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In the course of an epidemic of scarlet fever in Florence in 1717, physicians observed 
that during convalescence some patients again sickened, as often manifested by swell- 
ing of the face and suppression of the urine, with what Borsieri (1) at Pavia in 1781 
termed "the secondary diseases or another stage of scarlet fever". Borsieri noted that 
"of all the symptoms, the most frequent is an edematous, or leucophlegmatic swelling, 
affecting the whole body or particular parts of it, generally with scanty, turbid, and 
dark colored urine, and sometimes with a total suppression of it." Similar observations 
had been made by yon Plenciz (2) during an epidemic of scarlet fever in Vienna. Ap- 
preciating the significance of van Leeuwenhoek's (3) observations of microorganisms, 
he postulated in 1762 that epidemic scarlet fever results from the action of rapidly 
multiplying "animalcules." In his "Observations on the Dropsy, which succeeds Scarlet 
Fever," Wells (4) noted in 1806 that "the dropsy often comes on after a very mild 
fever, and when the person . . ,  appears to have nearly or altogether recovered his 
former health." He drew attention to variations in the attack rate of postscarlatinal 
dropsy among families as follows: "When one child of a family has been attacked with 
this disease, the other children of the same family, who have lately passed through 
the scarlet fever, are more liable to become dropsical, than the children of another 
family, who have also lately labored under that fever, but among whom no symptoms 
of the dropsy has yet occurred." He further noted that the urine of these patients 
regularly contained "the serum of blood" and appreciated that red urine contained 
"the red matter of blood." By 1827, Bright (5), from correlation of clinical and gross 
anatomical observations, had established connection between "dropsy attended with 
coagulable urine" and altered structure of the kidneys. 

The principal microscopic changes in glomeruli in several fatal cases of acute glo- 
merulonephritis that followed scarlet fever were dearly illustrated by Reichel (6) in 
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1905. Because of evidence of recent infection with streptococci in the majority of cases 
of acute diffuse proliferative glomerulonephtitis that he had examined, L/~hlein (7) 
concluded that these renal changes, in a majority of cases, were the result of the action 
of streptococcal toxins. Schick (8), in an effort to explain the latent period between 
scarlet fever and nephritis, hypothesized that the latter might be a result of the de- 
velopment during the latent period of lowered resistance or hypersensibility of the host 
to the action of either persisting microorganisms that caused the scarlet fever or micro- 
organisms causing a superimposed infection. Impressed by the similar latent periods 
preceding serum disease and postscarlatinal nephritis, von Pirquet (9) suggested that 
the latter, like serum disease (10), is a manifestation of altered reactivity ("allergy"), 
and he implied that it results from interaction of microorganisms with antibodies 
produced against them in the latent period. 

By 1907, much evidence had accumulated to indicate that scarlet fever was caused 
by streptococci (11) and, by 1924, /3-hemolytic streptococci had been definitively 
demonstrated by the Dicks (12) and by Dochez and Sherman (13) to be the causative 
agents of scarlet fever, and by Bloomfield and Felty (14) to be common causative 
agents Of tonsillitis. Longcope (15) reported in 1929 that, of a large number of cases 
of acute or subacute glomerulonephritis, the large majority were known to be preceded 
by infections, notably tonsillitis and sinusitis, from most of which/3-hemolytic strepto- 
cocci were cultured. From serial estimations of serum antistreptolysin 0 titer in 116 
consecutive cases of acute glomerulonephritis, Lyttle, Seegal, Loeb, and Jost (16) 
demonstrated that in 94% of the cases recent infection with/~-hemolytic streptococci 
had occurred. The work of Lancefield (17) led to the demonstration that the very large 
majority of strains of/3-hemolytic streptococci cultured from human infections be- 
longed to a serologic group designated A. From analysis of differences between glo- 
merulonephritis and rheumatic fever, Seegal and Earle (18) as well as Rammelkamp, 
Weaver, and Dingle (19) hypothesized that only certain strains of Group A strepto- 
cocci have "nephritogenic" capability. The epidemiologic and clinical observations 
of Rammelkamp and associates (20, 21) and of others (22) support this hypothesis. 

H ow  streptococci induce glomerulonephritis has not been determined. To  
gain knowledge of this subject, the experimental induction of glomerulonephri- 
tls, like that  in man, by  infection of animals with Group A streptococci would 
be valuable. Numerous efforts to attain this goal have been unsuccessful in the 
past. The purpose of the present communication is to report the experimental 
induction of glomerulonephritis like tha t  in man by  infection with Group A 
streptococci. 

Materials and Methods 

Streptococd.--Group A streptococci of Types 1, 3, 11, 12, 13, 15, 17, 19, 49, and London 
were used to inoculate rabbits. Two strains of Type 1 streptococci were used. One of these 
was originally isolated in London, England (23), from the throat of a 13 yr old girl 1 wk after 
onset of acute glomerulonephritis and was obtained through the courtesy of Dr. R. E. O. 
Williams and Mr. W. R. Maxted. This strain will be referred to as Type 1 (Mary). A strain, 
B225, of Type 12 streptococci was originally isolated in Bainbridge, Md., (21) from the 
nasopharynx of an adult male shortly before he developed acute glomerulonephritis during 
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an epidemic of infection due to Type 12 streptococci and was obtained through the courtesy 
of Dr. C. A. Stetson. A strain, B737, of Type 49 streptococci, obtained through the courtesy 
of Doctors L. W. Wasmamaker and R. C. Lancefield, was originally isolated from a vesicle in 
the skin of a 3 yr old girl with extensive pyoderma during an epidemic of infection with Type 
49 streptococci among children at Red Lake Indian Reservation in Minnesota. 1 During this 
epidemic, acute glomerulonephritis, not evident in this child, was known to have developed 
in 63 others, or approximately 6.6% of the children of late preschool and early school age on 
the reservation, and in about 60% of the cases was associated with extensive pyoderma (24). 
Type 1 (Mary), Type 12, and Type 49 streptococci of "parent" (stock) cultures were sub- 
cultured in Todd-Hewitt broth made with neopeptone. Streptococci of some of these subcul- 
tures were rotated with lightly heparinized human blood (25). The microorganisms that 
survived such rotation will be referred to as "in vitro-selected streptococci." The M protein 
content of these selected streptococci was significantly greater than that of streptococci of the 
parent cultures (25). Streptococci of other subcultures of Type 1 (Mary) and Type 12 strepto- 
cocci were inoculated intracutaneously into rabbits which had been previously sensitized, by 
intravenous injection, to products of Group A streptococci. 60 hr later, streptococci were 
aspirated from sites of the resulting allergic inflammation. These microorganisms, which will 
be referred to as "in vivo-selected streptococci," were significantly richer in M protein than 
streptococci of the parent cultures, s Rabbits were infected with parent or in vitro-selected 
streptococci of Types 1, 12, 49, or with in vivo-selected streptococci of Types 1 and 12. Strepto- 
cocci of parent and selected cultures were stored in lyophilized form. Strain K43 of Type I 
streptococci and the strains of Types 3, 11, 13, 15, 17, 19, and London streptococci were 
originally isolated from humans without evidence of giomerulonephritis. Prior to use in these 
experiments, they had undergone several to many serial passages through mice and/or in the 
skin of rabbits. These streptococci were subcultured in Todd-Hewitt broth made with neo- 
peptone. 

Culture of Streptococci for Inoculations.--Streptococci of a lyophillzed culture were inocu- 
lated into 40 ml of Todd-Hewitt broth and grown overnight at 37°C. The culture so obtained 
was refrigerated and used as stock culture for a given course of inoculations. On the day of a 
scheduled inoculation, a sample (1.0 ml) of stock culture was transferred to 5 ml of Todd- 
Hewitt broth. This subculture was incubated for 4--6 hr and then centrifuged. The supema- 
tant broth was decanted and the bacterial sediment washed twice with 5 ml volumes of 
Tyrode's solution. The streptococci were resuspended in 5 ml of Tyrode's solution and then 
diluted in 10-fold steps with Tyrode's solution to a final dilution of 10 -~. Samples (0.1 ml) of 
the 10-~-10 -e dilutions of streptococci were transferred to sterile Petri dishes and 5% rabbit 
blood agar was added. The plates were incubated at 37°C and hemolytic colonies were counted 
the following day. The approximate number of streptococci per 0.1 ml aliquot of each dilution 
was as follows: 10-1, 100,000-500,000; 10 -a, 10,000-50,000; 10 -~, 1,000-5,000; 10 "~, 100-.500; 
10 -5, 10-50; and 10 -~, 0-5. 

Inocu/a//on of Rabb/ts.--106 New Zealand red rabbits, weighing between 2.5 and 3.5 kg 
at the beginning of the experiments, were fed Rockland rabbit pellets and given drinking 
water ad lib. They were inoculated as follows: 

Sched~de A: Some clinical investigators (18, 26, 27) have reported that the streptococcal 
infections preceding glomerulonephritis are often "deep," i.e. peritonsillax or cervical abscess, 
otitis media, sinusitis, and ~kln, wound, and puerperal infections, as opposed to "superficial" 
infections of the nasopharynx. Because some of these deep infections may be attended by 
transient streptococcemia, approximately one-fourth of the rabbits were inoculated with 

i Ayoub, E. M. Personal commuBication. 
2 Becker, C. G. Manuscript in preparation. 
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streptococci both intracutaneously and intravenously. On each of days 1, 2, 5, 6, 7, and re- 
peatedly between days 10-22, they received intraeutaneously at different sites from 104 to 105 
streptococci. On each of days 3, 4, 8, and 9, they were inoculated intravenously with from 
10 ~ to 104 streptococci. These rabbits received from one to two such series of inoculations 
spaced from 1 to 3 months apart. Each series was with streptococci of a different serologic 
type. This schedule of inoculations will henceforth be referred to as schedule A. A large ma- 
jority of the rabbits that received inoculations according to schedule A subsequently received 
inoculations according to schedule B. 

Schedule B: Because the streptococcal infections that  precede glomerulonephritis in man 
very often appear to be superficial rather than deep, approximately three-fourths of the rab- 
bits were inoculated only intracutaneously, approximately every other day for a total of 4 to 
7 inoculations per series with from 108 to 105 streptococci. They received from one to three 
such series of inoculations spaced from 1 to 4 months apart. This schedule of inoculations will 
henceforth be referred to as schedule B. Rabbits usually received no more than one series of 
inoculations with streptococci of a given serologic type. 

