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Since NZB/NZW mice develop an immune nephritis similar t o  that of 
systemic lupus erythematosus in man, a study was designed in these mice 
to compare the clinical and immunologic effects of three immunosup- 
pressive drug regimens. For 72 weeks, groups of 20 mice received daily 
oral therapy with a) no drugs, b) azathioprine, c) prednisolone or d) com- 
bined azathioprine-prednisolone. The combined regimen was superior to  
either drug used alone in preventing deaths f rom renal disease. Predni- 
solone alone also prolonged life significantly, but not as effectively as 
combination therapy. Azathioprine alone was not effective. Al l  drugs 
suppressed the antibody response to an exogenous antigen (Vi polysac- 
charide) equally well. None of the drug regimens prevented the appear- 
ance of proteinuria, antinuclear antibodies, Coombs’ antibody, or 7-globu- 
lin deposits in glomeruli. However, the ability of a therapeutic regimen to  
suppress antibodies to native DNA correlated well with its ability to  sup- 
press renal disease. No malignancies were found among 73 animals 
autopsied, but significant hepatic damage occurred in the groups receiv- 
ing prednisolone. Thus, combined therapy was superior to  either drug 
used alone, and the immunosuppressive effect of greatest clinical impor- 
tance seemed to be the ability to prevent formation of anti-DNA antibodies. 

New Zealand black and New Zealand white 
hybrid mice (NZB/NZW F,) spontaneously de- 
velop a disease quite similar to systemic lupus 
erythematosus (SLE) in man. Virtually all mice 
of this strain develop lethal, immune complex 
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glomerulonephritis associated with antinuclear 
antibodies, LE cells and antibodies to native 
DNA (nDNA). Some develop Coombs’ anti- 
body, which may be associated with hemolytic 
anemia. 

Several investigators have administered im- 
munosuppressive agents to young New Zealand 
mice to prevent the emergence of autoanti- 
bodies, hemolytic anemia and clinical nephritis. 
These agents have included corticosteroids 
(1,2), azathioprine (3,4),  cyclophosphamide 
(5, 6) and anti-lymphocyte globulin (7,8). 
Some of these therapies have resulted in striking 
disease suppression. In some cases treatment 
has been complicated by a high incidence of ma- 
lignancies (4, 5). 

Although for many years corticosteroids have 
been the drugs of choice in the treatment of 
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patients with SLE, there has been recent inter- 
est in using cytotoxic agents and combinations 
of corticosteroid and cytotoxic drugs. It is un- 
clear whether cytotoxic agents such as aza- 
thioprine and cyclophosphamide are as useful 
as steroids in SLE. However, some stud- 
ies (9, 10) have suggested that combination 
therapy is useful in lupus patients who have 
failed to respond to corticosteroids, and that 
combination therapy may be superior to corti- 
costeroids used alone (1 1). 

An experiment was designed to compare the 
efficacies of a commonly used cytotoxic agent 
(azathioprine), a corticosteroid (prednisolone) 
and combined azathioprine-prednisolone ther- 
apy in the animal model of SLE. In addition, an 
attempt was made to correlate the degree of im- 
munosuppression produced by each regimen 
with its clinical efficacy. Several autoantibody 
systems were measured, including antinuclear 
antibodies (ANA), anti-nDNA antibodies and 
Coombs’ antibody. The  effect of each drug regi- 
men on the antibody response to an exogenous 
antigen, Vi polysaccharide, was also studied. 

Results indicated that, in terms of preventing 
deaths from renal disease, prednisolone was sig- 
nificantly better than azathioprine, and com- 
bined therapy was superior to either drug used 
alone. None of the regimens prevented the ap- 
pearance of proteinuria, glomerular immune 
complex deposits, Coombs’ antibody or ANA. 
Although all regimens suppressed the response 
to Vi antigen equally well, the ability to sup- 
press anti-nDNA antibodies differed and 
seemed to correlate well with ability to suppress 
renal disease. No malignancies were found, but 
significant hepatic abnormalities were present 
in mice receiving prednisolone, alone or in com- 
bination with azathioprine. 

