nocturnal hemoglobinuria ... 333.
10 Paralytic myohemoglobinuria ... 72, 199.
ll.'Toxins: Favism ... 333, 310, 137.
| Snake venoms
Mushroom poisoning eees 213.
12 Myanesin ees 176,

TRAUMA and SHOCK

1 Hemorrhagic shock ... 84, 322.

2 Traumatic shock ... 87,88,175,229,100,359,280,249,250,251,
2525 102,283,317,1643 26,5960 ,61,93,208.305; 116,162,
163,347,78,325,297,348, 291,111,319
Burn shock ... See "Burns".

4 Crush injury ... 63,64,65,66,67,69,70,71, 72,74 75,25,173,
212 227 228,239,245, 247 351.

5 Peritonitis ... 244,177,193,221,315,364, 187
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TABLE A
continued

INFECTION

1 Typhus ... 150
Cholera ... 352
Malaria ... 307
Weil's disease ... 362
-~ Welch infection ... 178

- NG R OV |

- Septlc abortion ... 51

ELECTROLYTE IMBALANCE
1 Pyloric obstruction ... 54, 82, 133,187,28,333,214,221.
Alkalosis ... 214,193,221,339,9,224.
Acidosis ... 160, 161.
Hyponatremia ... 315
Hypochloremia ... 177

Lo AN L \

Hypokalemia ... 136

CHEMICAL TOXINS
1 Mercuric chloride ... 77, 123, 303, 174, 357, 23.
2 Carbon tetrachloride ... 368,284,90,331,333,271,23.
3 Diethylene glycol ... 271,23.

EXPERIMENTAL TOXINS
1 Uranium ... 304,43,174,264,363.
2 Oxalates and Urates ... 118, 119, 120
3 Phosphates ... 222, 218, 30.



TABLE A
continued

4 Potassium chlérate eee 271
5 Sodium tetrathionate ... 332
7 Potassium dichromate ... 174

MASSIVE DESTRUCTION OF TISSUE

Burns ... See "Intravaécular hemolysis" and "Shock".
Prolonged labor ... 373, 372

Toxemia of pregnancy ... 83, 360

Concealed, retroplacéntal hemorrhage ... 372, 285, 112.
Welch infection ... 178

[ RN, W N UVRRY D

Abortion ... 178, 278, 268, 269.

MISCELLANEOUS

[

Pulmonary infazction ... 198

Electroshock ... 152

Gastrointestinal hemorrhage ... 340, 188, 356, 34.
High altitude anoxemia ... 252, 76, 197
Hepatorenal syndrome ... 48, 172, 275, 338.

Heat stroke ... 252, 213, 146..

Intravenous soap ... 359

Sulphonamides ... 2, 104, 290, 142, 132.

Allergy ... 211, 142, 132.
Myelométosis.... 254

e
P o

Lymphosarcoma ... 289 -

" Volkmann's ischemic contracture ... 165.

s
Y



- 13 =

than one pathogenetic factor is‘involved. Also, in attempting

to find_a common factof in these many causes, it 1is 6ften
impossible to decide just what factor contributes to the renal
fallure, so that such headings és "Massive destrﬁction of tissue",
ﬁElectrolyte imbalance" and "Infection", though unsatisfactory are,

in the present state of our knowledge, unfortunately necessary.

It is impossible to review in detail the many interesting
1ntricacies of individual entities leading to the end picture df
acute tubular necroses. Hoﬁever, it was felt that the many
references to these etiologiles encountered in the literature

might well be included in the Table for future reference.

INCIDENCE

A brief review of the incidence of the syndrome as present-
ed in the 1itefaturé is advisable in order to place it in its
" true perspeétive as a clinical entity. Bywaters (64) stated the
inéidence of ischemic-muscle necrosis (crush syndrome) as one to
five per cent in air-raid casualties. Presumably these were
cases requiring hospital care. Douglas (114), in a very complete
work, considered a random group of casualties, 764 in all,
admitted to hospital following an air raid. Of these 764, .
77 (10.1 %) were buried for two or more hours, and six of these
77 (7.8%) developad’crush syﬂdrbme.. That.is, six (0.79%) of the
total of 764 casualties were cases of crush syndrome and one. of

the six (16.6%) died. The works of Lauson et al (208), of
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Cournand et al (93) and of Burnett et al (59, 60) present very
complete renal function studlies in cases of trauma with or without
shock, but these records are mainly in the acute phase of trauma.
Darmady (99) also found that blood urea nitrogens done in 79 béttle
casualties were elevated in 35% of cases. In IO,QOO casualties
reviewed by him there were 44 deaths, twelve of them due to renal
failure; all of these suffered shock from blood loss. Snyder

et al (335) considered 1411 battle casuaity'deaths and found 68
deaths from lower nephron nephrosis, with 3l‘other‘death$ in which
lower nephron nephrosis played a part. Of these 99 fatal cases,
56 had blood pressures below 100 mm. of mercury and only five had
"o evidence of shock". Moyer (256) examined renal function
following.major surgical pr;cedures but ?gain considered only the
immediate post-operative period in random cases in which impair-
ment of renal function was not clinica11y apparent. Gaberman et
al (146) searched widely for cases of the "renal anoxia syndrome"

and found few -= 22 cases in two years of admissions to two large

Chicago hospitals.

Although these inclidence figures are not high and the
 frequéncy of the syndrome in hospital practiée will not be great,
it is apparent that in times of violence cases of traumatic shock
will increase this incidence to perhaps 1% of cases treated. An
understanding of 1ts pathogenesis and an adequate regime of tre;t-

ment therefore become of some importance.
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PATHOLOGY

With the great number of etiologies recorded, it is
apparent that many minor variations of essential kidney pathology
would be expected. There must be, however, a basic common
factor in the pathologies in order that the syndrome be described
as an entlty in itself. This essential factor is, of course, by

definition renal tubular degeneration to necrosis.

Although Adami's (3) description of the pathology of
"acute degenerative parenchymatous nephritis® in 1907 cannot
essentially be improved upon today, this pathologic entity
recelved less and less emphasis 1ln the éarly 1900's, principally
because of the reclassification of kidney pathologies baséd on
the work of Volhard and Fahr. Nevertheless, such men as Bell
(27) continued to describe it, partly as "acute haemorrhagic
glomerulonephritis" with its tubular obstruction by blood and
hemoglobin casts, and also as "acute interstitial nephritis"
and "pure ;ubular degeneration'" as in mercufy poisoning. Again,
Kimmelstiel (192) described a number of cases in which he empha-
sized the focal interstitial edema and infiltration by naming
the renal pathology "acute hematogenous interstitial néphritiyk

In 1942, Bywaters (71) followed his report of the new
crush éyndrome with a full description of its pathology. The
most outstanding gross feature of the kidneys was the almost con-

stant appearance of cortical pallor contrasting with a congested,
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reddish-purple medulla. Microscopically, the glomeruli_were
noted to be essenﬁially normal, except for the frequent appear-
ance of intracapsular granular eosinophiliec debris and occasion-
ally cubical metaplasia of the capsular epithelium. Again, the
essential lesion was in the renal tubules; Bywaters describes

a catarrh of the proximal tubule and descending loop .of Henle,
while in the ascending limb and distal tubule, degeneration and
necrosis of tubules and herniation and rupture of casts through
tubular walls were seen. Outstanding were pigment caéts formed
of myoglobin derivatives, in the distal convolution and collect-
ing tubule. Bywafers' first report (69) emphasized the severe
degeneration of proximal tubules, but in his more extensive
consideration (71) he localized the severe changes to the distal
convolution. It will be seen later that, in Oliver's (271)
opinion, the renal lesions in crush syndrome were perhaps most

accurately noted by Dunn, Gillespie and Niven (117).

Bywaters, of-course, noted the similarity of this patholo-
gy to that described in transfusion reactions and Blackwater
fever as hemoglobinuric nephrosis, as did Dunn et al (117) to the
lesions described-by Dunn and Polson (120) with uric acid neph-
ritis, and McFarlane (218) with phosphate nephritis. Mallory
(229) carefully listed the characteristics of the hemoglobinuric
kidney. Grossly, the kidney is enlarged with a pale cortex and
purplish pyramids, but may be normal. Microscopically, the

glomeruli are again largely norma}. The first change noted is
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fatty vacuolization of the ascending loop of Henle, becoming
severe degeneration by three days, with hermiastion and rupture.
Little change 1is seen in the proximal segments. Prominent are
‘the casts and these are of two types: pigment casts, staining
red-orange in Hematoxylin—Eosin.sections, are seen in the lower
nephron, while hyalin casts are encountéred higher up. A
controversial feature describeq is dilatation of the proximal
tubules} which appears to be more prominent in formalin fixed
material. It will be seen later 1in the discussion of patho-
genesis that the problemé of frequency of casts and presence or
absence of tubule éilatation are key points in the argument.

In addition, a focal and diffuse inflammatory infiltration of
the interstitial tissue is seen with a granulomatous reaction

around herniated casts.

A report which has dominated the literature on this
syndrome since its publication in 1946 is that of Lucke (213),
who recognized the similarity in clinical picture and renal
pathology in fhese various clinical entities. He describéd
the common pathological picture and because he believed it was
essentially a leslion of the distal convoluted tubule, he named
it lower nephron nephrosis. | This name has persisfed even
though opinions as:to the location of the lesion have changed.
Lucke's description (213) of the pathology as lower nephron

nephrosis remains in common usage.
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By means of an extremely meticulous technique, Oliver
(270) has been able to study the nephron as a unit in continuity..
By his microdissection technique, complete individual_nephrons
are dissected out and stainéd. 'Ten years of careful investiga-
- tion (271) of human material -- 54 kidneys of crush injuries,
burns, transfusipn reactions, Blackwater fever, obstetrical
deaths, surgical shock, paroxysmal cold hemoglobinuria, snlfona-
mides, mercuric chloride, diethylene glycol, carbon tetrachloride,
potassium chloréte and mushroom poisoning -- and of animals
subjected to induced shock or toxins, led Oliver and his co-
workers (271) to conclude that there are two essential tubular
lesions in the kidney of acute tubular necrosis. These lesions
‘are: (1) Nephrotoxic tubular necrosis -- here the epithelium
disintegrates between intact basement membfanes, the lesions are
seen only in the proximal convolution and are evenly distributed
in all nephrons of a damaged kidney. Such agents as mercuric
chloride, potassium chlorate, diethylene glycol and carbon tetra-
chloride produce the typical nephrotoxic lesion, but it must be
remembered that the second essential tubular lesion may also be:
observed in these cases, presumably because the toxins also induce
shock. (2) Tubulnrhexis, in which there is a localized destruc-
tion of the entire tubular wall. The basement membrane disinte-
grates and there may be intralumenal material such as pigment
casts in a fortuitous distributien. - There may bg an interstitial

granulation tissue reaction associated, and regeneration, though
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it may begin, is impossible without the suppoft‘of a basement
membrane. As to the localization of this tubulorhectic lesion,
Oliver states that it has been found anywhere from the proximal
convolution at the glomerulus to the lower nephron at its junction
with the collecting.tubule. Maximum development is usually in
the terminal portion of the proximal tubule which is in the outer
stripe of the outer zone of the medulla. The distribution of

the lesion in any one kidney is irregular -- irregular among

nephrons and within a nephron.

This view that there are two characteristic lesions,
tubulorhexis and nephrotoxic tubular necrosis, in the entity
acute tubular necrosis would seem to be most acceptable because
it satisfies all the known facts -~ the actual cytological:disrup-
tion and the observed distribution of both types of lesion -- and
because it 1s as well based on a pathogenetic concept which is
becoming more widely accepted. These ideas are hardly new.
Almbst all the observations had been made previously. ABut
Oliver's work organizes and classifies these observed facts and
places them on a sound basis by persistent, metiéuloué and patient

techniques.

Though most'}eports hévé dealt with glomerular changes
as being absent or:consisting of, at most, ischemia, intracapsular
eosinophilic débris and swellihg of the capsular epithelium, it is
true that‘some observers have searched for more significant

changes in the renal corpuscles of these kidneys. Goormaghtigh

(155, 157, 158), in particular, has examined the glomerular
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struetures and found mingte changes which he feels are important
functionaliy., Frenéh (i43)'believes that tubular changes are

not sufficient to explain the oliguria oftlower nephron nephrosis,
and uses Fahr's term "glomerulo-nephrosis" to emphasize his view
that the glomerular changes of decreased blood, thickened
capillary wall, thickened capsulér epithelium and granular precip-

itate in the capsular space are functionaliy important.

These glbmerular changes may well be present, but the
large majority of investigators are agfeed that most of the
important faults in function of the kidney of crush or trauma
can be explained by the tubular lesions. In any case, the domi-
nant tubular changes provide a suitable contrast to the many

glomerular pathologlies in classifications of renal diseases.

PATHOGENESIS

That an understanding of'the pathogenesis 1is the key to
successful treatment of a disease entity is an obvious truth which
is no less a fact in the case of acute tubular necrosis. For
this reason, much of the experimentai work done and the articles
written on this subject are concerned with the pathogenetic
~mechanism. Presentation of this material necessitates retracing
steps to consider early opinions on the matter, then following
them to their logical end in the most acceptable theories of
todéy. In doing this it is advantageous to group ideas into .

three'categories: - (1) simple mechanical obstruction of tubules;
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(2) toxic action of agents on renal tubules; and (3) renal
ischemia. It will be seen that_these three theories of patho-

genesis overlap a good deal and are in no way mutually exclusive.

Obstruction:

The earliest theofy put forth, chiefly because first
;bservations were made on the pigment nephropathies, was perhaps
the simplest and most obvious, that of simple, mechanical
obstruction of renal tubules by the prominently seen pigment
casts. Yorke and Nauss (371) and Foy, Altmann et al (137)‘
trace the origin of this theory to the German literature of as
long ago as 1883 and Yorke and Nauss themselves (370, 371), after
observing rabbits injected with homologous hemoglobin solutions,
believed that the renal tubules secreted the heﬁoglobin into the
Jumena where it was precipitaﬁed, forming casts which plugged
the tubulesAchiefly in the thin loop of Henle. They observed
dilatation of tubules, presumably as a result of the plugging,
and believéd that this‘in turn impinged on adjaqedt patent '
tubules thereby increasing the obstruction. Théy recognized
the fact that a lowered blood volume (shock) in Blackwater fever

alds production of anuria and precipitation of hemoglobin casts.

A paper which appears to be the basis of many present-
day opinions was published in 1925 by Baker and Dodds (15).
They examined kidneys from two fatal cases of transfusion reactlon
and' were struck by the widely dilated tubules and capsules,

. together with casts, seen in one. Experimentally, they concluded

N J
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,that the hemoglobin released intravascularly was excreted by
the kidney as oxyhemoglobin, but in the presence of acid urine
(pH less than 6) this was converted to methemoglobin, which

was precipitated by a concentration of inorganic sodium salts
of at least l%: The precipltate:was thought to be hematin

and this prdcess was aiqédiby the normal concentration of tubu-
.lar fluid as it proceedgé down the renal tubules. The hematin
casts then obstructed the tubules and accounted for the
observed dilatation. Baker and Dodds' conclusions werevlogical
-and attractive, but nevertheless were based on experiments
carried out on only a small number of rabbits. The work does
not merit the devoted attention it has béen given over the iast

25 years.

Baker and Dodds' work was at first supported by De
Gowin et al (108)‘1n 1937, but in the following year, De Gowin
(106) observed that in‘five deaths in renal failure following
transfusion reaétions, there was no microscopic anatomic basis
for renal insufficiency -- few cast$ and 1little degeneration
and dilatation of tubules; De Navasquez (109) followed this
work with the opinion that ﬁigment_cast obstruction was not the
cause of oliguria because too few casts were seen and dilatafion
of tubuies was rarely seen. He believed that hemoglobinuria
did no harm with pH at 5.5 to 6.3, and that if the glomerular
flow was sufficient, urine flow would wash out any casts formed.
This opinion, it wlll be seen later, 1s more orlless returned to

by Jean 0Oliver in his classical report of December, 1951 (271).
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In the past 10 years, the controversy of whether or not
pigment casts can account for anuria by simple obstruction has
continued and the role of aciduria in the precipitation of hemo-
globin casts has also been thoroughly discussed (96, 10, 137, 32,
62, 117, 202-206). One of the chief objections tb the obstruction
theory has been suggested by Bywaters and Dible (71): that not
enough casts are seen to account for obstruction and urinalyses
indicate that there is abnormal tubule function. They point out
that, if obstruction alone accounted for oliguria, that urine
which was excreted would be from normal tubules and woﬁld be of

normal makeup; this, of course, is not the case.

Ayer and Gould (10) concluded that necrosis of the dis-
tal convolution was the only progressive change seen in the renal
pathology.and that casts do not produce the structﬁral and func-
tional changes. They point out that kidneys of jaundiced infants
may show frequent casts without any evidence of renal dysfunction
in 1ife and quote Huber as stating that slight dilatation of the

tubules is a normal variation.

A number of investigators (137,32, 377, 202-206) record
their belief that precipitation of plgment is a sequel to, not the
cause of renal failure, implying that renal damage and dysfunction
is present beforé pigment casts appear and therefore the casts, if
they do obstruct the tubules, merely add td renal damage already
present. They add that oliguria appears within hours of initial
injury and that the earliest structural change seen in the kidney
is 1lipid vacuolization in the ascendingkloop of Henle (229).

kS
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| Maegraith and Findley (223) in a preamble to their
conclusion that a redistribution of renal blood flow is responsible
for anuria, list four objections»to the simple pigment cast
obstruction theory: (1) Casts ére not extensive enough in distri-
bution to discount the high renal reserve; (2) dilatation of
tubules and capsular spaces is not always present; (3) reaction
of urine played no role in production of anuria (in an analysis
of 35 cases of Blackwater fever); and (4) the anuric state is

reversible.

In contrast to these opinions, there are several argu-
ments for the obstruction theory. Corcoran and Page (85) conclude
that renal damage in pigment nephropathy is due to three factors --
obstruction by casts, ingestion of pigment by cells and a cytotoxic
action of hematin oh distal tubules. They refer to Oliver's work
(270) of the same year, in which he points out that a renal lobule
which in histolegical section appears oniy partially obstructed by
pigment casts may bé in fact completely occluded since the casts
form at different levels, as seen by microdissection. Experimen-
tally, Flink (135) on the basis of studies in dogs injected with
hemoglobin and examined by needle blopsies of an explanted kidney,
concluded that the most severe renal insufficlency developed in
those animals with most casts, and the amount of tubular epithelial
injury correlated with the number of casts. He believed that
hemoglobin casts and tubular epithelial damage were equal factors

in the production of anuria and insufficiency.
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Harrison and co-workers (168) also believe that renal
impairment is partly explained by obstruction to flow of urine
in tubules.and Maluf (232) comes out strongly in favor of the
obstruction theory: "The mechanism of renal failure from the
intravascular introduction of a moderate quantity of lysed red
cells is primarily due to tubular obstruction from casts of

hemochromogen combined with a low rate of glomerular filtration.®

The anéwer to these strongly held opinions 1s prébably
the compromise stated so convincingly by Oliver in his monograph
of 1951 (271). He points out thét, as a pathologist, he cannot
ignore the fact that, in micro-dissected kidneys from fatal
cases of pigment nephropathy, renal tubules are plugged with
heferogenéous casts, often massive in extent and'obviouSIy con-
tributing to the anuria by obstructing the tubules which normally
conduct fluid.” He points out that ﬁigment casts are found in
all cases where myoglobin or hemoglobin is liberated into the
blood, but that there is no correlation between pigment casts
and tubular’damage. He concludes that simple mechanical obstruc-
tion of renal tubules by pigment casts is certainly a factor
contributing‘to the oliguria and anuria seen in the pigment

nephropathies.

Myoglobin:
Though most of the above work has been based on clini-
cal observations on cases of intravascular hemolysis and experi-

mental injection of hemoglobin solutions, 1t is obvious that the
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theory applies equally well to those conditions in which myoglo-
bin is the released pigment. qucle pigment entered the
discussion with the reporting of:the crush syndrome by Bywaters
and Beall (69), who noted the loss of this pigment from pale,
edematous, crushed skeletal muscle and were able (70) to

identify it in the urine of these injured patients.

Millikan (242) reviewed the properties qf_muscle hemo-
globin thoroughly and reported that it was first isolated and
crystallized by Theorell in 1932. Myoglobin, with a molecular
weight of 17,500 (as compared to hemoglobin's 68,000) has a renal
threshold one-fifth that of hemoglobin, is very soluble and 1is
easily oxidized to the 'met' form. According to Morgan (253)
it is extremely soluble in phosphate buffers at pH 6.6. It
occurs in red muscle and has a characferistic spectrum. It has
. the typical hemoglobin oxygen-carrying capacity but probably'
acts chiefly in storing oxygen rather than transporting it. Its
iso-electric'point has been feported as 6.78 (7). Newman and
Whipple (265) stated that this pigment was not taken up by renal
tubule cells, a fact with which Yuile and Clarke (375) agree.
These workers found that the plgment was rapidly cleared from the
blood -- 25 times.more rapidly than hemoglobin -~ and its thresh-

0ld value was 20 mg. per cent.

When Bywaters and Beall (69) first reported the crush
syndrome they suspected that the circulating muscle pigment might
be responsible for the kidney damage. They soon identified the
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myoglobin spectrographically in the urine of air-rald ecasualties
(<70), though they could not identify it in the plasma because of
its rapid clearance. Bywaters and Dible (72) reviewed seven
reported cases of acute paralytic myohemoglobinuria in man, and
added an eighth case in which the kidney pathology was the same

as that seen in the ecrush syndrome. Kreutzer; Strait and Kerr
(199) reported a ninth case in which the pigment was again identi-
fied spectrographically in the urine.

It was natural that experimental work involving the
injection of myoglobin solutions would follow these observations.
Bywaters and Stead (75) prepared such solutions of human myo-
globin by Theorell's method (242) and injected amounts calculated
to approximate that released in a typical crush injury (150-200 mg.
per Kg.). Using rabbits, they found that myoglobin aléne
produced no kidney damage in elght animals; myoglobin injections
following leg compression produced oliguria, uremia and renal dys-
function with casts id six of six anlmals; and the pigment |
injected inté.animals with ammonium chloride acidified urine
resulted in four deaths in 27 animals, with a rise in urea nitrogen

of 100 to 860 mg. € in 15 rabbits.

Corcoran and Page (87, 88) were also able to produce
kidney damage in rats; comparable to.that seen in human crush syn-
drome, by injecting myoglobin following limb ligation for five
hours. Their dose was 75 to 180 mg. per Kg. and in exﬁeriments
on dogs (85) with urine acidified by diet and sodium acid phosphate

they produced partially recoverable renal injury which they
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attributed to obstrugtion by qasts»and a cytotoxié action of
hematin, a split-product of myoglobin. They also injected
hematin itself and observed efferent, then afferent, arteriolar
constriction and toxic cellular changes with resultant depression
of renal function. Kidney damage as a result of hematin
injection had been reported previously by Anderson et al (6).
These workers believed that the resultént renal failure was
produced by a vascular effect rather than a nephrotoxic or

obstructive one.

On the basis of these few reports, no definite conclu~
sions can be drawn as to the role of myoglobin in the production
of renalldamage. It seems probable, however, that the muscle
pigment will contribute in much the same way as hemoglobiﬁ )
itself does, bé it obstructive or toxic. As Oliver has stated
(271), it is difficult to say that pigment cast obstruection does
not contribute to renal dysfunction when microdissected speéi-
mens show the tubes to be plugged. This effect may well be a
later phenomenon, but appears to be a definite one. Whether or
not the pigments have a cytotdxic effect is best considered
under the discuésion.of the nephrotoxic theory of renal dysfunc-
tion. | '

- Mechanism of Anuria:
The problem of pathogenesis in acute tubular‘necrosis
.can be viewed to advantage as a question of the mechanism of

anurla. Four possible mechanisms have been suggested.
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First, mechanical obstruction by casts, as discussed
above, is an obvious cause of anuria. Oliver (271) points out
that when a plumber sees a plugged pipe he concludeé that fluid
will not flow. So 1t is with the renal tubules obstrucfed with
pigment casts. This plugging contributes to the anuria only

later, however, and may well be only a minor factor.

Second, increased plasma osmotic pressure due to hemo-
lysis haé been considered by Foy et al (137) to be é_possible
cause of oliguria in Blackwater fever. With 50% of the blood
hemolyzed, plasma protein would be increased by 8%, thus
increasing the plasma osmotic‘pressure to counteract the hydro-
static pressure, reduce filtration and result in oliguria.

They concluded, however, that this changeamade no contribution
to oliguria because both albumin and globulin levels in plasma
dropped in propértion to the hemoglobin rise so that the total

osmotic pressure remained unchanged.

