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Introduction

An association between septicemia and shock=-like states has
been known for many years. Laennac (1831) first described a
condition characterized by severe infection with subsequent circula-
tory failure, falling blood pressure, anuria, cyanosis and shock. (38)
Boise (8) included infection in a manuscript describing the dif-
ferential diagnosis of shock. In spite of the advances that have taken
place in medical and bacteriological research since the turn of the
century, surprisingly little is known regarding the actual mechanisms
of action of bacterial toxins on systemic homeostasis.

The investigations to be reported were made as an attempt to
elicit information regarding the effect of staphylococcal toxin on

the circulatory system with specific reference to renal function.

Review of Literature

In the past investigators have attempted in rather strict terms
to differentiate between toxins produced by Gram negative bacteria
and those produced by Gram positive organisms. The toxins were
rigidly classified as exotoxins or endotoxins, depending on various
physical, physiological or biochemical characteristics. As newer

investigative techniques have evolved, however, and more



knowledge has been derived concerning bacterial toxins, these terms
have become somewhat confusing and need clarification.

Endotoxins generally are defined as substances released from

virulent strains of Gram negative organisms following autolysis.
Historically Pfeiffer (1893) was first to demonstrate experimentally
that specific bacteria were capable of producing a toxin causing
lethal effects on mice. Following the intraperitoneal injection of
living Cholera vibrio organisms, Pfeiffer observed that, although
the host defense mechanism was capable of lysing the bacteria,
the mice subsequently died. These experiments suggested that a
toxin was contained within the organism and was libe rated following
lysis. Pfeiffer,therefore, formed the term endotoxin. (46)

It was not until 1959 that this substance was discovered to be
2 constituent of the bacterial cell wall. (11) Biochemically it is
composed of a large protein—lipopolysa.ccha.ridemcarbohydrate
complex, (9) is relatively heat stable (74) and immunologically non-
specific. (7) Physiologically, endotoxins are capable of producing
ock secondary to peripheral vascular collapse, but

irreversible sh

the mechanism still remains largely unknown. (22) The most

popular theory postulates an indirect action on the peripheral

circulation via liberation of a histamine-like substance into the

blood stream. (32, 54, 55; 64, 67)

Exotoxins generally are defined as substances produced and



secreted by virulent strains of Gram positive organisms., Bio-
chemically exotoxins are composed of relatively simple proteins

with specific immunological characteristics. (4) They are considered
to be heat labile in contrast to endotoxins. Physiologically, exo-
toxins are also capable of producing irreversible shock secondary

to peripheral circulatory collapse. The exact mechanism of this
action also remains largely unknown although it has been suggested
that they produce a more direct action on the peripheral circulation
than endotoxins. (64, 71, 72)

As newer techniques are being devised in bacteriological
investigation, it is becoming apparent that the former rigid dis-
tinction between exotoxins and endotoxins is less precise and some-
what questionable. It has recently been shown that substances,
having the properties of exotoxins, can be obtained in high concentra-
tions following the autolysis of certain bacteria, or by extracting
bacterial bodies with various solvents. (4) Crude lysates of the
Gram positive beta-hemolytic Streptococci are capable of producing

many characteristic physiologic effects of endotoxins when injected

into rabbits. (68) Altemeier and associates recently have obtained

a toxin from the Gram positive Staphylococcus aureus which has

some of the physical properties of an endotoxin. (2) To solve this

confusing problem it has been suggested that toxins be classified
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simply by their derivation; exotoxins being produced by Gram
positive bacteria and endotoxins being derived from Gram negative
organisms. The Gram positive toxins would thereby be soluble
toxins found outside the parent cell, and the Gram negative toxins
would be structural components of the bacterial cell wall even
though they can be found in cell free autolysates. (4)

While most investigations regarding bacterial toxins were
confined to the Gram negative group, experimentation was never-the-
less taking place with crude toxins produced by Gram positive
organisms. As early as 1894 it was observed that Staphylococcus
aureus was capable of producing a toxin having direct effects on
leukocytes, (76) Von Linglesheim in 1900 first described local
skin necrosis following an intradermal injection of crude staphylococcal
toxin, (79) but it was not until the studies of Lewis in 1927 that an
attempt was made to explain the mechanism of action of the toxin. (39)
His experiments, supported 10 years later by Feldberg, (15)
suggested that staphylococcal toxin produced a direct cell injury
that resulted in the subsequent liberation of a histamine-like substance.
It was further postulated that the similarity between the effects of
many injurious substances could be explained by this common

mechanism,

Since this initial hypothesis a review of the published work



concerning the pathologic effects of staphylococcal toxin on the circula-~
tion indicates that very little is actually known. Indicative of this
attitude are the many hypotheses which have been suggested but none
has gained general acceptance. A few of the more pertinent observa-
tions will be discussed briefly in the following:

A. The direct action of staphylococcal toxin on the pulmonary

circulation: Kellaway in 1930 proposed that schock following the

injection of staphylococcal toxin was due to right-sided heart failure
subsequent to increased vascular resistance within the pulmonary
circulation. (37) Evidence for this was based on the observation of
an engorged liver presumably secondary to right heart failure.
Venous pressure within the inferior vena cava, however, was not
measured and more recent work has shown that the engorged
splanchnic and hepatic vascular beds noted by Kellaway are secondary

to hepatic venule constriction, (73) not increased pulmonary

resistance.

B. The direct action of staphylococcal toxin on cardiac tissue:

The direct action of staphylococcal toxin on the myocardium was
considered following electrocardiographic studies on the intact

rabbit heart, (13) Large doses of toxin were employed with cardio-

vascular collapse occurring within a very short time after the

injection, Electrocardiographic changes characteristic of myocardial



damage were observed preceeding the final phase of circulatory
collapse., Direct blood pressure recordings, however, were made
in only three experiments and the rapidity of circulatory collapse
would make it doubtful that myocardial function could be assessed
independent of the generalized circulatory response. (13)

G. The indirect action of bacterial toxins via the liberation of a

histamine-like substance: As mentioned previously, Von Linglesheim

and others have suggested that a histamine-like substance is released
into the serum following the injection of bacterial toxins. (32, 54, 55,
64, 67) While this theory has become a popular hypothesis for the
action of Gram negative endotoxins on the circulation, 'it presently

appears that staphylococcal toxin exerts a more direct effect on the

peripheral circulation. (64, 71, 72)

D. The direct effect of bacterial toxins on the peripheral circulation:

Janeway (35) was the first to show, and more recently Warren, et al,

(80) have agreed, that the collapse seen in the course of acute

infections was not due to cardiac failure, but rather to failure of the

peripheral circulation, Reports have also implicated the central

nervous system as being the site of action of bacterial toxins with

secondary autonomic reflex action causing peripheral vascular

collapse, (74) Most of the observations supporting this concept, how-

ever, have been made following the injection of endotoxins.
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Others have questioned the importance of vasomotor function and
the central nervous system as mediators of toxin action. Holzbach (34)
and later Windfield (81) observed the direct action of bacterial toxins
on the capillary wall without implicating central vasomotor activity.
Rigdon (48) and later Aub (6) described the pathologic effect of both
staphylococcal toxin and clostridial toxin as being a direct action on
capillary endothelial cells, causing stasis and the extravasation of
blood into the surrounding tissues.

Although it is apparent that the exact mechanism of action of
staphylococcal toxin is still uncertain, it does seem probable that
some direct vascular paralysis causing irreversible peripheral
circulatory collapse is evoked following their injection of lethal

doses.

E. The effect of staphylococcal toxin gii_renal physiology: The

ability of staphylococcal toxin to produce kidney lesions was
brought to light during studies by Van de Velde (76) on the in vivo
leukocytic action of the toxin. Autopsy studies showed extensive
necrosis of the cortical portion of the kidneys. Neisser and

Levaditi (45) were the first to investigate necrosis of the renal

parenchyma in rabbits following the intravenous injection of crude

staphylococcal toxin. They interpreted this necrosis as being

secondary to infarcts as evidenced by thrombosed vessels. Others,



however, were unable to demonstrate thrombi within the renal
vasculature and suggested that the toxin has a direct and simultaneous
injurious effect on the epithelial and endothelial cells of the glomerular
tufts and tubules, (49) Later observations by Von Glahn and Weld (78)
indicated that the changes observed in the vascular elements of the
kidneys were farther advanced than those noted in the epithelium of
the tubules. They suggested, in addition, that the tubular damage
was subsequent to interferance within the glomerular circulation.
Studies were also reported on the effect of low doses of the crude
toxin which suggested some degree of selectivity of the toxin to
renal tissue since comparable lesions could not be demonstrated
in other organs.