MATERIALS AND METHODS 
Animals 

Our  breeding stock of NZB and N Z W  mice were kindly 
supplied by Drs. Lawrence Shulman* and Gordon Sharp.+ 
NZB/NZW F, hybrids were divided into groups of 20 age-, 
sex- and litter-matched mice. All were 10 weeks old at  the 

beginning of the study; one-half of each group was female. 
One group received no therapy, the others were given 5 mg/ 
kg/day of azathioprine, 5 mg/kg/day of prednisolone or 5 
mg/kg/day of both. Drugs were administered orally 6 days 
a week. Preliminary studies had indicated that an aza- 
thioprine dose of 5 mg/kg/day, given orally for several 
months, was the maximal dosage that could be given with- 
out producing any deaths from bone marrow suppression. 
An oral dosage of 5 mg/kg/day of prednisolone was chosen 
because an equivalent dose of betamethasone had been re- 
ported to suppress Coornbs’ positive hemolytic anemia in 
NZB/BI mice (2). 

Drug Preparation and Administration 
Prednisolone is freely soluble in water at neutral pH and 

therefore was the corticosteroid chosen for this study. Solu- 
tions containing 0.24 mg/ml were prepared, stored refrig- 
erated at 4’ C and replaced every 2 weeks. 

Azathioprine is not soluble in water at neutral pH;  there- 
fore, colloidal suspensions were made for oral adminis- 
tration. One hundred forty-four milligrams of azathioprine 
and 1% gum arabic were mixed in 200 ml of water, 1N 
NaOH was added dropwise until they dissolved completely 
and 1N HCI was added until a pH of 7.0 to 8.0 was 
reached. 

T h e  mice were conditioned for a period of 2 to 3 weeks to 
drink the solutions from spoons bent to hang over the cage 
edge. Daily records of intake indicated that approximately 
90% of the mice regularly took their drugs without further 
conditioning. 

Procedures 
T h e  mice were studied initially at 10 weeks of age and at 

6-week intervals after therapy was begun. At each exam- 
ination their weights were recorded and proteinuria was es- 
timated by Albustix”. Five hundred to 600 pliter of blood 
were drawn into heparinized tubes from the retroorbital 
venous plexus. Hematocrit and white blood cell (WBC) 
count were determined, urea nitrogen was estimated with 
Azostixm and a Coombs’ test was performed on the erythro- 
cytes. The  plasma was separated and frozen at -20” C; it 
was later tested for ANA and anti-nDNA antibodies. T h e  
procedures for detecting Coombs’ antibody and ANA have 
been described previously (1 2). Anti-nDNA antibodies 
were measured by a modified Farr technic, as previously de- 
scribed (13); human KB cell nDNA labeled with C14 
(Electro-Nucleonics, Bethesda, Md) served as antigen. 

At 24 weeks of therapy a study was conducted to deter- 
mine whether the immune response to Vi antigen had been 
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altered by therapy. Thirty mice were chosen, 6 from each 
study group and 6 healthy young NZB/NZW mice (aged 
14 weeks) not in the study group. Each mouse was injected 
with 50 fig of Vi antigen (kindly donated by Dr. Mary 
Betty Stevens*). Pretreatment sera and sera obtained 14 
days after immunization were analyzed for the presence of 
Vi antibody by the hemagglutination technic of Landy and 
Lamb (14), with C57 Bl/6J mouse erythrocytes serving as 
carriers of Vi antigen. Two of the NZB/NZW controls on 
the study died of renal disease before the 14-day serum spec- 
imen could be obtained. 