Schedule C: Included in this report are three rabbits which, in the course of experiments 
previously reported (28, 29), were inoculated only intracutaneously. Two of these animals 
received from 2 X 104 to 4 X 105 streptococci of only one type, London, on the same 2 suc- 
cessive days. The other animal received on eight occasions, spaced 4-14 wk apart, from 101 
to 3.5 X 105 streptococci of one of seven different serotypes. On five of these occasions, the 
number of streptococci inoculated ranged from 4 X 10 s to 8 X 104. On the last occasion, 3.5 
X 105 streptococci of Type London were inoculated. 

Control Rabbits not Inoculated with Streptococci.--lO healthy rabbits of the same breed and 
size and housed in the same animal quarters as those inoculated according to schedules A or 
B served as normal controls and were sacrificed at various periods during the experiments. 

Measurement of Protein and Blood in Urine.--Before, during, and between series of inocu- 
lations, rabbits were placed in metabolism cages and samples of their urine collected. Urinary 
protein was measured semiquantitatively by mixing 5 drops of 20% sulfosalicylic acid with 
2 ml of centrifuged urine. Precipitate was graded on an ascending scale of 0 to + + + + .  No 
precipitate was observed after addition of sulfosalicylic acid to samples of urine of more than 
200 presumably healthy rabbits. 2 +  or greater proteinuria was considered to be marked. In 
most cases, urinary protein was also measured quantitatively by the method of Shevsky and 
Stafford (30). The amount of protein in urine samples of more than 200 presumably healthy 
rabbits had been found in this laboratory to usually be between 0.072 and 0.144 g/liter and 
ranged from 0 to 0.216 g/liter. Proteinuria of 0.5 g/liter or greater was considered to be marked. 

Determination o/Blood Urea Nitrogen.--Rabbits were bled at  various times from marginal 
ear veins. Blood urea nitrogen was measured by the method of Van Slyke and Cullen (31). 
The mean urea nitrogen in the blood of presumably healthy rabbits was found to be 22.78 
mg/100 ml (SD 4- 3.37 mg/100 ml). 

Determination of Antistreptolysin 0 Titer.--Measurement of antistreptolysin O titer in sera 
of rabbits and sera of patients with glomemlonephritis was made according to a method 
devised by Todd (32) and modified by Hodge and Swift (33). Previously, it was found in this 
laboratory, that  the titer of antistreptolysin O antibodies in the sera of more than 100 rabbits 
never inoculated with Group A streptococci was in every ease less than 10 units. In man, a 
titer above 200 units is generally regarded as evidence of recent infection with Group A 
streptococci (34). 

Determination of Erythrocyte Sedimentation Rate (ESR) and Counting of Blood Leukocytes. 
- -The  ESR was determined according to the Westergren method, and blood leukocytes were 
counted with a Spencer Brite-Line hemocytometer. 

Autopsy of Rabbits and Preparation of Tissues for Light Microscopy.--Some rabbits died in 
the course of these experiments. Others were sacrificed by intravenous injection of sodium 
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pentobarbital given rapidly. Autopsies were performed on all animals. To determine whether 
or not streptococcemia was present, blood taken from the heart or vena cava of all animals 
inoculated with streptococci was streaked on the surface of 5% rabbit blood agar and dropped 
into tubes of 5 ml of Todd-Hewitt broth. The hearts, kidneys, and adrenals were removed, 
as well as portions of lung, liver, spleen, pancreas, mesentery, and skeletal muscle. Blocks of 
tissues, including those cut transversely through the equators of the kidneys, were fixed in 
Zenker's--5% acetic acid solution or buffered formalin. Blocks fixed in the former were em- 
bedded in paraffin, and sections 5/~ thick were cut and stained routinely with hematoxylin 
and eosin. Some sections cut from blocks of kidneys were stained with Masson's trichrome, 
periodic acid-Schiff (PAS), or Azan stain. Other sections of kidneys were stained with Yello- 
solve I, MSB 109, or PAS-MSDB 109 stains, as described by  Lendrum et al. (35, 36). Blocks 
of some kidneys fixed in formalin were also embedded in paraffin and sections 5/~ thick were 
cut and stained with Congo red or crystal violet. 

Measurement of Size of Sections of Renal Glomeruli and Number of Nuclei Therdn.--Sections 
5/~ thick and stained with hematoxylin and eosin were used. An equatorial section of kidney 
was divided into three zones by India ink lines which extended from the capsule through the 
medulla. Beginning at the capsule of each zone and moving to the medulla, the diameters of 
10 glomeruli were measured in each zone with an ocular micrometer, and the number of their 
nuclei counted with an ocular grid. Thus a total of 30 glomerull were measured and counted 
in each section. Measurements and counts so made were found to be reproducible. This method 
provides for sampling of giomeruli in all layers of the cortex. The mean giomerular diameter 
and the mean number of nuclei per glomerular section were determined in the case of each of 
66 rabbits tha t  received one to many courses of inoculations with streptococci and each of 10 
healthy control rabbits not inoculated with streptococci. For the control animals these values 
were 89.2 and 65.4/~ respectively. (Table I). 

Photomicrography.--All photomicrographs were made by the authors on Kodachrome II,  
type A film with a Zeiss photomicroscope with achromatic-aplanatic condenser (1.40 N.A.), 
planachromatic or planapochromatic objectives, and neutral density D-12 (12% light trans- 
mittance) and Tiffen Photar 82C filters. 

Photolithography.--The full color and black and white illustrations are photolithographs 
made without hand retouching or dot etching by the Litho-Krome Company, Columbus, Ga., 
from Kodachrome photomicrographs. Fidelity of color and structural detail in the color 
lithographs were achieved by carefully controlled photographic masking. Accurate tone values 
and structural detail in the black and white lithographs were achieved by use of two different 
plates, each printing a black ink. One plate imparts highlight, the other shadow detail. 

Morphologic Comparison be~'zoeen Human and Rabbit Glomerulonephritis.--For the purpose 
of morphologic comparison between experimentally induced and naturally occurring glomeru- 
lonephritis, from acute to chronic stages, photolithographs of renal tissue of 11 rabbits  are 
submitted alongside those of renal tissue of 7 humans. The sex and age of the patients were 
as follows: one boy and two girls were 4-6 yr old, two teenage males were 14-16 yr, and one 
man and one woman were 28 and 59 yr, respectively. Specimens of kidney of four of the pa- 
tients were obtained by biopsy. The kidneys of the remaining three patients were obtained at  
autopsy. The human kidneys were prepared for microscopic examination by the methods used 
to prepare the rabbit kidneys. Acute glomerulonephritis was present in four patients, two 
children, one adult, and a 14 yr old male, and caused the deaths of the latter and a four yr 
old girl. Glomerulonephritis in a recurrent acute to subacute stage was present in one patient, 
a 16 yr old male. Chronic glomerulonephritis was present in a 5 yr old boy and a 59 yr old 
woman, and caused the death of the latter. From five of the seven patients with glomerulo- 
nephritis, clear-cut serologic or bacteriologic evidence of recent infection with Group A strepto- 
cocci was obtained. From the nose, throat, and an infected postauricular mass of  the sixth 
patient who died with acute glomerulonephritis, B-hemolytic streptococci were cultured, but 
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no attempt was made to identify the serologic group to which they belonged. In the seventh 
patient, the nephrotic syndrome developed a few months after a severe sore throat at 52 yr 
of age and was found from examination of biopsied kidney to be a manifestation of diffuse 
proliferative glomerulonephritis. Progressive deterioration of renal function followed and 
death due to chronic glomerulonephritis with azotemia occurred 7~ yr after appearance of 
the first signs of glomerulonephritis. Serologic, bacteriologic, and other pertinent clinical data 
concerning the 7 patients and comparable data concerning the l i  rabbits are presented with 
the explanations of the respective photoUthographs. Finally, for the purpose of morphologic 
comparison of normal with nephritic rabbit kidneys, photomicrographs of normal kidneys are 
submitted alongside those of the nephritic kidneys. 

RESULTS 

8 days  to a few weeks after onset  of a given infection with  Group A strepto-  
cocci known to have been nephritogenic for man,  marked  proteinuria,  often 
with hematur ia ,  and occasionally with azotemia,  was detected in 22 of the 106 
rabbi ts  in the experiments here reported.  15 of these rabbi ts  were sacrificed a 
few days  to a few weeks thereafter ,  and 8 showed renal changes of acute glo- 
merulonephrifis.  Such changes occurred in two other rabbits ,  whose urine was 
not  examined, tha t  were sacrificed 15 days after only one infection, which was 
produced with streptococci of Type  London. Recurrent  acute glomerulonephri- 
tis was found in 2 others of the 15 sacrificed soon after  marked  proteinur ia  was 
detected and in a rabbi t  whose urine was not  examined tha t  died 8 days  after 
onset of infection with streptococci of Type  London,  which followed seven 
previous infections with streptococci of six different serotypes. The  remaining 
seven animals in which marked  proteinur ia  had  occurred died or were sacrificed 
many  months  later,  in some cases after addi t ional  infections. Two of these had 
become azotemic and two convulsed and died after giving bir th;  in these ani- 
mals,  there were renal changes of chronic la ten t  glomerulonephrit is  or chronic 
active glomerulonephritis.  

The  various stages of the experimental ly induced glomerulonephritis will be 
taken up  separate ly  and the renal  changes compared with those of the various 
stages of posts treptococcal  glomerulonephrit is  in man. 

Acute Glomerulonephritis 

Five examples are presented. 

Histories and Gross Anatomical Observations.-- 

Rabbit 97-06: This male rabbit was inoculated, according to schedule A, with Type 12 
streptococci of parent culture. On the 22nd day after the first inoculation, the rabbit was 
found to have gross hematuria. The urinary protein concentration was + + / + + + + .  Cul- 
tures of peripheral blood on rabbit blood agar and in Todd-Hewitt broth were sterile. The 
rabbit was sacrificed 10 days later. Cultures of vena caval blood were sterile. The kidneys 
were 1.5 times normal weight. 

Rabbit 10-831: This female rabbit was inoculated, according to schedule B, with in vivo- 
selected Type 1 (Mary) streptococci over a period of 10 days. Urinary protein was normal on 
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the second day, + / + + + +  (0.504 g/liter) on the third day, and normal on the 4 succeeding 
days. Hematuria was not detected on any of these days. On the 8th day, gross hematuria was 
observed and the urinary protein rose to + + + / + + + +  (1.99 g/liter). I t  fell to + / + + + +  
(0.64 g/liter) on the 9th day, and rose to + + + / + + + +  (2 g/liter) on the 10th day, fell to 
1.5 g/liter on the l l t h  day, and to normal on the 12th day at which time the rabbit was 
sacrificed. Cultures of vena caval blood were sterile. The kidneys were pale and their weight 
was 1.5 times normal. 