To add to this confusion, Glynn (23) used special dyes that
accentuated mitochondrial structures and reported a direct effect
of the crude toxin on tubular epithelium preceeding glomerular
capillary damage. Glynn suggested that the tubular epithelium

was affected directly as a consequence of excretion of the toxin

through the glomeruli. He further observed that damage seemed to

be limited to the cortex.

De Nauasquez (12) pointed out the similarity between the

anatomical and histological appearances of the kidneys in rabbits



with staphylococcal toxemia and of the kidneys seen in women dying
with symmetrical cortical necrosis during pregnancy. He suggested
that the predominant injury produced by the toxin lies in the media
of the smaller renal arteries. De Nauasquez observed the extreme
dilatation of the afferent arterioles and glomerular capillaries which
appeared stuffed with red blood cells without interviening plasma
spaces. This observation let to the theory of a relative increase in
hemoconcentration within the glomerular tuft subsequent to the
rapid loss of plasma fluid through the injured arterioles and
capillaries. By this explanation, the hemoconcentration caused
obstructive stasis with subsequent ischemic necrosis of the renal
parenchyma. The author did not suggest that staphylococcal toxin
was the mediator of bilateral cortical necrosis in humans, but
suggested that some agent with a similar vaso-selective action may
initiate the human lesions.

Trueta et al, (75) have studied the activation of intrarenal

medullary shunts following staphylococcal toxin injection with sub-

sequent cortical ischemia and necrosis, These hypothetical shunts

are believed to be located in the juxtamedullary glome ruli, whose

efferent vessels and the vasa recta into which they empty are much

larger in calibre than those of the cortical glomeruli., Evidence for

the presence of these shunts stems from India ink studies and direct
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visualization of the intact kidneys following the injection of staphylo-

coccal toxin. (44, 75) Blanching of the cortex with bright red blood

in the renal vein was observed. Trueta suggests that these intra-

renal shunts are controlled by the autonomic nervous system. Neither

total nor effective renal blood flow was measured in these experiments.
The most recent investigations regarding the effect of crude

staphylococcal toxin on renal physiology have been performed by

Thal and his associates. (69, 70, 71, 73) They have directly

visualized the kidney following toxin injection in the intact dog, and

also have studied the effect of the toxin on the isolated organ,

Contrary to Trueta's observations, Thal has reported considerable

spasm in the renal vein suggestive of marked diminution of total

renal perfusion. India ink studies have demonstrated the engorgement

of medullary vessels with blanching and ischemia in the cortical

region of the kidney. From these experiments Thal has suggested

that the toxin primarily causes a venule constriction resulting in

stasis ischemia. In more recent work Thal has presented evidence

that staphylococcal toxin exerts a selective effect on smooth muscle

cells producing an initial prolonged contraction with subsequent

paralysis. (71)

It, therefore, seems apparent from this brief review that

staphylococcal toxin does exert a profound effect on kidney physiology.
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The exact mechanism of this seems highly speculative at the present
time since studies have not been performed in the attempt to measure
either effective or total renal blood flow as an assessment of renal
function. Nor have experiments been performed on the intact animal.
It is well known that laporotomy and manipulation of the aorta or
renal pedicle will markedly alter and depress renal function without
the added insult of bacterial toxins. An isolated kidney is essentially
a denervated kidney which also may show differences in renal
function,

In summary, the methods thus far used in the assessment of
renal function have not accurately measured renal perfusion, nor

have they been correlated with other systemic blood pressure effects

of the toxin.

Methods and Procedure

A. Experimental plan: The plan was to measure systemic blood

pressure and estimate renal function following the intravenous

injection of sta,phylococcal toxin under three experimental conditions:

1) when hypotension and shock were the result of cardiovascular

alterations secondary to a large dose of toxin; 2) when hypotension

and shock resulting from the toxin injection were temporarily

reversed by infusion of the pressor drug, angiotensin; and 3) when
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hypotension was not a factor in producing renal physiological

alterations.

The toxin employed was originally produced by the Lederle
Corporation (#42925-207; protein content 1. 6 mg/ml; hemolytic
titre 1:512). Preliminary studies at the University of Cincinnati
have indicated that its classification lies somewhere between an
exotoxin and endotoxin. It is an antigenic substance, thereby
resembling an exotoxin; it is heat stable and thus resembles an
endotoxin. It is recovered from the supernatant fluid and is

diffusible, a property common to both exotoxins and endotoxins. (1)

B. Experimental procedure: A total of 23 adult mongrel female

dogs weighing between 11. 0 and 22. 0 kg. were used in the three

experimental studies. The dogs were anesthetized with Dial

anesthetic (Ciba--0.5 ml/kg. initially with supplementary doses

of 0.15 ml/kg. administered as needed) approximately 16-18 hours

before experimentation.

In all experiments a one hour hydration period with the intra-

venous infusion ofi0.2 ml/fkg/min, ofa 1:1 solution of Ringer's

Lactate and 5% dextrose in water with PAH (1.0 - 1.3 g/L.) and

creatinine (3.5 - 6.0 g/L.) added preceded a two hour control period.

During the two hour control period continuous blood pressure
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recordings were made and blood and urine collections were made at
30 minute intervals to estimate renal function. At the end of the two
hour control period, staphylococcal toxin was injected intravenously
followed by a two and one-half hour experiment. Blood pressure
recordings were made from the carotid artery by means of a Sanborn
964 direct recording monitor.

The femoral vein was canulated for withdrawal of blood
specimens, and the urinary bladder was catheterized with an
indwelling No. 12 Foley catheter. In all experiments renal function
was assessed by sequential determinations of urine and blood
osmolality and concentrations of PAH, creatinine and sodium.

Urine flow was measured via dependent catheter drainage. Blood
and hematoc rit were determined during the control

urea nitrogen

period, midway and at termination of the experimental period.

Group I experiments: 15 experiments were performed to study the

blood pressure response to doses of toxin ranging from 0.10 ml/kg.

to 0.25 ml/kg.

Group II experiments: Six experiments were performed in the attempt

to reverse staphylococcal toxin shock with the pressor agent,

angiotensin, Following the intravenous injection of a lethal dose of

toxin (0.25 ml/kg) and 2 f£a1l in the mean systemic blood pressure of

25 mm Hg., a continuous intravenous infusion of angiotensin was
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started at the rate of 1 ug/kg/min.

Group III experiments: Five experiments were performed in the

attempt to study the specific renal response in the intact dog to a
dose of toxin insufficient to cause significant systemic blood pressure
changes., Dosages of toxin ranged from 0.10 ml/kg. to 0.12 ml/kg.

Group IV experiments: Three experiments were performed in the

attempt to study the direct effect of staphylococcal toxin on total renal
blood flow in the intact dog with the aim of correlating with effective

blood flow to determine the possible presence of intrarenal vascular

shunts. A curved No. 15 radio-opaque Swedish catheter was inserted

under fluoroscopy into the right renal vein via the left femoral vein,
A specially designed aluminum catheter containing an equal length of
No. 19 tubing and hollowed at the end so as to allow flow of blood into
the renal artery was inserted into the right renal artery via the left

femoral artery. (Plate 1) Through this catheter a known concentra=

tion of cardio-green dye could be injected into the renal artery with

the simultaneous withdrawal of renal venous blood through a Curvette

densitomer at a constant rate of 24,6 ml/min,. (40) After approxi-

mately 20 cc. of blood had been withdrawn and the dilution curve had

been recorded on a Sanborn direct recording monitor, the blood was

reinfused into the dog via the renal vein catheter. Total renal blood

flow less lymphatic drainage and urine flow can then be calculated
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Plate 1. Plastic and metal catheters used to canulate renal
vein and artery, respectively, shown in A. Closer view of curved end
of metal arterial catheter shown in B. Note No. 19 tubing within

hollowed end to facilitate dye injection without altering blood flow to
renal artery,
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by the standard dye dilution formula developed for cardiac output. (19, 20)

Group V experiments: Two experiments were performed in the attempt

to reverse the renal failure resulting from low doses of staphylococcal
toxin. The vasopressor drug, angiotensin, was used in one experim
ment and the vasodilator agent, hydralazine, was used in the other.