Pathology 
The mice were autopsied when moribund or sacrificed at 

72 weeks of therapy. Adequate tissue was obtained in 73 of 
the 80 mice on the study. Slides with stained bematoxylin- 
eosin were routinely prepared from thymus, heart, lung, 
liver, spleen and kidney. Severity of renal damage was esti- 
mated using the following scale: 

0 = noabnormalities 
1 + = most glomeruli normal, some glomeruli abnor- 
mal with mesangial thickening, focal hypercellularity 
and occasional wire loop changes, tubules normal 
2+ = majority of glomeruli abnormal, early tubular 
damage present 
3+ = all glomeruli abnormal, some virtually replaced 
by fibrinoid material, marked tubular damage, chronic 
inflammatory cell infiltration in renal parenchyma 

One kidney from each mouse was quick-frozen for immu- 
nofluorescent studies of y-globulin deposits. Four-micra 
sections were cut, allowed to air dry and washed 10 minutes 
in phosphate-buffered saline (PBS), p H  7.04. One drop of a 
1 :5 dilution of fluorescein-conjugated goat antimouse y- 
globulin (Mann Laboratories) was applied and the slides 
were incubated in a moisture chamber a t  room temperature 
for 30 minutes. They were washed twice in PBS and 
mounted with 70% glycerol in PBS. T h e  amounts and in- 
tensity of fluorescent glomerular deposits were estimated on 
a scale ranging from 0 to 3+. 

RESULTS 
Generally, mice in all 4 therapeutic groups 

fared equally well until their clinical renal dis- 
ease began to emerge. At 10 weeks of age, when 
the study was begun, NZB/NZW mice were 
not full grown; their mean weight at that time 
was approximately 30 g. Weight gain occurred 
steadily in all groups; by 24 weeks of therapy 
maximal weights were attained, the mean for 
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each group being 42 to 47 g. When weight loss 
occurred, it usually heralded the appearance of 
azotemia and death from renal disease. 

The amount of azathioprine administered to 
these mice did not produce leukopenia or 
anemia. Prednisolone did not produce leukocy- 
tosis. Mean leukocyte counts were similar in all 
groups at all times. 

Effect on Clinical Renal Disease 
The combination of azathioprine and pred- 

nisolone was the most effective regimen for pre- 
venting deaths from nephritis, as shown in Fig- 
ure 1. Any mouse who died with a blood urea 
nitrogen level greater than 20 mg/100 ml and 
proteinuria of 2+ or more was said to have died 
from renal disease. At no time were renal death 
rates significantly different in the untreated and 
azathioprine groups. Death rates were signifi- 
cantly reduced in the prednisolone-treated 
group from 30 through 48, and at 72 weeks of 
therapy. The group receiving combined therapy 

loo[ 
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Fig. 1 Deaths f rom nephritis in different thera- 
peutic groups. Percents of mice dead f rom renal 
disease are shown. Mortality rates were not 
significantly different in no treatment (0-0) and 
azathioprine (0-0) groups at any time. Mortality 
rates were significantly lowered in prednisolone 
group (m-m) f rom 30 through 48 weeks. Deaths 
were prevented best by combination therapy, 
azathioprine + prednisolone. (o-n), with mortality 
rates being significantly reduced from 24 through 
72 weeks. 
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had the lowest death rate from 24 through 72 
weeks of therapy. The  most striking differences 
were seen at 54 weeks, when renal death rates 
were 80% in controls, 71% in azathioprine, 
50% in prednisolone and 7% in the combined 
group. Chi-squared testing yielded the follow- 
ing results: azathioprine or prednisolone us 
control therapy: not statistically significant, 
combined us control therapy: P<.0005, 
combined us azathioprine therapy: P< .001 
and combined us prednisolone therapy: 
P < .05. 

Similarly, survival times were not signifi- 
cantly improved by azathioprine but were im- 
proved by prednisolone and combined therapy, 
with survival being longest in the combined 
group. The  mean survival times (in weeks) 
were as follows: 35.05 i 15.19 (controls), 
39.52 i 17.26 (azathioprine), 44.25 + 16.46 
(prednisolone) and 54.47 + 19.00 (combined). 
By student t test, the survival times compared 
as follows: azathioprine us control: not signifi- 
cant, prednisolone us control: P < .05, com- 
bined us control: P < .0005, combined us aza- 
t h i o p r i n e :  P < . 0 0 5  a n d  c o m b i n e d  us 
prednisolone: P < .05. 