Rabbits 80-19 and 80-20: These rabbits were inoculated, according to schedule C, on the 
same two successive days with Type London streptococci of parent cultures. On the 3rd, 8th, 
and 16th days after the first inoculation, blood cultures of both animals were made and were 
sterile. The sedimentation rate of erythrocytes (ESR) in 2 hr, in the case of rabbit 80-19, 
increased to 50 mm on the 5th day, fall to 25 mm on the 8th day, increased to 50 mm on the 
10th day, and fall to 30 mm on the 16th day. The ESR in 2 fir, in the case of rabbit 80-20, 
increased to 80 mm on the 5th day and fell progressively to 70 mm on the 8th day, 45 mm on 
the 10th day, and 10 mm on the 16th day. In  both animals, the number of leukocytes in the 
blood increased to a peak value on the 10th day, to 18,000/mma in rabbit 80-19 and 24,000/ 
mm 8 in rabbit 80-20. At no time was urine of either animal examined. The animals were sacri- 
riced on the 16th day. The kidneys were not weighed. 

Rabbit 10-467: This male rabbit was inoculated, according to schedule B, with in vitro- 
selected Type 12 streptococci over a period of 14 days. The urine remained normal during 
and after this course of inoculations. 4 months later, the rabbit was inoculated with in vitro- 
selected Type 1 streptococci over a period of 11 days. On the l l t h  day, + + / + + + +  (0.83 
g/liter) proteinuria was observed. 2 days later, proteinuria had disappeared. By the 15th day, 
the blood urea nitrogen (BUN) had risen from normal to 62 rag/100 ml. On the 20th day, + + /  
+ + + +  (1.2 g/liter) proteinuria and microscopic hematuria were observed. The rabbit was 
sacrificed on the 23rd day, by which time the BUN had fallen to 23 rag/100 ml. Cultures of 
vena caval blood were sterile. The kidneys were 1.34 times normal weight. The cortices were 
obviously pale and contained numerous petechial hemorrhages (Figs. 1 b and 1 d). 

tIistologic Observations.--Proliferation and  swelling of endothel ia l  and  mesan-  
gial  cells, and  to a lesser ex ten t  epi thel ial  cells, were presen t  in  renal  glomerul i  

of r abb i t s  wi th  acute  g lomerulonephr i t i s  t h a t  died or were sacrificed soon af ter  
the  appearance  of marked  prote inur ia .  I n  rabb i t s  wi th  hypercel lu lar  glomerufi 
a t  the  t ime  of sacrifice 10 days  or less af ter  the beg inn ing  of the  first series of 

inoculat ions ,  the  nuclei  of g lomemla r  endothel ia l  and  mesangia l  cells were, in  
the  ma jo r i ty ,  compac t  and  deeply  basophil ic  (Fig. 9). I n  contras t ,  in  hypercel lu-  

lar  g lomerul i  of r abb i t s  t ha t  were sacrificed 2-4  wk after  the  beg inn ing  of the  

first series of inocula t ions  or t h a t  were sacrificed or died af ter  two or more  
series of inoculat ions ,  the  nucle i  of g lomerular  endothel ia l  and  mesangia l  cells 
were often,  in  the ma jo r i ty ,  vesicular  and  pale-s ta ining,  as in  h u m a n  acute  
prol i ferat ive g lomemlonephr i t i s  (Figs. 18-20).  A mi to t ic  figure was rare ly  
observed in  an  endothel ia l  cell (Fig. 18) as is rare ly  observed in  acute  glomerulo- 

nephr i t i s  in  m a n  (Fig. 20). 
As shown in  Tab l e  I ,  in the  k idneys  of rabb i t s  wi th  acute  g lomerulonephr i t i s  

(group I) ,  the m e a n  n u m b e r  of nuclei  per  g lomenf lar  section was 94 and  the  
m e a n  d iamete r  of g lomerular  sections was 103.3 #. I n  contras t ,  the  values  for 
these measu remen t s  were 65.13 and  88.74 p, and  68.54 and  88.5 #, respect ively,  
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TABLE I 

Number of Nuclei per Glomerular Section and Diameter of Glomerular Sections in Kidneys of 
Rabbits with Acute Glomerulonephritis and RabMts without Glomerulonephritis 

Group 
No. 

II 

III 

IV 

Rabbits in group* No. of Mean No. of nuclei 
rabbits glomerular section per 

Rabbits inoculated with 
streptococci, devel- 
oped acute glomeru- 
lonephritis, and did 
not have terminal 
streptococcemia 

Rabbits inoculated with 
streptococci, did not 
have glomeruloneph- 
ritis, and did not 
have terminal strep- 
tococcemia 

Rabbits inoculated with 
streptococci, did not 
have glomerulone- 
phritis, but had 
terminal streptococ- 
cemia 

Normal control rabbits 
i not inoculated with 
i streptococci 

10 94 (sD 4- 13.76)$ 

31 65.13 (SD -4- 5.36) 

5 68.54 (SD -4- 7.70)[[ 

10 65.4 (SD -4- 4.81) 

Mean diameter of 
glomerular sections 

(u) 

103.3 (SD ± 8.98)§ 

88.74 (SD ± 5. 385) 

88.5 (sn -4- 5.28)¶ 

89.2 (SD ± 3.59) 

* Animals in groups I and II  were sacrificed at comparable times (between 11 and 32 days) 
after the beginning of a course of streptococcal inoculations. Animals in group HI  died be- 
tween 5 and 12 days after the beginning of a course of streptococzal inoculations. 

:~ Glomerular sections of group I are significantly more cellular than glomerular sections of 
groups II, III, and IV taken together. F = 10.9595, P < 0.005. 

§ Glomerular sections of group I are of significantly greater diameter than glomerular sec- 
tions of groups II, III, and IV taken together. F = 28.6825, P < 0.001. 

[[ Glomerular sections of group I I I  are not more cellular than glomerular sections of group 
IV. F = 0.50277, P > 0.25. 

¶ Glomerular sections of group I I I  are not of greater diameter than glomerular sections of 
group IV. F = 0.02071, P > 0.25. 

for  the  k idneys  of rabbi t s  c o m p a r a b l y  inocu la ted  wi th  s t reptococci  bu t  which  

d id  n o t  deve lop  renal  disease (groups I I  and  I I I )  and  65.4 and 89.2 # for  con- 

t rol  rabbi ts  no t  inocu la ted  wi th  s t reptococci  (group IV).  B o t h  the  m e a n  n u m b e r  

of nuclei  in g lomeru la r  sect ions and  the  m e a n  d i ame te r  of g lomeru la r  sect ions 

were v e r y  s ignif icant ly  g rea te r  in k idneys  of rabbi ts  of g roup  I t h a n  in k idneys  

of rabbi ts  of groups I I ,  H I ,  and  I V  t aken  together .  T h e  m a g n i t u d e  of these 
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differences is enhanced if one expands this two dimensional data to apply to 
the three dimensional glomerulns. These differences in glomerular size and 
cellularity are illustrated in Figs. 2-5, 8-13, and 17-19. 

Swollen, proliferating, endothelial and mesangial cells often narrowed or 
occluded the lumina of glomerular capillaries Figs. 3-5, 9-13, 18, 19, 23, and 24), 
as is usually evident in human acute glomerulonephritis (Figs. 16, 20, 26, and 
28). Necrosis of individual glomerular capillary loops (Fig. 24), and even entire 
glomerular lobules occasionally occurred, as in the human disease (Figs. 26 
and 28). Proliferating cells caused many glomeruli to appear hyperlobulated 
(Figs. 10 and 13), as in the human disease (Fig. 16). Cellularity was occasion- 
ally more marked in some lobules of a glomerulns than in others in both the 
rabbit and human glomerulonephritis. The number of polymorphonuclear 
leukocytes in glomeruli of the kidneys of both the rabbits and the humans here 
reported was variable but usually small. When present, they were almost 
always in the lumina of glomerular capillaries, rarely in capillary walls or 
mesangium. Glomerular visceral epithelial cells were often swollen and moder- 
ately increased in number in both the rabbits and humans. As in poststrepto- 
coccal, proliferative glomerulonephritis in man, the glomerular basement mem- 
branes almost without exception did not appear to be thickened on examina- 
tion with the light microscope. As in the human disease, plasma protein in- 
cluding fibrin, and/or erythrocytes, were sometimes present in Bowman's space 
and the lumen of renal tubules (Figs. 18, 19, 23, and 24). As in acute glomerulo- 
nephritis in man, the tubular epithelium was often swollen and vacuolated 
(Figs. 4, 5, and 12), and in some instances focally necrotic. Occasionally, small 
clusters of inflammatory cells, mostly lymphocytes, were adjacent to tubules 
and sometimes adjacent to the parietal layer of Bowman's capsules. The renal 
pelves were normal. 

Recurrent Acute Glomerulonepkritis 

Three examples are presented. 

Histories and Gross Anatomical Observations.-- 

Rabbit 96-50: This female rabbit was inoculated, according to schedule A, with Type 15 
streptococci of parent culture. 2 wk after the first inoculation, the urine was normal. 2~ 
months later the rabbit was inoculated, according to schedule A, with Type 12 streptococci 
of parent culture. Neither proteinuria nor hematuria were detected at the following times 
thereafter: 2 wk, 4, 5, and 6 months. In the 7th month, + + / + + + +  proteinuria was de- 
tected. In the 12th month, the urinary protein was 0. 13 months after the second series of 
inoculations, the rabbit was inoculated, according to schedule B, with Type 49 streptococci 
of parent culture over a period of 14 days. On the 7th, 12th, and 17th days after the first 
inoculation of this series, urinary protein was 0/q-q-++ O g/liter). On the 24th day, urinary 
protein was + / + + + +  (0.36 g/liter), but by the 54th day was normal and remained so on 
four urinalyses performed in the succeeding 6 months. 10 months after the third series of 
inoculations, the rabbit was inoculated, according to schedule B, with Type 1 (Mary) of 
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parent culture over a period of 14 days. On the 5th day after the first inoculation of this 
series, the urinary protein was 0 / + + + +  (0 g/liter). On the 8th day, microscopic hematuria 
was detected and the urinary protein was + / + + + +  (0.432 g/liter). Urinary protein re- 
mained at this level and microscopic hematuria persisted until sacrifice on the 19th day. 
Cultures of the blood were sterile. The kidneys were pale and 1.5-2 times normal weight. The 
renal cortices were finely pitted and contained petechial hemorrhages. 