A dose of staphylococcal toxin insufficient to cause significant blood
pressure changes, 0.11 ml/kg., was injected followed 15 minutes
later by the test drug. A continuous intravenous infusion of

0.1 ug/kg/min, of angiotensin was used in the vasopressor experi-
ment, A single intravenous dose of 0.4 mg/kg. of hydralazine was

used in the vasodilator experiment.

C. Analytical methods: Venous blood analyses included serum

osmolality, sodium, creatinine and PAH concentrations. Urine
volumes were measured to the nearest tenth of a milliliter. Urine
analyses consisted of determinations of osmolality, sodium,
creatinine and PAH concentrations. Hematocrit was measured by

the microhematocrit technic using the Drummond microhematocrit

apparatus.

Osmolalities of serum and urine were measured by freezing

point depression using 2 Fiske osmometer, {62) Sodium concentra-

tions in serum and urine were determined with an internal standard

flame photometer. (62) 'Creatinine was determined from trichloracetic
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acid filtrates of plasma by adsorption on Lloyd's reagent and color
development with alkaline picrate, and in the urine by a modification
of the Folin method with photometric measurement, (26) Serum and
urine PAH concentrations were determined by the method of Smith
and his associates. (62)

Two blood samples, one during the control and one late in the
experimental period, in each experiment, were analysed for urea
nitrogen, using the method of Van Slyke and Cullen. \(77)

For determinations of total renal blood flow, blood was with-
drawn from the renal vein catheter through a Cruvette densitometer
at a constant rate of 24, 6 ml/min, following the injection of 0. 094 -
0.156 mg. of cardio-green dye into the renal artery. (40) The
dilution curve was projected for calculation onto a Sanborn direct

recording monitor.

D, Calculations: The rate of excretion of creatinine (mg/min.)

divided by plasma creatinine concentration (mg/ml) was used to

measure creatinine clearance (ml/min), an estimation of glomerular

filtration rate. (62) The clearance of PAH (ml/min) was calculated

by dividing the rate of excretion (mg/min) by the plasma PAH con-

centration (mg/ml), an estimation of the renal plasma flow. (62)

Free water clearance (CHZQ) was calculated as the difference

between urine flow (V) and osmolar clearance (Cosm)“ (28)
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Because of hypertonic urine, osmotic clearance is greater than urine
flow., Therefore, the difference between the two equals the amount
of water which must have been reabsorbed to produce hypertonic
urine., The active transfer of water is necessary to produce '"free'*
water and when the kidney can no longer concentrate its urine a
so-called '"fixed'" specific gravity of urine occurs, Therefore,
values of free water clearance provide a good assessment of distal
tubular function. (59)

Sodium clearance (Cpp) Was calculated by dividing the rate of
excretion (mg/min) by the plasma sodium concentration (mg/ml). (62)
The percent of filtered sodium appearing in the urine was calculated
by dividing the sodium clearance (CNa) by the glomerular filtration
rate (CCrea.t)" (28, 57) Since sodium is actively reabsorbed in the
proximal tubules, the percentage of filtered sodium appearing in the
urine provides a good assessment of proximal tubular function.

Total renal blood flow was calculated from the dye dilution
formula developed for measurement of cardiac output, (20) Renal
blood flow (ml/min) equals 60 (sec/min) multiplied by the quantity

of dye (mg) injected into the renal artery divided by the total sum of

the concentrations recovered in the renal venous blood. Renal

blood flow (ml/min) is divided by the weight of the kidney and then

multiplied by 100, giving flow in ml/min/100 grams of tissue.
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Results

Group I experiments: A, Blood pressure changes: Nine experiments

were performed employing an intravenous dose of 0.25 ml/kg of
staphylococcal toxin., In six out of nine experiments there was an
initial rise in blood pressure occurring within the first five minutes
followed by a precipitous fall in pressure to shock levels from which
recovery did not occur. (Figs. 1, 2) In the other three experiments

there occurred an immediate fall in blood pressure to shock levels

without recovery.

One experiment was performed using a dose of 0. 15 ml/kg of

toxin. This demonstrated an initial increase in mean blood pressure

followed by a rapid fall to shock levels with a subsequent recovery of
pressure to near control levels followed by a gradual decline in
blood pressure over the two hour experimental period. (Fig. 3) This

typical so called "biphasic'' curve has been reproduced many times

by Altemeier's group using identical doses. (1)

Five experiments were performed using doses of 0. 10-0. 12 ml/kg

of toxin. These demonstrated relatively minor blood pressure changes.

A slight gradual rise was noted in one experiment followed by a

return to control levels. (Fig. 4) In the other experiments a very

gradual decline in mean pressure was observed over the two and

one=half hour experimental period, but not believed sufficient to
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cause alterations in tissue perfusion.

B. Renal function changes: All nine experiments using
0.25 ml/kg of toxin demonstrated a prompt and marked diminution of
effective renal plasma flow as indicated by PAH clearances.,

Glomerular filtration was also markedly reduced as indicated by

creatinine clearances. Oliguria and in some cases anuria were noted

in all nine experiments. In four expe riments marked diminution of

effective renal blood flow was noted before hypotension occurred, as

best illustrated in figures 5, 6, and 7. In the other five experiments

hypotension occurred before renal function changes could be demon-
strated,

Group II experiments: Six experiments were performed in the attempt

to reverse staphylococcal toxin shock/(O. 25 ml/kg) with angiotensin,

Following a drop in the mean blood pressure of approximately 25 mm

Hg., continuous intravenous infusion of angiotensin, lug/kg/min. ,

was started,

A. Blood pressure changes: An immediate rise in systemic

blood pressure to hypertensive levels occurred in three out of six

experiments. (Figs. 8, 9, 10) No increase was noted in one experi=-

ment as the pressure rapidly reached shock levels without recovery.

(Fig. 2) Normotensive pressures could be maintained in only one of

the six experiments following the angiotensin-induced initial



25

-90 -60 -30 0 30 60 75
SERUM 350/ E . . l i SOF.T)
OSMOLALITY 300——m—— ————————
moOsms/L 250}
3.0
2.5F
.0k
URINE FLOW 1.5k
ml/min ' |
|1.0F |
0.5
0 _—
CH o} a .
2 = %
mil/min i
-2.0F

Cc

OSM

mil/min

% FILTERED

SODIUM

IN URINE

C

PAH

mlZmin

CREATININE

ml/min

FF
£00 W |
175 vl ‘mI..C .

|l.|l_ll‘.l’|l.‘¢|l_‘...al .

|50""' L] L B B B 't.l'i

BLOOD IHL LI, M, ¥ ¥

PRESSURE :oo#—

mmHg |
ié-14
50r’ v v v T
z;lL |

| S n 1 : 1 J
-léo -910 —elo -30 0 30 60 75
4 4 £
0.10 020 030
DOG ST-1 iy
LEGEND : ‘ = STAPH TOXIN TIME (minutes)

ing doses of staphylococcal toxin on

systemic blood pressure and renal function. Note the marked decrease
in effective renal plasma flow, glomerular filtration, and osmolar and

free water clearances following the initial dose of 0,10 ml/kg. of
cant changes in blood pressure occurred,