Proteinuria (2+ or greater by Albustix) was 
detected in animals in each group beginning at 
18 weeks of treatment and was present in 40 to 
55% of all mice by 36 weeks. No regimen pre- 
vented the emergence of proteinuria. 

Effect on Immune Responses 
The  immune responses of the mice were eval- 

uated by three parameters: a) the response to an 
exogenous antigen (Vi polysaccharide), b) the 
formation of autoantibodies (Coombs’ antibody, 
ANA and anti-nDNA antibodies) and c) the 
formation of y-globulin deposits in renal 
glomeruli. 

Response to Vi Antigen. All drug regi- 
mens suppressed the circulating antibody re- 
sponse to Vi antigen equally well. The  response 
in young, 10-week-old mice was quite brisk, 

with a mean reciprocal titer of 171 f 96. 
None of these animals had clinical evidence 
of autoimmune disease at the time of study. 
In contrast, of the 4 untreated 34-week- 
old mice on the study, 2 were azotemic. Their 
immune responses were decreased, with a mean 
reciprocal titer of 8 8 i  48. This difference was 
of borderline significance as evaluated by stu- 
dent t test (0.10 <P> .05). Mice receiving im- 
munosuppressive drugs had even lower titers 
than the 34-week-old controls, although none 
was azotemic. Mean reciprocal titers in the 
three groups were 59 i 37 the (azathioprine), 
51 i 4 5  (prednisolone) and 48 f 44 (com- 
bined). These titers were all significantly lower 
than either healthy 10-week-old controls or ail- 
ing 34-week-old controls, as evaluated by stu- 
dent t test. 

Efect on Formation of Autoanti- 
bodies. None of the three therapeutic regi- 
mens significantly altered the formation of 

g20t B / 
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Fig 2. Appearance of anti-nDNA antibodies in 
different treatment groups. Mean percents of radio- 
active nDNA bound by serums from each group are 
shown. A t  48 weeks, bindings in no treatment and 
azathioprine (0-0) groups were significantly higher 
than in prednisolone (m-m) and combined. azathi- 
oprine + prednisolone. (0-0) groups. Therefore. 
ability of a drug regime to suppress these anti- 
bodies seemed to correlate with its ability to pre- 
vent deaths from nephritis. 
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ANA. Seventy-five to 100% of all animals had 
positive ANA tests by 24 weeks of study (34 
weeks of age). Similarly, there were no statisti- 
cally significant differences between the inci- 
dence of Coombs’ antibody in any of the groups 
at any time; 35 to 55% of all mice were positive 
by 18 weeks of therapy. 

In contrast to the failure of therapy to sup- 
press ANA and Coombs’ antibody, the ability of 
a drug regimen to prevent deaths from renal 
disease seemed to correlate with its ability to 
suppress formation of antibodies to nDNA. The 
mean percents of nDNA bound by serums from 
animals in each group are shown in Figure 2. 
During 48 weeks of treatment, mean DNA 
binding rose from 0.3 to 20.0 in controls, 0.9 to 
14.2 in azathioprine, 0.6 to 6.8 in prednisolone 
and 1.1 to 4.9 in combined groups. By student 
t test, the data at 48 weeks were significantly 
different comparing control plus azathioprine 
mice to prednisolone plus combined therapy 
mice. 

.-.;--[-.;- 
No Treatment Azothioprine Prednirolone Arothioprine+ 

Prednisolone 

Fig 3. Glomerular deposits of y-globulin in each 
treatment group. By direct immunofluorescence. 
amounts of 7-globulin deposited in glomeruli were 
estimated semiquantitatively on a scale ranging 
from negative to  3’. Most animals in all groups 
had intensely staining, widely distributed deposits. 
No drug regimen, regardless of its clinical efficacy, 
prevented deposition of immune complexes in  
glomeruli. 
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Fig 4. Histologic renal damage in therapeutic 
groups. Severity of nephritis was estimated in 
H & E sections of kidneys on a scale ranging from 
0 to 3+ (see text for details). Significantly fewer 
mice had 2 to 3’ damage in  the prednisolone 
and combined groups compared to no treatment 
and azathioprine groups. Therefore, drug regimens 
which prolonged survival were effective in reducing 
histologic renal damage. 