Third, a decreased hydrostatic pressure could also con-
celvably result in reduced urine output. This is an obvious
cause of anuria in the initial stage of shoék, where renal blood
flow may be interrupted completely. With a prolonged low blood
pressure, below 60 to 100 systolic (291), renal blood flow ¢oh-
tinues to be nil, so that obviously no urine can form. This
mechanigm, t@en, involves the renal ischemia theory of pathogene-

sis and will be discussed under that heading.



- 30 -

A fourth mechanism has been discussed as early as 1925
by Dunn and Jones (119) in their experiments with oxalate neph-
ritis. This is the "back diffusion theory". They believed that
the ureé‘retention and oliguria seen in "experimental tubular
nephiritis" could be.explained on the théory that the damaged
tubule cells are unable to prevent indiscriminate reabéorption
of glomerular filtrate with urea from the tubules into the connect-
ive tissue and vessels of the kidngy. They carried this idea
into their work on uric acid nephritis (120) and recalled it in
a consideration of two cases of crush syndrome in 1941 (117).

In 1929, A. N. Richards (3b3) had peported that in frogs made
anuric with mercuric chloride, glomeruli were more active and
remarked, '"The only explanation which I cén reaéh is that under
these abnormal conditions the osmotic¢ pressure of the blood pro-
teins is unobstructed by the normal qualities of the tubular
epithelium and is able to draw all or nearly all of the glomeru-
lar filtrafe back into the blood stream." The ideakappealed
also to Nicholson et al (266) in their work with sodium tartrate
nephrosis, as 1t did as well to Hayman.et al (171) in uranium
nephrosis and to Bywaters and Dible (71). In more recent
functional studies, Redish et al (299) determined clearances and
tubular maximums in a case of sulphonamide anuria and found,

in the third week, that these v&lues were negative. They became
positive at six weeks. They concluded that the initial decreased

clearances (mannitol) were not indicative of the true glomerular
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filtratién rate and that some back diffusion had occurred.
Similarly, a hegative Tmppy indicated back diffusion of PAH
'(para-amino hippuric acid) through the -tubules. This same
conclusion was reached by Govaerts'(159) in comparing urea and
creatinine clearances in mercury and bismuth'poisoning cases

and uranlium and oxalate poisoning in dogs.

It would seem reasonable to conclude that anuria is
first the result of reduced or absent renal blood flow in the
initial stages of shock. If gleﬁerular flow 1s restored but
tubules have been damaged, anuria and oliguria may be continued
by back diffusion of tubular fluid through the dead membrane of
necrotic tubules into the more osmotically active plasma. When
intravascular hemolysls and pigment cast formation is involved,

tubular obstruction is undoubtedly a factor.

Nephrotoxin:

~ The nephrotoxic theory of renal damage in the syndrome
has, llke the obstruction theory, been hela for maﬁy years.
Implied in this theory is that a substance toxic to the kidney
is released into the circulation in traﬁma, shock, crush,
intravascular hemolysis or destructlon of tissue, resulting in
the clinical picture of acute tubular necrosis. Two possiblé
modes of action of the toxin are considered: first, a direct
cytotoxic action whereby tubular cells are poisoned and put out
of action; and second, a vasospastic action in which case the

renal ischemla theory of pathogenesis is embraced to some extent.
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o In specific instances, the_validity of the nephrotoxicl
theory cannot be~doubted, For many years, specific inorganic
compounds such as mercury bichloride (123, 174); uranium (174)
and carbon tetrachloride.(331, 368) have been known to damage
renal tubular cells directly even to the point where var1ous
levels of action, with reference to the nephrons, have been

noted (271).

The more controversial aspect of the nephrotoxie theory
is encountered in the belief that various intracellular compon-
ents'are released from damaged or shocked tissueé, which, in
effect, have the same cytotoxic actlion as the chemical agents
referred to above. Reviews of recent years (213, 88) have
always included this expianation but of late it has received
less attention. The observation of MacKay and Oliver (222) in
1935 thgt rats fed an excess of inorgénic phosphate deveioped
1esions in thé terminal portions of the proximal convolution
were confirmed by McFarlane (218) in 1941, though the affected |
portion according to this observer was lower in the ascending |

limb of Henle.

These observations were a prelude to’the work of Green
(162, 163, 164) and of Bollman and Flock (44) and others, who
attempted to isolate\a shock-producing factor from striated
muscle. Green (162) isolated an adenylic acld derivative from
crushed muscle, which Bielchowsky and Green (30) identified as

adenosine triphosphate. This compound, when injected into
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animals, could produce hemoconcentration, fall in temperature
and anuria with casts and elevated NPN, results which compared
favorably with results of experimental 1limb ischemia. Stoner
and Green (342) followed this work with analyseé of .blood phos-
phate and adenosine levels following limb ischemia and shock and
found these to be increased anywhere from_25 to 129%. They
-concluded that with a diminished blood supply to a large muscle
mass, the blood returning from the area has increased adenosine-
like action,-and believed that adenosine triphosphate may play

a role in the renal failure deéth in rabbits. Bollman and
Flock (44), however, in careful experiments based on Green's
work, were unable to demonstrate a toxic product released during
exercise after 1limb ischemia, saw ho,renal impairment and con-
cluded that adenosine triphosphate was not released from ischemic
muscle; the adenosine triphosphate was hydrolyzed and only non-
toxic products were liberated. Green continued in his opinioh,
however, reiterating in 1945 (163) that adenosine triphosphate
is toxic to the kidney and in crush syndrome its effect is magni-
fied by that of myoglobin. But later (164), in discussing a
case of traumatic uremia, he concludes that renal anoxia (Qaso-
spasm) and toxic metabolites (myoglobin) are responsible for the

reﬁal damage.

A second approach considered the toxicity of thoracic
duct lymph in crush injury, trauma and tourniquet shock.

Blalock (38) concluded that lymph from dogs suffering five hours
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of crush to one 1limb contained some factor lowering blood-pres-
sure and producing casts in urine. Katzenstein‘et al (190)
also found that blood preésure was lowered following injection
of thoracic duct lymph taken from animals subjected to tourni-

quet shock. The effect was, however, variable.

The work of Eggleton (124, 125, 126) on crush injury
'in fhe cat is intriguing'and’has not been altogether discounted.
.She first reported in 1942 that crush syndrome could be repro-
duced by a sudden release of compression whereas gradual release
prevented development of impalred renal function. An intact
liver appeared to be essential for the detoxification of an
agent gradually released from the lischemic muscle. She was
able to show (125) that an extract of ischemic muscle depressed
the creatinine clearance while an extract of fresh muscle did
not; that extracts of muscle dead for from four to ten hours
proved to be toxic; and that the extract appeared to be a break-

down product of a large protein molecule formed anaerobically.

Also in 1944, Mirsky and Freis (244) injected trypsin
intrapéritoneally into rats and rabbits and produced ;enal damage.
They concluded that thelir findings supported the theory that
extensive tissue damagé released proteolytic enzymes which in
tufn released "catabolic factors" responsible for renal and hep-

atic injury.

Most searches for these biochemlical factors have been
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concerned with the etiology of shock and’many agents have been
described since Chambers, Zweifach et al (78) demonstrated a
vaso-excitor material (VEM) in early shock and a vasodilator
materiai (VDM)‘in later shock. This work has been carried on
to present times (329), but both Reinhard et al (302) and Frank
and his co-workers (139) have diséounted the importance of this
VEM-VDM mechanism in shock. They do, however, substantiaté the
importance of an intact, functioning liver in the prevention of
irreversible shock. Page (297, 302, 348) has also been active
in this field, having described a serum vasocbnsfrictor, seroQ
tonin, which he believed was the ultimate effector mechanism in
renal ischemia. He believed the primary stimulus to renal vaso-

constriction was neurogenic.

Frank et al (138, 139) found also that in dogs suffering
haemorrhagic shock and treated by peritoneal irrigation or arti-
ficial kidney, the blood éhemistry picture improved but survival
- was not prolonged. They concluded from their work that plasma
electrolyte disturbance, azotemla and hypoglycemia were not
responsible for irreversibility of shoék, and that there is no

circulating depressor substance in irreversible shock.

To attempt to untangle the voluminous literature on the
subject of humoral agents‘ipvghock is beyond the scope of this
thesis, but one other.leaa.i;féf interest. Moyer and Handley
(260) injected dogs with norepinephrine and qﬂhephfine and found
that both drugs produce a diminution of the number of active

nephrons as indicated by functional tests. It is evident that
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the newer.investigations'in the field of nephrotoxins have been
directed to the discovery of an agent which is responsible
first for the abnormal vascular responses of the body in shock
and also for the apparent lasting renal ischemia seen as a
late complication of shock. The search for a specific celiuf
lar nephrotoxic agent has therefore been ovérshadowed by this
new concept, which is obviously an outgrowth of a stfengthened
féith in what will be described below as the renal ischemia

theory of pathogenesis.

The role of hemoglobin (and by implication, myoglobin)
in the production of renal failure has always involved the
question of a direct cytotoxic action of the pigment, as well
as a vasospastic actlon. Early opinion (21,‘22) was that red
blood cell stroma was fesponsible for the symptoms obseryed‘in
hemoglobinemia. -Conflicfing opinions were soon recorded, how-
ever, and Sellards and Mindt (323) injected small amounts of
laked red cells and found no symptoms and no renal damage.
Bayliss (24) considered the problem "Is hemolyzed blood toxic?"
and concluded thaf fesults of rabbit experiments were not valid
because of sensitivities in the animal and that incompatible
transfusion damage was not due to hemolysis as such but was
nrather an aspect of the actioﬁiof foreign'serum protein analo-
gous to that responsiblé forvanaphylacticbshock“; ‘Reid (301)
was the first to suggest a vasospastic action of hemoglobin when

he noted a marked but transient decrease in kidney volume



- 37 -

following injection of distilled water or laked red cells.

Mason and Mann (237) continued this work and found that associa-
ted with décreased kidney volume there were fewer blood filled
glomerull and more narrowed arterioles. It was about this time
(45) that the idea of hemoglobin as a toxin began to beAacceptedr
but as Mason and Mann pointed‘out, most reports did not guarantee
the purity ﬁf the injected pigment. Another variable, that of
dosage, was emphasized in the work of O'Shaughnessy'et al (276)
who found that a 5% Solution 6f hemoglobin in Ringer's was toler-
ated well as a blood substitute in doses up to 50 gm. of hemo-
globin. In the years following the re-description of the crush
syndrome in 1941, experimental work waé profuse and contradictory,
" chiefly because little attention was paid to the amount of circu-
lating hemoglobin involved (5).'“ Other préducts of hemélysis
‘(histamine, potassium) were implicated (147), as were related-
pigments (31,‘32) and conflicting opinions as to the toxliclty or
vasospastic action of hemogldbih were frequent. One is forced
to the conclusion that whatever the actién of hemoglobin and
related pigments 1is, it is at least nbt very dramatic and at

most only contributory. = That it does play a role is indicated
in the work of Badenoch and Darmady (12) who concluded on the
bésis of rabbit experiments that hemoglobin per se is not toxic,
but with renal ischemla produced by fenal artery constriction,
added hemoglobin plays a significant part in the severity and
mortality of the illness. Yuile et al (377) believed that a

specific renal vasoconstrictive action of hemoglobin was not an
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important factor in the development of renal insufficiency,

but mbre recent work by Miller and MacDonald (241) disagrees.
These investigators injected homologous hemoglobin solutions
into 25 normal males .and on the basis of PAH and inulin clear-
ances postulated again a vasoconstrictor effect of hemoglobin.
The cytotoxie action of hehoglobin has also received recent
support in the work df Rosoff and Wélter (309) who suggest

thét "heme" competes with cytochromes in the oxidative processes
of the tubular cells, resulting in damage, degeneration and

necresis of these cells.

In summarizing'present opinion on the nephrotoxiec
theory, it is apparent that'the original idea, the release of
specific cytotoxic agents, has been somewhat neglected aﬁd replaced
by the search for agents which are responsible for the early |
phenomena of shock. In this way, discussions of the nephro-
toxic and ischemic theories fuse to some extent. The role of
hemoglobin and related pigments also enters the field in that
these agents have been reported to be both cytotoxic and vaso-
spastic. These aspects of the theory remain controversial and
only the very definite action of such chemical toxins as mercury,

uranium and carbon tetrachloride, can be stated with certainty.

Renal Ischemia:
This third theory of the pathogenesis of acute tubular
| necrosis puts forth the idea that the renal disease is primarily

due to a diminished or absent renal blood flow. As a result of
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this 1schemié the renél tubular cells undergo degeheratipn and -
necrosis, kidney function is disrupted and the clinicai picture
can progress from one of initial shock tc acute renal failure A
with its olguria, uremia and death. >vProponents of this theory
believe that shock is the initial event in all cases, whether it
be fromytrauma, crush, haemorrhage, dehydration, burns or
anaphylactic reactions. With the initial lowering of blood pres-
sure renal blood flow may cease altogether (probably at blood
pressures of 66 to 100 mm. systolic (291) ), so that glomerular
filtration ceases, accounting for the immediate oliguria to
anuria. The tubule cells are also deprived of their blood supply
and, sensitive because of their comparatively high rate of metabo-
lism,'suffer varying degrees of anoxic damage. Whén the hypo-
tensive or anoxic peried is preolonged, this damage is severe and
even though renal blood flow may be restored, degeneration contin-
ues to necrosis and the kidney recovers neither structuraily nor
functionally. Death in acute renal failure ensueé.. The disput-
able point in this theory is, what 1is responsible for the prolonga-.
tion of renal ischemia beyond the period of initial low blood
pressure? There appear in the literature cases of acute tubular
necrosis, especially in the field of gall bladder surgery (hepato-
renal syndrome), in which either no or only a very short period

of hypotension was recorded and yet renél}tubular degeneration
occurred. It will be seen that nervous, humoral and hormonal
agents have been described as producing renal arteriolar con-

striction to account for the prolonged ischemia, together with
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- the complicated Arterio-venous shunt suggested by Trueta (353).

Fishberg (133) in 1937 believed thét a decreased renal
blood flow, the result of decreased blood volume and cardiaé
oﬁtput was the primary pathogenétic faétor in the development of
what he then called pre-renal azotemia. Tomb (351) also
believed that the renal characteristics of the crush syndrome
were dus to énoxia'and in 1945, Maegraith et al (226) came out
stfongly for the renal anoxia theory. These workers point out
that pigments are not always present and therefore are not essen-
tial; that the nephrotoxic theory demands a wlde variety of
toxins; that ciréﬁlatory collapse alone is common to all cases.
They leave open the question of what causes the circulatory cél-.
'lapse, but“foresee the work of Trueta by suggestiné the possibll-
ity of a redistribution‘of renal blood flow or‘glomerular bypass '

(225).

In his classical review of lower nephron nephfosis in
1946, Lucke (213) devotes some time to the disturbed renal blood
flow theory, pointing out that as Haldane said, "Anoxia not only
stops the machinery but wrecks the machine.® He appears, however,
’to feel that the heme pigmehts and nephrotexinS'agg of first
'1mportance. ' If was about this time that Trueta (353) published
his work on renal vascular shunts and the shift of emphasis to
the renal'ischemié'theory gained lmpetus. ThHere were some objec-
tions to the idea, however, notably by Bywaters (68), who believed

that the characteristic lesion of renal iSchemia 1s cortical
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necrosis and that renal ischemia short of this necrosis produces
patchy degeneration of the proximal convolution. He adds that
in crush and incompatible tranéfusion, the lesions are in the

distal tubule.

. In spite of these objectlions, much of the recent work on
acute tubular necrosis has been concerﬂed ﬁith its shock aspect.
Page (280) believed that the entire cardiovascular muSculature-
was altered in shock and peinted out that experimentally it is
always necessafry to produce shock in rats beforé injecting myo-
globin solutions, if lower nephron nephrosis is to develop.
Marshall and Hoffman (233) in the same year analyzed six cases |
~ of lower nephron nephrosis on the basis of mannitol and PAH
clearances and concluded that the renal lesion was diminished
renal blood flow and loss of function of the lower nephron. They
defined lower nephron nephrosis as "a syndrome of oliguria with
progressive renal insufficlency following a shock=like state
produced by a variety of acute insults to the body, and in many
cases assbciated with the deposition in the renal tubules of
various derivatives of hemoglobin and, myoglobin." This defini-
tion would‘appéar to be a most satisfactory one in the light of
present knowledge. VBécause of the swing towards ischemia as
the chief pathogenetic factor, the description "Renai’Anoxia
Syhdrome" suggested by Maegraith (226) has been emphasized by
Gaberman, Atlas, et al (146) who review the problem, report 22

cases and suggest an etlological classification.



- Clinical and patholog;c évidence supports this ischemic
theory well. The lesion, bilateral cortical necrosis has for
some years been descfibed as an ischemic lesion (115) and cases
of concealed placental haemorrhage (112), sufgical shock (286),
burns (53) and so on have been described in which the renal
lesion was anything from slight tubular degéneration to bilateral
cortical necrosis. Functional and pathologic studies indicating
a reduced renal plasma flow have been repqrted'in alimentary
haemorrhage (31) and particularly in traumatic shock (102, 99,
93, 208, 303, 322, 355, 356) and Herbut (175) lists twelve cases
of "severe degeneration to complete necrosis" of renal tubules,
all of different etiology, in which he emphasizes the common
factoerf shock, An 1nteresting case of cardiac arrest for
thirty minutes was reported by Bailey and Rubenstein (13), in

which anuria and uremia developed but recovery occurred.

It is to be expected that, with the idea that a periocd
of hypotension wﬁs the prime factor in initiating the renal dys-
fuﬁction, much experimental work with circulatory shock in
animals and functional studies in patients suffering shock were
reported. Corcoran and Page (84), working with haemorrhagic
hypotension in dogs, showed that the renal blood flow fell and
filtration decreased; that renal blood flow was distributed
unequally; that renal denervation showed restoration of fhe
_renal blood flow; and that a humoral vaschnstrictor}was res-
ponsible fbr the failure of the kidney to respond to transfusion.

Olson et al (273) used dogs subjected to haemorrhage, burns or
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crush and were"able to produce renal damage which they believe
was a result of low biood pressure, low blood volume, hemoglobin-
emia and an unknown substance, myoglobin orﬂe toxin from isehemic
muscle., Keele and Slome (191), using cats, found that the renal
blood flow reduction was greater, in prOportien, than the lower-
ing of blood pressure by crushing the limb. They therefore
believed that reduction of renal blood flow was not due only to
reduction ;n blood pressure. Selkurt (322) confirmed this
-finding in dogs in haemorrhagic shock,-measuring renal blood

flow both directly and by plasma extraction of PAH and diodraetl'
Although the kidney changes (described‘by Goidblatt) ﬁere
minimal, it eeems likely that a true: acute tubular necrosis was
obtained, in view of Oliver's recent work (271). Selkurt
concluded that in shock the kidney received proportionally less
of the cardiac output (5% instead of the usual 20%) due to intra-
renal vascular resistance which may be of humoral or nervous
origin. The gradual onset suggested a humoral egent; the

restoration suggested a nervous mechanism.

The work of Van Slyke and his group (291, 355, 356) has
perhaps been the most complete along these lines. They pro-
duced shock in dogs by haemorrhage or by blows on the thigh with
a mallet to hold blood preesures below 70 to 80 mm. of mercury.
They concluded that with a sudden massive haemorrhage there was
an immediate drop in blood pressure with renal arteriolar con-
striction. If blood pressure dropped below 60 to 100 mm.
renal blood flow and function ceased. If the initial loss of



blood was not too great, the blood pressure was restored by
'peripheral vasoconstriction, which is slower than the renal
response and kidney function_was restored to less than the pre-
haemorrhagic level. This cycle could be repeated to the toler-
ance of the animal and evén then partial renal function could be
restored by transfusion. | But 1f the depletion of blood was too
great, transfusion became useless because peripheral constriction
was replaced by dilatation and function falled. Eventually

also efferent arteriolar constrﬁction, which maintained glomeru-
lar filfration; failed, and complete failure ensued even though
blood preséure was maintained at 60 to 100 mm. They found that
trauma produced a similar‘éeries of events and concluded that,
while in man it appeared possible to resfore the circulation by
transfusion to prevent death by shock without restoring enough
kidney function to maintain 1life and so allow death in uremia, in
dogs deaths appeared to be almost consistently from shock.

Though they believed it aimost impossible to get uremia in these
animals, it will be seen that, in Oliverfs examination of kidneys
from these dogs (271) characteristic tubular lesions were indeed

seen.

Functional studles in elinical cases tend to show the
same reduction of renal blood flow in shock. The work of
Cournand and Lauson (93, 208) is again classical in the clinical
field. Determinations of glomerular filtration rates and renal
plasma flows in cases of trauma, haemorrhage, peritonitis, burns

and head injuries with and without shock showed that "the rate
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of glomerular filtration and effective renal plasma flow are
significantly reduced in nearly every patient suffering from
shock, the degree‘of reduction being_roughly proportional to

the se%erity of shock". Again, because renal_blood flow
decreased more than did arterial pressure, they concluded that
"a considerable degree of renal vasoconstriction must have

been present", and because glomerulér filtration rate fell

more than did the artériai pressure, they concluded that there
must have been increased afferent arteriolar constriction.

They noted that tubular damage apparently persisted for longer
than impaired renal blood flow. In later work Van Slyke (355)
summarized results of this work by describing an ischemic phase
of shock kidney in which there 1s renal vasoconstriction as
compensation for the low blood pressure, and a renal damage
phase of shock kidney in which revers;ble to irreversible renal
failure is seen. That is, there must be a degree of shock
sufficient to result in renal failure, but not enough to cause
death from shock. These workers (111) also point out that nor-
mally the kidney extracts less oxygen than do other tissues, and
the increased renal extraction of oxygen in shock is much less

than the increased extraction in other tissues.

A second experimental approach to the problem has
naturally been the production of definite renal ischemia by
occlusion of the kidney bldod supply. As long ago as 1923
Marshall and Crane (234) noted that temporafy closure of the
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renal artery resulted in anuria for a period longer than the
closure, presumably because the tubules were more sensitive to
anoxia and function was interfered with. Starr (337) producéd
albuminuria in animals and man by renal artery constrictioh'and
by adrenaline and ephedrine injection and emotional upset. He
was unablé to recognize renal é%ructural damage in the animal
experiments. McEnery et al (217) reported elevated blood urea
levels, oliguria and anuria and cortical péllor with medullary
congestion in kidneys following temporary clamping of the renal

blood supply.

'The more recent era of renal artery occlusion'began soon
after the crush syndrome received so much attention. - Scarff and
Keele (312) describe uremia and renal pathology similar to the
crush kidney (but with proximal tubﬁle'degeneration) after clamp-
ing the renal pedicle for up to two hours. They conclude, "Thus
there is a possibilify that the kidney lesion in cases of crush
injury might be due to renal ischemla ... ". Selkurt (320),
with shorter periods of ischemia, records reduced inulin, diodrast
and PAH clearances and tubule damage "similar to mild uranium
polsoning";  he later confirmed these findings by direct determina-
tions of renal blood flow and believed that afferent arteriolar
constriction decreased the glomerular filtration rate (321).
Badenoch and Darmady (11); in occluding the renal artery of rabbits
temporarily, obtained elevated blood urea levels and renal tubular
damage which appeared similar to that seen in human traumatic

uremia. Koletsky and Gustafson (195) péinted out that the renal
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1esionvobtained by clamping the renal pedicle lé—to 2 hours in
rats was not the same as seen in human or experimental crush
syndrome or in rats with toufniqﬁet shock; here the lesion

‘was proximal tubule degeneration whereas in crush_it.was lower
nephron nephrosis. Later work (194) demonstrated that healing
of the necrotic epithelium was possible. Scheibe et al (313),
in clamping the renal pedicle or vein alone, concluded also that

the proximal convolution was more sensitive to anoxia.

Again, the work of Phillips et al (291, 292) is out-
standing. In noting that renal aftery compression depressed
urea clearance, they suggested that three'possibilities were appar-
ent: decreased renal bloéd flow, decreased plasma filtration or
increased reabsorption of urea by devitalized tubules. They
clamped the left renal artery of right néphrectomied dogs for two
hours, then determined PAH and creatinine clearances. They
observed that blood flow was soon re-established after two hours
occlusion, but that PAH and creatinine extraction decreased pro-
gressively, indicating progressive tubular damage, and concluded
that resultant urea retention was probably due to back diffusion.
They emphasized in this work the fact that PAH and diodrast
clearances can be used as an indication of plasma flow only when
the tubules are undamaged. More recent work (308, 41) has con-
firmed and elaborated on these conclusions based on renal artery

occlusion in dogs.