Fig. 5, The effect of increas

toxin before signifi



526~

SERUM 350
OSMOLALITY 300 - i ==
mOsm/L

URINE FLOW
ml/min

C
ml/min

C
OSM.
ml/min

% FILTERED
SODIUM IN
URINE

C
PAH
ml/min

C
CREATININE
ml/min

FF

BLOOD
PRESSURE
mmHg

o 1 1
30

|
0
-120 -90 -60 =30 0
)
ST-2 TIME (minutes) 0./

LEGEND: A = STAPH TOXIN miskg ml/kg

Fig. 6. The effect of increasing doses of staphylococcal toxin on

systemic blood pressure and renal function. Note decrease in effective

renal plasma flow and glomerular filtration occurring before signifi-

cant hypotension. Also note the rise in percentage filtered sodium

appearing in the urine,



- = = 0 120
350—— =00 60 30 0 30 60 9

SERUM 1 A a ; Ly
OSMOLALITY 300 2 i —4! = e

mOsm/L 250

1.0

URINE FLOW
mi/min

b
o

mil/min

OSM
ml/min

% FILTERED
SODIUM IN
URINE

PAH
mil/min

CREATININE
ml/min

FF

BLOOD
PRESSURE
mmHg

-ﬁ ﬁ f,u_g/kg/rmm_, ﬁ ﬁ

——
- S—
i _910 -610 -310 g — _!10_ 25 80 F1) 150

t min___
ST-7 t”E"ORR““GE Ue0.25 mi/kg continuous infusion /:1000
IV

LEGEND: f+ STAPH ToXIN T Iaates)
ﬁ- ANGIOTENSIN
ﬁ' LEVOPHED S SURELT
£ 0,25 ml/kg. of Staph}flo«-
d reversal of hypotension
on following initial
Note initial blood
loxis despite
jection nor-

Fig. 7 The effect of multiple doses ©
coccal toxin on renal function with attempted <
with antiotensin. Note decrease in renal functi
injection despite normotensive blood pressure. :
pressure response to angiotensin but marked tac.hyp 1y_
continuous infusion. Note pressor response to single 1n

epinephrine at termination of experiment.



28

SERUM 350 " -
OSMOLALITY 300F
mosm/L 25,0|_

URINE FLOW
mil/min

H,0

ml/min

OSM.
ml/min

% FILTERED
SODIUM
IN URINE

C
PAH

ml/min

c
CREATININE
mil/min

FF

BLOOD
PRESSURE
mmHg

75¢ ‘

50+

285+

! L 1 1 Ih T T T—

=120 -90 -60 -30 0 30 60 90 120 180
o ﬁ Hﬂ" -fug/kg/min 'ﬁ

0.25mi/kg 0.25mi/kg

ST-3 TIME (minutes) N0.25 mi/kg

LEGEND: a * STAPH TOXIN

f = ANGiOTENSIN
FIGURE 8

Fig. 8. The effect of antiotensin in reversing hypotension
following the injection of 0.25 ml/kg. staphylococcal toxin, Note
initial hypertensive response to the pressor drug with subsequent
restoration of normotensive levels. Despite maintenance of normal
blood pressure, however, renal function never returned to control

levels.



SERUM
OSMOLALITY

90 120 _1%0

mOsm7ZL

URINE FLOW
mil/smin

H,0

mil/min

c
osM

milsmin

% FILTERED
SODIUM
IN URINE

Cc
PAH
ml/Zmin

C
CREATININE
mi/min

FF

BLOOD
PRESSURE
mmHg

25}-

No Urine

0
L
=120
ST-6
LEGEND ﬁ = STAPH TOXIN
ﬁ = ANGIOTENSIN

Fig. 9,

increase in urine flow and osmol

The effect of angiotensin in T
ing injection of 0.25 ml/kg. staphylococcal toxin.
tensive rise in blood pressure but subsequent gradual
to shock levels despite continuous angiotensin infusion.

—

150
lug/kg/mir
000

1 | E— E——
WV

1 | & a]o 60 20 120
o

/

I

1
-90 -60

-30 0 N
TIME (minutes) 'ﬁq T— ! ug/kg/min

0.25 mirkg p %
ug kg /min continuous infusion /s

ﬂ = LEVOPHED 1.5 min total

FIGURE 9

eversing hypotension follow=
Note initial hyper-
fall in pressure
Note transient

ar clearance followed by marked decrease.



225
|

_ A
200~ [1a
_ )
_._.a__ﬁ
150~
_
ﬂmu_. 4
BLOOD i
PRESSURE ool v
mmHg
._.J.
i 50+
o
5
. 25
1 L 1 1 1
-30 -25 -20 -15 -10 -5 0 4 A5 o} 15
: o.mm_s.‘\»nq ANGIOTENSIN ANGIOTENSIN
Sili=8 TIME (minutes) STAPH TOXIN 1.Oug/kg/min
IV INFUSION
Fig. 10.

The effect of angiotensin in reversing hypotension following the injection
of 0.25 ml/kg. staphylococcal toxin. Note initial hypertensive response to the pressor

drug followed by gradual fall in pressure with tachyphylaxis to subsequent angiotensin
infusion,



.

hypertensive stage. (Fig. 8) In all other experiments the blood
pressure steadily dropped to shock levels following the initial rise,
Further administration of angiotensin was without sustained effect

as the animals showed marked tachyphylaxis to the pressor drug.
(Figs. 7, 9, 10, 11) At the te rmination of two experiments nor=
epinephrine was injected intravenously with a marked blood pressure
response, despite the continued tachyphylaxis to angiotensin. (Figs. 7,

B. Renal function changes: In one out of four experiments

transient improvement of urine flow and osmolar clearance was noted

following the infusion of angiotensin. (Fig. 9) Control clearances,

however, of PAH and creatinine could not be sustained despite

continuous angiotensin infusion and showed marked diminution

throughout the remainder of the experimental period. In the other

three experiments angiotensin did not alter the typical renal response

to the toxin.

Group III experiments: Since hypotension is known to alter renal

perfusion, only those experiments in which hypotension was not a

factor in altering renal function will be reported.

In three experiments using a dose of 0,25 ml/kg of toxin,

hypotension was not immediately apparent. All three experiments,

however, showed an immediate and marked diminution of urine flow

and clearances of PAH and creatinine. (Seen best in Fig. 7)

9)
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Osmolar clearance and free water clearance were also markedly
diminished prior to the terminal episode of hypotension, Although
it cannot be stated with any certainty, it would appear that this renal
response occurred independently and preceeding the hypotensive

phase of toxin shock.
In contrast to experiments employing higher doses of staphylo-
coccal toxin, hypotension was not a significant factor in animals

receiving 0.10 - 0,12 ml/kg. Renal function and blood pressure

curves are shown in figures 4, 12, 13, 14 and 15.

Oliguria and occasionally anuria were noted within 10 to 20
minutes following the toxin injection in all experiments. Subsequent

but brief return of urine flow to near control levels did occur as a

late event in three of five experiments. Even in these three experi-

ments, however, the PAH, creatinine and osmolar clearances
remained well below control levels throughout the experimental

period indicating markedly diminished effective renal plasma flow,

glomerular filtration and tubular function.

The free water clearance was markedly reduced throughout

the experimental period in four out of five experiments. The per-

centage of filtered sodium appearing in the urine increased in all

four experiments in which it was measured. These values are

suggestive of tubular dysfunction. The filtration fraction tended to
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increase in three of the five experiments.

Group IV experiments: In these experiments seven to nine determina-

tions of total renal blood flow were calculated during the two hour

control period. (Figs. 16, 17, 18) These averaged from 239 ml/min/100
grams kidney tissue in one experiment to 197 ml/min/100 grams kidney
tissue in another. The third experiment, ST-23, averaged 204 ml/min/100
grams kidney tissue. Although these flows do not quite approximate the
value of 300-400 ml/min/100 grams kidney tissue generally accepted

for total renal blood flow, they are useful to show relative changes in

flow,

Within five minutes following the injection of 0. 11 ml/kg of toxin
all three experiments demonstrated a marked flattening of the dye
dilution curves to the point where they could not be accurately
measured. In all experiments this occurred shortly before the
clearances of PAH and creatinine became markedly reduced.

(Figs. 16, 17. 18) This is due to the slight delay caused by the

excretory dead space. In one experiment total blood flows once

again were measureable at 25 and 30 minutes following the toxin
injection, and accurately predicted a 10 minute diuresis. (Fig. 16)
It, therefore, seems apparent that the total renal blood flow response

to staphylococcal toxin parallels that of effective blood flow. Both

become markedly reduced following the intravenous injection of low’
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doses of toxin., Figures 16 and 18 both demonstrate the characteristic

increase in the percentage of filtered sodium appearing in the urine,

indicative of tubular dysfunction.