Efect on Deposits of 7-globulin in 
Glomeruli. As shown in Figure 3, heavy de- 
posits of 7-globulin were found in the glomeruli 
of most animals in all therapeutic groups. For 
the most part, the immunofluorescent deposits 
were distributed in a lumpy, bumpy pattern 
throughout the mesangial and capillary loop 
areas of most glomeruli. Linear staining was 
also present in many of the specimens. There- 
fore, the ability of prednisolone and combined 
therapy to prevent deaths from nephritis was 
not paralleled by an ability to inhibit deposition 
of 7-globulin-containing immune complexes in 
glomeruli. 

Effect on Renal Histology 
Histologic renal damage was less marked in 

mice that received prednisolone or combined 
therapy, as shown in Figure 4. Severe glomeru- 
lar and tubular changes (2 t o  3+) were found in 
29 of 34 animals which received no treatment or 
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azathioprine, and in 21 of 39 in the predniso- 
lone and azathioprine plus prednisolone 
groups. These differences were statistically sig- 
nificant, as evaluated by X testing (P<.Ol). 
Therefore, the drug regimens which signifi- 
cantly prolonged life also significantly reduced 
histologic renal damage. 

Adverse Effects of Drugs 
No malignancies were found among the 73 

mice autopsied. Only one adverse effect was 
noted in this study. Fifteen of 37 mice which re- 
ceived prednisolone, either alone or combined 
with azathioprine, developed gross and histo- 
logic hepatic damage. Five of 30 mice in the 
control and azathioprine groups also exhibited 
histologic liver disease. Damaged livers were 
grossly enlarged, pale and soft. Histologic le- 
sions varied from fatty degeneration to focal 
areas of centrilobular necrosis. Massive hemor- 
rhagic necrosis occurred in 4 mice, 3 receiving 
prednisolone and 1 combined therapy. There- 
fore, prednisolone may either have been hepa- 
totoxic, or it may have reduced resistance to an 
infectious agent. 

DISCUSSION 
Since the original description of the spon- 

taneous appearance of autoimmune hemolytic 
anemia in NZB/B1 mice(15), New Zealand 
mice have been studied extensively in many lab- 
oratories. F, hybrid NZB/NZW mice uni- 
formly develop lethal glomerulonephritis which 
is quite similar to the nephritis of SLE by his- 
tologic, electron microscopic and immunofluo- 
rescent criteria (16, 17). Furthermore, numer- 
ous serologic abnormalities which a re  
characteristic of SLE occur in NZB/NZW 
mice, including LE cells, ANA, Coombs’ anti- 
body and antibodies to double-stranded DNA 
and RNA (18). In addition, electron micro- 
scopic studies have revealed murine leukemia 
virus-like particles in the renal tissue of dis- 
eased New Zealand mice (19). Therefore, 
NZB/NZW nephritis, like the nephritis of 

SLE, is thought to represent immune complex 
injury to glomeruli with DNA-anti-DNA anti- 
bodies forming part of the damaging complex; 
viral-anti-viral antibodies may also participate. 

Numerous attempts have been made to pre- 
vent or attenuate the autoimmune disorders of 
New Zealand mice with various immunosup- 
pressive agents. Helyer and Howie (1) adminis- 
tered ACTH daily for 25 days to diseased 
NZB/BI mice. A11 had an improvement in their 
hemolytic anemia, but in none was the remis- 
sion complete; relapse occurred in all within 1 
month of cessation of therapy. Casey and 
Howie (2) treated Coombs-positive NZB/BI 
mice with daily doses of betamethasone for 8 
weeks and reported that treatment suppressed 
Coombs’ antibody and splenomegaly; all mice 
relapsed within 8 weeks. These data indicated 
that steroids were beneficial in suppressing au- 
toimmune hemolytic anemia during the period 
of drug administration. 