Rabbit 96-52: This female rabbit was inoculated, according to schedule A, with Type 12 
streptococci of parent culture. No urinalyses were performed in association with these inocu- 
lations. 2 months later, the rabbit was inoculated, according to schedule A, with Type 15 
streptococci of parent culture. On the 14th day after the first inoculation, the urinary protein 
was 0 / + + + + .  5 months after the second series of inoculations, the rabbit received, accord- 
ing to schedule B, a series of inoculations with Type 49 streptococci of parent culture. On the 
20th day after the first inoculation of this series, the urinary protein was 0 / + + + + ,  on the 
28th day + / + + + + ,  and on the 58th day 0 / + + + + .  7 months after the third series of 
inoculations, the rabbit received, according to schedule B, a series of inoculations with Type 
12 streptococci of parent culture over a period of 14 days. On the 7th day after the first inocu- 
lation, the urinary protein was 0 / + + + +  (0 g/liter). On the 12th day, microscopic hematuria 
was detected and the urinary protein was + + / + + + +  (1.152 g/liter). The latter remained 
elevated for 7 days. During the next 10 months, modest intermittent proteinuria occurred. 
At the end of this time, the rabbit was inoculated, according to schedule B, with Type 1 
(Mary) streptococci of parent culture over a period of 14 days. On the 8th day after the first 
inoculation of this series, the urinary protein was 0 / + + + +  (0 g/Hter). On the 15th day, 
microscopic hematuria was detected and the urinary protein was + + / + + + +  (1.08 g/liter) 
and remained elevated until sacrifice on the 19th day. Cultures of blood were sterile. The 
kidneys were pale and 1.5-2 times normal weight. The cortices were pitted and contained 
petechial hemorrhages. 

Rabbit 70-55: This female rabbit was inoculated repeatedly according to schedule C. 5 
times, at intervals of 4 to 8 wk, streptococci of parent cultures of the following serotypes were 
inoculated: Types 1 (strain K43), 11, 17, 13, and 3.3 months later, the animal was inoculated 
with Type 19 streptococci, and 6 wk subsequently with Type 17 streptococci. 4 months later 
the rabbit was inoculated with Type London streptococci and sickened on the 6th day after 
onset of infection. On the 8th day, the ESR was 125 mm in 1 hr and the animal died. There 
had been no examination of urine. At autopsy Group A, Type London streptococci were 
cultured from vena caval blood. The kidneys appeared pale and swollen, but were not weighed. 
On cut surface, the cortico-meduUary junctions and co~'tical markings were indistinct, and 
the cortices had a finely mottled pale yellow appearance. 

ttistologic Observations.--The renal changes in rabbits 96-50 and 96-52 will 

be taken up first and separately from those in rabbit  70-55. Proliferation and 
swelling of glomerular endothelial, mesanglal, and epithelial cells were present 
and many  cells contained vesicular nuclei (Figs. 14, 21, 25, 27, and 29-33). 
The mean number  of nuclei per glomerular section and mean diameter of glo- 
merular sections in these rabbits were 83.5 and 104.5 #, respectively (normal 
65.4 and 89.2 #, respectively). Glomerular basement membranes did not  appear, 
by  light microscopy, to be thickened. Focal necrosis of individual capillaries 
as well as entire lobules occurred in some glomeruli (Figs. 14, 21, 25, 27, 29, and 
30), as occurs in human  glomerulonephritis (Figs. 26 and 28). Plasma protein 
including fibrin, and/or  erythrocytes, were often present in Bowman's space 
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(Figs. 21, 25, 27, and 29). About such extravasated material, epithelial cells 
had sometimes proliferated and formed epithelial crescents like those in human 
glomerulonephritis (Figs. 29-35). The experimentally induced crescents were 
not significantly collagenized or hyalinized, which along with the proliferative 
and exudative characteristics described above indicates that they were of recent 
origin and probably developed during the period of 19 days after the beginning 
of the last series of inoculations. I t  is reasonable to infer likewise that the very 
similar crescents in the patient referred to in Figs. 34 and 35 were of recent 
origin and developed during the period of 1 month after the last upper respira- 
tory infection. In the rabbits, plasma protein and/or erythrocytes were present 
in some renal tubules (Figs. 22 and 25) and vacuolization and degeneration of 
some tubular epithelial cells (Fig. 22) were observed. Adjacent to altered tubules 
were occasional clusters of inflammatory cells, mostly lymphocytes. In addition, 
there was evidence of previous injury to the kidneys. Hyalinized scars replaced 
lobules of some glomeruli and fibrous adhesions between tuft and capsule were 
present in others. Occasional glomeruli with fibrotic capsules and a few com- 
pletely atrophic, hyalinized glomeruli were observed, especially in rabbit 96-52. 
There were several ectatic tubules, some of which were filled with hyaline casts. 
Focally, there were slightly increased amounts of collagenous tissue in the 
renal interstitium. Within this tissue, remnants of atrophic nephrons were 
sometimes present. The renal pelves were normal. 

The striking feature of the kidneys of rabbit 70-55 was the marked swelling 
of glomerular tufts. This swelling, illustrated in Fig. 6, was associated with 
moderate increase, sometimes focally accentuated, of endothelial, mesangial, 
and epithelial cells. Widening of the mesangial regions appeared to be due to 
edema and cellular proliferation and swelling. Very similar changes may occur 
in acute glomerulonephritis in man (Fig. 7). The mean number of nuclei per 
glomerular section and the mean diameter of glomerular sections in rabbit 70-55 
was 115 and 154/~, respectively (normal 65.4 and 89.2/~, respectively). The 
glomerular basement membranes did not appear, by light microscopy, to be 
thickened. Some glomeruli appeared hyperlobulated (Fig. 15), as in acute 
glomerulonephritis in man (Fig. 16). In addition, there was, as in rabbits 96-50 
and 96-52, evidence of previous injury to the kidneys. There was hyaline thick- 
ening of some Bowman's capsules (Figs. 6 and 15), some glomeruli were com- 
pletely atrophic and hyalinized, and occasional tubules were ectatic. 

Chronic Latent Glomerulonephr~tis 

Chronic Latent Glomerulonephritis with Superimposed Toxemia of Pregnancy. 
Some rabbits which had developed marked proteinuria, sometimes with hema- 
turia, after inoculations with Group A streptococci were mated. Two such 
rabbits died after convulsions at the end of pregnancy. One of these eases will 
be described in detail. 
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History and Gross Anatomical Observations.-- 

Rabbit 96-26: This female rabbit was inoculated, according to schedule A, with Type 49 
streptococci of parent culture. On the 4th day after the first inoculation, no protein was de- 
tected in the urine. On the 12th day, + + + / + + + +  (2.6 g/liter) protein and many erythro- 
cytes were detected in the urine. 10 and 40 days later the urine was normal. 3 months after 
the first series of inoculations, the rabbit received, according to schedule A, a series of inocu- 
lations with Type 12 streptococci of parent culture. On the 12th day after the first inoculation 
of this series, the urine was normal. 3 months later, the rabbit was mated. Midway through 
gestation the urine was normal. A few hours after giving birth to four normal young, the rab- 
bit began to convulse and died 1 hr later. Autopsy was performed immediately thereafter and 
+ / + + + +  proteinuria was detected in bladder urine. The kidneys were pale and 1.5-2 
times normal weight. The finely granular cortices contained petechial hemorrhages. 

Histologic Observations.--Endothelial and mesangial  cells were swollen and 
increased in number,  often to the poin t  of occluding glomerular  capi l lary lumina 
(Figs. 36, 37, and 39). Exclusive of scarred glomerufi, the mean number  of 
nuclei per  glomerular  section and the mean diameter  of glomerular  sections 
were 95 and 98 #, respectively,  (normal 65.4 and 89.2 #, respectively).  Because 
of increase in number  and size of cells, many  glomeruli appeared hyper lobula ted  
(Figs. 38 and 39). As in the kidneys of rabbi ts  with acute or recurrent  acute 
glomerulonephritis,  endothelial  and mesangial  cell nuclei were in the ma jo r i ty  
vesicular. Glomerular  basement  membranes  did  not  appear,  by  fight micros- 
copy, to be thickened. Small amounts  of protein  were occasionally present  in 
Bowman's  spaces and in renal tubules. M a n y  tubular  epithelial  cells were 
swollen and vacuolated (Figs. 37-40). I n  addition, there was evidence of renal 
disease antedat ing  pregnancy.  M a n y  glomerufi contained lobular  scars (Figs. 
38 and 40) such as are sometimes found in poststreptococcal  glomerulonephrit is  
in man  (Fig. 41). Some glomeruli were held b y  fibrous adhesions to the par ie ta l  
layer  of Bowman's  capsule (Fig. 38). Occasional glomeruli  were entirely or 
par t ia l ly  hyalinized (Fig. 39). Slight fibrosis of the  renal in ters t i t ium was also 
observed. The  renal pelves were normal. 

Chronic Latent Glomerulonephritis with Death Caused by Intercurrent Pneumonia. 

History and Gross Anatomical Observations.- 

Rabbit 99-41: This male rabbit was inoculated, according to schedule B, with Type 12 
streptococci of parent culture over a period of 15 days. 10 days after the first inoculation, 
microscopic hematuria and + / + + + +  (0.5 g/liter) proteinuria were detected. Urinary 
protein returned to normal within 6 days. 4 months later, the rabbit received, according to 
schedule B, a series of inoculations with Type 49 streptococci of parent culture over a period 
of 12 days. On the 6th, 19th, 27th, 30th, and 46th day after the first inoculation of this series 
the urinary protein was normal. 5 months after this series of inoculations, the rabbit was 
inoculated, according to schedule B, with Type 1 (Mary) streptococci of parent culture over 
a period of 14 days. On the 10th day, - k - / + + + +  (0.514 g/liter) urinary protein and micro- 
scopic hematuria were observed. Urinary protein remained elevated for 1 wk, at the end of 
which the blood urea nitrogen was 37 rag/100 ml. During the 6 months thereafter, transient 
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increases in urinary protein, i.e. + / + + + +  (0.5 g/liter), occurred. The rabbit was then inoc- 
ulated, according to schedule B, with Type 12 streptococci of parent culture over a period of 
10 days. On the 9th day, the blood urea nitrogen was 40 rag/100 ml and the urinary protein 
was normal. 3 months later, the blood urea nitrogen was 40 rag/100 ml and the urinary pro- 
tein + / + + + +  (0.5 g/liter). Proteinuria persisted until the rabbit died of intercurrent 
pneumonia due to a Gram-negative bacillus, probably of the PasteureUa group, 6 months after 
the last series of inoculations. At autopsy the renal cortices were finely granular. The weight 
of the kidneys was normal. 