Group V experiments: Fifteen minutes following the injection of

0.11 ml/kg of toxin, angiotensin was infused intravenously at the
constant rate of 0.1 ug/kg/min. As seen in figure 19, there was an
immediate pressor response with the mean systemic pressure
maintained at slightly greater than control levels. Despite continued
angiotensin infusion the osmolar, PAH and creatinine clearances
remained markedly diminished. Shortly after the infusion was

initiated, the urine became grossly hemorrhagic and continued that

way throughout the experiment. The filtration fraction and percentage

of filtered sodium appearing in the urine increased markedly through-

out the experiment.
It would, therefore, seem apparent that angiotensin is of no

benefit in the treatment of renal failure resulting from staphylococcal

toxin. It actually appears to intensify the vascular response produced

by the toxin itself resulting in greater pathologic damage to the renal

parenchyma.

In the second experiment a single intravenous injection of the

vasodilator drug, hydralazine, 0.4 mg/kg, was administered

fifteen minutes following the injection of 0.11 ml/kg of toxin. The
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mean arterial pressure dropped from the control average of 142 mm
Hg to approximately 105 mm Hg where it was maintained throughout
most of the experimental period. As demonstrated in figure 20, the
osmolar, PAH and creatinine clearances remained markedly reduced
and were not improved by the drug's administration. Since hydralazine
exerts a moderate adrenergic blockade via sympathomimetic inhibition
it would appear that the toxin is acting directly on the renal vascular

tree and does not involve a neurogenic vasopressor response.

Pathology

Post mortem examinations were performed on 21 dogs.
Primarily gross alterations were limited to the kidneys in all

experiments. Examination of the bisected kidneys demonstrated

marked blanching of the cortex with focal congestion of the medullary

region and particularly the cortico-medullary junction. (Plate 2)

This is in contrast to the control kidney seen in plate 4~A. In two

experiments India ink was injected into the right kidney near the

termination of the experiment via the arterial catheter. Post

mortem examination demonstrated ink distributed to both the cortex

and medulla, but in a random and focal manner,. (Plate 3)

Microsections of specific orgalic WeIce made on 21 animals

e experiments.

immediately following termination of the respectiv
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Plate 2. Photograph of a bisected kidney taken at post mortem
examination, (A) Higher magnification shown in B. Note marked
blanching of cortex with conjestion of the medullary region,
particularly at the cortico=medullary junction.
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Plate 3. Photographs of bisected kidneys following India ink
injection. Note distribution of the ink and its focal concentration
within the medulla and cortex with adjacent areas of relative ischemia.
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Plate 4. A. Bisection of normal post mortem kidney.
B. Portion of duodenum demonstrating hyperemia and gross
hemorrhage into the mucosa., Animal had received angiotensin
in addition to 0. 11 ml/kg. staphylococcal toxin.
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All specimens for microscopic examination were fixed in formalin;
standard hemotoxylin and eosin preparations were made on the
following organs: kidney, adrenal, liver, spleen, colon, small
intestine, lung and the apex of the left ventrical.

Examinations of sections of heart, lung, adrenal, spleen
and colon were essentially normal. Sections of the small intestine
were unremarkable except for the one experiment in which angio-
tensin was administered in attempt to reverse renal failure.

(Fig. 19) A section of the duodenum showed marked hyperemia of
the mucosa with congestion of the villae. This provided micro-
scopic evidence for the gross hemorrhage and hyperemia noted on
gross examination at autopsy. (Plate 4-B)

Those experiments in which 0.25 ml/kg of toxin was injected

showed mild congestion of the liver sinusoids. Necrosis was not

observed and the liver was unremarkable in all other experiments.
Nearly all the pathological lesions were limited to the kidneys.

Microscopic examination in 12 out of 17 experiments demonstrated

massive focal congestion of the medulla, moststriking near the

cortico-medullary junction. (Plate 5)

Focal congestion of many glomeruli within the cortex was

also noted in the majority of experiments, most striking near the

cortico-medullary junction, (Plate 6) Marked venous congestion
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Plate 5, Photomicrographs of kidney sections demonstrating
massive focal congestion of the medulla,
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Plate 6. Photomicrographs of kidney sections showing congestion
of the glomeruli located near the cortico-medullary region.
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within the cortex was observed in one experiment. (Plate 7)

Amorphous proteinaceous material could be demonstrated in

Bowman's spaces of many glomeruli. (Plates 8, 9) Tubules also

contained much of this material, (Plate 10) and red blood cells could

be demonstrated in several tubules and within Bowman's space.

(Plates 11, 12-A) Edema of the kidneys was marked in all experi-

ments characterized by an increased interstitial space, dilatation of

the tubules and a discrepancy between the size of Bowman's capsule

and the glomerular tuft. (Plate 12-B)
Narrowing of the arcuate arteries was observed in two experi-

ments but was not striking in the other animals. In one experiment

glomeruli at the cortico-medullary junction gave evidence of early

necrosis. Besides marked congestion and edema of the glomerular

tuft many pyknotic nuclei can be seen. (Plate 13) A large zone of

mid-cortical glomerular and tubular necrosis was observed in one

other experiment.

In general, the kidneys gave microscopic evidence of massive,

focal medullary and glomerular congestion. Amorphous proteinaceous

wman's space.

material was prominent within many tubules and in Bo

Edema of the parenchyma was striking but structural changes were

not remarkable except for two experiments. The appearance of many

glomeruli and tubules examined in the cortic o-medullary junction
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Plate 7. Photomicrograph of kidney section demonstrating

venous congestion within the corteX.
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Plate 8, Photomicrographs of kidney sections demonstrating
amorphous, proteinaceous material within Bowman's space.
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Plat i
e 9. Photomicrographs of kidney sections demonstrating

amorphous i i
, proteinaceous material within Bowman's space
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Plate 10. Photomicrographs of kidney sections demonstrating

amorphous’ proteinaceous material within many tubules.
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kidney sections demonst rating

Plate 11. Photomicrographs of
) and Bowman's space. (B)

red blood cells within many tubules (A
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Plate 12. A. Photomicrograph demonstrating red blood cells
within individual tubules. B. Photomicrograph of cortical region
demonstrating increased interstitial space characteristic of edema,.
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Plate 13, Photomicorgraphs of kidney sections demonstrating
interstitial edema (A) and glomeruli with evidence of early necrosis,
Note pyknotic nuclei within the glomerular tuft, (B)
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suggested early changes characteristic of acute tubular necrosis.
Clinically these pathological lesions represent the findings seen in
acute renal failure.

It would, therefore, appear from microscopic examination that
the renal response to staphylococcal toxin was primarily a vascular
one resulting in marked focal congestion with possible secondary

{

stasis ischemia of the renal parenchyma.

Analysis of Data

Results have demonstrated that staphylococcal toxin can produce
irreversible shock in the dog. Of even greater interest is the
demonstration that staphylococcal toxin in low doses acts selectively
on the kidney. In all experiments total as well as effective renal
blood flows were markedly decreased with doses apparently insufficient
to cause significant pathological alterations in other organ systems.,
Larger doses of toxin were capable of producing more generalized
changes but many of these experiments showed renal function
alterations preceeding systemic changes.

Gross post mortem examinations of the bisected kidneys
revealed blanching of the cortex with marked engorgement of the
Microscopic sections demonstrated massive

medullary region.

focal medullary and glomerular congestion with marked edema of
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the renal parenchyma. Although structural changes were not
apparent, the appearance of glomeruli at the cortico-medullary
region was suggestive of impending acute renal failure. This all
lends evidence for the hypothesis that staphylococcal toxin exerts a
selective and direct action on the renal vascular system producing
congestion with secondary stasis ischemia to the peripheral cortical
regions.

Diminution of total renal blood flow at the same time as
diminution of effective renal blood flow would indicate a generalized
decrease in renal perfusion without implicating the existence of an
intra renal shunt of blood.