These investigations leave little doubt that renai
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anoxia pléys a prominent role in the production of renal tubular
damage in many of the clinicél entities presenting a picture of
acute renal failure. They also indicate that active renal
arteriolar constriction is a prominenﬁ factor in the devélopment
of the anoxia, despite the statement of Schroeder and Steele (316)
that there is little renal vasoconstriction in shock. The agent
causing thét vasoconstriction has not been identified. ‘Two
mechanisms (146,'50) have been suggested, the nerﬁous and the
humoral (including endocrines énd pigments).> Darmady (99) re-
ported that as long ago as 1859, Bernard-observed that stimulation
of peripheral and splanchnic nerves produced renal vasoconstric-
tion. Results of controlled experiments in dogs in which the
nerve‘tracts were interrupted at various levels and in various
ways, prior to‘musclevtrauma Shock, led Swingle, Kleinberg et al
(346) to conclude that pain impulses travelling in the doiéal
spiﬁothalamic tracts may be responsible for the various phenomena
of shock. Wolff (366) in discussing the mechanism of reflex
anuria, believed that the pain or discomfort of'cystoscopy pro-
duced-stimuli which reduced renal bleood flow and resulted in
anuria. Donnelly (113) also was led to conclude that there. was
some factor which allowed rapid cessation and resumption of kidney
function, and Brod and Sirota (52) remarked on a réflex,renal
ischemia from manipulating excitable rabbits. It was Trueta's
work, begun in 1942 (20) énd published in full in 1946 (353),

that emphasized the importance of neurogenic renal vasoconstrie-

" tion originating in damaged limbs. They believed thét "noxious

agents" stimulated nerves peripherally or céntrally to divert
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renal blood flow to save the cortex from the toxin. That is,
these workers suggested that there was neurogenic initiation

of a corticomedullary "shunt" of renal blood. This concept
will be discussed fully below. Several other reports (200,210,
361) appeared to suppdrt the idea that chronic stimulation of
the renal herves was responsible for renal vasoconstriction,

and Cort (92, 91) stated that trauma produced a sciatic-~splanch-
nic reflex which could be interrupted by sympathetic block to
allow diuresis. Smith (333), however, summarizéd opinion on
nervous control of renal hemodynamics by stating ‘categorically,
"the physiological control of the renal circuiatioh remains
almost a complete mystery," and points out that, in animals
under local anesthesia, spinal anesthesia or denervation of the
kidney does not produce renal hyperémia and that renal blood
flow is normally determined by "autonomous intrinsic activity
of the renal arterioles and is not dependent upon tonic activity
in sympathetic pathways." Nevertheless it would appear probable
that the immediate response‘of the kidneys to drastic blood loss

is neurogenic in nature (329).

Several humoral agents are known to constrict renal
arterioles but whethér they are responsible for this phenomenon
in the traumatic anuria syndrome is not known. Smith (333)
considers a number of these (adrenalin (316; 260), renin or
angiotonin (321, 42) and histamine) and notes that fright, exer-
cise and pain all decrease the renal plasma flow. Corcoran and

Page (84) consider that humoral vasoconstriction is responsible,
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and eventualiy Rapport, Green and Page (297) isolated from beef
serum this agent, serotohin, which had a vasoconstrictive power
twice that of epinephrine. In later Qork, Taylor and Page
(348) conéluded'that the primary stimulus to renal ﬁasoconstrice
tion in tourniquet shock was neurogenic, but because the
denervatéd kidney also showed vasoconstriction, belleved that

' the ultimate effector mechanism was humoral. Adenosine tri-
phosphate, released from crushed muscle, was thought by Stoner
and Green (342) to play a possible role in the production of
renal ischemia, while Moyer and Handley (260) showed that
norepinephrine had the sahe action as adrenaline, increaéing
renal resistance by efferent arteriolar constriction. Finally,
as was mentioned in the discussion‘of the role of pigments in
the production of anuria, it has been suggested that hematin
(85) and hemoglobin itself (62, 216, 241) have a vasoconstric-
tive effect and may evén produce "lschemic alteration of the

glomerular capillaries".

Whatever the cause, neurogenic or humoral, renal vaso-
constriction éppears to be a phenomenon, accepted by most observ-
ers, which is part of a general response to shock. The
immediacy of this response would suggest that neural pathways
are at least early responsible, while prolongation of vasocon-
striction may be due to a humoral agent. Investiéations into
the pathogenesis of shock itself, such as carried out by Shorr
et al (329) and Frank et al (140, 139) may produce progress in
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this direction.

Trueta's corticomedullary shunt of renal blood flow:

It was in 1947 that Trueta et al (353) published in
full results of experiments begun in 1942 (20, 141) to study
the problem of arterial spasm in response to trauma. A com-
plete review of this very thorocugh work is impossible at this
point, but in essence the theory is based on morphological
differences between cortical and Jjuxtamedullary glomeruli

(Figure 2), which, under stimulus of trauma, shock and so on,
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allow the renal blood flow to be shunted through the juxtamedul-
lary glomeruli, bypassing the cortical ones and the main mass of

tubules. Trueta et al believe that a reflex neurovascular
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mechanism is responsfble_for thése profound alterations_of intra-
renal circulation. They observed this change by angiogréphs, by
direct observatioh of cortical»pallor and "stream-lines" and by
vinjection.masses (neoprene latex and india ink) in response to
tourniquets, scilatic nerve stimulation, haemorrhage and various
drugs (adrenalin, pituitrin, pitreésin, ephedrine and staphylo-
coccus toxin)j; they made observations on dogs,'cats, rats,
guinea pigs but chiefly in rabbits. Because of this shunt,
cortical glomeruli (which constitute 85% of renal glomeruli) are
rendered ischemic which in turn renders at least an equal percent-
age of renal tubules ischemic (see Figure 2), accounting for the
renal dysfunction seen in traumatic uremia, crush syndrome, bi-

lateral cortical necrosis and other renal diseases.

. Trueta's shunt theory implies the following: (1) that so-
called juxta-medullary glomerular differences are present in spec-
ies other than rabbits. Trueta states that these differences are
seen most often in rabbits, but less so in the dog, cat, guinea
pig and rat, and that the differences are less evident in man;

(2) that these juxta-medullary glomeruli function differently from
the cortical glomeruli. Trueta suggested that they constitute a
virtual arterio-vénuoﬁs anastomosis and pointed out that the closg
relationship of the vasa recta and loop of Henle may have some
significance in water reabsorption; (3) that the'shunt, when in
opefation, allows blood to bypass tubules whose function is essen-
tial for normal kidney function with the result that less oxygén
is utilized by the kidney. Trueta observed streams of red,
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oxygenated blood in the renal vein when the shunt was said_te
be in operation and therefore implied that the arterio-~venous
oxygen difference was decreased in this syndrome; (4) that,
essehtially; the total.renal blood flow was not reduced but
that this total flow was merely short-circuited through the
"lesser circulation of thevkidney“. In his early work, how-
ever, Trueta himself contradicted this implication by his ob-
servation that the renal blood supply was reduced by neurogenic
renal vasoconstriction. It 1s on these four points that

Trueta's shunt theory has been most severely criticized.

It 1s interesting that, many years before Trueta suggest-
ed his corticomedullary shunt, observations were made on kidney
pathologies which support his ideas. Renal pathology in fatal
bloéd transfusions was frequently described as an enlarged kid-
ney with pale cortex and congested, red-brown medulla; miecro-
scoplcally the glomeruli were bloodless and interlobular
capillaries (vasa recta) were engorged (365). And Trueta him- -
self pointed to a strong.suppprt of his ideas in the kldneys
described as bilateral cortical necrosis (115, 336) in which
the entire cortex becomes necrotic because of interference with
its blood supply. This would apbear to be the extreme instance
of Trueta's shunt, as suggested by Heggie (179). It is interest-
ing, too, that in 1944, Maegraith and Findley (223) predicted
Trueta's theory when they described the kidneys of Blackwater

fever as having an anemic cortex but congested medulla}énd
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suggested that the renal glomerular flow was short-circuited.
Again in 1946 (225) they pointed out that the renal blood flow
must be redistributed in the kidney and from the histological

appearance. suggested a corticomedullary diversion.

The shunt theory received some early support from the
work of Simken et al (330) who injected into the renal artery
glass spheres of such a size that, when they were recovered,
these workers were forced to conclude that arterio-venous by-
passes existed in the kidney or its capsule. Experiments were
carried out in rabbits, dogs and human kidneys. The controversy
of arterio-venous anastomoses has been apparent for many years
and is reviewed adequately in Smith's book (333). Arcadi and .
Farman (8) were'able to duplicate Trueta's work by india ink
>injections in rabbits, as wsere Goodwin et al (154), using tourni-
quets or sciatic nerve stimulation in rabbits, dogs, cats and
monkeys . They observed kidneys directly, used indié ink and
evans blue injections and visualized the renal vasculature with
thorotrast, and believed they demonstrated a neurovascular coné
trol of the renal circulation in which renai ischemia started in
the cortex and spread to the medulla. They saw the possibility
of a true ischemia here, however, and questioned whether the
phenomenon was é shunt or rather a pfogressive peripheral vaso-
constrietion. Black and Saunders (35) also supported Trueta's
observations with the reservation that, before the shunt is |
. accepted, three criterlia must be satisfied: (1) low inulin and

PAH clearances with increased Cyn to Cpay ratio, (2) PAH
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extraction less than 80% and:(3) absence of gross changes in
general girculation, since efferent arteriolar constrictien,
rise in renal vein pressure or fall in syétemic pressure could

produce a picture simulating”the shunt.

Evi@enée against the shunt-also appeared early and.has
->continued to accumulate since Barclay et al (17) expressed their
unhappiness that clearance methods had not been used by Trueta.
Most criticism has been from this point of view.  Trueta's obser-
vations imply that total renal blood flow is not reduced in the
syndrome, the change being merely a short-circuiting of blood
rather than a reduction in flow; he did not measure the renal
blood flow, however, Based on many reports of functional studies
carried out in animals (257, 302a, 258, 183, 259, 260) and in man
(347, 302a, 331, 18) it appears conclusive that in the kidneys of
sciatic stimulation (347, 257, 258, 259), adrenalin injection
(302a, 183, 258, 259, 260), carbon tetrachloride poisoning (331)
and incompatible trahsfusion'(18), there 1s in fact a true reduc-
tion of renal blood flow. Moyer et al (258) substantiated this
claim by direct measurement of renél blood flow; Further inroads
into Trueta's theory have been made in attempts to demonstrate the
shunt by injection methods. Maluf (232) got no shunting of‘bloodA
from cortex to medulla as shown by india ink injections in dogs
dehydrated and receiving hemoglebin injections. _Kahn, Sheggs
and Shumway (189) injected india ink ﬁnder pressure into kidneys
of rabbits treated with epinephrine, pitressin, amyl nitrate,

haemorrhage, central sciatic stimulation and renin and saw no
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evidence of a bypass.__ Schlegal and Méses (314) formed the
same conclusions using a fluorescent dye to visualiie renal
blood vessels of rabbits in tourniquet shock, and Block et al
(40), using neoprene, state that "the only consistently exist-
ing vessels which directly communicate between the renal arter-

ies and velns ... are situated at the hilum of the kidney."

Trueta's implication that oxygen utilization by the
kidney was reduced has also been discounted. Repeated determin-
ations of arterio-venous exjgen differences by various workers
(258, 259, 260, 257, 3024, 331, 18, 183) have shown that this
difference, normally very small, has remained the same or has
inereased, rather than decreased as implied. Trueta's observa-
tion of arterialization of renal venous blood is not substantia-

ted by direct meaéurement of oxygen levels.

A fourth interesting contradictibn ofvTrueta's wbrk is
reported}by Mukherjee (263), who.states that in dogs subjected
to tourniquet shock, radioactive isotopes indicate that renal
anoxia is diffuse, not localized as Trueta suggests. He notes

that the proximal nephron is affected as well as distal.

No criticism of the work of Trueta et al can be complete
without a consideratioﬁ of the cdnciusibns reached by Maxwell,
Breed and Smith (géé} oqﬁthe significance of the renal jﬁxta-
medullary circulation iﬁjman. These men point out (1) that,
since the proximal segment is respoﬁsible for excretion, when

blood is perfusing the vasa recta which are in contact only with
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distal and}thiﬁ segments PAH clearance shduld be low; (2) that
with the bypass, filtering surface is reduced and therefore‘
inulin extraction should be reduced; (3) that renal arterio-
venoué oxygen difference should be decreased with shunt and (4)
that reduction in PAH and inulin extractions alone would not
indicate finally a shunt, because proximal convolution damage
¢ould do it; but reduction of these with a normal renal blood
flow would be good evidence of a shunt. They found that none
~of these criteria were satisfied in cases of o_id"age, pitressin -
or adrenalin injection, hypertension, congestivelheart fallure
and shock anuria. They concluded as follows: (1) Juxtamedul-
lary glomerular function does not differ from cortical; there
is the essential relationship between tubules and vasa recta |
which allows usual kidney function; (2) if diversion did occur,
to produce cortical ischemia, renal function would coﬁtinue by
way of juxta-medullary glomeruli; (3) evidence 1s against
diversion 6f blood through uncleared channels; (4) juxtamedﬁl-
lary circulation in man has no uhique functional significance.

- It is seen in the rabbit only as a species difference.

0"

On the basis of evidence cited above, the conclusions
of Maxwell et al are Juétified. Observations made on renal
: biood flow and arterio-venous oxygen differences are not compati-
ble with Trueta's concept of a corticomedullary shunt’'of renal
5lood in the traumatic anuria syndrome. The thoroughness of
Trueta's experiments, however, convince one that the phenomenon

is of frequent occurrence at least in rabbits, and the occurrence
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of clinical cases of bilateral cortical necrosis adds to one's
conviction that the Trueta shunt may indeed have a place in the
scheme of things as an extreme in a series which includes any-
thing from undisturbed renal blood flow to complete cessation

of that flow.

Such a survey of the pertinent literature leads on
inevitably to the conclusion that renal ischemia is of prime
pathogenetic importance in the development of acute renal failure
in shock, burns and crush. The work of Cournand's group (93,
208) showed conclusively that in shock from trauma with or
without‘haemorrhage, peritonitis, abdominal injury and burns,
"the rates of glomerular filtration and effective renal plasma
flow are significantly reduced ... the degree of reduction being
roughly proportional to the severity of shock." The work, too,
of Van Slyke's group (355, 356, 291, 111) has substantiated these
observations in dog experiﬁents in which shock was induced by
haemorrhage and by trauma. Phillips and Hamilton (292) and
others (312, 320, 11, 195, 194, 313) completed the cycle of in-
formation when, by clamping the renal artery to produce ischemia,
they produced renal dysfunction as measured by clearance tech-
niques and tubular lesions describéd by Oliver (271) as being
identical to those seen in shock or érush kidneys. . Both the
functional and structural changes seen in the kidhey in human
cases of éhoCk from any cause, therefore, have been observed in
animals subjected to experimental shock and in animal kidneys

with obvious ischemia induced by clamping of the renal artery.
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ghe pathogenetic significance was apparent to Blpck et al (41),
when they undertook to carry out this complete cycle of experi-
ments in dogs. They subjected 28 dogs!to périods of hyﬁotension
of 70 mm. of mercury fér periods of from six to 26 hours and
studied kidney function and later hisﬁological changes in fifteen
animals, the eafly histology in thirteen. They also studied

the effect of renal artery occlusion from three to six hours on
24 dogs and 23 rats (one to three hours occlusion), as well as
the éffect of epinephrine on eight dogs. Invall céées, they
observed changes in renal tubules from degeneration to complete
cortical necrosis, but found that death in renal failure was
rarej it required almost complete ischemic destruction of the
kidney. They state that these results were independent of the

nerve supply and that there was no evidence for Trueta's shunt .

It is also of importance to consider the means by which
renal ischemia is produced. 1In cases of shock it is obvious
that an initial period of hypotension 1s responsible: for the
cessation of renal blood flow (291). Renal vasoconstriction
follows and appears to be primarily neurogenic, secondarily

humoral (348).

A third possible source of anoxia is a decreased oxygen
extractioh by the kidney; most investigators point out that, on
the contrary, arterio-venous oxygen differences are increased --
that is, that oxygen extraction by the kidney in shock is
increased rather than decreased (258, 259, 302a, 183, 111).
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Normal renal oxygen extraction, howeﬁer, is singularly ineffic-

ient and arterio-venous oxygen differences are so slight that
they may be within the error of methods of determinafion (39,

' 238). "

Summary of Pathogenesis

In crystallizing an opihion on the pathdgeneSis of
acute renal failure due to acute tubular necrosis, one is
impressed by the conclusions reached by Oliver et al (271) in
1951 and by the work of Philliﬁé; Van Slyke, et al, on which
to a large extent, Oliver's opinions were based. Observations
made clinically by Lauson, Cournand et al (208, 93) ére also
convineing and the_confirmation of experimental conclusions
afforded by the work of Block, et al, in September 1952 (41)

appears to complete the picture of pathogenesis.

It 1s at first essential to emphasize the existence
of two pathogenetlic mechanisms bf prime importance. Firstly,
there appears little doubt that in certain clinicai“éntities,
specific extrinsic toxic agents are responsible for disruption
of tubular cell metabolism, producing fhe aéute tubular necrosis.
Common among these agents are bichloride of mefcury, carbon tetra-
chloride and uranium salts. Olivef (271) has named the lesions
they produce "nephrotoxic tubular necrpsis" and described con-
vincingly the characteristic pathological lesion seen in'these
poisonings and the differences from the second type of tubule

damage.
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Secondly, there is a large group of clinical conditions
in which shock 1is ‘a common factor and whlch frequently (146, 114,
335) give rise to the syndrome which we prefer to call "acute
renal failure due to acute tubular necrosis". Such conditions
have been described eailier in this thesis but can be listed
briefly (252): \ trauma, haemorrhage, crush, burns, peritonitis,
hepétdrenal syndrome, retroplacental haemorrhage and others.
There is no doubt that this second pathogenetic mechanism, renal
ischemia, is of prime importance here.’ A resume of the probable
pathophysiological phenomena may well be és follows: in shock
indﬁced from any cause the insult may be so severe or the
resis}ance to it so low that the individual progresses to the so-
called irreversible stage and dies in peripheral circulatory |
fallure; or the individual may respond well to the stress and
recover uneventfully from the hypotensive shock period; or he
may make an apparent recovery from the acute shock period only to
pass into what might be called a late effect of shock, a state
of acute renal failure with oliguria, anuria and, oncé again,
either recovery or death in uremiaIT This third possibility,
acute renai failure, is typified by cases in which massive haem-
orrhage initiates the renal failure. Wifh the haemorrhage there
is an lmmediate fall in systemic blood ﬁressure which, if slight,
may still allow glome;ular filtration due to the compensatory
renal efferent arteriolar constriction. But if the systemic
blood pressure falls below 60 to 100 mm. of mercury (291) renal

blood flow and function cease. Accompanying this eérly hypo-
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tensive period there is renal vasoconstriction which is part of
a generalized compensatory vasoconstriction which may.result in
the indi#idual compensating enough to survive the acute shock
period following the haemorrhage. Blood pressure can be restored
elther by this compensation or by transfusion and the kidney
circulation returned to something less than pre-haemorrhagic
levels. In spite of this apparent returﬁ to normal, some cases
go on to tubular degeneration and necrosis with clinical acute
renal failure. Because in both clinical‘ahd experimental cases
clearance techniques and direct measurements show renal blood
flow to be diminished, and because experimental occlusion of

the renal artery in animals can produce lesions identical with
those seen in clinical acute tubular necrosis, the damage has
been blamed primarily on ischemia. Whether the initial period
 of hypotension, when prolonged, is sufficient in itself to pro-
duce the damage, or whether the early (probabiy neurogenic)
renal vasoconstriction 1s prolonged either by nerve lmpulses or
by humoral agents to prolong the anoxemia cannot be stated

definitely.

The role of intrinsic nephrotoxic agents, presumably
released from damaged or ischemiec tissues, in the pathogenesis
of this syndrbme can be less convincingly stated. The status
of the various extrinsic chemical agents has been mentioned
previously. However, the presence of a protein breakdown
product of ischemic muscle (12%) or a toxin from massively des-

troyed tissues, to disrupt the metabolism of tubular cells would
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appear to be unnecessary to explain the rénal damage since in
'most of these cases, shock and reduced renal blood flow are
acéompaniments. Other humoral agents-(rehin, VDM, serotonin,
adenosine triphosphaté), if they prove to be of some importance,
probably afe so by virtue of their shock=-producing or renal vaso-
constrictive properties. Hemoglobin pigments as well play at
least only a minor nephrotoxic role either by an unproven cyto- .

toxic action (6, 309) or by a renal vasospastic action.

It is therefore implied that cellular anoxia is res-
ponsible for the tubular damage, which in turn accounts for the
renal dysfunction. The mechanism of this dysfunction is prob-
ably "back diffusion" (303, 117), in which the dead tubule‘cells
act as a membrane through which tubular fluid, urea and other
wastes diffuse back to thé interstitial fluid and thence into
the circulatien.

The place of pigment cast obstruction in the development
of renal dysfunction, so evident in the intravascularvhemolyses,
has been given its proper place by Oliver et al (271) and Bloék
et al (41). Pigment.cast obstruction is at least unnecessafy.
Clinical lower nephron nephrosis 1is seen in cases in which no
pigment release is involved and acute tubular necrosis can be
produced experimentally without appearance of hemoglobin or
related substances. Again, clinically, intravascular rélease
of pigments usually occurs in cases in which there is aséociated

shock -- transfusions, Blackwater fever, post-operative
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transurethral prostatectomy, crush, burns -- so that ischemia
1s probably contributing more to the renal failure than is
tubule obstruction. But, as Oliver has pointed out, in cases
in which pigment casts aré prominent, one cannot ignore the
fact that the involved tubules are plugged and will not carry
urine. If there is back preésure in these plugged tubules
and tubule dilatation occurs, or if tubular fluild escapes into
the interstitium, then occlusion of adjacent, otherwise patent
tubules might well occur, adding to the obstruction or damage
by increased intrarenal pressure (289, 364). Although it
appears possible to produce renal shutdown from induced hemo-
globinemia (232, 168, 241), it is always easier to induce the.
renal damage when dehydration (202-206) or renal anoxia (309,
41) are present. It would therefore appear that the presegce
of circulating pigments merely adds to renal damage induced by

renal ischemia originating in shock or severe dehydration.

Associated with plgment cast obstruction is the prob-
lem of precipitation of hemoglobin, myoglobin or related pigments.
It is probable that a variety of factors (15, 376, 240), urine
pH, glomerular filtration, urine salt content, tubular reabsorp-
tion, combine in the lower nephron and collecting tubules to

produce conditions favorable for heme pigment precipitation.



EXPERIMENTAL

AIM

As was stated earlier, it was thought advisable to
repeat in.a systematic way some of the work doﬁe byjother
ihvestigatofs‘in order to determine the role of certain factors
in the production of traumatic anuria. Preliminary experiments, .. -
then; were carried out with thé_aim of pféducing "lower nephron
nephrosis" in a standard way in a substantial proportion of fest
rats. Once this standardization was accomplished, fqrﬁher
experiments were designed to test the efficac& of certain hor-

monal agents in the alleviation of the kidney damage.

A sampling of the experimental literature on this sub-
ject has shown that three facfors play a prominent role in the
pathogenesis of acute tubular damage. The pligment cast obstruc-
‘tion theory can be assoclated closely with the nephrotoxic theory.
of pathogenesis and so the first variable factor chosen was the
role of myoglobin (muscle hemoglobin) in the production of kidney
damage. It was not considered crucial to this work whether the
pigment produced its effect by a toxic action or by obstructioh,
though ébservations on this'problem will be made. The second

factor considered was what may be called clinical shock, and here
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a crush injury to the limb of the test animal was the means of
production. Again, whether the pathogenetic mechanism was one
of release of nephrotoxic materials from damaged tissues or
simply one of production of prolonged hypotension was not consid-
ered, though some conclusions will be drawn. The third factor
controlled in.the following experiments was the hydration ofgtheA
animals, since dehydration (202, 203, 232) has been shown to

emphasize, in some way, the tubular damage to the kidney.

It can be seeh that the aim of-the experiments repbrted :
below has not been primarily to investigate the pathogenesis of
acute tubular necrosis, but rather to standardize the production
of fhe'syndrome in the white fat, and to investigate the thera-
peutic possibilities of various hormones. Statements as to the .
mechanism involved, based on these experiments, will therefore
be impressions rather than conclﬁsions drawn from controlled ex-

periments.

METHODS AND MATERIALS

Both:male and female white rats of the Sprague-~Dawley
and Wistar strains, weighing from 200 to 350 grams, were used
in order to bring out any sex difference. These.animals are
convenient generally because of their size, relative econonmy,
'avaiiability and hardineés; specifically, they are of use
becaﬁse the skéletal muscle contains little, if any, myoglobin

so that in experimental work designed to test the role of
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myoglobin release and of crush injury, these two factors can

be conveniently separated.