Histologic Observations.--Approximately 30% of glomeruli were entirely 
sclerotic. Fibrosis and hyalinization of the parietal layer of Bowman's capsule 
were present in many other glomeruli. Remaining glomeruli were hyperceUular 
and larger than normal. These changes, very similar to those described by Bell 
(37) as representing "latent chronic" glomerulonephritis in man, are iUustrated 
in Figs. 42, 45, and 48. Figs. 43 and 46 show similar changes present in the kid- 
neys of a woman with chronic glomerulonephritis of 7 ~  yr duration. Exclusive 
of sclerotic glomeruli, the mean number of nuclei per glomerular section and 
the mean diameter of glomerular sections in the kidneys of rabbit 99-41 were 
83 and 106 #, respectively (normal 65.4 and 89.2 #, respectively). The increased 
cellularity appeared to be mainly due to proliferation of ceils in the mesangial 
regions. These regions also contained increased amounts of fibrillar tissue, 
most of which stained like young mesangial fibers and some of which stained 
like mature collagen. Focal necrosis of glomerular tufts in association with 
escape of protein was rarely observed (Fig. 48). Many renal tubules were 
shrunken or ectatic, and some contained hyaline casts. Interstitial fibrous 
tissue was moderately to markedly increased in amount, and within it were 
remnants of atrophic nephrons (Figs. 45 and 48). The renal pelves were normal. 

Ckronic Active Glomerulonepkritis 

History and Gross Anatomical Observations.- 

Rabbit 96-38: This male rabbit was inoculated, according to schedule A, with Type 12 
streptococci of parent culture. On the 12th day after the first inoculation, the urine was nor- 
mal. 2 months after the first series of inoculations, the rabbit received, according to schedule 
A, a series of inoculations with Type 49 streptococci of parent culture. No urinalyses were 
performed in association with these inoculations. 7 months later, the rabbit was inoculated, 
according to schedule B, with Type 12 streptococci of parent culture over a period of 16 
days. 26 days after the first inoculation of this series, gross hematuria and + + + / + + + +  
proteinuria were observed. 1 month later, + + / + + + +  protein in the urine was detected, 
and by the 5th month the urine was normal. 8 months after the third series of inoculations, 
the rabbit was inoculated, according to schedule B, with Type 49 streptococci of parent cul- 
ture. On the 2nd and 9th days after the first inoculation of this series, the urine was normal. 
Urinary protein on the 12th day was + / + + + +  (0.5 g/liter) and rose to + + - 4 - + / + + + +  
(4.32 g/liter) on the 15th day. On subsequent days the urinary protein was as follows: 17th 
day, + + + + / + + + +  (2.66 g/liter); 22nd day, + + + / + + + +  (1.62 g/liter); and 52nd 
day, + + / - 4 - + + +  (0.82 g/liter). Thereafter, the urinary protein declined gradually to 
0.36 g/liter over a period of 2 months, but never returned to normal. The rabbit then began 
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to lose weight rapidly and w a s  sacrificed 6 months after the beginning of the last series of 
inoculations. Blood urea nitrogen 1 day antemortern was 206 rag/100 ml. Although the renal 
cortices were shrunken, the weight of the kidneys was normal. 

Histologic Observations.--The vast majority of glomeruli were partly or 
entirely sclerotic. Fibrous crescents were present in some glomeruli. There were 
many diffusely or focally scarred glomerular tufts with hyaUnized adhesions to 
Bowman's capsules. Rare, hypertrophied glomeruli were observed. The ma- 
jority of the tubules were atrophic and surrounded by dense fibrous tissue. 
Nests of markedly ectatic tubules were also present. Hyaline casts were ob- 
served in many tubules. These changes are illustrated in Figs. 44, 47, and 50. 
Glomeruli in formalin-fixed sections took up neither Congo red nor methyl 
violet stains. The renal pelves were normal. Figs. 43, 46, and 49 show renal 
changes in two humans with chronic glomerulonephritis that are similar to 
those in rabbit 96-38. 

DISCUSSION 

The experimental induction of glomerulonephritis with streptococci or their 
products has been attempted many times in the past (38-41). The methods 
employed included inoculation with living streptococci, implantation of micro- 
pore diffusion chambers containing living streptococci, injection of killed 
streptococci, and injection of toxic filtrates. The renal alterations induced by 
these procedures or combinations thereof are not analogous to the spectrum 
of renal changes that occur in poststreptococcal glomerulonephritis in man. 

The question arises: Why did a spectrum of changes like those of glomeru- 
lonephritis in humans develop in rabbits in the experiments now reported, 
whereas previous attempts to induce this spectrum of changes with Group A 
streptococci were apparently unsuccessful? There are several possible explana- 
tions. 

First, the strains of Group A streptococci which induced glomerulonephritis 
in rabbits in the experiments now reported were, with one exception, originally 
isolated from humans with or exposed to others with acute glomerulonephritis. 
The one exception is a strain of streptococci of Type London originally isolated 
from the blood of a patient with puerperal septicemia (42) but not known to 
be nephritogenic for man. However, we have recently learned of an epidemic 
in 1961-62 of acute glomerulonephritis among children in Bilina, Czecho- 
slovakia, from whom Group A streptococci were cultured in the acute stage of 
the disease and identified as Type London streptococci. 3 In many of the pre- 
viously reported experiments, the Group A streptococci used had not been 
obtained from patients with acute glomerulonephritis. In earlier experiments 
performed in this laboratory, kidneys of 131 rabbits, which had been succes- 
sively infected intracutaneously with Group A streptococci of 1-13 different 

8 Sr~mek, J., R. C. Lancefield, and C. G. Becker. Personal communications. 
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serotypes, were examined microscopically. Acute proliferative glomerulone- 
phritis was found to have developed in a majority of animals last infected with 
either one of two of these strains, but only rarely or not at all in animals last 
infected with one of the other strains. 4 The observation that only two among 
many strains of Group A streptococci were capable of inducing acute glo- 
merulonephritis with frequency in rabbits is analogous to the observations of 
Rammelkamp (43) and others which indicate that only certain strains of 
Group A streptococci are capable of inducing acute glomerulonephritis with 
frequency in man. Taken together, these observations suggest that nephrito- 
genlcity of certain strains of Group A streptococci can be manifested in animal 
species in addition to man. 

Second, in our experiments most of the rabbits were infected repeatedly, 
usually with strains of different serotypes. I t  is likely that most humans with 
clinically evident acute glomerulonephritis have had at least one and perhaps 
several infections with Group A streptococci of different serotypes before the 
infection that is followed by glomerulonephritis. 

Third, living streptococci were inoculated into the rabbits in our experi- 
ments. This permitted intimate contact between cells of the host and the popu- 
lation of parasites. Such contact is perhaps necessary if selection of streptococci 
capable of establishing infection in the host is to occur. Such selection could 
not occur if streptococci were kept from the cells of the host by the walls of a 
diffusion chamber. 

In experiments reported here, some rabbits developed slight transient 
proteinuria (0.2-0.3 g/liter, rarely greater) during the first few days of a course 
of inoculations. Marked proteinuria ( q - q - - + + + + / + + + +  or 0.5-4.32 
g/liter) and hematuria, sometimes gross, developed from 8 days to 3 wk after 
the beginning of a course of inoculations. The sequence of events comprising 
streptococcal infection, slight and transient proteinuria within a few days, 
and then marked proteinuria, often with hematuria, after a latent period of 8 
days to a few weeks following the infection is strikingly like that which occurs 
in humans who develop glomerulonephritis following streptococcal infection. 

Rammelkamp (43) and others have interpreted the transient proteinuria 
which occurs within the first few days of a streptococcal infection in humans 
as an expression of renal injury from the action of a toxin. The results of our 
experiments support the hypothesis that early, transient proteinuria following 
streptococcal infection is the result of toxin-induced rather than immuno- 
logically induced injury to the kidneys, in that early, slight and transient 
proteinuria was detected in some rabbits after the first inoculation with Group 
A streptococci. Since rabbits are not naturally parasitized by Group A strepto- 
cocci, it is very unlikely that any antibodies to these microorganisms had been 
elaborated in these rabbits before we infected them with Group A streptococci. 

4 Murphy, G. E., and C. G. Becker. Unpublished observations. 
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As stated previously, a latent period of from 8 days to a few weeks was 
observed between the first of a course of streptococcal inoculations and the 
development of marked proteinuria in rabbits. Temporally, this latent period 
is like that between the beginning of streptococcal infection and the onset of 
glomerulonephritis in man. I t  is reasonable to speculate that similar events 
occur in both rabbits and humans during this latent period. Von Pirquet (9, 10) 
implied that postscarlatinal nephritis is a manifestation of allergy in which 
persisting microorganisms that caused the scarlet fever react with antibodies 
produced against them during the latent period between scarlet fever and 
glomerulonephritis. Recently, a number of investigators (44-47) have demon- 
strated by immunofluorescence microscopy deposits of immunoglobulins in 
glomeruli in biopsied renal tissue of patients with proved poststreptococcal 
acute glomerulonephritis, which is in harmony with yon Pirquet's hypothesis. 

Among rabbits that developed poststreptococcal acute or recurrent acute 
glomerulonephritis in our experiments, deposits of immunoglobulins in glomer- 
uli can be demonstrated in some of these animals but not in others by immuno- 
fluorescence microscopy. ~ Similarly, among a large group of humans with 
poststreptococcal acute glomerulonephritis, Seegal 6 can demonstrate by im- 
munofluorescence microscopy deposits of immunoglobulins in glomeruli in some 
of these patients but not in others, including cases of severe glomerulonephritis. 
The events that occur during the latent period, that is, before glomerulone- 
phritis is manifest, remain obscure. I t  is hoped that these events can be eluci- 
dated through investigation of glomerulonephritis induced experimentally by 
infection with Group A streptococci. 

The blood cultures taken at autopsy of all of 10 rabbits with acute glomerulo- 
nephritis were sterile, which indicates that the acute glomerulonephritis in 
these rabbits was not due to streptococcemla. This conclusion is supported 
by the fact that streptococcemia as demonstrated by positive blood cultures 
at autopsy was an uncommon occurrence in these experiments. Of the remaining 
96 rabbits infected with streptococci, only 6 died with streptococcemla. One 
of these, rabbit 70-55 exhibited renal changes that probably represented re- 
current acute glomerulonephritis. As shown in Table I, sections of renal glo- 
meruli of the remaining five that died with streptococcemla (group III) were 
neither more cellular nor of greater diameter than those of control rabbits not 
inoculated with streptococci (group IV) or those of rabbits inoculated with 
streptococci but which neither developed glomerulonephritis nor died with 
streptococcemia (group II). 

Cellular proliferation in glomeruli was common to  the kidneys of the majority 
of rabbits sacrificed soon after developing marked proteinuria following strepto- 
coccal infections. However, exudation of fibrinous material from glomeruli was 

5 Becker, C. G., Unpublished observations. 
6 Seegal, B. C. Personal communication. 
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slight in some rabbits and marked in others. Rabbits could be classified into 
two groups based on the character of glomerular lesions observed: (a) those 
with proliferative lesions with little or no exudate, and (b) those with prolifera- 
tive lesions with a considerable amount of exudate. When rabbits are so classi- 
fied, two features emerge. 