In many experiments the free water clearance diminished and
the percentage of filtered sodium appearing in the urine increased
significantly to indicate both distal and proximal tubular dysfunction.
Since both the transfer of sodium and free water against an osmolar
gradient requires the activity of a complex enzyme system in the
tubular epithelial cells, ischemia secondary to the toxin-induced
hyperemic stasis could easily explain this dysfunction,

Since the vasopressor drug angiotensin appeared to intensify
the congestion and the sympathomimetic inhibiter, hydralazine, was
without benefit, it would appear that the toxin exerts a direct action

on the renal vascular system characterized by congestion and stasis
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ischemia, The exact mechanism of this response remains unknown,

but does not appear to be mediated by the nervous system.
Discussion

The blood pressure response to lethal doses of bacterial toxin
has been demonstrated on many occasions. Hypotension and
irreversible shock secondary to peripheral vascular collapse have
been emphasized in most reports. There have been some studies on
the effect of relatively small doses of various toxins on specific
organ physiology, but investigation has been mostly limited to the
toxins produced by Gram negative bacteria. (30, 31, 33) Surprisingly
little is known in regard to the effect of small doses of staphylococcal
toxin on systemic homeostasis.

At the same time, however, a review of the clinical literature

reveals a significant percentage of cases with staphylococcal septicemia

associated with clinical shock and renal failure. Of 37 cases of

bacterial shock caused by a single organism at the St. Louis City
and St. Louis University Hospitals between 1950 and 1956, 14 were
due to Gram positive cocci and 23 due to Gram negative bacilli. (14)
Oliguria was noted in 16 of the 37 cases and the authors stress the
inability to differentiate clinically between shock produced by Gram

negative and Gram positive organisms. (14) Of 35 cases of
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bacteremic shock at the Minneapolis Veterans Administration

Hospital reported between 1948 and 1955, 34% were due to Gram

positive cocci and 66% were due to Gram negative bacilli. (24)
Altemeier in a recent review emphasizes the frequency with

which staphylococcal bacteremia is associated with clinical shock. (4)

At the University of Cincinnati Hospital 64 of 93 cases of clinical

shock secondary to seriousinfections demonstrated marked oliguria. (3)
In reviewing the cases of bacteremic shock at the Mayo Clinic,

renal insufficiency and hypotension were noted in a high percentage

of cases. (41) In a ten year period at the University of Minnesota

Hospital 150 cases of shock secondary to sepsis were observed. A

majority of the cases were associated with Gram negative septicemia,

but in a surprisingly large number antibiotic resistant staphylococci

were cultured from the patients blood. Once again the typical

clinical pattern was characterized by hypotension and severe renal

failure. (17, 64, 65, 66) The above cases of clinical shock and

renal failure associated with infections are reported only to point

out the possible significance bacterial toxins might have on renal

function.

There have also been many clinical reports in the literature
describing prolonged periods of diminished renal function following

brief episodes of hemorrhagic or hypovolemic shock. (5, 27) This
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diminished renal function is characterized by oliguria and a marked
diminution of creatinine and PAH clearances. Even those reports of
diuresis following brief periods of hypotension and shock often show
a fixed specific gravity and poor clearances of PAH and creatinine. (27)

At the same time, however, experimental cross-clamping of the
thoracic aorta for up to three hours produces only minor residual
variations in renal function., (43) There are other experimental
reports indicating that total renal ischemia for up to two hours is
without residual effect on renal function. (21, 50, 56, 59) Therefore,
it appears that in the intact animal hypotension, or shock, has a far
greater effect on renal function that pure ischemia.

In support, various hypotheses have been established giving
evidence that severe and often irreversible shock results from the
release of a diffusible substance into the serum. Although the
identity of this substance is largely unknown and quite controversial,
there is general agreement that it mediates a peripheral vascular
collapse. The two most prominent schools of thought as to the
identity of this S;J,bsta.nce are led by Shorr and associates on the one
hand and Fine's group on the other. Shorr suggests that there is a
vasodepressor substance (VDM) that is released by the anoxic liver
producing peripheral vascular collapse and irreversible shock. (60, 61)

This VDM substance, however, has not been isolated or satisfactorily
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identified, and still remains largely hypothetical. (18)

Fine believes that the irreversible factor in shock is due to the
action of bacterial toxins on the circulation also mediating peripheral
vascular collapse. (16, 17, 18, 58) Under Fine's hypothesis fhere is
a normal and passive diffusion of bacterial toxins, primarily from the
coliform group, through the intestinal wall into the portal circulation. (47)
Radio-active labelling of these toxins in the dog indicates that they are
normally detoxified by the reticuloendothelial system of the liver.

(10, 29, 36, 52, 53) Anoxia secondary to hypotension and shock serves
to depress the detoxifying ability of the reticuloendothelial system
thereby allowing the toxins to circulate in the systemic circulation. (58)
Under this scheme differences in mortality rate, survival time and
alterations in organ physiology can be explained by the amount of

bacterial toxin reaching the systemic circulation. Since its forumla~-

tion, this hypothesis has been controversial as being too superficial
to explain the complex physiological alterations occurring in irreversible
shock.' Other investigators have been unable to reproduce certain
results reported by Fine, (25) and recent work with so-called germ
free animals indicates that irreversible shock occurs with the same
incidence following hemorrhage as it does in the normal animal
populations, (82)

Regardless of whether bacterial toxins are the cause of

irreversible shock it does seem apparent that they are capable of
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producing profound effects on systemic homeostasis,

The renal response seen both in experimental animals and
patients suffering from septicemic shock is quite similar to that
observed in hemorrhagic and hypovolemic shock states. This
response is characterized by oliguria and marked diminution of
effective renal blood flow. The mechanism of this response is
largely unknown, but it does seem apparent that the renal dysfunction
cannot be explained by hypotension alone. The subsequent morbidity
and mortality in such patients has been high in spite of many various
approaches to therapy. Renal insufficiency is often the final cause
of death long after hypotension has been corrected.

Experiments herein reported have demonstrated that staphylo-
coccal toxin can produce irreversible shock in the dog. But what may
be of greater significance is the evidence that staphylococcal toxin
in low concentrations acts selectively on the kidney without significant
blood pressure changes. This renal response is characterized by a
marked diminution in renal perfusion with oliguria a natural con-
sequence. Because of the similarity between the renal response
noted in these experiments and those observed in clinical cases of
septicemic shock it seem's quite essential that further investigation
be undertaken in attempt to understand the exact mechanism by which

various bacterial toxins exert their influence on renal function,
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Summary

A study has been made in 23 dogs of the effect of varying intra-
venous doses of a staphylococcal toxin on renal function. Results
indicate that the toxin in low doses acts selectivély on the kidney.
Total as well as effective renal blood flows, and glomerular filtration
were decreased by doses of toxin insufficient to cause significant
blood pressure changes, or pathological alterations in other organ
systems.

In many experiments there was a significant decrease in free
water clearance and a corresponding increase in the percentage of
glomerular filtered sodium appearing in the urine to indicate severe
tubular dysfunction.

The pressor drug, angiotensin, was ineffective in improving
renal function and actually intensified renal vasocongestion,
producing gross hemorrhage into the tubules., The sympathomimetic
inhibitor, hydralazine, was also ineffective in improving renal
function.

Gross post-mortem examinations of the kidneys revealed
blanching of the cortex with marked engorgement of the medullary
region. India ink injection demonstrated a distribution to all
areas of the kidney, but in a random and focal manner, Mic roscopic

examination revealed massive, focal medullary and glomerular
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congestion with edema of the renal parenchma. Although actual
necrosis had not yet become apparent, the appearance of many
glomeruli and tubules examined in the cortico-medullary junction
suggested early changes of tubular damage, tacute renal failure. "
The conclusions are that a potent staphylococcal toxin in small

doses exerts a selective and direct action on the renal vascular

system.



10.

1E:

12,

13

-69-

References

Altemeier, W, A.: Personal communication,

Altemeier, W, A.,: To be published.

Altemeier, W. A. and W. Cole: Septic shock. Ann. Surg.,

143:600, 1956.