Dehydration was accomplished merely by withdrawing
water‘for periods rahging from 24 to 72 hours. The effective-~
ness of this methsd was easily ascertained by the massive weight
loss recorded (up to 20% of body weight in 48 to 72 hours) and

by the production of urine which was low‘in volume and high in
| concentration, of feces which were small, hard and dry as well
as reduced in amount. Urins spééific gravities were not deter-
mined, but gross observation'sf color, and in some cases

viscosity, gave a rough index of that factor.

Myoglobin was obtained commercially in a purified
crystalline form and was administered intravenously into the
femoral vein after dissolving it in a phosphate buffer of pH =
7.35 (170). Difficulty was encountered in dissolving the
protein thch had been dehydrated so completely to this crystal-
- 1lized form. It was not thought advisable to use solutions of
pH too far removed from its isoelectric point of 6.78 (7), since
injecting a solution of ﬁery acid or alkaline pH would introducé
a complicating factor. The possibility of dissolving the
pigment in rat serum was considered but agaln it was thought
advisable to avoid the added question of sensitivity reactions
to necessarily heterologous serum as well as the difficulty in
keeping such a solution sterile. -It was found fairly satisfac-

tory to make up a solution of 25 mg. per cc. of buffer which was
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kept 24 to 48 hours in an oven at 65% C, with frequent shaking.
Complete dissolution was not obtained, but it was estimated that
60 to 70 per cent of the protein dissolved and the remainder
could be suspended by vigorous shaking prior to injection.

Dosage administered ranged from 0.1 to 0.15 mg. per
gram of body weight, a figure based on that calculated by
Bywaters (75), and used also by Corcoran and Page (85). This
amount necessitated the injection of a volume up to 1.6 cc. in
a 250 gm. rat, but if given slowly, no ill effects were observed.
Injections were made with a #25 hypodermic needle with the rat
under ether anesthesia, at times considered to simulate as
closely as possible the time relationships encountered in human
"ecrush syndrome" -- i.e., immediately on release of the crushing
ligature.

Ligatien was carried out on the hind 1limb of the animal,
either left or both, in the manner illustrated in Figure 3.

Figure 3



Under ether anesthesia; the l;mb was clipped of hair from ankle
to groin in order that the ligature would not slip. 'Using

| heavy twine, the limb was then wrapped tightly from ankle to as
high on the limb as possible without interfering with the urethral
outlet or incurring the risk of looéening._ This meant that the
ligature was usually tied at what was essentiaily.the "mid-thigh"
level. The ligature was left in place for intervals 6f four to
five and one half hours, being protected by adhesive tape wrapping
in case the animal attempted to hite loose the string. During
this time thé rat was sedated with pentobarbital 2.5 mg. per 100
gm. of body weight (5 mg. per cc.) given intraperitoneally és
needed. The five hour perlod was spent in large glass funnels
which éllowed for more easy observation and handlirg as well as

for converient collecting of urine. With the period of crush
complefed, animals were removed from funnels, the ligature was
‘removed under the remaining nembutal sedation or ether anesthesia,
the injured limb was massaged untilvit lost its ﬁdoughy" consis=-
tency and the foot appeared bright red, and the animal was then
placed in a metabolism cage for observation. The bladder was

not emptied by compression at the completion of the five hours
crush because only the total 24 hour urine volume was to be
recorded. In animals which were normally hydrated, difficulty
was encountered in that they would bite the injured 1limb, résult-
ihg'in haemorrhage and an at times severe anemia. Attempts were
made to protect the limb in some way to prevent the biting but

not restrict the swelling. Loosely applied adhesive tape, which

could be added as necessary, was found to be most satisfactory in
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this regard. Dehydration animals were observed to not bite the
crushed limb and frequently these were left unwrapped. The
effectiveness of the ligature in produecing a typical crush
injury was observed in the almost immediate swelling of the limb
(Figure 4) and at autopsy by the appearance of subcutaneous and

muscle edema as well as discoloration of the muscle (Figure 5).

Because production of the syndrome was not completely

satisfactory in the intact animal, and because the rat is known
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to have a formidable renal reserve, it was decided to reduce
this reserve in as physiological a way as possible. Right
nephrectomy was therefore carried out in later experiments.
Under ether anesthesia, the right kidney was approéchéd poster-
lorly and decapsulated in order to assure that the associated
suprarenal gland remained in situ; the pedicle was tied,vthe
kidney removed and the wound closed with é single black silk
suture and skin clips. A single subcutaneous injection of
9,000 units of penicillin in oil was given post-operatively.
Animals under 200 gms. weight were given four days 1in which to
recover before the stress‘of experiment began; those over 200
gms. were allowed only three days. Too long a period of
recovery allowed for compensatory hypertrophy of the remaining
kidney, while the perlod allotted them allowed for complete |

recovery as signified by gain in weight.

Test hormones used were’a crystalline pfeparation of
testosterone proplonate, 2 saline suspension of cortisbne acetate
a saline suspensibn of compound F (17 hydroxycorticosterone -

21 - acetate) and a watery suSpension of desoxycorticosterone
acetate (DCA). Testosterone was given either as a saline sus-
pension or dissolved 1n sesame o0il, 10 to 20 mgs. per cc. Two
or three doses of 5 mgs. each were giveh subcutaneously, the
initial dose being given 48 hours befdre the initial stress of
experiment to assure adequate blood levels. Cortisone was
given as 0.4 to 0.5 cc. of a 5 mg. per cc. saline suspension

(2 to 2.5 mgs.) subcutaneously. This was a daily dose, beguh
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24 hours before ligature of the limb. Compound F was given as
0.4 tp 0.6 cc. of a 5 mg. per cc. suspension (2 to 3 mgs.) sub-
cutaneously, a daily dose started 48 to 72 hours prior to liga-
tion. DCA doses were 0.1 cc. of a 25 mg.bper cc. suspension
(2.5 mgs.) given subcutaneously each day beginning two days prior

to crush injury.

During the 72 hours of observation, the animals were
kept in individual metabolism»cages designed for collecting
urine and screening feces. Urine was collected fqr 24 hour
periods in small, open-mouthed Jars placed close to the funnel
outlet. Loss by evaporation was minimal. Cages were equipped
with deep food troughs in which measufed amounts of powdered
standard feed were placed. | Animals could eat this form of food
easily without interfering with the urine ceollection. If wéter‘
was to be supplied to the animals during the test, it was done
so with the usual bottle arranged so that it did not drop spon-
taneously and any water which d4id drop was caught in a small pan
which could be easily emptied. The method allowed a check of

water intake and avoided interference with the urine collection.

Observations made wefe: animal weight before and after
experiment, amounts of water and food consumed, urine'volume,.
urine pH, blood urea nitrogen levels’and kidney histology. Later
it was thought that a correlation of kidney weight and body
surface area would be of value, so that in later experiments

kidney weights were recorded. Urine sediments were examined in
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early experiments but this procedure proved to be laborious and

unrewarding and so was discarded.

Urine volumes were recorded in 24 hour periods, 9.00
a.m. to 9.00 a.m., and at the same time the gross appearance of
the urine was noted. Urine pH was determined with nitrazine

paper.

Blood urea nitrogen levels (B.U.N.) wefe determined
every 24 hours or immediately after death. | Tail blood samples
were taken earlier, but this method was found to be impossible
when dehydration was a factor. Cardiac punctures were therefore
done every 24 hours for three days, the blood being drawn into a
citrated syringe and measured in a citrated pipette. Occasional
difficulty was encountered in the dehydreted animals and the
occasional death resulted from hemopericardium and cardiac tampon-
ade, but in general the animals stood‘the procedure well when
sharp one and one-half inch No.'25 needles were used and only
0.3 cc. of blood were withdrawn at a time. For the urea deter-
mination, a modification (19) of Ormsby's diacetyl monoxime
method (274) was used. By this method, a Folin-Wu filtrate of
blood is treated with diacetyl monoxime and concentrated sulphuric
acid, heated in a boiling water bath, the color emphasized by
addition of potassium persulfate and the resulting yellow solution
read in a photoeleetric colorimeter. Urea nitrogen levels in
mg. per cc. can be easily calculated by constructing a standard

curve and reading off the appropriate levels.
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Three difficulties were encountered with this method.
It was found that»solutions to be read were occasionally cloudy,
so that readings were falsely high. This fault was found to
be incomplete precipitation by sulphuric acid in preparation of
the Folin-Wu blood filtrate and when one drop of 10 per cent
sulphuric acid was added to each blood sample, the final cloudi-
ness no longer occurred. A second trouble arose when the final
solutions appeared red in color, rather than yellow, their
readings also being falsely high. It was determined that saliva
blown into solutions in expelling the contents of pipettes, pro-
duced this pink discoloration. Henceforth, pipettes were plugged
with absorbent cotton. The third problem was that of accuracy
of the method. As in most procedures using small amounts of test
substance, results allowed a wide range of error and normal
figures for rat blood urea nitrogen levels can only be stated as
50 to 100 mg, per cent. It follows that differences of 10 to 20
mg. percent in B.U.N. levels cannot belgignificant, but this flexi-
bility was ne#ertheless felt to be'adeqﬁate for the purpose of

these experiments.

Histological sections of the left kidneys were examined
after immedliate post-mortem fixation in Zenker's or in Herlant's
fixative, paraffin embedding and haemalum-phloxine staining.
Kidneys of animals which died overnight were treated similarly
but a kidney of any animal known to have died more than one hour
prior to fixation was not considered valid. - The hour of death

for the first six hours could be estimated roughly from the extent
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of rigor mortis and other post-mortem findings. ~ In all cases
ether was used for killing animals remaining alive at the termi-

nation of an experiment.

Kidney weights were taken in the following way. At
post-mortem, the entire decapsulated left kidney was incised
and placed in fixative for 18_to 24 hours, at which time it was
briefly blotted dry and weighed in milligrams. Surface area
in square centimeters was obtained from tables based on the
animal weight in grams at time of death. = The relationship was
then calculated in milligrams of kidney‘tissue per squaré centi-

meter of surface area.

REPORT OF EXPERIMENTS

Experiment 1:

Experiment 1A considers the effect of 48 hours dehydra-
tion, with and without nembutal anesthesia, on the urea nitfogen,
urine output and kidney histology of the intact rat. Of twelve
rats four were subjected tb dehydration alone, four to dehydration
plus nembutal and four were normal controls. ’Preliminary "test
runs® of the procedure were carried out on these rats for 24 “
hour periods but they were allowed sufficient time for recovery

before the 48 hours experiment. Observations appear in Table 1A.

Figures for food and water are totals for 48 hours. It

is evident that, deprived of water, the rats' intake of solid
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food is markedly\diminished. Weight change indicates that in’
48_hou;s of.dehydration, animals lose about 10 per cent of
ﬁheif‘body weight. Figures for urine volume show that the
dehydration is not felt significantly until the second 24 hour
period; there appeared to be no trend in pH values fof urine.
B.U.N. figures are here low and show only a slight rise in
those animals dehydrated; blood was taken by cardiac puncture
and no apparent errors were encountered during the analyses.
Histological examination‘revealed no significant changes in

kidney structure in these animals.

It can be concluded that dehydration by removal of
water source is accompanied by reduction in solid food intake
and is effective in reducing animal weight and urine output
over a 48 hour per;od. Urea nitrogen levels rise slighﬁly,
probably aécountable for by hemoconcentration. Therewas no

alteration of kidney histology.

At a later date, the above experiment was repeated on
twelve rats which had been right nephrectomied three days pre-
viously (Experiment 1B)j; four animals allowed free water were
controls, while eight were dehydrated for 72 hours. Food avail-
able was 21 gms. each and kidney weights were recorded in addition

to the usual observations which appear in Table 1B.

Results are essentially the same as those seen in
intact animals in Experiment 1lA. Animals allowed water ate

solid food well; previously dehydrated animals had an increased
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water intake when allowed water (following the 72 hour readings)
but handled this water wellj; all animals lost weight. Urine
output figures revealed normal figures for control animals
except at 96 hours, when figures were unaccountably low. Dehy-
drated animals experienced a dehydratioh oliguria. Blood urea
nitrogen figures after 24 hours dehydration are high (average
125 mg %, range 110 to 140, for controls; 145 and 110 to 170

mg %4 for test animals) and continue high at 48 hours (average
150 mg %, range‘140 to 180, for controls; 155 and 140 to 170

mg % for test animals). At 72 hours, a marked drop in B.U.N.
levels is recorded in spite of the fact that dehydration contin-
ued in test animals (average 70 mg %, range 60 to 80, for con-.

"~ trols; 100 and 80 to 120 for dehydratedj. At 96 hours, levels
rose in control animals but fell slightly in test animals
(average 115 mg %, range 100 to 140, for controls; 95 and 70 to
130 for dehydrated).

It is apparent that these urea nitrogen determinations
may not be entirely satisfactory. The high figures in control
animals at 24 hours ﬁay be accounted for'by the fact.t@at one
kidney had been removed four days previously, with those in
test animals slightly higher'because of the 24 hours dehydration.
At 48 hours, however, control levels continued to rise to essen-
~tially the same levels as test animals. = The sudden drop
observed at 72 hours can be explained only as an error in abso-

lute determination of urea nitrogen figures. The relation



TABLE 1A ‘DEHYDRATION IN INTACT RATS

URINE VOLUME

TOTAL -~ | TOTAL |FINAL WEIGHT URINE pH B.U.N.
FOOD {GMS) WATER (ce) AND(SB}};QI;IGE |24 h§*§C)48 hrs |24 hrs. 48 hrs.| 48 hrs
42.3 51.7  |[318 (+ 14) 8.0 6.7 | 6.5 6.5 - 40
S 38.0 44.5 {350 (+ 4) 9.0 5.5 | 6.5 | 6.5 40
i 35.3 56.0 330 (+ 12)  |12.3 | 11.2 7.0 6.5 40
C ©30.2 31.5 282 (0) 7.9 3.5 6.5 | 6.5 40
g 0 - {290 (-34) 8.4 3.4 6.5 6.0 50 mg %
=l 0 -- 290 (-32) 7.0 | 1.6 |é6.5 | 6.5 50
é» 0 -- 294 (-30) 4.8 2.1 | 6.0 6.0 50
2 6.0 -~ (320 (-36) J13.2 | 3.2 }6.5 | 6.5 50
é 16.5 - 270 (-28) 7.3 | 2.6 7.0 6.5 50
+ 15.0 - 310 (-22) 6.4 2.2 6.5 | 6.5 60
5 ‘ 16.5 -~ 322 (-28) 6.4 2.5 | 7.0 6.5 50
A 16.3 - 295 (-25) | 8.6 | 3.0 |7.0 | 6.5 50

-LZ‘ -



TABLE 1B DEHYDRATION IN RIGHT NEPHRECTOMIED RATS
TOTAL TOTAJ FINAL URINE VOL. (cc) URINE pH B.U.N. KIDNEY '
[RAT TOOD [ WATER WEiggT 24 48 72 96 24 48 72 96 | 24 48 72 96 ?gig?§
- CHANGE
5| - (GUS) R R =========7
bes| 21 | 97 h190(-30) [10.2 6.0 10.2 3.6 |6.5 6.5 7.0 7.5| 150 180 80 110 | 214.6 |
’ézéé 21 | 89 |208(-42)[10.8 14.2 12.2 2.2 [7.0 6.5 7.0 7.0| 110 140 60 110 | 208.1
Silo67 21| 54 [176(-30)[10.0 7.2 6.8 1.0 |6.5 7.0 7.0 7.5| 120 140 70 140 | 196.0
Og68 21 | 92 [180(-30) [10.8 13.4 30.4 1.0 |7.0 7.5 7.0 6.0| 140 150 70 100 | 201.7
269 21 | 41 |214(-44)| 4.8 1.2 0.6 12.8/6.5 6.5 6.0 6.5| 140 160 80 110 | 213.9
270] 21 | 47 |234(-34)| 6.4 1.6 1.0 10.8{7.0 6.0 6.0 6.5] 120 150 80 80 223.0
271| 21 46 [230(-20)| 6.2 1.2 1.2 3.217.0 6.0 6.0 6.0 150 140 120 90 | 220.9
§ 272| 21 | 42 [226(-16)| 3.0 0.4 0.2 2.5/[7.0 6.0 6.0 6.0| 150 160 100 80 | 225.9
Blany| 21 | 42 h98(-22)| 5.0 2.0 0.8 5.0{7.0 5.5 6.0 6.5| 140 150 90 70 | 233.6
§274 21 | 39 |220(-28){ 5.4 1.8 1.5 7.0{7.0 6.0 6.0 7.5| 150 160 100 90 | 217.6
275| 15 | 19 p24(-30)| 6.4 1.4 1.0 4.5[6.5 6.0 6.0 7.0| 150 150 100 130 | 207.7
276] 21 | 37 p8a(-36)| 4.0 0.8 0.8 5.2|/7.0 6.0 6.0 7.5| 170 170 110 _120‘ 209.9

"'84""
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between controls and dehydrated animals remains satisfactory.
The rise of B.U.N. in controls at 96 hours, to exceed levels in
test animals, correlates with the_decrease in urihe output of
controls at this time and it can be concluded:that some degree
of dehydration must have occurred accidentally. 96 hour
figures for test animals fell satisfactorily following the fuli
24 houré of hydration.

Examined microscoplcally, kidney structure remained
unaltered after 72 hours dehydration; kidney weights showed no

significant alteration after the stress.

It is apparent that uninephrectomy results in a tempor-
arily elevated B.U.N. level which is accentuated moderately by
a period of dehydration lasting 72 hours.

Experiment 2:

Experiment 2 is concerned with the effect of myoglobin -
injected intravenously on B.U.N., urine output and kidney histol-
ogy in the rat. Experiment 2A consisted of four rats as normal
controls, four receiving 1ntravenous‘injection of physiologich
saline and four injected with myoglobin dissolved and suspended
in 1 cc. of saline, 0.1 mg. per gram of body weight. Experiment
2B duplicated this proceduré,‘whilé Experiment 2C used an |
increased dose of myoglobin in saline, 0.15 mg.‘pef gm., of body
weight. B.U.N's were determined on tail blood samples in Experi-

ment 2A at 24 and 48 hours, but all other determinations were on
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qardiac bloed samples. Observations appear in Tables 24, 2B
and 2C.

Difficulties were encountered with the methods and pro-
cedures of this experiment so that figures‘in red are consldered
notvvalid. These errors are considered in the section on

"Discussion and Conclusions'".

In normal controls, food and water intake remained
falrly constant and‘all animals galned weight. Urine output
in the first measured 24 hour period averaged 7.3 cc. pér rat
(range 3.2 to 10.5 cec.) and in the second 24 hour period
averaged 5.9 cc. (range 3.5 to 9.4 cc.). pH figures were not

significant; urea nitrogen levels were within normal limits.

Saline controls in all three experiments had less con-
stant food and ﬁatervintakes but'figures are essentially the same
as for normal controlsy most animals gained weight. Urine
volumes were comparable to the normal group, as were urine pH
determinations. Urea nitrogen levels remained within the normal

range.

No signifiéant difference was detected in‘animals given
the increased dose of myoglobin (Exﬁeriment 2C). All test ani-
mals showed food and water intakes comparable to those of all
saline controls; five animals lost weight and three'gained
weight, of the eight animals weighed. Urine volumes also were

comparable, though in two instances (P.22 and P.23) urine output
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was lncreased. This increase may represent an osmotic diuresis.
Urine pH figures ranged from 6.5 to 7.5, but tended to the acid
side at the time of myoglobin injection. B.U.N. figures again

were within normal limits.

Renal histology was not essentially altered and though
casts could be seen in the cortical tubules with myoglobin
injection (Figure 6), these were also present in saline injected

animals (Figure 7).

Figure 7

Myoglobin injected intravenously appears to have no
effect on the kidneys of intact rats as measured by urine output,
blood urea nitrogen and kidney histology. In two cases, there
may have been an "osmotic diuresis®. The procedure of anesthe-
tizing the animal and injecting it with saline or myoglobin may
well account for the greater variation in food and water intakes

seen in these animals.



TABLE 24

MYOGLOBIN IN INTACT RATS

: ' URINE VOLUME | URINE pH. B.U.N.
RAT |TOTAL |TOTAL |FINAL WEIGHT

FOOD |WATER |AND CHANGE 48 . 72 48 72 24 | 48 | 72

(GMs) | (cc.) “(GMS) hrs. hrs. hrs hrs hrs | hrs hrs
llp.1 | 41.5 | 64.0 394(+12) | 9.1 9.4 6.0 7.0 120 | 90 | 70
“llp.2 | 42.0 | 29.0 358(+12) | 7.4 4.8 6.5 7.0 60 | 80 | 40
% P.3 | 45.5 | 58.5 | 380(+18) | 10.5 = 8.9 6.5 6.5 8o | 70 | 60
i P.4 | 44.5 | 51.0 304(+4) 8.1 8.3 6.5 7.0 100 | 90 | 50
é P.5| 0 1.5 342(-16) | 11.6 2.8 7.5 7.0 70 | 80 | 60
3||P.6 | 19.0 | 32.5 424(-24) | 12.6 10.3 7.0 6.5 110 | 90 | 70
Eilp.7 | o 2.0 324(-40) | 6.4 2.4 6.0 6.0 180 | 70 | 50
3 P.8 | 23.0 | 26.5 370 (0) 2.2 7.2 6.5 6.0 70 | 90 | 60
o |lp.9 | 24.0 | 36.0 360(-8) 4.2 2.8 7.0 6.5 100 | -- | 60
E P.10| 24.5 | 24.5 340(-12) | 6.0 4.4 7.0 6.5 - 9 | 60
% P.11| 28.0 | 29.0 352(-14) | 6.2 5.0 7.0 7.0 =~ | -—- |50
Hllp.12| 20.0 | 18.5 330(-16) | 6.0 3.5 6.5 7.0 190 | -- | 70

-38-



TABLE 2B MYOGLOBIN IN INTACT RATS

N e
(GMS) hrs. hrs hrs hrs hrs hrs
% P.13 | 42.0 | 57.0 - |7.0 4.6 6.5 6.5 60 60 60
;P’.M 38.0 | 58.0] -~  |7.6 5.8 6.5 7.5 60 - 70 60
E P.15 | 41.5 | 57.0 - 10.1 9.0 7.0 7.5 60 70 50
“lp.16 | 41,5 | 505 | - - 7.0 3.8 7.0 7.0 70 60 60
Elp.17 | a7.5 | 94.5 - - |9.1 23.8 6.5 7.5 7. 8 70
Sle.18 | 45.0 | 69.5 - 9.6 6.0 7.0 7.5 50 50 80
Zlp.19 | 39.0 | 60.5 - 6.6 - 6.1 6.0 7.5 60 60 50
g P.20 | 45.5 | 57.0 - 4.4 3.0 6.0 6.5 ’70 " 60 60
P.21 | 43.5 | 59.5 - | 7.4 6.6 6.5 7.0 60 60 50
Zlp.22 | 26.5 | 64.0 - 10.4 15.4 6.5 7.5 70 60 60
§ P.23 | 44.5 | 87.0f - 11.5 15.4 7.0 7.5 70 70 50
é P.24 | 43.5 | 54.01 - -~ 6.6 7.2 6.5 7.5| 60 70 50

‘EB"



TABLE 2C  MYOGLOBIN IN INTACT RATS

- vg -

TOTAL | TOTAL [FINAL WEIGHT |URINE VOLUME| _URINE pH ____B.U.N.
I(?(Qz]scl’Ig) ‘{ﬁ%‘lﬁ“ﬁ AN]()G]?III;I?NGE | grs Zis ﬁgs gis igs | ﬁgs Zis
41.0 59.0 248 (+8) 1 9.2 4.6 6.5 7.0 | 70 - 50
37.0 | 47.0 | 238 (+18) 4.4 3.8 6.5 7.5 60 70 50
41.0 | 54.0 | 246 (+14) 3.2 . 3.5 6.0 - 6.5 60 60 60
41.0 58.5 252 (+14) 4.4 3.6 6.5 6.5 60 70 60
350 [ 53.0 | 252 (°9) T2 a0 | 6.5 63 766060
40.0 | 66.0 | 248 (+10 10.8 8.6 | 7.0 7.5 60 70 50
40.0 | 63.5:| 256 (+10) 7.5 5.0 6.5 7.5 70 70 60
34.0 | 73.5 240 (#8) 14.2 9.0 6.5 7.5 70 80 ‘70
40.0 | 58.0 | 254 (+14) 5.0 4.9 6.5 7.5 60 60 50
= 39.0 | 60.0 | 240 (+8) 9.6 7.2 7.0 7.5 70 60 60
& o | |
o 32.0 | 63.0 | 244 (-1) 6.6 8.6 6.5 6.5 7 70 50
2 25.0 40.0 | 232 (+4) 4,6 - 3.8 7.0  7.5 60 70 50




TABLE 3 - MYOGLOBIN AND DEHYDRATION IN INTACT RATS

z

RAT [POTAL |TOTAL |FINAL WEIGHT | URINE VOLUME URINE pH . B.U.N.
FOOD |WATER |AND CHANGE | 48 72 a8 72 24 | 48 | 72
(GMS) (ce) (GMS) hrs hrs hrs hrs hrs| hrs | hrs
o B |
o 24.0 54 | 276 (+6) 0.15 2.6 6.0 6.0 720 70 | 60
E} 11.0 36 250 (-10) 0.2 2.2 6.0 6.0 70| 70 60
§ 19.0 | 47 240 (+4) 0.1 2.0 6.0 6.0 90 70 70
% [ 23.0 | 49 | 286 (-14) 01 1.0 6.0 6.0 120 | 90 | 70
M.17 |29.0 | 51 | 262 (+4) 0.1 1.4 6.0 6.5 80 | % |70
Zly.18 124.0 | 48 | 250 (-4) 0.2 1.6 6.5 6.5 9 | 60 | 70
Sy [17.0 | 46 | 238 (0) 1.0 3.1 6.0 6.0 70 | 90 | 70
EM.zo 21.0 | 49 | 290 (0) 0.6 2.1 6.0 6.5 50 | 90 | 70
%: M.21 |22.0 54 | 264 (+6) 0.15 2.5 6.5 6.0 120 | 100 70
=iM.22 |23.0 | 55 | 260 (+10) |0.5 3.8 6.0 6.0 9 | 70 70
Slu.23 |16.0 | 43 | 250 (0) 0.1 2.4 6.0 6.0 140 | 80 | 70
§M.24 |eao | 54 | 284 (-2) |arop 0.8 - 5.5 8 | 8 |60

_58'_
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Experiment 3:

~ Experiment 3 considers the effect of 72 hours dehydra-
tion plus myoglobin injection on the urihé output, B.U.N. and
kidney histology in eight rats, with an additional four animals,
subjected to dehydratibn alone,-as controls. Animals were
dehydrgted for 24 hours before the injection, which was followed -
by a further 48 houfs without water. Dbsage was again 0.15 mg
of myoglobin (in saline) per gram of body weight and all blood
samples were by cardiac puncture. Table 3 lists the observa-

tions.