First, rabbits which received only one or two courses of streptococcal infec- 
tion, developed marked proteinuria, and were sacrificed shortly thereafter, 
were found to have proliferative glomerular lesions with minimal exudate. In 
contrast, some rabbits which received four or more courses of streptococcal 
infection, developed marked proteinuria, and were sacrificed shortly there- 
after, were found to have proliferative-exudative lesions. This observation 
suggests that damage to the wall of the glomerular capillary severe enough to 
result in significant exudation of plasma protein may be related directly to the 
number of streptococcal infections experienced by the rabbits. I t  may thus be 
an expression of intensity of allergy to streptococcal products. 

Second, the development of epithelial crescents was only observed in the 
kidneys of rabbits with proliferative-exudative lesions. As illustrated, epithelial 
ceils in the process of forming crescents proliferate about fibrinous exudate in 
Bowman's space in both rabbits and humans with glomerulonephritis. 

One of the most persistent questions concerning the natural history of 
glomerulonephritis following streptococcal infection in humans is whether or 
not acute glomerulonephritis can progress to chronic glomerulonephritis. 
L6hlein (7), in 1907, concluded that such progression did occur. Subsequently, 
several clinical investigators (48-50) reached the same conclusion from observa- 
tions made over several to many years. From histologic examination of kidneys 
of adults biopsied serially during and after attacks of acute poststreptococcal 
glomerulonephritis, Jennings and Earle (51) and McCluskey and Baldwin 
(52) obtained evidence of progression of the disease to chronic glomerulo- 
nephritis. 

Among rabbits in our experiments, some developed functional and anatomical 
evidence of recurrent acute glomerulonephritis, of chronic latent glomerulo- 
nephritis, or of chronic active glomerulonephritis following infections with 
Group A streptococci. Certain features of both the histories of these rabbits 
and the anatomical alterations in their kidneys may bear on the question of 
what factors determine progression of poststreptococcal glomerulonephritis 
in humans. 

Rabbits 96-50 and 96-52 were sacrificed 19 days after the fourth and fifth 
courses, respectively, of inoculations with streptococci. At the time of sacrifice, 
they had proteinuria which was first detected at 8 and 15 days, respectively, 
after the first inoculation of the last series. No proteinuria was detected on the 
5th and 7th days, respectively, after this inoculation. When their kidneys were 
examined, proliferative-exudative glomerular lesions with epithelial crescents 
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were found. These were not significantly collagenized or hyalinized and ap- 
peared to have developed after the beginning of the final series of inoculations 
with streptococci. In addition, rare hyalinized glomeruli or focal hyalinized 
scars in glomerular tufts were also present. These scars appear to be the result 
of glomerular injury sustained as a result of previous series of inoculations. In 
fact, proteinuria was detected in these rabbits after one or more of the previous 
series of inoculations. 

On the basis of these observations, we interpret the changes in the kidneys 
of rabbits 96-50 and 96-52 as representing a recurrence of acute glomerulo- 
nephritis. The suggestion is made, therefore, that humans who develop acute 
glomerulonephritis with proliferative-exudative glomerular lesions and epi- 
thelial crescent formation may be suffering from recurrent acute glomerulo- 
nephritis. The previous episodes of glomerulonephritis may have gone unnoticed 
clinically and caused little, if any, permanent anatomic alteration of the kid- 
neys. However, their effect, perhaps cumulative, may have been to increase 
the sensitivity of the kidneys to further attacks of glomerulonephritis, which 
by virtue of the increased sensitivity are of greater severity. 

Support for this inference can be found in the case of rabbit 96-38. 
This rabbit received four series of inoculations with streptococci. Marked 

proteinuria was observed after the third series and then ceased. The urine 
remained normal for the succeeding 7 months. The rabbit then received a fourth 
series of inoculations and on the 12th day marked proteinuria was again ob- 
served, although the urine had been normal on the 9th day. Proteinuria in- 
creased to 4.32 g/liter, the greatest excretion of protein observed in these experi- 
ments, and gradually decreased, but never ceased. The rabbit became severely 
azotemic and moribund, and was sacrificed 6 months after the last series of 
inoculations. The vast majority of glomeruli were entirely sclerotic. Fibrous 
crescents were present about some scarred glomeruli, suggesting a significant 
degree of exudate from damaged glomeruli during an acute phase of glomerulo- 
nephritis. Minimal recent exudate was present about some glomeruli. Glomeruli 
in which there were still some patent capillaries were hypercellular. 

The history and anatomical alterations of the kidneys of this rabbit are 
strikingly like those of humans who develop acute glomerulonephritis and pro- 
gress over a period of several months to 1 or 2 yr through chronic active glom- 
erulonephritis to death. In such patients, the beginning of their terminal illness 
is usually considered to be the time of onset of acute glomerulonephritis. Be- 
cause little is known of such patients prior to this time, they are usually thought 
to be suffering from their first attack. However, it is possible that they are 
suffering from a recurrent attack of glomerulonephritis. Previous clinically 
unnoticed or short-lived attacks may have so conditioned them that the final 
attack of glomerulonephritis is severe and the disease is now maintained at a 
high level of activity leading to the eventual and often surprisingly rapid 
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destruction of the majority of nephrons. This hypothesis is supported by results 
of experiments reported here. 

In 1938, Bell (37) described certain anatomical changes in the kidneys of a 
woman who had survived acute glomerulonephritis and of several other adults 
without such history. All had minimal clinical evidence of renal disease at the 
time of their death from nonrenal causes. The renal changes consisted of com- 
plete hyalinization of some glomeruli, usually about 10%, while remaining 
glomeruli were enlarged and hypercellular. Epithelial crescents were in most 
cases inconspicuous or absent. Bell interpreted these changes as representing 
"latent chronic glomernlonephritis," or an intermediate stage between a pri- 
mary acute attack of glomerulonephritis and the terminal chronic stage. More 
recently, similar changes have been described by Jennings and Earle (51) in 
the kidneys of patients subjected to serial renal biopsy at various times after 
recovery from the initial manifestations of acute poststreptococcal glomerulo- 
nephritis. At the time of biopsy, these patients were relatively well, but had 
modest proteinuria. McCluskey and Baldwin (52) referred to this stage of 
disease as latent glomerulonephritis and observed that some of these patients 
apparently recovered, whereas in others the disease progressed. 

Two rabbits in our experiments developed renal alterations similar to those 
in humans with chronic latent glomerulonephritis. 

In the case of rabbit 96-26, marked proteinuria was detected 12 days after 
the beginning of the first series of inoculations with streptococci. Proteinuria 
had disappeared 10 days later. 3 months thereafter, the rabbit received another 
series of inoculations after which proteinuria was not detected. 3 months after 
this series, the rabbit was mated. After a normal period of gestation, the rabbit 
gave birth to four normal young, convulsed several times, and died. The kidneys 
were large, pale, and pitted. Glomeruli were large, hyperceUular, and hyper- 
lobulated, and approximately 10% were completely hyalinized or contained 
hyalinized lobules. The case of this rabbit is analogous to some cases of toxemia 
of pregnancy in man. These observations suggest that in the latent stage of 
chronic poststreptococcal glomerulonephritis altered renal reactivity is present 
but unapparent, and may be accentuated by physiological conditions and events 
other than streptococcal infections, in this instance gestation and labor. 

Another example of this phenomenon may have occurred in the case of rabbit 
99-41. After the third of four series of inoculations, the rabbit developed modest 
proteinuria and azotemia which persisted for 12 months until death from inter- 
current pneumonia due to a Gram-negative bacillus. At autopsy, the renal 
cortices were finely granular. Approximately 30 % of glomeruli were completely 
sclerotic. Other glomeruli were large and hypercellular, particularly in mesangial 
regions. Protein, freshly exuded, was present in Bowman's space of a few 
glomeruli. I t  is possible that these proliferative and exudative changes were 
accentuated by the intercurrent pulmonary infection. 
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The above interpretation implies that  in chronic latent glomerulonephritis 
persistence and progression of renal disease, at however low a level, may be the 
result of altered host reactivity to a wide variety of endogenous and exogenous 
stimuli, in addition to Group A streptococci of nephritogenic strains which 
originally induce the altered reactivity. 

SUMMARY 

106 rabbits received one or more courses of inoculations, spaced 1-4 months 
apart, with Group A streptococci, usually of strains isolated from patients 
with acute glomerulonephritis. 8 days to a few weeks after onset of a given 
infection with streptococci known to have been nephritogenic for man, marked 
proteinuria, often with hematuria and occasionally with azotemia, was detected 
in 22 of the animals. 15 of these were sacrificed a few days to a few weeks 
thereafter, and 10 showed renal changes like those of acute or recurrent acute 
glomerulonephritis in man. Such changes occurred in three other rabbits whose 
urine was not examined that died or were sacrificed 1-3 wk after onset of infec- 
tion with streptococci of a serotype known to include a strain nephritogenic 
for man. The remaining seven animals in which marked proteinuria had oc- 
curred died or were sacrificed many months later, in some cases after additional 
infections. Two of these had become azotemic and two convulsed and died after 
giving birth; in these animals, there were renal changes like those that occur 
in man in chronic latent glomerulonephritis, toxemia of pregnancy super- 
imposed on chronic latent glomerulonephritis, or chronic active glomerulo- 
nephritis. Anatomical changes in the kidneys in the experimentally induced 
and in naturally occurring glomerulonephritis, from acute to chronic stages, 
are compared and illustrated. The pathogenesis of poststreptococcal glomerulo- 
nephritis is discussed. 

It is a pleasure to acknowledge the technical assistance of Miss Gioconda Carrozza, Mr. 
John Shuman, Mrs. Clara Reiss, Miss Judith Chesner, Miss Kathy Kalty, Miss Margaret 
Poke, and Mr. Nicolas Blagojevic in this investigation. 

The high quality of work of Mr. J. Tom Morgan and Mr. Walter G. Barbee, Jr. of the 
Litho-Krome Co., Columbus, Ga., in making the photolithographic illustrations is 
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EXPLANATION OF PLATES 

P~TE 1 

Capsular aspects and cut surfaces of the kidneys of a normal control rabbit (Figs. 
1 a and 1 ~) and a rabbit with experimentally induced acute glomerulonephritis (Figs. 
1 b and 1 d). Kidneys are actual size. 