Altemeier, W. A., J. Wulsin, W. R. Culbertson, B. MacMillan,
C. Yale, W. Cole, and M. Vetto: Exotoxin aspects of shock.

Fed. Proceed., 20:173, 1961.

Ariel, I. M. and F. Miller: The effects of abdominal surgery
upon renal clearance. Surgery, 28:716.

Aub, J. C., P. C, Zamecnik, and I. T. Nathanson: Physiologic
action of Clostridium oedematiens toxin in dogs. J. Clin,
Invest. , 2@:404, 1947,

Beeson, P, B.: Tolerance to bacterial pyrogens. I. Factors
influencing its development. J. Exp. Med., 86:29, 1947,

Boise, E.: cited by Altemeier, W. A., et al, Fed, Proceed.,
20:173, 1961.

Boivin, A.: cited by Webster, M. E., et al. J. Immunol, ,
14:455, 1955,

Braude, A, I., F. J. Carey and M. Zalesky: Studies with
radioactive endotoxins., J. Clin. Invest., 2{:}_:859, 1955,

Carey, W. F. and L. S. Baron: Comparative immunologic
studies of cell structures isolated from Salmonella typhosa,

J. Immunol, , _2_33:517, 1959.

DeNauasquez, S.: Experimental symmetrical cortical necrosis
of the kidneys produced by Staphylococcus toxin: A study of the
morbid anatomy and associated circulatory and biochemical
changes. J. Path. and Bacteriol., 46:47, 1938,

Dingle, J. H., H. E, Hoff, L. H. Nahum and B. W. Carey, Jr.:
The effect of Staphylococcus aureus exotoxin on the rabbit heart,
J. Pharm. and Exper. Therap., 61:121, 1937,



14.

25,

16.

17

18.

1 512)%

20,

210

22.

23.

24.

0=

Ezzo, J. A. and W. A. Knight: Bacterial shock: A clinical
analysis of thirty-eight cases. Arch., Int. Med., _9_9:701, 19517.

Feldberg, W. and E. V. Keogh: Liberation of histamine from
the perfused lung by staphylococcal toxin., J. Physiol.,
90:280, 1937,

Fine, J.: The bacterial factor in experimental shock. Shock
and circulatory homeostasis. Trans. fifth conference, N. Y.
H. Green, ed., page 37, 1955.

Fine, J.: Endotoxins in traumatic shock. Fed. Proceed.,
3(_)':166, 1961.

Fine, J., H. Frank, F. Schweinburg, S. Jacob and T. Gordon:
The bacterial factor in traumatic shock. Annals of N.Y.
Acad. Sciences, _52:429, 1952.

Fox, I. J., L. G. S. Brooker, D. Heseltine, H. E. Essex and
E. H. Wood: A tricarbocyanine dye for continuous recording
of dilution curves in whole blood independent of variations in
blood oxygen saturation., Proceed. of Staff Meet. Mayo Clinic,

32:478, 1957,

Fox, J. J. and E. H. Wood: Applications of dilution curves
recorded from the right side of the heart or venous circulation
with the aid of a new indicator dye. Proceed. of Staff Meet.

Mayo Clinic, 32:541, 1957.

Friedman, S. M., R, L. Johnson and C. L. Friedman: The
pattern of recovery of renal function following renal artery
occlusion in the dog. Circ. Res., 2:231, 1954.

Gilbert, R. P.: Mechanisms of the hemodynamic effects of
endotoxin, Physiol. Rev., 40:245, 1960.

Glynn, J.H.: The pathogenesis of cortical necrosis of kidneys
in rabbits following the injection of staphylococcal toxin,
A. Jo Patht » 23593} 1937.

Hall, W. H. and D. Gold: Shock associated with bacteremia,
Arch. Int., Med., 2_@_:403, 1955,



29,

26.

2.

28,

29.

30.

0

%

53

34.

35,

36.

)

Hardy, E. G., G. C. Morris, E. M. Yow, B. W. Haynes and
M. D. DeBakey: Studies on the role of bacteria in irreversible
hemorrhagic shock in dogs. Ann., Surg., 139:282, 1954,

Hare, R. S.: Endogenous creatinine in serum and urine., Proc.
Soc. Exper. Biol. Med., _?i:148, 1950.

Hayes, M. A.: The influence of shock without clinical renal
failure on renal function. Ann. Surg., 146:523, 1957.

Hayes, M. A., W. P. Byrnes, I. S. Goldenberg, N. M. Greene
and E. Tuthill: Water and electrolyte exchanges during
operation and convalescence. Surgery, 46:123, 1959.

Herring, W. B., J. C. Herion, R. I. Walker and J. G. Palmer:
Distribution and clearance of circulating endotoxin. J. Clin.
Invest., , '4_2_379, 1963,

Hinshaw, L. B. and G. M. Bradley: Alterations in kidney
weight produced by E. coli endotoxin. A, J. Physiol.,
189:329, 1957.

Hinshaw, L. B., G. M. Bradley and C. H. Carlson: Effect
of endotoxin on renal function in the dog. A. J. Physiol.,
19623127, 1959.

Hinshaw, L. B., M. M. Jordan and J. A. Vick: Histamine
release and endotoxin shock in the primate, J. Clin. Invest.,
@_31631, 1961,

Hinshaw, L. B., W. W. Spink, J. A. Vick, E. Mallet and
J. Finstad: Effect of endotoxin on kidney function and renal
hemodynamics in the dog. A. J. Physiol., 201:144, 1961.

Holtzbach, .: cited by Altemeier, W. A., et al. Fed. Proceed.,
20:173, 1961.

Janeway, T. C.: Some common misconceptions in pathologic
physiology of circulation and their practical significance,
N.Y. Med. J., 85:193, 1907.

Janoff, A. and B. W. Zweifach: Inactivation of bacterial exo-
and endotoxins by iron. J. Exp. Med., 112:23, 1960.



31,

38.

39.

40.

41.

42,

43,

44,

45,

46,

47,

48.

49,

P AP

Kellaway, C. H., F. M. Burnet and F. E. Williams: The
pharmocologic action of the exotoxins of Staphylococcus aureus.
J. Path. and Bacteriol., 33:889, 1930.

Laennac, R. T. H.: cited by Altemeier, W. A., et al. Fed.
Proceed., 20:173, 1961.

Lewis, T.: The blood vessels of human skin. London: Shaw
and Sons, 1927.

Liebow, A.: Personal communication.

Martin, W. J. and D. R. Nichols: Bacteremic shock, Staff
Meet, Mayo Clinic, _:3'1;333, 1956.

Melby, J. C. and W. W. Spink: Comparative studies on adrenal
cortical function and cortical metabolism in healthy adults and
in patients with shock due to infection, J, Clin. Invest.,
2:1791, 1958,

Morris, G. C., Jr.: Discussion following presentation by
M. A. Hayes: The influence of shock without clinical renal
failure on renal function, Ann. Surg., 146:528, 1957,

Nanson, E. M. and J. G. Noble: The effect on the kidneys of
cross~clamping the abdominal aorta distal to renal arteries.

Surgery, 46:388, 1959.

Neisser, M. and C. Levaditi: Action de la toxine staphylococcique
sur le rein. 13th Congres Internat. de med., Sect. de pathol.
gen, et de pathol. exper., 1900, Paris 1901:475.

Pfeiffer, R.: cited in Rosen, F. S. NEJM, 264:919, 1963.

Ravin, H. A., D. Rowley, C. Jenkins and J. Fine: On the
absorption of bacterial endotoxin from the G-I tract of the
normal and shocked animal. J. Exp. Med., 112:783, 1960,

Rigdon, R, H.: Some of experimental lesions produced by
staphylococcus toxin, South. Med. J., _3_%_:?98, 1939,

Rigdon, R. H., A. L. Joyner and E. T. Ricketts: A study of
the action of a filtrable staphylococcal toxin on the kidneys on
normal rabbits. A. J. Path., 19:425, 1934,



50.

)

25

bas

54.

55,

56.

5%

58,

59;

60.

it

Roof, B. S., H. D. Lawson, S. T. Bells and H. A. Eder:
Recovery of glomerular and tubular function, including p-
Aminohippurate extraction, following two hours of renal
artery occlusion in the dog. A. J. Physiol., 166:666, 1951.