Figures in red are again not valid. Food and water
intakes did not differ in control and test groupss weight
change was also essentially the same in each group. Figures
_for urine volume were recorded for the 24 tb 48 hour period
following injection -- i.e., for the last 24 hours of dehydration,
-- and for the subsequent 24 hours in which free water was
allowed. Urine output during dehydration was markedly dimin-
ished in all cases, as little as 0.1 cc as recorded here. In
one case (M.19) an osmotic diuresis may have been seen. ﬁrine
was noticeably more acid in both groups here, being usually
pH é.o, and at no time was it observed to be discolored by the
ihjected pigment. Figures for urea nitrogen show the effect of
dehydration (24 and 48 hour figures), with a fall after vater
intake was allowed (72 hour figures). These first two series

of figures also are slightly'higher in the test animals (average
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80 mg %, range 70 to 120 mg %). No essential differences were
seen in the kidney histology of the two groups. There were no

casts.

Intravenous myoglobin therefore would appear to have
no specific effeet on urine output, urea nitrogen level or kid-
ney histology even in the presence of dehydration.- As in
Experiment 1, there was a diminution of urine volume almost to
the point of anuria, atélight elevation of B. U. N. and a
slightly more acid urine. These_changes appear to be due to
dehydration alone and are not significantly changed by the addi-
tion of myoglqbin. ‘There was no.pigmentation of the urine
seen and no tubular casts even though urine was consistently

acid.

Experiment 4:

The role of crush injury in the genesis of "lower
nephron nephr051s" was 1nvestigated here by ligation of the
left hind 1imb for five hours. Eight rats were so tested, with
another four animals acting as normal controls. Since it was
assumed that the test animals would not drink freely after the
crush injury, attempts were made to match the water intake of
the control animals to that of the test animals. Observations
of water intake were therefore made at 24 hour intervals; In
order that the kidney histology might be viewed temporally,

animals M.32 and M.35 were sacrificed 24 hours after ligation,

animals M.30 and M.34 after 48 hours and the remaining four
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72 hours after crush injury, at which time contrel animals were

also killed. Observations are recorded in Table 4.

It can be seen from this Table that animals suffering
crush injﬁryvdid not eat as much solid food as did control ani-
mals in spite pf the fact ﬁhat they drank more water. It is
apparent that the matching of water intake was not aécompl;shed.
As a result, the 'normal' controls were in effect dehydrated to
some extent, as evidenced by their consistent weight loss.
Weight loss in test animals was nevertheless greater. The most
remarkable observations were, however, of the urine output.

Test animals experienced a consistent, immediate and marked
diuresis, the average output for the first 24 hours'being 23.1
cc.'compared to_cdntrol avérage of 3.4 cc. The polyuria:was
evident during the five hours‘of ligation itself, the test ani-
mals putting out an average of 10.3 cc of urine in that time,
the contrel animals averaging O.é cc. This last figure is low
because volumes were recorded with animals ih metabo;ism cages
rather than in funnels. The diuresis persisted to the 48 hoﬁr
observation and was even evident 72 hours after the initial

stress of crush.

N Urine acidity again varied irregularly between 6.0 and
7.5 Urea,nitrogen figures exhibited some elevatibn above
normal limits but cannot be said to be significéntly elevated as
measured here in test animals. The occasional high value seen
'1n‘the control group can be accounted for by partial dehydratioh.

Also, some of the lower figures seen in test animals at 48 and



LEFT HIND LIMB LIGATION IN INTACT RATS

TABLE 4

URINE VOLUME

TOTAL|  WATER INTAKE (cc)|FINAL WEIGHT URINE pH B.U.N.
. i -ﬁgﬁg) 24 48 72 Tot. AND(3§§§GE 24 48 72 | 24 48 2 ‘Lgi'»fé VB
_===F=====E====q==: — — —

fme2s| 37 |9 24 3 36| 298 (-30) | 4.7 4.6 4.6 | 7.0 7.0 6.5 70 110 80
B lM.26| 36 |13 21 14 48 | 320 (-28) | 2.1 1.4 2.6 | 6.5 6.5 6.0| 80 80 60
§J3L27 43 15 20 31 66 | 322 (-14) | 3.0 4.7 4.8 | 7.0 6.5 7.0| 90 70 70
M.28 | 35 |7 12 24 43 | 302 (-24) | 3.8 2.8 2.4 | 7.6 6.5 7.0| 90 100 60
M.29 | 29 |39 18 42 99 | 292 (-22) |28.6 7.5 6.6 | 6.5 7.5 7.0| 80 60 50
M.30 3 |20 11 - 38 | 300 (-40) {24.4 13.2 =~ 6.5 7.5 = |110 100 =
EANL31 7 133 15 20 68 | 270 (-34) [12.2 12.8 6.4 | 6.5 7.5 7.5 00 70 70
Sles2| o |33 - - 39 | - 25.2 - - |65 - -]9 - -
'éiwu33 17 |48 14 34 98 | 324 (-48) |29.4 21.0 17.2 | 6.5 7.5 7.5/ 90 100 80
3 |M.34] o (36 32 - 68 | 314 (-22) |31.2 26.5 = 6.7 7.0 - | 8 80 -
M.35 0 |28 - - 31 - 19.4 - - 6.0 - - [110 - -
M.36)| 13 |22 6 37 65 | 296 (-48) {14.1 11.6 7.8 | 6.0 7.0 7.0[110 9 70

-68-‘
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72 hours may be explained by the hemodilution following haemor-
rhage from self-amputated crushed limbs. This habit of the
hydrated animals biting its injured limb gave some difficulty

in obtaining valid observations.

Post mortem findings were essentially negative - there
was no gross evidence of kidney change - except for the injured
limb, which was swollen, cold, pale to blue and edematous.
Histological changes were not remarkable at any stage except
for slight granular changes in the cytoplasm of tubules of
Zone 3, with swelling and vacuolization of the nuclei (see Fig.

8 and compare with Fig. 9). An occasional cast was seen in

medullary tubules (Figure 10).

Ligation of one hind limb for five hours in otherwise

intact hydrated rats appears to have no permanent damaging
effect on the kidneys. There was no significant elevation of

blood urea nitrogen and no remarkable renal tubular damage



histologically. There was also no oliguria, and on the con-
trary, a marked diuretic effect in response to the injury was

observed, indicating some alteration in kidney function.

Experiment 9:

In Experiment 5A, eight male rats were subjected to
the stress of left hind limb ligation for five hours together
with 72 hours dehydration (24 hours pre-ligation,.48 hours post-
ligation).‘ Four additional animals acted as controls, being
only dehydrated. Experiment 5B repeated this procedure except
that the ligation period was iengthened to five and one half

hours. Observations appear in Tables 5A and 5B.
{

It is appafent that there is no essential difference

between results of the five and the five and one-half hour

4

ligation periods]So these éxperiments/will be considered together.



TABLE 5A

FIVE HOURS LIGATION PLUS DEHYDRATION

3.0

RAT |TOTAL |TOTAL | FINAL WEIGHT| URINE VOLUME URINE pH B. U. N.
1281?«2) ‘i’i‘i?R AND(gi{fngE 24 48 72 24 48 72 24 48 72
24 hrs
%E&.y] 11 | 33 |338 (+2) 1.2 1.0 5.6 | 6.0 6.0 6.0 | 80 50 50
| gg*mas 12 | 33346 (%2) 0.8 0.6 4.3 | 6.5 6.5 6.0 | 100 60 50
é'ﬂM.39 11 33 {330 (-2) 2.5 0.7 5.4 | 6.5 6.0 6.0 100 70, 60
g M.40| 7 22 | 342 (-2) 0.4 1.2 1.6 | 6.0 6.0 6.0 | 80 90 60
()]
m.41| 4 | 25 |350 (-12) 2.8 7.3 6.9 | 6.0 6.5 6.5 |170 110 110
o w.a2| o - | 244 (-26) 2.6 7.3 - 6.0 6.0 - |140 230 -
diu.43] o 31 328 (-18) 1.5 8.7 15.4| 6.0 6.0 7.0 [190 180 160
Blu.asl o | 31 [329 (-15) 2.5 6.0 14.4| 6.0 6.0 7.5 |160 130 110
§ u.450 o - 1300 (-34) 2.2 - - 6.0 - - - - -
ZlM.46] o 0 |270 (-34) 1.4 4.3 - 6.0 60 - |220 230 -
2lu.ar| o - | 298 (-30) 1.2 - - |55 - - |280 - -
g M.48f 0 18 | 310 (-26) 3.4 8.0 15.1| 6.0 6.0 6.5 |250 - 130

"36'



TABLE 5B

FIVE AND ONE-HALF HOURS LIGATION PLUS DEHYDRATION

TOTAL

[ TOTAL FINAL WEIGHT| URINE VOLUME URINE pH B. U. N.
RAT |FOOD |WATER |AND CHANGE _

g (s) ) fec) o} (GHS) 24 48 72 24 48 72 24 48 72
gnM.49 9 29  |254 (-30) 1.6 0.2 2.6 6.0 6.0 6.0 g0 110 70|
Si.50 | 9 29 |298 (~32) 1.8 dried 1.8 6.0 - 5.5 | 100 100 70|
Zhi51 | o 20 304 (-50) 1.8 0.8 4.0 6.0 6.0 6.5 8o 100 80
%ﬁm.sz 6 11 |226 (-44) 0.6 dried 0.6 6.0 - 6.0 | 80 120 90

h.s3 | o - 0@ o - - - - - - - -
~lesa | o 35  [318 (-62) .| 2.6 4.4 24.5| 6.0 6.0 7.5 | 170 220 180
% .55 | 1 30 [292 (-52) 2.8 4.0 8.0 6.0 6.0 6.5 | 140 110 90
% .56 | 1 31 |240 (-46) 2.0 4.7 11.0 6.0 6.0 7.0 | 130 140 90
.57 | 0 28 |274 (-48) 2.8 1.0 10.0 6.0 5.5 7.5 | 230 220 250
% M.58 0 0 272 (-56) 2.6 1.0 - 6.0 5.5 - 360 270 -
Blso | o - [310 (=3¢) |25 - - 6.0 - - |40 - -
< :
EiEi.éo 0 0 270 (-52) 2.1 3.4 - 6.0 5.5 - - 280 -
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The difficuity in matching food intakes and water
intakes is evident heré. Animals not allowed water will eat
little sélid food, and those also ligated will eat virtually
no solids at all. For this reason it was thought wise to
limit solid food available‘to all animals in further experi-
ments to 10 grams each. Similarly, it was difficult to control
water intakes; some of the ligated animals - those_obviously
ill - would not drink water when it was made available, thereby

hastening ‘their deaths.

In Experiment 5A the controlvgroup managed to retain
its weight well, while all other animals (including controls
of Experiment 5B) showed a satisfactory weight loss (up to 16%
of original body weight).

:Urine volumes in both eiperiments again shbwed the
diuretic response, apparent barticularlj at 48 hours and ampli-
fied at 72 houré by allowing water for the preceding 24 hours.
Eight control animals at the 48 hour reéding averaged_O.é_cc

of urine, while twelve test animals averaged 5.0 cc for fhat

24 hour period -_almost ten times as much. pH'figures showed

a slight tendency towards acidity after 72 hours but no definite-

trend can be stated.

With regard to B. U. N. figures, definite uremic levels
were reached for the first time. In three instances gardiac

puncture was unsuccessful because the heart qould not be located
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by palpation or with the needle and in all instances blood
withdrawn was very thick and dark. In spite of the fact that
the volume of urine excreted in 24 hours by control animals was
as little as 0.2 cc, their B.U.N. levels did not rise above

120 mg %. On the other hand, test animals whose urine output
was always above 1.0 cc per 24 houfs and rose as high as 8.7 cc.
had.B. U. N. levels consistently over 100 mg % and at times
rising as high as 440 mg % durihg_tha dehydration period.
These facts would presumably necessitate a dilute urine in test
animals; a condition which was verified by the appearance of
very pale, watery urine in test animals while that of controls

was dark amber, almost syrupy.

Histological evidence of renal tubular damage was
present definiﬁely for the first time. Sections were examined
under low and high powers, dividing the renal tissue into four
zones for facility of examination. These were ¢ |

Zone 1 - cortex proper, containing glomerull and

convoluted tubules, pfoximal and distal, with

their appropriate vasculature. This first zone

corresponds to Smith's division "cortex". (See Fig.l11).

Zone 2 - corticomedullary region, in which there is
the thick descending limb of Henle's loop. (Smith's

"Medulla - outer band of outer zone.")
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From Smith: "The Kidney" 1951 (333).

Zone 3 - outer medullary portion containing sections
of both thick and thin limbs of Henle's loop
together with bundles of venae rectae. (Smith's

"Medulla - inner band of outer zone.").

Zone 4 - medulla proper, containing sections of
Henle's thin loop, collecting tubules and vasa

recta. (Smith's "Medulla - inner 2zone").

Zones 1, 3 and 4 are more easily defined in the rat
kidney and received more attention in the examinations. Zone
3, consisting exclusively of "lower nephron" received most atten-
tion and was found on examination to exhibit the characteristic

pathologic damage seen throughout these experiments.

Control animals showed no histological alteration in
kidney structure, a fact which would be expected from observations

recorded in Experiment 1. (See Figure 12).
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Figure 12

Of the 16 test animals, eight showed minimal to
moderate changes in renal tubules, to be described below; two
others had questionable changes. Two animals died several
hours before their kidneys could be fixed, thereby exhibiting
post-mortem change; these sections could not be considered
valid. The remaining four animals showed no histological
evidence of renal tubular damage in spite of the fact that two
had urea nitrogens of over 280 mg %. Typical changes appear
in Figure 13, most marked in Zones 2 and 3, but extending into
Zone 1 as well. Proximal tubule cells remain intact, whereas
distal tubules (chiefly the thick portion of Henle's loop) are
in an early stage of degeneration with granular, vacuolated
cytoplasm, swollen, pale and vacuolated nuclei and the occasional
pyknotic nucleus. A desquamated epithelial cell can be seen in
one lumen. These changes accurred in an animal putting out
3.4, 8.0 and 15.1 cc. of urine per 24 hours and whose B.U.N. rose
to at least 250 mg 4. Similar changes appear in the distal
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tubules of Zone 3 in Figure 14. Here the degenerating tubules
are furthest removed from the venae rectae, which appear at the
upper and lower margins of the figure. This animal (M. 59)

died at 24 hours with a postmortem value for B. U. N. of 440 mg %

and a urine volume for 24 hours of 2.5 cc.

From this experiment it appears that crush injury (left
hind 1imb ligation) when coupled with severe dehydration can
produce renal tubular damage in a fair proportion (50% of 16
rats) of otherwise intact male albino rats. This damage is
indicated by disordered function of the kidney (elevated blood
urea nitrogen, increased volume of dilute urine) and disordered
structure as well (tubular degeneration). The diuretic response
observed is not one of the criteria stated for renal damage,
being in fact the opposite of oliguria or anuria, but it never-

theless indicates a disorder of renal function.
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Experiment 63

The effect of crush injury in the presence of intraf
venously injected.myoglobin in normally hydrated animals was
observed in this experiment. Watér intaké of four normal
control animals was matched to that of a test group of four
animals and a control group of four animals in which the buffer
solution alone, here used as a solvent for myoglobin, was
injected. Table é lists thé complete data on these animals.
vAnimal M.71 died at time of injection and therefore is not

included in the analysis of observations.

In spite of the fact that animals were allowed free
solids, the nbrmal contrel group did not eat freely. The
amounts consumed, however, compared favourably with the remain-
ing animals. Water intakes and weight changes also compared
favorably in the three groups. The diuretic response to the
trauma of ligation was again seen in the seven ligated animals,
no significant difference between the myoglobin-injectéd and
the buffer-injected groups being evident. Two control animals
did, however, show a pronounced diuresis at.72 hours which is
unexplained. B. U. N. levels cannot be sald to be elevated
significantly in sny of the groupsj a high figure in one con-
trol animal is unexplained and must be presumed to be an error.
‘Urea nitrogen figures may be low owing to hemodilution which
was observed in many animals during cardiac puncture at 24 hours.

This was thought in early experiments to be ﬁhe result of



TABLE 6 _ LIGATION PLUS MYOGLOBIN INJECTION IN INTACT RATS

RAT |TOTAL |TOTAL | FINAL WEIGHT URINE VOLUME URINE pH B.U.N.
fgﬁg) ¥§£?§ AND(3§§§GE " 24 48 72 24 48 72 24 48 72

':éé M.61] 28 57 202 (-16) 3.8 5.0 22.2 6.5 6.0 6.0 90 70 90
Stlu.62| 28 | 51 220 (-6) 4.6 5.4 20.5 | 7.0 6.0 6.0 | 100 7 70
=5 M.63] 25 | 39 | 224 (-12) 4.4 6.8 8.6 | 6.5 6.0 6.0 | 110 70 60
M.64| 26 40 206 (+6) 6.5 2.3 3.6 6.0 6.0 7.0 150 80 90
HM.65] 19 66 242 (~20) 16.4 16.5 12.4 6.5 7.0 6.0 100 80 80

& I o ' :

SHM.66] 4 | 18 224 (-24) 6.0 8.0 5.4 | 6.0 7.0 7.0 | 120 80 80
g; M.67] 13 75 238 (-2) 23.4 10.5 9.7 | 6.0 7.0 6.0 | 110 90 100"
" ln.es| 12 | 37 208 (-14) 11.2 8.8 4.2 | 6.5 7.5 6.0 | 120 90 80
2 Ju-e9 23 | 62 215 (-5) 10.2 12.0 4.8 | 6.0 7.5 6.0 | 120 8 80
=aM.70| 19 | 58 250 (=2) 13.6 6.4 4.2 6.0 6.5 7.0 | 120 80 80

% M.7L| - - - - - - - - - - - - -
M. 72f 21 | 55 236 (~-14) '14.4 8.5 8.7 | 6.0 7.0 7.5 | 120 90 80

= 00T -



TABLE 7 DEHYDRATION, LIGATION AND MYOGLOBIN IN INTACT RATS

TOTAL
FOOD
(GMS)

TOTAL
WATER -
(ce)

FINAL WEIGHT
AND CHANGE
(GMs)

" URINE VOLUME

URINE pH

" B.
(mg.

24

48

72

24

48

72

6.0

24 -

48

110

U. N.
% )——

72

a M.73{ 10 23 185 (-29) 2.4 0;6’ 1.2 6.0 é.o 80 60
< oiu.74| 10 27 | 200 (-30) 1.9 1.5 2.4 6.0 6.0 5.5 | 90 100 70
S8lu.75| 10 21 | 180 (-16) 1.1 0.6 1.5 6.0 6.0 6.0 | 60 90 70
e M.76{ 10 39 | 214 (-26) 2.3 1.6 10.1 6.0 6.0 6.0 | 8 140 70
_ 77| 10 35 | 220 (-30) 1.6 3.4 6.4 | . 6.0 6.0 7.0 | - 110 90
2278 9 43 | 224 (-20) 3.2 7.2 10.4 6.0 7.0 6.0 | 170 150 80
%% M.79| 7.5 44 | 216 (-42) 2.4 4.0 8.6 6.0 6.0 7.5 | 160 120 80
=+ .80 5.0 33 | 196 (-40) 2.0 5.0 9.0 6.0 6.5 7.5 | 130 130 90
+IM.81] 1.0 41 | 224 (-44) 2.9 5.014.0 | 6.0 6.0 7.0 | 290 150 100
55 M.82| 0 34 | 208 (-42) 2.3 7.4 15.8 6.0 7.0 7.5 | 160 220 160
‘gi;:m.83 7.0 59 224 (-28) 4.9 '9.8 15.1 6.0 6.0 7.0 - 296“ 110
%é M.84{ 2.0 25 | 218 (-46) 3.0 7.8 9.2 6.0 6.0 7.0 | 220 170 120

- 10T -
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haemorrhage from chewed limbs, but these animals had not
attacked their limbs. The response appears to‘be one of
hemodilution to the shock of 1limb ligation, when hydration is
adequate. Coﬁsfaﬁtinides (81la) states that in the production
“of severe shock in rats by pinching exposed intestines in
several plaées, marked and rapidly develbping hemodilution
rather than the expected hemoconcentration, appeared. Histo-
logically, the kidneys showed no definite tubular damage when

animals wére killed at 72 hours.

- In Experiment 2 it was shown that myoglobin injection
alone had no nephropathic effect; 1in Experiment 4, in whichv
ligation of a 1limb was carried out on normally hydrated animals,
agaln no lethal renal damage resulted, although a diuretic
effect was noticed. In the present experiment these tWo,féCto:s
together (myoglobin énd crush injury) also produced no lethalr
kidney damage but again resulted in a marked and definite .
diuresis. In addition, an apparent hemodilution reSponsg;ﬁé

the trauma was observed.

Experiment 7:

The three factors, limb ligation, dehydration and
myoglobin injection were combined in this experiment. Four
animals were tested thus and comparéd}with four additional
rats subjected to dehydratidn and ligation alone. The control

group of four animals was dehydrated similariy but was 6therwise
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untouched . Dehydration and myoglobin injection wers accom-
plished as in ﬁxperiment'3, with a phosphate buffer as the sol-
vent.  The dehydrated-ligated group received no injection of

buffer. Observations are in Table 7.

Intakes of solids and water were fairly well matched
in the three groups, as was the weight loss. The ligated ani-
mals, however, did lose more weight with one animal losing 17%
of its original body weight. Urine volume figures again show
thé diuretic response without any significant difference between
the two‘ligated groups. Urea nitrogen figures in ligated
animals were raised to urémic levels and although at first glance
there seems to be a signifigant elevation of the myoglobin-
injected groﬁp over the non-injected one, it is necessary because
of the wide range of figures and ﬁhe small group of statisties
to apply statiétical methods to these figures in order to reach a
accurate conclusions. When this is done (see Table 74) it is
found that, at the 24_hour‘réading the difference between thése‘
two groups is not significant and could have occurred by chance.
On the other hand, 48 and 72 hour feadings'are found to differ.
significantly in the two groups at the 5% level - i.e., in 95%

of cases.this difference would not occur by chance.

The normal histology of the kidney of animal M. 76 is
shown in Figure 15, contrasting well with a similar area in
Zone 3 of animal M.80 (Figure 16) which shows various degrees

of degenefation in the renal tubules. This animal was subjected
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to ligation and dehydration without pigment injection. A

similar type of damage is apparent in animal M.82 (Fig. 17)

which received myoglobin and here a rare cast is shown. In
addition, distal tubules in the cortical region of this kidney -

also were degenerating (Figure 18).