Fro. I a. 1 yr  old control male rabbit (not inoculated with Group A streptococci) 
that  weighed 2900 g when sacrificed. The kidneys were of normal reddish-brown cop 
and normal size. Together they weighed 13 g. Their capsular surfaces were smooth 
no petechiae were observed. Cut surfaces are shown in Fig. 1 c. 

FIG. 1 b. 1 yr old male rabbit 10-467 that  weighed 2960 g when sacrificed 23 cl~ 
after the beginning of the second series of intracutaneous inoculations with Grou 
streptococci and 3 days after marked proteinuria was observed. The BUN had r 
from normal to 62 mg/100 ml by the 15th day after the beginning of the last serie~ 
inoculations and was 23 mg/100 ml at  the time of sacrifice. The antistreptolysin 
titer was less than 10 units 3 wk before last series of inoculations and 1000 units 
time of sacrifice. Autopsy blood cultures yielded no bacteria. As shown, the kidn, 
were pale tan and swollen and together weighed 17.5 g. Their capsular surfaces we 
very slightly granular and cortical petechiae were observed. Cut surfaces are shown i~ 
Fig. 1 d. Alterations observed microscopically in these kidneys are shown in Figs. 5, 
12, 19, 23, and 24. 

Fie.  1 c. Cut surfaces of the normal kidneys shown in Fig. 1 a. Normal reddish- 
brown cortices contrast with the pale tan cortices of the abnormal kidneys in Fig. 1 d. 

FIG. 1 d. Cut surfaces of the abnormal kidneys shown in Fig. 1 b. The pale tan 
cortices of these swollen kidneys contrast with the reddish-brown cortices of the normal 
kidneys shown in Fig. 1 c. 
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PLATE 2 

FIG. 2. Normal renal glomeruli of adult control rabbit (not infected with Group A 
streptococci) for comparison with glomeruli in Figs. 3-7. Hematoxylin and eosin. 
X 200. 

FIG. 3. Glomeruli of rabbit 97-06, sacrificed 32 days after first series of inoculations 
with Group A streptococci and 10 days after onset of hematuria. No bacteria were 
grown in autopsy blood cultures. The kidneys were 1.5 times normal weight. Ityper- 
cellularity of tufts with narrowing of capillary lumina. Figs. 10, 13, and 18 are also 
from this animal. Hematoxylin and eosin. X 200. 

FIG. 4. Glomeruli of rabbit 80-20, sacrificed 16 days after beginning of first infec- 
tion with Group A streptococci. No bacteria were grown in autopsy blood cultures. 
The kidneys were not weighed. Swelling and hypercellularity of tufts with narrowing 
of capillary lumina. Focal vacuolization of tubular cells. Hematoxylin and eosin. 
X 200. 

FIG. 5. Olomeruli of rabbit 10-467 referred to in Figs. 1 b and I d. Hypercellularity 
of tufts with narrowing of capillary lumina, as in Figs. 12, 19, 23, and 24 from the 
same animal. Hematoxylin and eosin. X 200. 

FIG. 6. Glomerulus of rabbit 70-55 that died 8 days after beginning of eighth in- 
fection with Group A streptococci. Antistreptolysin 0 titer 3 months before last infec- 
tion was 200 units and above 1000 units a few hours before death. Group A, Type 
London streptococci were grown in autopsy blood cultures. The kidneys were pale. 
and swollen but were not weighed. The cortical markings and corticomedullary junc- 
tions were indistinct. Marked swelling and increased cellularity of tuft with narrowing 
of some capillary lumina. Widening of mesangial regions due to edema and cellular 
proliferation. Proliferation also of endothelial cells. Polymorphonuclear leukocytes in 
lumina of several capillaries. Note resemblance to human glomeruli in Fig. 7. Fig. 15 
is also from this animal. Hematoxylin and eosin. X 200. 

FIG. 7. Swollen glomeru]i in biopsied kidney of patient 1, a 28 yr old man with acute 
glomerulonephritis. Biopsy 3 wks after onset of sore throat followed in a week bv 
anasarca. Antistreptolysin 0 titer was 150 units 11 days before biopsy and 500 units 
7 days after biopsy, (The New York Hospital, biopsy S-63-3658). Widening of mesan- 
gial regions due to edema and cellular proliferation. Proliferation also of endothelial 
cells. Narrowing of some capillary lumina. Note resemblance to rabbit glomeruli in 
Fig. 6. Hematoxylin and eosin. X 200. 



THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 127 PLATE 2 

(Becker and Murphy: Induction of glomerulonephritis with Group A streptococci) 



PLATE 3 

FIG. 8. Normal glomerulus of adult control rabbit (not infected with Group A 
streptococci), for comparison with rabbit glomeruli in Figs. 9-15. Hematoxylin and 
eosin. X 320. 

FIG. 9. Glomerulus of rabbit 10-831 sacrificed 12 days after first series of inocula- 
tions with Group A streptococci and 4 days after marked proteinuria and gross 
hematuria were observed. Antistreptolysin 0 titer was less than 10 units at time of 
sacrifice. No bacteria were grown in autopsy blood cultures. The kidneys were 1.5 
times normal weight. Hypercellularity of tuft with narrowing of capillary lumina. 
Hematoxylin and eosin. × 320. 

FIG. 10. Glomerulus of rabbit 97-06, referred to in Figs. 3, 13, and 18. Hypercel- 
lularity and hyperlobulation of tuft with marked narrowing or occlusion of capillary 
lumina. Note resemblance to human glomerulus in Fig. 16. Hematoxylin and eosin. 
X 320. 

FIG. 11. Glomerulus of rabbit 80-19, sacrificed 16 days after beginning of first infec- 
tion with Group A streptococci. No bacteria were grown in autopsy blood cultures. 
The kidneys were not weighed. Swelling and hypercellularity of tuft with narrowing 
of capillary lumina. Hematoxylin and eosin. × 320. 

FIG. 12. Glomerulus of rabbit 10-467, referred to in Figs. 1 b and 1 d. Hypercel- 
lu!arity with marked narrowing or occlusion of capillary lumina, as in Figs. 5, 19, 23, 
and 24 from the same animal. Focal vacuolization of tubular cells. Hematoxylin and 
eosin. × 320. 

FIG. 13. Glomerulus of rabbit 97-06, referred to in Figs. 3, 10, and 18. Hypercel- 
lularity and hyperlobulation of tuft with marked narrowing of capillary lumina. Red 
blood cell cast in tubular lumen. Hematoxylin and eosin. X 320. 

FIG. 14. Glomerulus of rabbit 96-50, sacrificed 19 days after beginning of fourth 
series of inoculations with Group A streptococci and 10 days after proteinuria and 
microscopic hematuria were observed. Antistreptolysin 0 titer 9 months before last 
seriesof inoculationswas 300 units, 100 units 1 month before last series, and 300 units 
at time of sacrifice. No bacteria were grown in autopsy blood cultures. The kidneys 
were 1.5 to 2 times normal weight and petechiae were observed in the slightly gran- 
ular cortices. Swelling and hypercellularity of tuft with narrowing of lumina of many 
capillaries. Adhesion of right lower portion of tuft to Bowman's capsule. Other changes 
in the kidneys of this animal are shown in Figs. 21, 22, 25, and 29-33. Hematoxylin 
and eosin. X 320. 

FIG. 15. Glomerulus of rabbit 70-55, referred to in Fig. 6. Swelling, hypercellularity, 
and hyperlobulation of tuft with marked narrowing or obliteration of capillary lumina. 
Note striking resemblance to human glomerulus in Fig. 16. Hematoxylin and eosin. 
X 32O. 

FIG. 16. Glomerulus of patient 2, a 4 yr old girl who died with proteinuria, hema- 
turia, anasarca, hypertension, and cardiac failure about 1 wk after symptoms of an 
upper respiratory infection were recognized. /3-hemolytic streptococci were cultured 
from the nose, throat, and a postauricular fluctuant mass (The New York Hospital, 
autopsy 13,091). No/~-hemolytic streptococci were grown in autopsy blood cultures. 
Kidneys were pale and swollen (1.5 times normal weight) . and petechiae were ob- 
served beneath the capsule. Swelling, hypercellularity, and hyperlobulation of tuft 
with marked narrowing or obliteration of capillary lumina. Note striking resemblance 
to rabbit glomerulus in Fig. 15. Fig. 20 is also from this child. Hematoxylin and eosin. 
X 320. 
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FXG. 17. Normal glomerulus of adult rabbit (not infected with Group k streptococci), 
for comparison with rabbit glomeruli in Figs. 18 and 19. PAS-MSDB 109. X 800. 

Fie,. 18. Glomerulus of rabbit 97-06, referred to in Figs. 3, 10, and 13. Hypercel- 
lularity of tuft with marked narrowing or obliteration of capillary lumina. Mitotic 
figure in endothelial cell in left lower portion of figure. Basement membranes of capil- 
laries appear delicate. Capsular epithelial cell has moved over a deposit of fibrin 
(red-staining material) on other epithelial cells of the capsule. PAS-MSDB 109. X 800. 

Fir;. 19. Glomerulus of rabbit 10-467, referred to in Figs. 1 b, 1 d, 5, 12, 23, and 24. 
Hypercellularity of tuft with obliteration of capillary lumina and exudation of fibrin. 
PAS-MSDB 109. × 800. 

FIG. 20. Glomerulus of the 4 yr old girl referred to in Fig. 16. Hypercellularity of 
tuft with obliteration of capillary lumina. Mitotic figure in endothelial cell in left 
upper portion of figure. PAS-MSDB 109. X 800. 
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FIG. 21. Glomerulus of rabbit 96-50, referred to in Figs. 14, 22, 25, and 29-33. 
Hypercellularity and focal necrosis of tuft with hemorrhage into Bowman's capsular 
space. Proliferation of capsular epithelial cells. Hematoxylin and eosin. X 320. 

FIG. 22. Red blood cells and "hyaline" casts in lumina of renal tubules of rabbit 
96-50, referred to in Figs. 14, 21, 25, and 29-33. Vacuolization of many tubular epithe- 
lial cells. Masson trichrome. X 164. 

FIG. 23. Glomerulus of rabbit 10-467, referred to in Figs. 1 b, 1 d, 5, 12, 19, and 24. 
Marked hypercellularity of tuft with obliteration of capillary lumina and hemorrhage 
into Bowman's capsular space. MSDB 109. X 512. 

Fro. 24. Glomerulus and associated proximal tubule of rabbit 10-467, referred to in 
Figs. 1 b, 1 d, 5, 12, 19, and 23. Swelling and hypercellularity of tuft with marked 
narrowing or obliteration of capillary lumina. Fibrin and red blood cells in Bowman's 
capsular space. Red blood cells in tubular lumen. Hematoxylin and eosin. X 320. 