Rosen, F. S.: The endotoxins of gram negative bacteria and
host resistance. NEJM, 264:919; 980, 1963.

Rowley, D.: Fate of P32' labeled bacterial lipopolysaccharides
in laboratory animals. Lancet, 1:366, 1956,

Rutenburg, J. H., F. B. Schweinburg and J. Fine: In Vitro
detoxification of bacterial endotoxins by macrophages. J.
Exp. Med., 112:801, 1960.

Schayer, R. W.: Evidence that induced histamine is an
intrinsic regulator of the microcirculatory system. A. J.
Physiol., 202:66, 1962.

Schayer, R. W.: Relationship of induced histidine decarboxylase
activity and histamine synthesis to shock from stress and from
endotoxin. A. J. Physiol., 198:1187, 1960.

Schilling, J. A.: Discussion following presentation by M. A.
Hayes: The influence of shock without clinical renal failure
on renal function. Ann, Surg., 146:528, 1957.

Schmidt-Nielsen, B,: Urea excretion in mammals, Physiol.
Rev., _3@:139, 1958.

Schweinburg, F. B. and J. Fine: Evidence for a lethal endo~-
toxemia as the fundamental feature of irreversibility in three
types of traumatic shock. J. Exp. Med., 112:793, 1960,

Shilling, J. A., E. L. Becker, C. R. Bowers and D, Gold:
Aortic homografts in dogs, including the renal arteries:
technique and renal function. Surgery, 39:611, 1956.

Shorr, E., B. W. Zweifach and R. F. Furghgott: Hepato-renal
factors in circulatory homeostasis: IIl. the influence of humoral
factors of hepato-renal origin of the vascular reactions to
hemorrhage. Ann. N.Y. Acad. sci., i_9_:571, 1948,



61.

62.

63.

64,

65.

66.

67.

68.

690

70.

7id 2

T2

e

Shorr, E., B. W. Zweifach, R. F. Furchgott and S. Baez:
Hepatorenal vasotropic factors in experimental shock and renal
hypertension, Trans. Asoc. Am. Physicians, 39_:28, 1947,

Smith, H, W.: Principles of renal physiology. New York:
Oxford Univ. Press, 1960,

Smith, H. W., H. Chasis, W. Goldring and H. A. Ranges:
Glomerular dynamics in the normal human kidney. J. Clin.
Invest, , 1_9_:751, 1940,

Spink, W. W.: Endotoxin shock., Ann. Int, Med., 57:538,
1962.

Spink, W. W.: The pathogenesis and management of shock due
to infection. Arch., Int, Med., 106:433, 1960.

Spink, W. W.: Pathogenesis and therapy of shock due to
infection: Experimental and clinical studies. Shock: An
Inter, Symposium, K. D. Bock, ed., Germany, 225, 1962.

Spink, W. W. and C. K. Su: Comparative protective action
of unsaturated fatty acids for mice against exotoxin, endotoxin
and snake venom. Proceed. Soc. Exp. Biol. and Med.,

112:463, 1963,

Stetson, C. A.: The endotoxic properties of lysates of group
A hemolytic streptococci. J. Exp. Med., 104:921, 1956.

Thal, A.: Selective renal vasospasm and ischemic renal
necrosis produced experimentally with staphylococcal toxin.
A. J. Path., 31:233, 1955.

Thal, A.: Selective spastic occlusion of the renal vascular
system produced with staphylococcal toxin, Fed. Proceed.,
10:372, 1951. '

Thal, A, and W. Egner: The site of action of the Staphylococcus
aureus toxin. J. Exp. Med., 113:67, 1961.

Thal, A, and W. Egner: Local effect of staphylococcal toxin.
Arch. Path., 57:392, 1954.



i

14.

155

76.

Tty

18,

79.

80.

81.

82,

5

Thal, A. and W. Egner: Mechanism of shock produced by means
of staphylococcal toxin. AMA Archives Path., 61:488, 1956.

Thomas, L.: The physiological disturbances produced by
endotoxins. Physiol. Rev., 16:467, 1954.

Trueta, J., A. E. Barclay, P. M. Daniel, K. J. Franklin and
M. M. L. Prichard: Studies of the renal circulation.
Springfield, Illinois, C. C. Thomas, publishers, 1947.

Van de Velde, A, J. J.: Etudes sur- le mecanism de la
virulence der Staphylococcoque pyogenie. La Cellule,
10:401, 1894.

Van Slyke, D. D, and G. E. Cullen: The determination of
urea by the urease method. J. Biol. Chem., 19:211, 1914;

24:117, 1916.

Von Glahn, W. C. and J. T. Weld: The effect of Staphylococcus
aureus toxin on the kidney. J. Exp. Med., 61:1, 1935.

von Linglesheim, W.: Aetiologie und therapie der Staphylo-
kokeninfectionen, Berlin and Vienna: Urban und Schwarzenberg,

1900,

Warren, H. D., V. G. Balbon, F. T. Rogliano and A, Feder:
Shock in acute infections, NEJM, 232:671, 1945,

Windfield, : cited by Altemeier, W. A., et al. Fed. Proceed.,
20:173, 1961.

Zweifach, B. W.: Shock in germ-free rats, Shock and

circulatory homeostasis, Trans. fifth conference, N, Y.,

H. Green, ed., page 119, 1955,






YALE MEDICAL LIBRARY

Manuscript Theses

Unpublished theses submitted for the Master's and Doctor's degrees and
deposited in the Yale Medical Library are to be used only with due regard to the
rights of the authors. Bibliographical references may be noted, but passages
must not be copied without permission of the authors, and without proper credit

being given in subsequent written or published work.

This thesis by has been
used by the following persons, whose signatures attest their acceptance of the

above restrictions.

NAME AND ADDRESS DATE
b My 3265
3. =iy =G

Csld €. ‘9"“‘6"‘"‘




,.,,w.w%

o

i




	The Effect of Staphylococcal Toxin on Renal Function in the Dog
	Recommended Citation

	skinner_Page_01
	skinner_Page_02
	skinner_Page_03
	skinner_Page_04
	skinner_Page_05
	skinner_Page_06
	skinner_Page_07
	skinner_Page_08
	skinner_Page_09
	skinner_Page_10
	skinner_Page_11
	skinner_Page_12
	skinner_Page_13
	skinner_Page_14
	skinner_Page_15
	skinner_Page_16
	skinner_Page_17
	skinner_Page_18
	skinner_Page_19
	skinner_Page_20
	skinner_Page_21
	skinner_Page_22
	skinner_Page_23
	skinner_Page_24
	skinner_Page_25
	skinner_Page_26
	skinner_Page_27
	skinner_Page_28
	skinner_Page_29
	skinner_Page_30
	skinner_Page_31
	skinner_Page_32
	skinner_Page_33
	skinner_Page_34
	skinner_Page_35
	skinner_Page_36
	skinner_Page_37
	skinner_Page_38
	skinner_Page_39
	skinner_Page_40
	skinner_Page_41
	skinner_Page_42
	skinner_Page_43
	skinner_Page_44
	skinner_Page_45
	skinner_Page_46
	skinner_Page_47
	skinner_Page_48
	skinner_Page_49
	skinner_Page_50
	skinner_Page_51
	skinner_Page_52
	skinner_Page_53
	skinner_Page_54
	skinner_Page_55
	skinner_Page_56
	skinner_Page_57
	skinner_Page_58
	skinner_Page_59
	skinner_Page_60
	skinner_Page_61
	skinner_Page_62
	skinner_Page_63
	skinner_Page_64
	skinner_Page_65
	skinner_Page_66
	skinner_Page_67
	skinner_Page_68
	skinner_Page_69
	skinner_Page_70
	skinner_Page_71
	skinner_Page_72
	skinner_Page_73
	skinner_Page_74
	skinner_Page_75
	skinner_Page_76
	skinner_Page_77
	skinner_Page_78
	skinner_Page_79
	skinner_Page_80
	skinner_Page_81
	skinner_Page_82
	skinner_Page_83
	skinner_Page_84
	skinner_Page_85
	skinner_Page_86