) <“.M ‘ -a : “% . A w ',- .
d . N ‘ £
'y -

Figure 17 Figure 18

Results of this experiment (ligation + dehydration +
myoglobin) should be compared to those of Experiments 5 (ligation
+ dehydration) and 6 (ligation + myglobin) as well as with the

control animals. There were no deaths and there was very little
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elevation of B.U.N. with ligation and myoglobin as the stress;
with ligation and dehydration, uremic levels were reached in

twelve of sixteen test animals and there were no renal deaths.
It would appear, then, that dehydration is an essential factor
in the development of acute tubular necrosis from crush injury
and that injection of myoglobin though not essential for the

development of the syndrome, adds significantly to the tubular

damage as indicated by urea nitrogen levels and kidney histology.

Experiment 8:

The effect of increasing the area of crush was investi-
gated in four rats subjected to bilateral hind 1limb ligation for
four hours after being dehydrated for 24 hours previously.
Dehydration was continued for the subsequent 48 hours. Control
groups of four animals were run on dehydration alone as well as
dehydration'plus left hind 1limb ligation for five hours. Table

8 classifies the pertinent data.

The difficulty ih pontrolling food intake and to a
lesser extent wafer intake in the last 24 hours is again evident,
but all animals apparently suffered similarly as gauged by their
losses of weight. Figures for urine volumes,'though incomplete
because of deaths, again show pélyuria at 24 hours which is
amplified by the water intake at 72 hours. In addition it was
noted that in two dehydrated control aﬁimals wine-éoloured urine

was excreted though there was no evidence of external bleeding.
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This was apparently a true hematuria. Urine pH figures.again

show the general trend towards alkalinity with diuresis.

Urea nitrbgen figures were among the highest yet
recorded. Dehydrated éontrol>figures were elevated at 24 hours
and maintained that level at 48 hours; though one animal rose
to 180 mg %. That this elevation was due to dehydration alone
is shown by the prompt return to normal in all cases at 72
hours, after the animals had been allowed water for 24 hours.

In the unilaterally 1igéted dehydrated control group, B. U. N.-
levels were generally higher and persisted at an elevéted level .
for a longer time. Only one aﬁimal reached an éxcessively high

level and that animal died apparently of renal damage.

In the bilaterally ligated dehydrated test group, the
results appeared to be not essentially different from the above
group except that the damage appeared more fatal. Three animals
died in thiébgroup, one (M.95) from the shock of haemorrhage from
a lacerated foot and from excessive withdrawal of blood at cardiac
puncturs. de others (M.93 and M.96) died uremic deaths with
elevated B.U.N's and periods of anuria of ffom six to eighﬁ hours.
The fourth animal of the group survived but maintéined an eleva-

ted B. U. N. level.

'Histoidgical sections showed essentially normal kidneys
in the dehydrated controls in spite of ﬁhe hematuria observed in
two of the four animals (Figure 19). Typical degenerative

changes were seen in Zone 3 of animals M.89, M.90, M.92, M.94,



TABLE 7A _ STATISTICAL ANALYSIS OF FIGURES IN TABLE 7 )
DEHYDRJ DEHYDR. |DIFF.| DIFF. 5 5
+ LIG'N, + |[FROM | FROM x y
LIG'N | MYOGLOBIN |MEAN | MEAN
"XN n Y" i X", " yll
170 290 +17 | +67 289  |4489 6, = 17 My =12.06 Oiy = 39.48
mlt- :
&l 160 160 +7 -63 49 13969 '
{1 - §y =53.12 6My =37.60 Dm = 70
130 220 -23 -3 529 9
< o |y = X = 70/39.48 = 1.77
Qff M=153 | M=223 £x=867 g4 |
' For signlflcance at 5% level, need 2.78
110 150 -18 | -35 324  |1225 . = 14.76 &My =8.53 b8y = 17,74
gl 150 220 +22 | +35 484 {1225
S € =26.92 OMy =15,56 D = 57
21 120 200 -8 +15 64 225 | -
X =3.21
ol 130 170 +2 -15 4 225 '
N £x> For significance at 5%, need 2.45; at
90 100 +5 -22 - 25 484 fx =5 Sy = 2,89  fda =13.47
|2 80 160 =5 +38 25 1444 | & = 020.76 M= 13.16 DM = 37
\
2l 8o 110 -5 -12 25 144 L = 2.75
For significance at 5%, need 2, 45, at
aff 90 120 |+5 -2 25 7\ 1%, 3.71. ,
‘M—Ss M=122 Zx* =100 | 2072
: .

- Lot -



TABLE 8

DEHYDRATION AND BILATERAL LIGATION IN INTACT RATS

FINAL WEIGHT

TOTAL | TOTAL URINE VOL. URINE pH B. U. N. DIED
R e =
|Se. 85 10 36 | 222 (-38) 2.2 1.8 3.3 |6.0 6.0 6.0 | 110 110 70
<. 86| 10 34 | 244 (-28) 0.5 0.3 2.8 |7.0 6.0 6.5 | 90 110 70
87| 10 24 | 234 (-34) 1.6 1.0 3.4 |6.0 6.0 7.0 | 100 100 90
d M.88| 10 28 | 216 (-28) 1.3 0.3 1.9 |6.0 6.0 6.5 | 130 180 80
+=ilM.89] 10 | 39 |[252 (-32) 4.1 5.4 8.2 |6.0 7.0 7.0 | 140 "120 110
;EMQO 6.5 | 36 |230 (-30) 3.6 7.2 11.3 |6.0 7.0 7.5 | 190 140 90
=ellu.91| o - - 2.1 0 - |60 - - |40 - - 36-48
%M.% 0 15 |190 (-46)  [1.5 8.1 9.0 |6.0 6.5 7.0 | 210 150 160
+ .93 o - 232 (-28) 2.3 0 - {60 - - |20 - - 36-48
g u.94| 0 3.5 | 224 (-32) 2.8 5.1 13.3 6.0 6.5 7.5 | 190 220 220
§ M.95| 0 - |220 (-30) 0.7 - - |60 - - J290 - - 20
% 1.96| o - |222 (-28) 1.9 = - 6.0 - - 260 - - 24-26

- Q0T -
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M.95 and M.96. (Figures 20 and 21). Animals M.91 and M.93
had been dead more than one hour so sections were not valid.
In addition, the medulla of animal M.95 showed numerous hyaline

casts in Henle's loop; no hematuria was noted in this animal

(Figure 22).

Figure 21

It is apparent that the more drastic trauma of bi-
lateral crush injury coupled with the essential dehydration is

capable of producing a more fatal renal damage than is unilateral
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ligation and dehydration. However, the improvement gained

by this procedure; when balanced against the extra time |
invqlved and thé impreséioh that the proéedure approached the
area of shock deaths, was not felt to be sufficlent to warrant
its use. It was instead felt advisable to approach the prob-
lem from the opposite point of view -- i.e., reduce the renal
reserve of the animals. Subsequent experiments accomplish

this by prior uninephrectomy_on all animals.

Also emphasized in this éxperiment is the fact that
dehydrated control animals retain water, when it 1s supplied,

much better than do those animals whose limbs had been ligated.

Experiment 9:

The effect of reducing renal reserve is studied in
Experiments 9A and 9B, which deal with male, right-nephrect-
omied rats subjected to 72 hours dehydration and five hours
~ligation. In 9A, twelve animals were nephrectomied one week
prior to initiation of dehydration; four of these were simply
dehydrated, while the remaining eight were ligated.as well as
dehydrated. In 9B, nephrectomy was done three days prior to
idehydration, but the control gfqup of four and test group of
eight animals were treated as in 9A. Experiment 9B was
designed as a 36 hour experiment so that animals were killed
at that time and correspondingly fewér observations are recorded

(Tables 94 and 9B).
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In Experiment éA, all animals appeared fully recovered
following nephrectomy, having regained or‘exceeded their pre-
operative weights. However, all were noticeably more sensitive
to nembutal sedation. Foed, water and weight change.figures
were not unusual. Urine volumes agaih showed the diuretic
response principally at 48 hogrs, and pH.figures the tendency
towards alkalinity with diuresis. All figures were higher than

comparable figures for dehydrated intact animals.

Two dehydrated control animals showed excessively
elevated B.U}N. levels and. at autopsy one of these had a granu-
lar kidney which showed a chronic interstitial inflammation

histologically. The kidney of the other animal was not examined.

Of the remaining eight test animals, six reached and
held high.B.U.N. levels, two of these as high as 470 mg % and
530 mg %. The remaining two behaved in a way much like the_

dehydrated controls.

Animals M.105 and M.107 died at 48 and 72 hours respec-
tively, as a result of hemopericardium following heart puncture.
Animal H.106 was killed at 53 hours post-ligation because it
had been moribund férvthe.entire day, was anuric and suffering
severe rigprs. Aﬁimal M.104 was carried beyond the 72 hour
period but was killed at 100 hours because 1t was moribund; its
post-mortem B.U.N.'wés 280 mg % and it was noticed that its
boﬁel was filled with tarry material like old blood. This



TABLE 9A  LIGATION AND DEHYDRATION IN RIGHT NEPHRECTOMIED RATS
1 mar Eoon WATER | FINAL WEinT,‘f{ﬁRINE VOLUME URINE pH B. U. N. |DIED
: (GMS) (cc) | AND CHANGE i cC.
1 (GMS) 24 48 72 24 48 72 24 48 72 | (RS)
— A —
Au.97 | 5 30 |184 (-26) %=T: 2.2 1.7 8.8 |6.0 6.0 7.0 | 240 170 100|
Qm“ el _
%M.% 5 27 |220 (-22) 1.5 1.2 6.0 |6.0 6.0 7.0 | 110 100 90
gf’M.99 5 30 |226 (-14) | 1.5 0.6 7.6 [6.0 6.0 7.5 | 180 90 110
w200 | 5 31 | 210 (-20) 1.2 0.8 9.8 6.0 5.5 7.0 | 120 90 80
Juaaoi| s 31 |226 (-14) 1.8 4.3 17.0 (6.5 6.5 7.5 | 260 130 100
él M.102 | 5 36 | 226 (-16) 2.0 1.9 9.1 [6.5 7.0 7.5 | 230 130 90
S lu,103 | o 46 |196 (-28) 1.3 2.729.3 |7.0 7.0 7.5 | 410 230 140
= lw.10a | o 9 (192 (-26) 1.4 1.2 5.1 |6.5 7.5 7.5 | 200 240 300
i M.105| © - |180 (-44) 1.8 7.0 - 6.0 7.0 - 410 " 230 _=0| 48
S | _
= ly.106 | o 3 {212 (-28) 1.0 0.6 - |6.0 6.5 =~ | 270 220 310| 53
é M.107 | o 41 | 222 (-34) 2.2 7.4 20.8 |6.0 7.0 7.5 | 530 220 160} 72
B 1,108 | o 23 |220 (-40) 1.2 0.8 16.5 |6.5 6.0 7.5 | 220 230 250

- 21T -




TABLE 9B

LIGATION AND DEHYDRATION IN RIGHT NEPHRECTOMIED RATS

URINE VOL.

“KIDNEY

RAT FOOD |WATER |FINAL WEIGHT URINE pH| B.U.N. |DIED
(GMS) |(ecc) |AND CHANGE (HR) WEIGHT
24 36 24 36 |24 36 mg per
' cm.
8., fu.109f 4 - 200 (-34) 1.1 dried| 7.0 - | 100 80 271.5 .
<& lwato| 5 | - | 238 (-36) 1.9 0.2 | 6.0 6.0]100 80 269.1
3] . _,
223 M.111| 4 - 254 (=40) 1.6 dried] 6.0 - - 140 . 280.0
S (YR AT - 230 (-42) 1.7 dried| 7.5 - |110 90 258.9
M.113| © - 258 (-24) 1.7 0 6.0 - | 190 290 |32-36| 254.9
= |M.114| o - 256 (=32) 2.2 0 6.0 - | 400 - 26 |° 276.5
= g
£ fu.115] o - 248 (-24) 1.7 - 6.0 - | 600 - 304.7
3 _ | - _
A |lm.116| © - 242 (-18) 2.9 0.7 | 6.0 6.0]210 310 293.6 .
g .
= IM.117 0 - 248 (-40) 2.6 1.4 | 6.0 6.5] 230 270 261.9
g M.118] O - ].248 (-38) 2.2 2.3 | 6.0 6.5| 220 200 275.4
§ M.119| O - 264 (-38) 3.1 2.3 | 6.0 6.0) 210 220 -
% M.120] © . 258 (-34) 2.8 1.0 | 6.0 6.0]| 220 260 248.4

- ¢IT -
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observation had been made before but not recorded and apparently
illustrates one of the three classical reactions to stress, that
of gastro-intestinal haemorrhage. This animal was grossly
anemic at post-mortem. In addition, true hematuria was again

observed, this time in a test animal (i{.108).

Of eight test animals, then, six had elevated B.U.N's
which were maintained. Six were actually polyuric while one
was oliguric and one anuric for the ten hours preceding death.
Histologically, three showed definite Zone 3 lower nephron
degeneration (Figure 23, compare. Figure 24); one showed
questionable changes; the remaining four did not show histolog-

ical evidence of renal damage when killed at 72 to 144 hours.

Figure 24

An interesting series of observations was made on
animal M. 104. This dehydrated ligated animal exhibited

oliguria, progressive uremia and gastro-intestinal but not
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bladder haemorrhage. Figures 25, 26, 27, 28, and 29 show
dilated tubules and ischemic glomeruli of the cortex and Zones
3 and 4 (medulla) loaded with hyalin, granular and yellowish
(pigment?) casts. This was the only observation, in this
series of experiments, in which oliguria was so apparently

associated with frequent tubular casts and dilatation.
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Results of Experiment 9B were essentially the same as
in Experiment 9A. One conﬁrol animal reached a B.U.N. level
of 140 mg % while all test animals were over 190 mg. %. Two
of eight test animals died 24 to 36 hours following ligation,
one being anuric for about 20 hours prior to death. All remain-
ing animals retained (in most cases at higher levels) their
elevated B.U.N's until killed at 36 hours. Histological examin-
ation of these kidneys revealed that five of eight animals died
with typical degenerative cﬁanges in Zone 33 one kidney was
normal, one showed questionable change and the eighth illustrated
postmortem changes only. All these five had elevated B.U.N.'s
and two died in uremia. Six animals were polyuric and only one

was anuric prior to death.

Kidney weights at death were recorded for the first
time in Experiment 9B and cannot be said to show any significant
difference between the two groups. Controls averaged 269.8 mg.
per cm2 (range 258.9 to 290.0); test animals averaged 273.6 mg.
per cm® (range 254.9 to 304.7).

Comparing these results to those of Experiments 5A and
5B make it apparent that rats with reduced renal reserve are more
susceptible to crush injury with dehydration as indicated by urea
nitrogen levels, tubular damage and mortality rate. These
results compare favorably with those of Experiment 8, in which'

the area of crush was increased in intact animals.
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Experiment 10:

- In an attempt to reduce the number of tests used and
to'observe the natural course of the syndrome, this experiment
was concerned chiefly with the mortality in right nephrectomized
rats subjected to 72 hours dehydration and five hours limb liga-
tion. Because cardiac punctures would interfere with spontan-
eous deaths, only postmﬁrtesz.U.N's were done in surviving
animals. The weight of kidneys'at death in ﬁg. per sq. cm. of

surface area was again recorded (Table 10).

Data in the first five columns are not significantly
different from previous observations except for the remarkable
weight loss seen, especially in dehydrated controls, in which it
is commonly 30% of body weight. The diuretic response appears
again. B.U.N.'s were not obtained in the first two animals nor
the three test animals dying spontaneously. Figures for test |
animals surviving were not elevated. Kidney weights average
'319.4 mg. per cm.2 for controls (range 289.5 to 368.8) and 332.7
mg. per cm.2 for test animals (range 307.4 to 348.4) and though
this is a difference of some 13 mg. per cm.2, it cannot be sig-
nificant because of the wide range seen in control animals.
Histological changes were not valid in the three test animals
whicﬁ died, and appeared absent in the remaining animals, includ-

ing controls.

Three of eight animals died spontaneously. M.139 was
found dead at 24 hours and appeared to have died about 11 to 15
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hoﬁrs after removal of ligation; M.143 was also found dead at
24 hours and judging by lack of rigor mortis had died 16 to 17
hours following ligation removal; M.1l44 died more than 48 hours
after the initial stress. These thiee wereffelt‘td beA"valid"
deaths -~ i.e. from renal failurg.and not from shock - and this
mortality rate was taken as a standard for subsequent experi-

ments on treatment.

It can be concluded that 72 hours dehydration plus five
hours unilateral hind limb ligation in uninephrectomied male
albino rats of the Wistar strain produced death in renal failure
in three of eight test animals (37%4). Disturbance of renal
function as indicated by polyuria and hyposthenuria was seen in

eight of eight (100%) test animals.

Experiment 11:

—

Female rats were used at this point in order to deter-
mine any sex.differencé in the response to the various therapeu-
tic agents. In Experiment 1lA, twelve uninephrectomied animals
were used, six as controls and the remaining six (alternate |
animals) were treated with testosterone 5mg. in oil and 5 mg. in
saline subcutaneously at the time of ligation. All animals
were subjected t6' 24 hours pre-ligation dehydration followed by
five hours 1ef£‘hind 1imb ligation and 48 hours post-ligation‘

dehydration. Again, mortality was the main factor observed in

order to determine the effect of testosterone in protecting
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against acute renal failure. Observations are recorded in

Table 11A.

B “Because it was felt that the testosterone may not
have had sufficient tiﬁe'in which to act, Experiment 11A was
repeated (Experiment 11B) giving 9 ng. of testosterone in oil
48 and 24 hours prior to ligation. The procedure followed was
otherwise the same and again mortality was the chief factor

observed (Table’llB).

In Experiment 11A, figures for urine output and B.U.N.
were comparable to previous results. Kidneys of animals
receiving testosterone are not significantly heavier (at the 5%
level) than those of control animals (controls averaged 251.2 mg.
per cm.2'with a range of 222.8 to 259.9; test animals averaged
266.9 mg.% cm.2, fange 238.8 to 302.5). 'E;ve animals in the
control group of six, and four in the, test group of five, died.
This increased mortality plagued ail‘éubseduént therapy experi- -
ments whether in male or female anlmals and the problem will be
deait with in the discussion to follow. It is,'however, appar-
ent that testosterone proprionate given in adequate dosage at
the time of the initial stress is not effective in protecting
female rats against traumatic uremia and death in acute renal

failure.

Histological examination of these kidneys revealed, in
test animals, three with typical lower nephron degeneration, one

with questionable changes, and the fifth animal illustrated post



TABLE 10  MORTALITY IN DEHYDRATED, LIGATED UNINEPHRECTOMIED RATS

v [38 |5 | ap| v goe | ww e g | om

: ' 24 48 72 96 | 24 48 72 96 | 96 HRS - | (mg/em
| g Ju.133| 5 | 16 |128 (-66) | 1.6/0.5| 7.4[4.8] 6.0/6.07.0{7.0 | - © | 313.4
<Slu.134| 5 | 11 |126 (-64) |0.8l0.5] 5.3|4.3] 6.5|6.0l6.0[6.5] - 306.0
% M.135| 5 | 14 {114 (-50) | 1.2{1.0| 6.8{2.0| 6.5/6.016.517.0 { 100 [ 368.8
 imM.136] 5 | 15 |116 (-60) | 1.4|0.4] 5.0(3.8] 6.0[5.5]|7.5|7.5| 80 | 289.5

_ w137 5 | 66 |128 (-a6) | 1.1|2.2{16.8|29.0| 6.0[6.0(7.5{7.5 | 110 |- 338.0

S fu.138] 5 | a2 | 130 (-66) | 2.0[8.8|18.7]7.2] 6.0]7.0[7.5|7.5 | 90 348.4

g M.139| 0 | -- |138 (=26) |o.7| -| - { -] -|-|-|-] - :12-24| 337.8
+ J|M.140] 5 53 136 (-52) | 1.9(6.6]13.9(|7.6] 6.0{6.0{7.0{7.5 | 80 307.4

= |M.1410 5 | 41 | 132 (-50) |1.8(5.4[15.2|10.6| 6.06.5|7.0|7.5 110 310.3

% m.142) 5 | 37 |122 (-50) | 2.0]4.6]12.8]7.0] 6.0]6.5{7.5]|7.5 |130 | | 341.8

E M.143] 0 | - 160 (-32) 0.4l -] - |- 7.0 -1-]-1] - 12-24] 345.5°

E' m.144) o | 3 | 140 (-24) |1.11.0f - | -:f 6.0/6.0| - f - | - - 34-36| -

- 0T =



TABLE 114

TESTOSTERONE IN -CRUSH SYNDROME

il STt B e B B
24 48 72 24 48 72 DEATH| (HRS)|Mg/cm
T fu.145] 0 o |180 (-14) 0.7 - - 6.0 - - 300 | 21 {302.5
C {M.146] O o | 188 (-18) 0.7 - - 6.0 - = - 29 |258.6
iT! M.147| O 0 | 168 (-6) 0.8 - - 6.0 - - 370 | 24 |272.7
¢ u.148] 1 37 | 220 (-28) 1.3 0.3 24.5| 6.0 6.0 7.0| 170 [254.3
T M.149] 0 0 |200 (-24) 1.8 drop - 5.5 7.5 - - |56-72]263.7
¢ |u.150| o 0 |[178 (-20) 1.1 0 - 6.0 - - - |56-72{259.9
T |M.151] - - - - - - - - - - - - -
C |M.152]| 0 0 |200 (-22) 1.0 drop - 6.0 - - - {56-72|253.3
T |M.153( 3 50 |198 (-24) 1.1 0.6 26.0 | 6.0 6.5 7.5 % | - [238.8
¢ fu.154] o 0o |200 (-26) 0.7 - - 6.0 - - 300 | 20 |258.5
T iM.155] 0 o |152 (-21) drop - - - - - 300 | 17 |257.0
¢ [M.156( o 0 |188 (-22) 1.0 - - 5.5 - - - 26 |222.8

- TetT -
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mortem changes. A feature of the pathology previously men-
tioned is here very evident. The fact that the degenerative
and pyknotic changes in Zone 3 tubules are farthest removed
from congested venae rectae is seen in Figure 30 (low power)

and Figure 31 (high power).

In Experiment 11B, not one of the animals survived to

be killed at 72 hours, so that once again the increased fatal-
ity rate is illustrated. Eight of the animals were "found
dead" 24 hours after ligation was applied and so the problem
of shock death rather than uremic death is raised. Four ani-
mals (two test and two control) died after this 24 hour period
and are taken to be certain uremic deaths; two of these (the

test animals) had raised urea nitrogen figures.

Three kidneys could be examined histologically and
all three showed changes typical of acute tubular necrosis
(see Figure 32) which were also apparent in the distal tubules
of the cortex. These kidneys also exhibited the frequently
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observed marked congestion of the medulla (Figure 33). Kidney
weights in mg. per cm.2 at death again show no predictable plan,

average figures being 271.6 mg. per em.2 for test animals
(range 260.5 to 280.0) and 277.2 mg. per em.? for controls
(range 258.0 to 310.8).

In considering results of Experiments 1l1A and 11B it
must be concluded that testosterone proprionate given in ade-
quate doses to ligated, dehydrated, uninephrectomied female
rats does not reduce their mortality rate. Whether or not the
hormone has some palliative effect as measured by decreased
structural damage or lower urea nitrogen levels in test animals

cannot be stated.

Experiment 12

Experiment 11 was repeated here using twelve male
animals and a dose of testosterone 5 mgs. in o0il 72 and 24 hours
prior to ligation, as well as at time of ligation, in alternate

animals. Table 12 presents the observations.