FIG. 25. Glomerulus and tubules of rabbit 96-50, referred to in Figs. 14, 21, 22, and 
29-33. Swelling of tuft and lobular necrosis with red blood cells and fibrin (red-staining 
material) in Bowman's capsular space. Material that stains like fibrin in tubular 
lumina. Yellosolve I. X 320. 

FIG. 26. Glomerulus of patient 3, a 14 yr old boy who, 2 months prior to death, 
suffered a hand laceration. Infection of wound developed and was not treated with an 
antimicrobial agent. About 1 month before death, swelling of the face, nausea, and 
vomiting occurred. 2 wk later, antistreptolysin 0 titer was 800 units. Rapidly progres- 
sive renal failure ensued with increasing proteinuria, hematuria, hypertension, and 
azotemia (The New York Hospital, autopsy 17,684). The kidneys were pale and 
about 2.5. times normal weight. Many cortical petechiae were evident. Lobular necro- 
sis, exudation, and proliferation of epithelial cells. Masson trichrome. X 256. 

FIG. 27. Glomerulus of rabbit 96-52, sacrificed 19 days after beginning of fifth series 
of inoculations with Group A streptococci. Antistreptolysin 0 titer was 200 units 9 
months before last series of inoculations, 10 units 8 months later, and 50 units at time 
of sacrifice. No bacteria were grown in autopsy blood cultures. The kidneys were 1.5 
to 2 times normal weight and petechiae were observed in the slightly granular cortices. 
Lobular necrosis and exudation. Note resemblance to human glomerulus in Fig. 28. 
Masson trichrome. X 320. 

FIG. 28. Glomerulus of patient referred to in Fig. 26. Lobular necrosis and exuda- 
tion. Masson trichrome. × 256. 

FIG. 29. Glomerulus of rabbit 96-50, referred to in Figs. 14, 21, 22, 25, and 30-33. 
Lobular necrosis and exudation and crescentic proliferation of epithelial cells. Note 
similarity of these changes to those in Fig. 26. Masson trichrome. X 320. 



THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 127 PLATE 5 

(Becker and Murphy: Induction of glomerulonephritis with Group A streptococci) 



PLATE 6 

FIGS. 30-33. Figs. 30 through 33, together with Fig. 29, illustrate the development 
of crescentic proliferation of epithelial cells of Bowman's capsule in reaction to glo- 
merular tuft alterations in the kidneys of the rabbit referred to in Figs. 14, 21, 22, 
25, and 29. Fig. 30 shows lobular degeneration and hemorrhage, a small focus of 
exudation, and reacting proliferated capsular epithelial cells. Figs. 31-33 show syn- 
echiae between hypercellular and hyperlobulated tufts and crescents of proliferated 
capsular epithelial cells. Note the close resemblance of the changes in the rabbit kid- 
ney shown in the three latter figures to those in the human kidney shown in Figs. 34 
and 35. Hematoxylin and eosin. Magnifications of rabbit figures are × 320. 

FIG. 34. Glomerulus in biopsied kidney of patient 4, a 16 yr  old male. Hematuria 
at ages 9 and 13. Open biopsy about 5 months after a sore throat, that was soon fol- 
lowed by hematuria and periorbital edema, and 1 month after recurrence of hematuria 
that developed a few days after onset of another sore throat. Antistreptolysin 0 titer 
was 250 units 1 wk before biopsy and 250 units 10 days after biopsy (The New York 
Hospital, biopsy S-62-10,283). Hypercellular and hyperlobulated tuft adherent to a 
crescentic mass of proliferated capsular epithelial cells. Note the close resemblance of 
these changes to those in the rabbit kidney shown in Figs. 32 and 33. Hematoxylin 
and eosin. X 256. 

Fro. 35. Glomerulus in human kidney referred to in Fig. 34. Hypercellular and 
hyperlobulated tuft adherent to a crescentic mass of proliferated capsular epithelial 
cells. Note the close resemblance of these changes to those in the rabbit kidney shown 
in Fig. 33. Hematoxylin and eosin. X 256. 
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FI6. 36. Normal glomeruli of adult control rabbit (not infected with Group A 
streptococci) for comparison with rabbit glomeruli in Fig. 37. Hematoxylin and eosin. 
X 128. 

FIG. 37. Glomeruli of rabbit 96-26, that convulsed and died a few hours after giving 
birth to four young, 4 months after beginning of second series of inoculations with 
Group A streptococci. Antistreptolysin 0 titer was 50 units 1 wk antemortem. No 
bacteria were grown in autopsy blood cultures. The kidneys were 1.5 to 2 times normal 
weight and several petechiae were observed in the slightly granular cortices. Tufts are 
swollen and hypercellular and the lumina of many capillaries are narrowed or obliter- 
ated. Figs. 38-40 are also from the kidneys of this animal. Hematoxylin and eosin. 
X 128. 

FIG. 38. Glomeruli of the same animal. Hyperlobulation and lobular scars in tufts. 
In left Upper portion of the figure adhesion between a scarred tuft and Bowman's 
capsule can be seen. Masson trichrome. X 128. 

FIG. 39. Glomeruli of the same animal. The upper glomerulus is partially hyalinized. 
The lower glomerulus is swollen and hypercellular and the lumina of many of its 
capillaries are narrowed. Hematoxylin and eosin. X 200. 

FIG. 40. Glomerulus of the same animal. Scarred lobule apparently just adherent to 
Bowman's capsule. Note resemblance to human glomerulus in Fig. 41. Hematoxylin 
and eosin. X 320. 

FIG. 41. Glomerulus in biopsied kidney of patient 5, a 6 yr old girl with resolving 
acute glomerulonephritis. Biopsy approximately 31~ wk after onset of the disease. In 
the 2 wk prior to biopsy, proteinuria and hematuria decreased considerably and BUN 
fell from 80 rag/100 ml to normal. Antistreptolysin 0 titer was 700 units 2 wk before 
biopsy and 400 units 10 days after biopsy (The New York Hospital, biopsy S-62- 
10,108). Focally hypercellular tuft with a scarred lobule adherent to Bowman's cap- 
sule. Note resemblance to rabbit glomerulus in Fig. 40. Azan. X 320. 



THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 127 PLATE 7 

(Becker and Murphy: Induction of glomerulonephritis with Group A streptococci) 



PLATE 8 

FIG. 42. Kidney of rabbit 99-41 that died with intercurrent pneumonia due to Gram-negative bacilli 
6 months after fourth series of inoculations with Group A streptococci. After third series 1 yr ante- 
mortem, BUN became elevated and remained so for at least 3 months. Antistreptolysin 0 titer less than 
10 units 1 day antemortem. No bacteria grown in autopsy blood cultures. The renal cortices were finely 
granular. The weight of the kidneys was normal. Majority of glomeruli are scarred or hyalinized. Focal 
loss of tubules and interstitial scarring. Note resemblance to human kidney in Fig. 43. Figs. 45 and 48 
are also from this animal. Masson trichrome. × 64. 

FIG, 43. Kidney of patient 6, a 59 yr old woman who died of chronic glomerulonephritis with azotemia 
(BUN 226 rag/100 ml 1 day antemortem). 7~J.~ yr before death, a severe sore throat was followed in 3 
months by the nephrotic syndrome. 6 months later, proliferative glomerulonephritis with mesangial 
scarring, but without crescents, and several hyalinized glomeruli were found in biopsied kidney. Pro- 
gressive deterioration of renal function followed (The New York Hospital, autopsy 22,412). The kidneys 
were one-half normal weight. Diffusely scarred or hyalinized glomeruli with loss or dilatation of tubules, 
tubular casts, and scarring of interstitium. Note resemblance to rabbit kidneys in Figs. 42 and 44. Fig. 
46 is from same patient. Masson trichrome, X 50. 

FIG. 44. Kidney of rabbit 96-38, azotemic and moribund when sacrificed 6 months after fourth series 
of inoculations with Group A streptococci. 12-15 days after first inoculation of this series, proteinuria 
developed and persisted until death (BUN 206 mg/100 ml 1 day antemortem). During last 3 months of 
life, antistreptolysin 0 titer was 300 units. No bacteria grown in autopsy blood cultures. The kidneys were 
markedly scar, ed. Majority of glomeruli are diffusely scarred. Many tubules have disappeared, others 
are dilated, and tubular casts are evident. Extensive scarring of interstitium. Note resemblance to human 
kidney in Fig. 43. Figs. 47 and 50 are also from this animal. Masson trichrome. X 50. 

FIG. 45. Rabbit kidney referred to in Figs. 42 and 48. Diffuse scarring of glomeruli with a hyper- 
trophied, hypercellular glomerulus. Atrophy of tubules and scarring of interstitium. Note resemblance 
to human kidney in Fig. 46. Masson trichrome. × 102. 

FIG. 46. Human kidney referred to in Fig. 43. Diffuse scarring of glomeruli with two hypertrophied, 
hypercellular glomeruli with focal scarring of mesangium. Atrophy of some tubules, ectasia of others, 
and scarring of interstitium. Note resemblance to rabbit kidneys in Figs. 45 and 47. Masson trichrome. 
X 80. 

Fic. 47. Rabbit kidney referred to in Figs. 44 and 50. Diffusely or focally scarred glomeruli. Atrophy 
of some tubules, ectasia of others, and scarring of intersititium. Note resemblance to human kidney in 
Fig. 46. Masson trichrome. X 102. 

FIG. 48. Rabbit kidney referred to in Figs. 42 and 45. Hypercellularity of lower glomerulus with capsu- 
lar scarring. Upper glomerulus exhibits fine scarring of mesangium and capillary necrosis in right lower 
portion with protein in capsular space. Masson trichrome. X 200. 

FIG. 49. Biopsied kidney of patient 7, a 5 yr old boy with chronic active glomerulonephritis. Biopsy 
9 wk after earache followed in several days by facial edema, proteinuria, and oliguria. Antistreptolysin 
0 titer 1200 units 8 wk before biopsy, 500 units 5 days before biopsy, and 50 units 6 wk after biopsy (The 
New York Hospital, biopsy $-63-4654). Diffusely or focally scarred glomerular tufts with adhesions to 
capsules. Atrophy of some tubules, ectasia of others, and scarring of interstitium. Note resemblance to 
rabbit kidneys in Figs. 47 and 50. Hematoxylin and eosin. X 80. 

FIG. 50. Rabbit kidney referred to in Figs. 44 and 47. Diffusely or focally scarred glomerular tufts 
with hyalinized adhesions to capsules. Exudate in capsular space and several proliferated capsular epi- 
thelial cells in right lower portion of figure. Note resemblance to human kidney in Fig. 49. Masson tri- 
chrome. X 128. 
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