TABLE 11B. TESTOSTERONE IN CRUSHED FEMALE RATS

" RAT ?gﬁg) W?EE? ggiggg éﬁ§> URI§EC¥0LUME URINE pH AB.SEN DIE? KIDNEY
24 48 72 54 48 72 3E€T% (HES) |Mg/em

THM.157 o {o |196 (-18) | 0.3 - - 7.0 - -] - 24 |269.8
C |M.158 | © 0 190 (-26) 0.8 - - 7.0 - - - 24 }1310.8
r M.159 | © 0 202 (-18) 0.2 - - - - - - 24 [269.4
¢ flm.160 | o o 176 (-24) 0.4 0 - - - - - 32-48(286.9
T “M;lél' 0 0 194 (-26) 0;9 - 6.0 - - 290 29 - |281.9
clu.162| o |o 194 (-28) 1.4 0 - 6.0 - - - 26 |258.0
| w163 | o lo 180 (-18) 0.5 - - 6.0 - - - 24 |260.5
T {M.164 | © 0 170 (=20) 0.7 - - - - - - 24 |282.0
T |M.165 | o 0 200 (-24) 0.8 0 - 6.0 - -] 300 | 28 |282.0
C IM.166 | © 0 185 (-20) 0.2 - = - - - 24 |[258.2
T [u.167 | o 0 190 (-20) 0.4 - - 6.0 - - 24 |264.9
c {u.168 | 0 0 170 (-22) | 1.2 - - 6.0 - - 24 |267.4

- g2l -
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TABLE 12 TESTOSTERONE IN CRUSHED MALE RATS
RAT FiggA WEéﬁiﬁgéND URIN%pZ?LUME URINE pH___ BAE.N. oED ﬁégggy
WATER 54 48 72 24 48 72 | DEATH mg/cm
7 |hM.253] o 208 (-14) | 0 - = - - - 24 | 266.4
lc [lm.254] o 206 (-20) | 0.1 - - - - - 24 | 214.8
T {.255] o 192 (-16)! o - - - - - o4 | 203.7
¢ |lu.256
T |lm.257] o 186 (-16)| o - - - - - 24 | 230.1
lc |e.258) o 200 (-24)| 0.5 - - - - - 24. | 250.6
|7 f.259| o | 194 (-16) | 0.3 - - - - - 24 | 226.0
c |M.260{ o© 202 (-20) | 0.3 - - - - - 24 | 230.5
T jM.261) 0 210 (-18) | 0.4 - - - - - 24 | 249.3
c |lm.262| 38" | 188 (-24) | 0.3 3.4 30.0 | - 5.0 6.0 | 310 - 279.8
T {1,263
c 0 196 (-22) | 0.2 - - - - - - 24 | 201.8

- 92T -
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A All animals appeared: markedly shocked when ligatufes
were removed after five hours and nine of ten were dead when
seen the following morning (24 hours after ligatures were
applied). Two other aﬁimals died during the period of ligation.
These-resqlts were typical of those of later experiments in
which death occurred earlier and more frequently. Kidney weights
averaged 235.5 mg. per em. 2 (range 201.8 to 279.8) for control
and 235.1 mg. per cm.? (range 203.7 to 266.4) for treated animals.

One untreatéd control animal ran a 72 hour course show-
ing a typical clinical picture of acute renal failure in the rat,
with an eventual diuretic response and a B.U.N., when killed, of
310 mg. %. Histologically, that kidney showed changes taken to
be regeneration following tubular damage: areas of flattened,-
basophilic tubular cells associated with cellular debris in the‘

lumens (see section on "Discussion").

Testosterone ,propionate therefore would appear to be
ineffective in maintaining or prolonging life in male rats exper-

iencing shock and acute renal failure.

Experiment 13:

The effect of cortisone acetate on mortality in uni-
nephrectomied, dehydrated and ligated female rats 1s considered
in this experiment. Two mgs. of cortisone in saline were
injected subcutaneouslyf24 hours prior to ligation and the dose

repeated daily until'death. Twelve animals were used, alternate
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ones being treated with the test drug. Observations are in

Table 13.

Mortality rate was again high, but most animals lived
beyond the 24 hour period. Al]l treated animals died in the
24 to 28 hour period, while two control animals died in the
32 to 48 hour period. Of eight animals in which B.U.N. levels
were determined at death, all were elevated to uremic levels
and all showed histological changes of acute tubular necrosis.
Representative areas of Zone 3 are illustrated in Figures 34

(eontrol) and 35 (test).

These animals were also anuric for periods up to 24 hours prior

to death. Kidney weights again revealed no significant relation-
ship of treated (average 250.7 mg. per cm.2 - range 240.4 to
272.2) to untreated (av. 246.4 mg. ber em.2 - range 235.5 to
260.5).

Cortisone acetate would appear to be ineffective in
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reducing the mortality from or severity of acute tubular
necrosis in female rats subjected to uninephrectomy, dehydration

and crush injury.

Experiment 14:

The above experiment with cortisone is here repeated
using, instead, male animals. Procedure and dose schedule
of cortisone acetate were essentially the same as in that exper-

iment. Observations are in Table 14.

All twelve animals (six treated, six untreated) were
dead when observed 24 hours after ligatures were applied, so
that no observations were made, other than weight loss and 24
hour urine volume. No explanation for this exaggerated inérease
in early mortality was apparent, but the problem ié considered
in the section on "Biscussion". Kidney weights show an isolated
eiample of significance at the 1% level in that treated animals
averaged 243.6 mg. per cm.2 (range 220.4 to 260.3), while con-
trols averaged 214.3 mg. per cm.2 (range 191.8 to 236.3). No
. histological examinations were made because all kidneys had

undergone postmortem change.

No conclusions can be drawn from the experiment other
than that cortisone appears to have no favorable effect in pro-
tecting male rats from death from shock and/dr renal failure.

It becomes apparent that the standardized production of acute



TABLE 13

CORTISONE IN CRUSHED FEMALE RATS

FOOD | WATER | WEIGHT AND URINE VOLUME | = URINE pH B.U.N. | DIED |KIDNEY
RAT |(GMS) | (cc) | CHANGE@GMS) |____ (cc) at WEIGH
| 54 .48 72 |24 48 72| DEATH | (HRS) |Mg/cm
_ mg. %

T |[M.169| 0 0 180 (-20) 1.4 - - |55 = - | 19 25 | 243.7
c{im.170| o 0 180 (-20) | 1.0 - - | - - - 400 | 26 | 260.5
T llM.172 | O 0 180 (-20) 0.5 - - |55 - - 230 27 | 240.9
cllm.172| o 0 170 (~30) ‘1.2 0 - |6.0 - - 270 48 | 235.5
T {|M.173] O 0 178 (-18) 0.4 0 - | - - - 370 27 | 251.4
cllma7af o 0 | 184 (-24) 06 - - - - - - | 12-24| 248.6
T ||M.175| O 0 174 (-28) 1.3 0 - | 6.0 - - 290 27 272.2
c M.176{ O 0 | 182 (-30) 0.7 0 - |60 - - - 32-48| -
T ||M.177] © 0 184 (-20) 0.6 0 - |55 = - 500 28 | 251.4|
¢ fm.178] o 0 210 (-22) 0.6 08 = |55 - - - 30 | 236.8
7 llM.179] o 0 194 (=34) 0.6 - - |6.0 - - - 12-24| 244.7
c{iu.180] 0 0 | 212 (-28) 1.1 0 - |6.0 - - 4qo 27 | 250.6

- OET -



TABLE 14

CORTISONE IN CRUSHED MALE RATS

Q #H o B B OO B 3 =3

RAT

M.241
M. 242
M.243
M. 244
M.245
M.24é
M.247
M.248
M.249
M.250
M. 251

M.252

FOOD
(GHMS)

O O 0 © O O O O O O O Oo

WATER | WEIGHT AND | URINE VOLUME |  URINE pH B.U.N.| DIED [KIDNEY
, (ec) CHANGE (GMS) (ce) ' at WEIGHT
' ' 24 48 72 24 48 72 DEATH | (HRS) [Mg/cm2
;=F======$=============L============#===============================F======%=======*=====r'
0 190 (-20)' 0.3 = - - - - - - 12-24 248.6
0 192 (-22) 0.3 - - - - - - 12-24 | 209.1
0 198 (-16) | 0.9 - - - - - - 12-24 | 220.4{
o | 232 (-16) |05 - - | - - - - | 12-24 231.1}
0 180 (-16) 0.9 - = - - - _ | 12-24] 238.0
0 190 (-16) |o0.1 - - - - - - 12-24 | 191.8
0 204 (-22) 0.4 - - - - - - 12-24 266.3
0 184 (-14) 0.4 - - - - - - 12-24 | 196.1
0. .| 228 (-22) 0.6 - - - - - - 12-24 | 252.9
o 190 (-18) 0.2 - - - - - - 12-24 | 221.6
0 | 224 (-18) | 0.5 - - - - - - 12-24 | 241.5
0 214 (-18) 0.3 - =~ - - - - 12-24 | 236.3

- TET -
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tubular necrosis and renal failure by these methods is much

less possible than was indicated in earlier experiménts.

- Experiment 15

- A combination of testosterone, with its renotropic
(333) and/or protein-sparing actions, and cortisone, with its
co-called life-maintaining factor, might conceivably be effect-
ive in cases of acute tubular necrosis, where either one of
these agents alone would fail. These hormones were éherefore
used together in this experiment,.with dgsages arranged as in
Experiments 11B and 13. Twelve female ahimals were again used

with alternate animals receiving the test drugs. Table 15

presents the observations.

- These animals were smaller than’usual, being 155 to
186 gm. in weight, which fact may account in part for the
increased mortality at 24 hours. Only four animals lived
beyond the 24 hour period; three of these were untreated control
animals and one had been treated with hormones; all four had
elevated B.U.N.'sj and all showed histplogical evidence of acute
tubular necrosis. Kidney weight figures averaged 284.5 mg. per
cm.2 (range 261.0 to 322.9) for test animals, 277.4 mg. per cm2
(range 251.7 to 287.5) for controls, hardly a significant differ-

ence.

Though these animals were perhaps too small for an



TABLE 15

TESTOSTERONE PLUS CORTISONE IN CRUSHED FEMALE RATS

Q 2 OO B O 3B o 3 o 13 3

RAT

M.181
M.182
M.183
M.184

M.185

M.186

M.187
M.188

M.189

M.191

M.192

FOOD
(GM)

o o O O O O O O O O O o

WATER
(ce)

O O 0 0o 0o O O © O O o o

WEIGHT AND
CHANGE (GM)

168
148

152

162
156
146
152
140
146
144
160
154

(-12)
(-20)
(-18)
(=20)
(-18)
(-20)
(-16)
(-14)
(-20) -
(-14)
(-14)

(-18)

URINE VOLUME

URINE pH

24

0.5
0.3
0.6
0.9
1.1
0.6
0.6
0.7
0.8

1.6
0.8
0.6

48

72

24 48

6.0 -
6.0 -
6.5 -
5.5 -
5.5 -
6.0 -

6.0 -

6.0 =~
6.0

72

B.U.N.
at -
DEATH

230
440
320

DIED KIDNEY
WEIGHT

M

Mg.vz‘

12-24
12-24
12-24
25
12-24
12-24

12-24

25

26

27
12-24
12-24

g/cm.

261.0
287.5
282.1

26504

322.9
251.7
296.8
585.7
278.8
b82.6

2

273.3.

283.9 |

- €T -



TABLE .16  TESTOSTERONE AND CORTISONE IN CRUSHED MALE RATS

- €T -

v i M mon o) apvom | wmme | s, | SO
54 48 72 54 48 92 | DEATH | (hrs) | Mg/cm.?2
: Mg.%
T|M.193 {0 0 |200 (-28) | 0.15 - - - - - - 12-24 | 281.9
clm.194 |: | ,_ | 1
lef.z95 Jo |12 [220 (-34) |o0.95 - - 5.5 - - - - | 36-48|261.6
clu.196 |o 0 {212 (-40) | 0.3 - - - - - - 12-24 | -
1 lu.197 |o 0 |224 (-34) |04 - - | - - - - 12-24 | 285.0
C{m.198 |o 0 |210 (-36) [0.5 - - - - - - 12-24 269.5
T{M.199 |0 0 |214 (-42) | 0.5 } - - - - - 12-24 | 318.4
c' 200 {5 |55 |228 (-38) |1.9 ‘17.2 9.2 | 5.5 6.5 7.0 | 180 - |295.9
T M.201 |0 0o |222 (-38) |01 - - - - - - 12-24 | 286.4
clm.202 |o 7 1194 (-36) | 0.4 O - 5.5 - - - 30 |281.9
T {M.203 [0 0 268 (-32) (0.5 - - - - - - 12-24 } 296.9
clu.204 [3 |57 |200 (-58) |0.55 14.7 20.8 | 5.5 6.5 7.0 | 200 - |276.7
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adequate test, it would appear that testosterone and cortisone
together afford_no protectioh against the lower nephron damage
produced by uninephrectomy, dehydration and crush injury in

female rats.

Experiment 16:

Experiment 16 considers the effect of testosterone
and cortisone on the mortality in uninephrectomied, dehydrated
and ligated male albino rats of the Wistar strain. Twelve
animals were used, but one control died during the ligation
period and was not replaced. Dosage of testosterdne was
| increased to 5 mg. in oil 96, 48 and 24 hours before ligation,
as well as 5 mg. at the time of ligation; that of cortisone
"was, as before, 2 mg. daily starting 24 hours before ligation
and continuing as a daily dése. The period of dehydration here,
however, was shortened to a total period of 48 hours - 24 before
and 24 after ligation - in order to lessen the stress and pro-
long life to allow determination of whether»of not the animais
reached a state of acute renal failure. Observationé appear

in Table 16.

Again, seven animalé died within the 24 hours following
ligation in spite of being of adequate body weight; one died
during the ligation period of_méssive retroperitoneal haemorrhage
following nembutal injeéfion; _two animals (one test and one

control) survived for 24 to 48 hours; two remaining animals
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(both controls) survived for 72 hours and were killed. These
had urea nitrogen levels of 180 and 200 mg. % and though the
first (M.200) histologically appeared to show signs of healing
lower nephron degeneration (epithelial debris in medullary
tubules - see Experiments 12 and 17B), the second (M.204) had
an essentially normal kidney. TFigures 36 and 37 show a typi-
cal area of Zone 3 degeneration and of Zone 4 (medulla) with

frequent casts. The two animals which recovered showed a

typical diuretic response at 48 and 72 hours. Kidney weights

2 for six treated animals (range 261.6

averaged 288.4 mg. per cm
to 318.4), 281.0 mg. per cm® for four controls (range 269.5 to

295.9).

As in Experiment 15, it can only be concluded that
testosterone and cortisone have no therapeutic value in male

rats with acute tubular necrosis.
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Experiment 17:

_ The efficacy of Compound F in the treatment of acute
tubular necrosis in uninephrectomied, dehydrated, ligated male
rats is tested in Experiment 17A. Observations are made on  )
urine output, blood urea nitrogen, kidney histology and mortal-
ity rate. Six animals were so tésted,'with six untreated
controls. Compound F was glven as a daily dose of 2 mgs. in |
saline subcutaneously, starting 48 hours before ligation.' Obser-

vations appear in Table 17A.

Because of the promise shown by Compound F in this
experiment, it was repeated in Experiment 17B using a slightly
higher dosage of this substance, 3 mgs. daily starting 72 hours
before ligatures were appliéd. Alternate animals of a group of
twelve males were so treated. Observations were made on urine
outputs and mortality rate but B.U.N's were determined only

postmortem on animals freshly dead. These appear in Table 17B.

B& 24 hours following ligation, nine animals in Experi-
ment 17A had died. The three remaining animals sgrvived for
72 hours to be killed at that time for kidney histﬁlogy. These
were treated animals. Urine outputs were typical of the diuretic
response, and urea nitrogen levels were elevated at 24 hours
but at 72 hours were subsiding. Histological sections of these
three kidneys revealed what is considered to be healing acute

tubular necrosis (see Figures 38-40 in Experiment 17B). Kidney

N
s



TABLE 174

COMPOUND F IN CRUSHED MALE RATS

KIDNEY WEIGHT

FOOD |WATER| WEIGHT AND |URINE VOLUME | URINE pH B.U.N. |
" RAT |(MG) | (cc)| CHANGE (GM) cc. mg.%. DIED | Mg/em?.

: 13748 72 |24 48 72 |24 48 72 | (hrs)
ol w2059 | 66 | 172 (=36) [1.5 5.9 26.4 | 6.0 6.0 6.5 | 240 - 170| - 231.2
Cll M.2C6[0 | O 224 (-24) [0.4 - - - - - - - = l12.24 251.2
ol m.207l0 |0 | 188 (=28) fo.0o - - | - - - | - - - |10-24 201.0
c|l u.208{0 | o 172 (-24) 0.5 - - 6.0 - - | = - - |12-24 202.3
Tl m209l0 [0 | 174 (-24) o.75 - - |55 - - | - - - |12-2a| 197.7
clf m.210[0 | © 180 (-28) 0.3 - - | - - - l250 - 130 - 260.5
|| M.211f9 |63 | 184 (-44) 1.8 6.7 19.8(6.5 7.0 7.5| - - - |12-24| 262.4
clfm.212 [0 | o 188 (-28) |04 - - - - - | - - - |12-24 247.2
TiM.213 [0 | © 186 (-30) 0.3 - = - - - - - - 12-24 210.9

cl.214 {o | o 170 (-28) 0.1 - - - = - | - - - l12-24 203.4

TM.215 {9 {40 172 (<369 |1.1 2.9 7.0 6.5 6.0 6.5]|190 - 150| - 225.4
clM.216 {0 | © 198 (-24) |0.6 - . - - - - - - - ]|1l2-24 212.5

- g1



TABLE 17B

COMPOUND F IN CRUSHED MALE RATS

RAT

R o T - o T - I S = I o S

FOOD
(GM)

O O O O O O O O o

WATER
(ce)

59
86

77

© O o Ww O O

61

WEIGHT AND
CHANGE (GM)

(GM)

218 (-38)
276 (-40)
174 (-31)

190 (-20)

226 (-30)
230 (-38)
220 (-32)
196 (-22)
190 (-28)

224 (-52)

190 (-24)
184 (-24)

URINE VOLUME

2.6 16.6 47.4
3.4 28.0 11.0
1.4 21.3 18.6
0.2 - -
0.9 0 -
1.2 0 - -
0.6 0.3 -
0.7 - -
0.4 - . -
2.1 8.0 31.0
0.7 0 -
0.2 - -

5.5 6.0 7.5
6.0 7.0 7.5
6.0 6.5-7.0
6.0 - -
6.0 - -
6.0, - =~
6.0 - -
6.0 - -
6.0 6.0 7.5
6.0 - -

URINE pH .| B.U.N.
(ce) . Mg %
24 48 72 [ 24 48 72

200
150
170

280
420

240
300

DIED

(hrs)

12-24
25 |
26

29-33

12-24

12-24

25
12-24

KIDNEY

WEIGHT
mg/cm.2

289.9
201.6

229.2

208.1 -
218.7
236.6
222.4
201.0
245.9
246.3
251.3
234.8

- 6¢T -
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‘weights were again not significant: treated animals averaged
221 .4 mg. per em.2 (range 197.7 to 262.4), untreated controls
229.5 mg. per em. 2 (range 202.3 to 260.5). |

On the basis of Experiment 17A with twelve male ani-
mals, it can be concluded that Compound F shows some promise in
the treatment of acute tubular necrosis induced by dehydration
in crushed animals. Threé of six treated animals survived

while none of six untreated animals survived.

In expgriment 17B, water was allowed animals after 48
hours déhydration, instead of the usual 72 hburs, in an attempt
to prolong life so that more serial observations could be made.
It was felt that, if kidney damage was already present, free
water intake would not improve the ultimate outlook and so not
interfere with’comparisons of mortality rate. Kidneys were
here and subsequently fixed in Herlant's solution because of
technical difficulties with Zenker's fixative and results émply
justified the switch. ' '

Urine outputs in those animals surviving 48 hours or
more showed a remarkable diuretic response and indicafed that
these animals with damaged kidneys could not handle water intake
satisfactorily. It appeared that the increased oral amount
was rapidly flushed out through the kidney and lost, so that

animals continued to lose weight.

In the four animals surviving to 72 nours (two treated,
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two untreated), B.U.N. levels remained elevated, indicating
continuing renal damage, and renal histology showed a picture
of what has been deseribed previously as healing acute tubular
necrosis. This healing picture is shown in Figure 38 (Zone 2
of animal M. 229) in which new, low basophilic cuboidal cells
are seen appearing in disorganized or degenerated areasj; Figure
39 (Zone 3 of M. 229) showing epithelial debris with nuclei in
tubules; and in Figure 40 (medulla of M. 229) which again shows

the epithelial casts. Two treated and two untreated animals
therefore survived to be killed at 72 hours with elevated urea
nitrogen levels, evidence of healing tubular damage and records

of diuresis again indicating kidney dysfunction.

Three other animals (two treated, one untreated) died
25 to 36 hours after ligatures were applied, with B. U. N. levels
elevated to 280 to 420 mg. %, 24 hour urine volumes at oliguric
levels (0.7 to 1.2 cc) and histological acute tubular necrosis.
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A total of eight animals died spontaneously, four having been
treated with Compound F and four untreated; the remaining four

survived to 72 hours.

Kidney weights averaged 242.9 mg. per cm. 2 (range
218.7 to 289.9) for treated and 221.4 mg. per cm? (range 201.0

to 246.3) for untreated control animals.

Conclusions to be drawn from this experiment include
the folloﬁing: 1) Compound F does not appear to prolong the
life of or reduce mortality in male rats suffering from experi-
mental acute tubular necrbSis. Since this agent did seem to
have some palliative effect in Experiment 17A, determination
of its true value in treatment of the syndrome must await
further experimentation. 2) Animals with evidence of renal
damage are seen to handle oral intake of watér in an ineffic-

ient and disadvantageous manner.

Experiment 18:

A fourth and final hormonal agent, desoxycoricosterone
acetate, was tested in male rats in which dehydration and crush
injury were used to produce acute tubular necrosis. In particu-
lar, mortality rate was noted, but observations on urine output,
blood urea nitrogen and kidney histolégy were also made. Again,
twelve animals were used, alternate ones being treated with: DCA
2.5 mgs. in water subcutaneously each day beginning 48 hours

before ligation of the limb. Table 18 lists the observations.
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DESOXYCORTICOSTERONE IN CRUSHED MALE RATS

RAT

M.217

M.219
M.220

M.222
.223
M.224
M.225
M.226
M.227

QO H#H 1B O #2 Q B Q 1B Q W\

M.228

M.218

M.22Y

FOOD
(GM)

T 1 |

©O ©o O 0O o O © O Ww O O O

WATER
(ec)

0

e
© o o

O O O O © O o o

WEIGHT AND
CHANGE (GM )

250
228
210
224
224
182
194
188
186
174
178

1

236

(-24)
(-12)
(-36)
(-32)
(-26)
(-20)

(-16)

(-26)
(-24)
k-12)
(-16)
(-26)

1.9
0.5
1.9
2.9
2.3
2.1

1.0

1.2
0.7

00,9

1.5

0 -
2.0 =
2.3 25.9
Q.7 =
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Only one animal, M. 220 (a control animal) survived
to 72 hours; this animal had an elevated B.U.N. and kidney
histology showed foci of regeneration in Zones 2 and 3 as
previously described. It has been pointed out before that
this change was seen frequently in animals known to have suf-
fered kidney damage but which eventually recovered. A second
control animal, M. 226, was observed to die in convulsions 24
hours after the ligature was applied and at that time the B.U.N.
was 360 mg. % and kidney histology was typical of "lower nephron
nephrosis" (Figure 41) together with frequent proximal tubule
vacuolization. From this observation it becomes apparent that
acute tubular necrosis with death in uremia can indeed be pro-

duced within 17 to 18 hours following removal of the crushing

ligature.

Five other animals had B.U.N's elevated to from 210 to
420 mg. % and died at from 32 to 48 hours following ligation.
A1l apparently died in acute renal failure with a varying number

of hours anuria preceding death. Kidney histology of the two
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~ test animals was probably reliable, though the animals could
have been dead for one_hqur_and ten minutes when their kidneys
were fixed; it showed typical acute tubular necrosis in both

cases.

Kidney weights following fixation averagéd 209 3 mg.
per cm. (range 198 0 to 230 7) for treated animals and 219.9

i

mg. per cm.2 (range 186.4 to 256 9) for untreated.

. It can be concluded that DCA, givenuiniadequate dose,
to male rgts suffering from écute tubulaf necrosis, does ﬁot
decrease their mortality rate nor prolong life. . It can also
be stated that death in uremia from acute tubular necrosis
resulting from dehydration and crush injury in uninephrectomied

animals can be produced 18 hours following release of ligation.

DISCUSSION AND CONCLUSIONS

From these experiments several conclusions can be
dravn which give rise to some discussion; but before present-
ing these points it is essential to recall the original aim of
the work. It was planned to produce a standardized "lower
nephron syndrome" in rats by varying three stresses, dehydration,
myoglobin injection, and crush injury. This accomplishment
was to be followed by therapeutic use of testosterone, cortisone,

desoxycorticosterane and Compound F in alleviation of the acute
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renal failu}e. That this initial aim was accomplished is

apparent in Experiments 5, 7, 8, 9 and 10.

Several statements can be made about the factors
responsible for the production_of acute tubular necrosis.
Dehydration has been shown to be an essential factor in the
production of traumatic uremia in the rat. Even severe dehy-
dration (Experiment 1B), when aloné, succeeded in producing
only slight uremia and oliguria with almost immédiate recovery
on re-hydration, without histologicallevidence of tubule damgge.
'These results are probably adequatel& explained by simple hemo-
concehtration; though prolonged dehydration could conceivably
produceashock, such a condition was never observed in animals
(even uninephrectomied ones) dehydrated as long as 72 hours and
therefore could play no part in the urea nitrogen increase and
oliguria. The dehydration as employed here anteceded by 24
hours other stresses utilized, and had similar effects in intact
animals and in right nephrectomied animals. This finding that
the state of.hydratidn is an important factor in the production
of the syndrome is in agreement with the works of Lalich (202,
203), Maluf (232) and many others.

It is also obvious (Experiment 5) that there is a
second essential factor which in these experimehts took the form
of a crush injury. Although release of a nephrotoxic agent
from the damaged tissue (125, 162, 30, 89) cannot be excluded as

the pathogenetic mechanism, shock with renal ischemia was
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probably the chief cause 6f renal damage. That shock actually

- was present could.only be assumed from the appearance of the ani-
mals immediately following removal of the crushing mechaniém.
These animals assumed a crouching position with eyes closed and
fur ruffled, an attitude which was oqcasionally punctuated with
attacks of'rigors. | There was a second observation in favour of
" anoxia -- i.e. #schemlia as a result of shock -- as the damaging
égent. It ﬁas consistently noted that varlous degrees of post-
mortem change could in no way be distinguished from the tubular
damage seen in kidneys of animals freshly dead as a result of
ligation énd dehydration. Since postmortem autolysis must essen-
tially be primarily an anoxic change, then it is probable that
the degenerative changes seen in test animals is also anexic (see

Figures 51 - 62).

The method of leg compressibn waé used first by
Bywaters and Popjak (74) in order to simulate as closéiy as possi-
ble the clinical crush injury. They early noted thét shock
occufred following the ccclusive period, and used thg methbd later
in experiments with myoglobin (75). Duncan and Blalock (116) also
used clamping of é limb to produce experimental shbck in dogs and
vnoted the similarity to crush syndrome. Eggleton etial (125,126),
using ceats and dogs, recorded low blood pressurés following elastic
rubber tube binding of limbs but was of the opinion that renal dam-
age resulted from a released nephrotoxic agent. Corcoran and.Page;'
(85) also used a method of limb ligation in their studies of the
relationshiﬁ of myoglobin to crush syndrome, and Keele and Slome (191)

noted a marked reduction in blood pressure following'release of a
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wrapped limb in cats. There would appear to be littlé doubt,
therefore, that this method of limb compression can indeed

produce shock in experimental animals.

It is apparent therefore that the combination of
severe dehydration and crush injury is capable of producing
renal tubular damage as evidenced by elevated blood urea nitro-
gen levels, altered ﬁrine output and histological changes. In
experiments designed to testuthe mortality rate, this damage
was sufficient to be fatal to 40 to 50% of test animals. These
were the essential factors, such added refinements as prolonga-~
tion of ligation, bilateral ligation, myoglobin injectibn‘and
uninephrecfomy being merely attempts to produce a more predict-
able and standardized reéult. In the case of prolongation of
ligation and of bilateral ligation, these'procedures either
increased the early mortality so that animals died in the shock
phase or produced no more satisfactory tubule damage than did
the simpler unilateral ligation. In reducing the known high
renal reserve of the rat iﬁ as physiological a way as possible
by surgical removal of one kidney, it was found that acute renal

failure could be produced far more readily (Experiment 9).

In examining the syndrome as produced experimentally
in the rat and comparing 1t to that in the human (in which it
commonly runs a 7 to 14vday’course) it 1s apparent that it runs
a fore-shortened course. The corresponding events in the rat

appeared to occur within one to three days following trauma,
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those animals surviving for three days being clinically fully
recovered. This foreshortening gave rise to difficulties on

two acéounts. - First, it was often difficult to obtain serial
observations since affected animals often died within 24 hours ;
second, it was often difficult to decide whether an animal died
of shock itself or of renal failure, when it succumbed within

15 - 18 hours of the initial trauma. It was felt, however; that
a fairly definite sequence of events occurred, as observed clini-
cally in the first 24 hours. During the five hour ligatien
perioed, though animalé were sedated they nevertheless behaved
vigorously and in a wide-awake fashion when that sedation subsided.
But following removal of the ligature they fell immediately into
a period which we called "shock",. They crouched far back in
their cages, eyes closed and fur ruffled, oftenldeveloping marked
tremor. They remalined in this state for from twoto four hours
at which time their conditien couid be described as "improved".
That 1s, there appeared to be a definite recovery from the initial
trauma which occurred at the time of ligature removal. One
encouraging and conclusive observation was made in Experiment 18.
This observation proved that it was possible for a rat (animal

- M.226) to die in acute renal failure with acute tubular necrosis

174 hours following removal of a five hour unilateral ligation.

It can be stated categorically that the pigment myo-
globin is not essential to the production of acute tubular necrosis

from crush injury in the rat (Experiments 5, 6 and 7). This
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statemept is in contrast to the original work of Bywaters and
Stead (75) who, though unable to produce renal failure by
Injecting mygglobin alone or by leg compression alcne, producéd
‘the syndrome by myoglobin injection followling leg compression
or following acidification of the urine to pH 4.5 to 6.1 with
ammonium chloride. In our experiments, it éan be noted that
though urine was consistently of pH 5.0 to 6.5 and animals were.
dehydrated, myoglobin injection did not produce detectable

renal damage (Experiment 3). It is interesting tq note that,,
although Bing (31, 32) found that 80 to 120 gm. of_ammoniﬁm
chloride given to dogs to acidify urine did itself produce no
renal damage, Govan and Parkes (160, 161) found that both ammon-
ium and calcium chloride produced renal lesions and death in
rabbits. It would therefore appear that Bywaters' work (75)
should be considered only with reservations. Corcoran and Page
(85, 86) have also reported that crush syndrome is reproducible
by intfavenous injection of metamyoglobin after release of com-
pression from one crushed hind limb of rats. They reported as
weil “partially recoverable renal injury" in dogs subjected to
myoglobin and metamyoglobin injection in aciduric dogs. Bing's
(32) work, however, contrasts with these observations; he failed
to produce any significant impairment of renal functlion b&

injection of myohaemoglobin into normal or acidotic dogs.

Whether or not myoglobin adds to the damage induced
by crush and dehydration should be apparent in Experiment 7.
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In this experiment a statistically significant increased _
elevation of urea nitrogen levels for myoglobin injected ani-
mals over non-injected ones was found. It can be stated there-
fore that intravenously lnjected myoglobin adds to renal damage
induced by dehydration plus crush injury, although by itself of
coupled with either one of these factors, the pigment is non-
toxlc. There was no histological evidence thét the aggravation

of renal dysfuhction was dué to obstructive casts.

.The possibility that these observations of the effect
of myoglobin are not valid should be considered. Corcoran and
Page (85), in injecting myoglobin remarked that the urine was
colored one to two hours after injection. This change was
never seen in our experiments. Also, since the myoglobin was
in paft injected intravenously as a suspension, there remained
the‘possibility that this particulate matter might have been
filtered by the lung capillaries. On the other hand, a good
proportion (60 to 70%) 6f the myoglobin was certainly dissolved
so that the effective dose would at least be at the upper end
of the range calculated by Bywaters (75) and used also by
Corcoran and Page (85). And in myoglobin-injected animals a
post-injection polyuria was frequently observed; since the
only variable was the presence of the hypertonic solution of
myogiobin, this fact is best explained as an osmotic diuresis.
That is, the easily filtered myoglobin molecules held water 1ﬁt-¢..
the tubular fluid to result in an lncreased urine flow. It

is reasonable to conclude therefore that myoglobin in adequate
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dosage passed through the kidneys.

_Because the c¢linical picture of acute tubular necrosis
includes a very apparent oliguria to anuria, this decreased
urine oﬁtput was thought to be a good standard of measurement in
the experimental production of the syndrome. It soon became
obvious, however, that not only was it difficult to measure
urinary output accurately enough to distinguish dehydration
oliguria from'that 6f renal failure, but élso the period of
oliguria to anuria. in experimental acute renal fallure was so
abbreviated that its observation was barely significant. For-
tunately, a new standard was available which was, stranggly,
exactly'the opposite of oliguria. Polyﬁria was observéd&tb be
a striking, immediate and consistent response to the trauma of
limb ligation. “ This diuretic response was most marked in
normally hydrated animals but was present also in dehydrated;
it became apparent during the five hour ligation period and was
continued for as long as 72 hours following ligation release.

In dehydrated animals, though a comparative polyufia was present,
the marked diuresis became véry apparent when these animals were
allowed free water; they drank exceséive quantities and excreted
similarly excessive quantities of urine. Anuria was a fegturé
of only a few hours duration in those animals which died as a

result of the trauma and kidney damage.

This diuretic response to trauma has been mentioned

seldom in the literature. Eggleton et al (126) points out that
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nephrotoxins inhibit water and chloride reabsorption to produce
a polyuria ét first, but addé that this phenomenon is not
observed in the crush syndrome in dogs. Block et al (41)
reported that poiyuria was a striking feature in dogs following
a hypotensive period. These workers suggest an explanation
which has long been used in the polyuric phase of chronic
glomerulo-nephritis -- decreased functioning renal tissue
requiies that remaining nephrons eliminate the necessary nitro-
genous wastes by increasing the volume of urine. This explana-
tion may account for the late polyuria, but another mechaniSm
must be responsible for the 1mmédiate diuresis observed. It
seems plausible that only changes in renal hemodynamics and,
théreb&, changes in glomerular filtration, can account for this
immediate response to limb ligation. Generalized renal
hyperemia or relative efferent arteriolar constriction can only
be suggested, not proven, by this investigation. A third
possibility may also be considered: hemodilution. Hemodilu-~
tion was observed frequently in ligated aniials but was usually
associated with haemorrhage from bitten limbs. It was, however,
also observed occasipnally in animals which showed no sign of
external haemorrhage and in those in which gastro-intestinal
haemorrhage and hematuria were observed. It has been observed
(814) that in‘producing severe shock in rats by pinching the
intestine in several places for short perieds, marked and rapid-

ly developing,hemodilution appeared.
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Perhaps the most probable explanation of the later
polyuria is one which acéounts for the diuretic phase of human
acute tubular necrosis, that of tubular damage to the extent
that normal water reabsorption is inhibited. Surely anoxic
tubular damage can be such that the normal reabsorptive mechan-
ism is disrupted, just as mercury salts can be used either as
diuretics or as poisons producing tubular necrosis and anuria.
In any case, this diuretic respoﬁse to trauma in rats is a con-
sistent observation and can be used as a definite indication of
renal dysfunction which does not necessarily indicate recovery

but is only one stage in the reaction of a damaged,kidney.

In those animals which showed evidence of renal dys-
function either by polyuria, anﬁfia or uremia, histological
changes were exclusively in the kidney tubules. The intra-
capsular granular eosiniphilic granular debris and cubical meta-
plasia of capsular epithelium were not observed. An occasional
glomerulus was observed, however, in which the capsular space
appeared to be dilated in such a way as to incorporate the upper
extremity of the proximal convoluted tubule, giving the appear-
ance of cubical metaplasia of the capsular epithelium (Figure 42
and Figure 43, which shows a less obvious case of the same phen-
omenon).' .This change occurred in control and test animals
alike and it is interesting to note that a similar though appar-

ently true cubical metaplasia has been described as an action of

DCA (333)..
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Figure 42 Figure 43

Tubular changes could be recognized at two stages.
In animals which died in obvious acute renal failure, tubular
cells showed changes ranging from early degeneration to necrosis.
Cytoplasm became granular and vacuolated, nuclei swollen, pale
and vacuolated and in severe cases, nuclel progressed to the
small, dark pyknotic stage of degeneration. In all cases the
basement membrane appeared to remain intact (See Figures 31, 32,

34’ etc.)o

In those animals which showed signs of renal dysfunc-
tion -- polyuria and uremia -- but went on to recovery, kidney
histology was amazingly normal. However, consistently in these
cases there were seen focal areas of bluish, granular degenera-
tion of tubules with desquamation of these cells to form casts,
and evidence of regenerating tubular epithelium. In addition,
medullary tubules showed occasional casts of epithelial debris
including pyknotic nuclei. Such kidneys were taken to be
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illustrations of recovered, healing and regenerating phases of

the process. (See figures 38 - 40).

The localizatlon of these tubular lesions within the
nephron is interesting but not essential. it was first empha—'
sized in the literature that the distal convolution was the .
involved segment, hence Lucke's (213) term Lower Nephron Neph-
rosis. Later reports (14@) oﬁserved degenerative changes
often more advanced in the proximal tubule and eventually Oliver
et al (271) pointed out that the essential lesion of acute
tubular necrosis ("tubulorhexis") could in fact be located at
any point in the nephron. Nevertheless, it appears that
kidneys of animals subjécted to haemorrhagic shock or crush
injury more often deﬁelop lesions in the lower nephron (59, 60,
88), while those subjected to renai artery occlusion sh5w proxi-
mal tubule lesions (194, 195). In the experiments reported |
herein, in which fatsvwere subjected to the stress of crush and
dehydration, the site of the lesion was'consistently the distal
tubule, chiefly in Zone 3 of the kidney but also (though to a
lesser extent) in the cortex. The presence or absence of the
brush border in proximal tubules can be used as a very fine
index of damage to that unit and in the kidneys examined this

structure was consistently present (Figure 44),

There was one exception to this statement in an experi-

ment which was discardéd because of a high incidence of chronic



kidney disease in the rats used. In three of four discarded
animals which had been subjected only to 72 hours dehydration,
proximal tubules showed a high degree of so-called hydropic
degeneration (Figures 45 and 46).

Chronic renal disease was encountered relatively

frequently in animals used. Hydronephrosis (Figure 47) and

chronic inflammatory changes (Figures 48 and 49) were the chief

diseases seen. In one case, this last change appeared to
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account for an elevation of the blood urea nitrogen. Almost
consistently the hydronephrotic change occurred only in the
right kidney, which was of course removed prior to experimenta-
tion so that it was felt that this did not interfere with
observations. In any case, it is unlikely that chronic disease

would interfere with acute experiments such as were carried out.

Figure 48
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The similarities between early (up to seven hours)
postmortem change and acute tubular necrosis due to crush and
dehydration have already been referred to. It was noted that
the distal tubules quickly and selectively showed degenerative
changes appearing very slightly at two hours postmortem (Fig-
ures 51, 52 and 53) and markedly by four hours (Figures 54, 55
and 56). Medullary, glomerular and proximal tubule changes
occurred only at an advanced stage (Figures 57, 58, 59, 60, 61
and 62). The postmortem distal tubule degeneration was very
noticeable in the cortical region as well (Figure 50).

Two of the three classical responses to stress were
observed frequently, that of gastro-intestinal haemorrhage and
enlarged, brown adrenal glands. The gastro-intestinal haemor-

rhage was often accompanied by hematuria and a secondary anemia




which may have contributed to renal ischemia.

The problem of increased mortality to 72 hours of
dehydration and five hours limb ligation encountered in later
experiments was a baffling one. Referring to Experiment 10,
it will be seen that three of eight animals (37%) subjected to
right nephrectomy, dehydration for 72 hours and ligation of
left hind limb for five hours died spontaneously within a 72
hour period. In subsequent treatment experiments with female
animals this mortality was increased to about 80% and maintained

at approximately this figure in male animals also used in
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hormonal experiments. In Experiment 14, not only did 100 %

of control animals die, but they did so within 24 hours of

the crush injury so that the problem of shock deaths is ampli-
fied. This problem has been diséussed earlier.

Two‘possibilities can be considered as accéunting
for this phenomenon. The tension of the string ligature
.could not be absolutely standardized and with later experiments
this was undoubtedly tighter. However, the wvariation must
have indeed been slight and in ény case itiseems unlikely that
simply tightness of occlusioh could affect the degree of system-
ic shock since the mass of tissué damaged and the duration of
ligation were the same in all cases. The second apparent fac-
" tor involved is the time of year -- i.é., during the course of
these experiments winter had become spring and summer and the
environment was noticeably warmer and more humid. This 15 a
- vague but not an unusual effective factor in altering experi-
mental observations and here may have reduced the resistance
of the animals by altering their water balance. Ihteresting
is the fact that the increase in mortality was a gradual one.
Hamilton, Phillips and Hiller (166) have referred to an
increased'mortality rate in'dogs subjected to renal artery
ligation for varying periods when environmental temperature

and humidity were increased.

It should be unnecessary to point out that as many
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factors as possible were kept ¢onstant throughout these experi-
ments. Differences in strain of rat, body weight, sex,
duration of ligation, mass of tissue involved or sedatives used

could not account for the change in mortality rate.

. Results of treaﬁment experiménts were‘not encouraging.
It can only be concluded from the observations made that
testosterone proplonate, desoxycorticosterone acetate, cortiséne
acetate and Compound F are of no value as therapeutic égents in
“acute tubular necrosis. In the case of Compound F. some promise
was shown in Experiment 17A so that some slight reservations

about this agent are held and further experimentation is Justified

Testosterone was used in this work in the hope that 1ts
“"renotropic" action might lessen the damage induced in the kidney
or hasten its recovery; its effect on protein metabolism ( a
sort of protein-sparing action in the usual stress breakdown of"
body protein) might also reduce the intrinsic production of
nitrogenous wastes. Homer Smith (333) states that testosterone
increases the hypertrophy of the remaining kidney after unilateral
nephrectomy and this growth is localized in the tubules. The
hormone also appears to afford some protection against mercury
bichloride poisoning (333). Although it has been shown (333)
in the dog that 100 mgs. testosterone per day produces a rapid
rise in Tmp, corresponding doses in man (90 to 300 mg. per day)

produce no increase in glomerular filtration rate, renal plasma
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flow,ATmPAH or Tm . Smith also points out that the hormone
has been used in the treatment of chronic nephritis and in
cholera, in which "better survival" with relief of oliguria
and uremia and decrease in albuminuria were reported. In
our experiments, the renal hypértrophy was apparent, especlally

in Experiment 114, but no reductidn in uremia or mortality rate

was Observed.

Disturbed electrolyte balance, which accompanies.
acute renal failure, has frequently been named as the cause of
death in these casés. In particular, an .elevated blood
potassium level is said to result in death by cardiac arrest
(181). For this reason, DCA would seem to be a uséful thera="
peutic agent. As a mineralecorticoid, it is known to promote
sodium and water retention and potassium excretion so that
plasma sodium increases while plasma potassium decreases (325).
This action of DCA is thought to be a direct action on the renal
(distal?) tubules to promote sodium reabsorption (333) but also
on the capillary permeability and tissue affinity for water and
electrolytes (325). In dogs, DCA has been shéwn (333) to
expand the extracellular fluid space at the expense of the 1ntra-
cellular, to increase the glomerular filtration rate and renal
~plasma flow and to increase TmPAH. Plasma potassium concentra-
tion is initially decreased. However, whatever the mechanism
of death in the rats in our experimenté, DCA d4id not prolong
their lives or lessen their uremia. Hoff et al (181) fdund
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that although in surgical anuria (bilateral ureteral ligation‘
or bilateral nephrectomy) the elevation of serum potassium is
such that cardiac damage 1s‘the cause of death, in mercuric
chloride anuria and chronic nephritis, potassium levels do not
rise to a fatal level and electrocardiographic changes of
potassium intoxication are not seen at death. This work would
appear to minimize the role of potassium retention in deaths in
acute renal failure and might also explain the failure of DCA
to piolong life in rats suffering from the syndrome.

In using cortisone (17 hydroxy - 11 dehydrocortico- 6
sterone, Compound E) as a therapeutic agent in the traﬁmatic
anuria syndrome (23) it was hoped that the hormone would lessen
the mortality by counteracting the shock of the early phase of
the alarm reaction (325, 326) seen in response to limb ligation.
Selye (326) found that "cortin" was highly effective in this
regard, reporting that DCA alone had littie effect. Well et
al (358) reported similar findings in rabbits. Ingle (185) on
the other hand found that neither DCA, cortisone ﬁor adrenal
cortical extract reduced the mortality rate of rats subjected
to bilateral hind limb ligation. Ingle (186) reviews the
blologiec properties of cortisone, pointing out that it can no
longer be thought of as a simple glucocorticoid. Its effect
on électrolyte and water balance 1s variable but in acute experi-
ments in rats an increased excretion of sodium, chloride and
potassium lasting one to three days has'been reported. Corti-

sone has been reported to maintain adequate circulation in
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adrenalectomied‘ dogs subjeéted'to trauma or hemorrhage; to
maintain renal function in adrenalectomy; and to increase

the PAH secretion in normal males by up to 35% (186, 324).

In high doses and prolonged administration it produces hyalin-
ization of glomerular capillaries, hypertension and elevation

of plasma chloride and potassium (186, 324, 144, 23).

It can be seen from Experiments 13 and 14 that this
hormone was of no value in the alleviation of the renal
effects of shock from limb ligation. Life was not prolonged.
and mbrtality rate and uremia were not diminished. The com-
bination of testosterone and cortisone (Experiments 15 and 16)

also showed no therapeutic effect.

Compound F (17 hydroxycorticosterone - 21 -Aacetate)
was also used as a therapeutic agent, since it ‘has been shown,
chiefly clinically, to‘be of value where cortisone is ineffect-
ive. Compound F is in fact very similar to cortisone in
chemical cémposition (325) and in action (287). - It is said to
be less.active,ih salt and water metabolism, having little
influence on thesej it 1induces a slight negative nitrogen
balance and like cortisone it also has a hypeftensive effect in
rats and increases kidney mass (145) Though in Experiment 174,
Compound F appeared to be of some considerable value, this
phenomenon was not observed in Experiment 17B. Nevertheless
it is apparent that further experimentation with Compound F

would be advisable.
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In considering the failure of cortisone or Compound
F to be of benefit to rats in acute renal failure it is perhaps
worthy 6f note‘thét Selye (326) points out that adrenal cortical
hormones ih shock are more effective given in divided doses,
and that pre-treatment is uéeless and may be harmful. Pre-
treatment may well depress the normal adrenal cortical activity.
It is very unlikely that the dosage used in these“experimehts
-was sufficiently high or prolonged to produce any of the
nephrotoxic actions referred to- by Selye (324). |
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- SUMMARY

A brief review of the literature on traumatic anuria
(acute tubular nécrosis, lower nephron nephrosis) has been
presented, including a complete bibliography. Special attention
was paid to the pathology and péthogenesis of the syndrome, and
it wés concluded that Oliver's recent work (271) probably comes
closest to presenting the true picture. He described tubular
necrotic lesions for which the chemical toxins (mercuric chlor-
ide, carbon tetrachloride) were responsibie, and tubulorhectic
lesions which were characteristic of the shock kidney. These
1esion$ could appear atlany level in the renal tubule and were
characterized by destruction of the basement membrane. Pigment
casts were apparent if intravascular pigment release was assoc-
iated with the illness. The work of Phillips, Van Slyke and
associates (291, 292, 355, 356), of Oliver (271) and of Block et
al (41) lead one to conclude that renal ischemia is the chief
pathogenetic mechanism, though it is obvious that specific ex-
trinsic renal toxins play a major role in specific cases. The
role of hemoglobin appears to be chiefly in the production of
obstructive casts later in the course of the disease; these
pigments are precipitated in the lower nephron where urine is
concentrated and acidified, and dehydration and oliguria qontri—

* bute to their formation.
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Three hundred rats were studied in eighteen experi-
ments concerning crush syndrome. It was concluded that the
most important single factor tending to aggravate the renal
effects of crushing injury is the antecedent state of dehydra-
tion. Myoglobin is not an essential factor in the development
of renal damage but tends to aggravate the_existing uremia.
Acute renal fallure was seeﬁ to be a late effect of shock;
animals developed acute tubulér necrosis only if initial shock
was severe, but not severe enough to produce death from circu-
latory failure. Develépment of this delicate balance of
factors_was aided by reducﬁion{of renal reserve by unilateral
nephrectomy. A seldom described but distinct and consistent
phenomenon was observed in the development of marked, 1mmedi§te
and}persistent diuresis in_response to the trauma of limb
ligation. This polyuria was of a dilute urine and was taken as
an indication of_ihitial increased glomerular filtratioﬁ followed
by decreased reabserption.of water because of tubular damage.

It was not an indication of a recovery phase as 1is recorded in

the clinical syndrome.

Testosterone propionate, desoxycorticosterone acetate,
cortisone acetate and Compound F did not appear to be promising
as therapeutic agents, although in onevexperiment Conmpound F
showed some promise. Neither d4id combined therapy with testos-
terone and cortisone reduce the“mortality rate or decrease

uremia.
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Although there was no doubt that the syndrome of
acute renal fallure due to acute tubular necrosis could be
produced in lérge_numbers of these relatively inexpensive
laboratory animals by dehjdration énd limb ligation, produc-

* tion could not altogether be standardized and the syndrome

ran such a short course that serial observations were diffi-
cult to obtain and separation of Shoék deaths was occasionally
impossible. It is felt that future work might well make use
of some other laboratory animal, perhaps the dog or cat, and
that an initial stress of controlled hypotension or renal
artery occlusion could be used. It is also our opinion that
further investigation into the value of Compound F as a thera-

peutic agent in this syndrome is justified.
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