Azathioprine in combination with Actinomy- 
cin C was administered to 6-month-old NZB 
mice by Woodruff and Stickel (3); this regimen 
did not retard the development of positive 
Coombs’ tests. Casey (4) treated 1 1-month-old 
NZB mice with large doses of azathioprine (100 
mg/kg) injected 1 to 3 times weekly for 6 weeks, 
and 2-month-old mice for 6 months. Most of 
these mice died, some from bone marrow de- 
pression and some from thymic malignancies. 
There was no effect on established positive 
Coombs’ tests, nor was there a delay in appear- 
ance of positive tests in young animals. Simi- 
larly, albuminuria and histologic evidence of 
glomerulonephritis appeared in all treated 
animals. Six of the 8 young NZB mice devel- 
oped malignant lymphoma, particularly affect- 
ing the thymus. These data suggested that in 
New Zealand mice azathioprine did not effec- 
tively suppress autoimmune hemolytic anemia 
or nephritis, and that in very high doses it 
might have induced lymphoid malignancies. 

A high malignancy rate also occurred in 
NZB/NZW mice treated with cyclophospha- 
mide by Russell and Hicks (5). Given weekly 
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for long periods of time, cyclophosphamide re- 
duced the incidence of severe nephritis from 100 
to 6.7% and doubled the life span of treated 
mice. However, 29% of the mice developed tu- 
mors (mostly nonlymphoid), including hepa- 
tomas, ovarian tumors, sarcomas, pulmonary 
adenomas and thymomas. Lemmel and co- 
workers (6) compared the efficacy of 6-mercap- 
topurine (6 MP) (7.5 mg/kg/day for 5 to 8 
weeks) and cyclophosphamide (15 to 30 mg/ 
kg/day for 5 to 8 weeks) in NZB mice and re- 
ported that 6 M P  did not suppress Coombs’ an- 
tibody or immune complex deposition in 
glomeruli, whereas cyclophosphamide was 
highly effective in both regards. They suggested 
that cyclophosphamide was superior to 6 M P  in 
the treatment of New Zealand mouse autoim- 
mune disease. 

From the data reported by others, it seemed 
reasonable to expect that corticosteroids might 
suppress the nephritis, antinuclear antibodies 
and Coombs’ positivity of NZB/NZW mice, 
and that azathioprine might not be efficacious. 
The next question, then, was whether combina- 
tion therapy would prove superior to single 
drug therapy. 

The results of the current study indicated 
that the combination of azathioprine and pred- 
nisolone was superior to either drug used in 
preventing deaths from nephritis in NZB/ 
NZW mice. Prednisolone therapy also pro- 
longed life, although not as effectively as com- 
bined therapy. In contrast, azathioprine had no 
significant influence on the evolution of renal 
disease. 

The only immunosuppressive effect that cor- 
related with a drug’s ability to suppress nephri- 
tis was its ability to suppress antibodies to 
nDNA. All drug regimens were equally effec- 
tive in reducing the antibody response to Vi an- 
tigen; all were equally ineffective in preventing 
formation of immune complex deposits in 
glomeruli, ANA and Coombs’ antibody. The 
correlation of rising levels of DNA antibodies 
with advancing renal disease was not surpris- 
ing. The relationship of these antibodies to ac- 

tive lupus nephritis in humans has been well es- 
tablished (20). Furthermore, Lambert and 
Dixon (21) have demonstrated deposits of DNA 
in glomeruli of diseased NZB/NZW mice, and 
have reported that the y-globulin in eluates 
from these kidneys contained antibodies to 
DNA. In addition, when NZB/NZW mice 
with circulating anti-DNA antibodies were in- 
jected with DNA antigen, marked acceleration 
of the disease resulted. As noted in our study, 
suppression of DNA antibodies was associated 
with prolonged survival, which adds further 
evidence to the theory that immune complexes 
consisting of DNA-anti-DNA may be patho- 
genic in lupus-like immune complex nephritis. 

None of the therapies was capable of entirely 
preventing NZB/NZW nephritis. In view of 
the suppression of DNA antibodies and the im- 
proved survival in mice receiving prednisolone 
or combined therapy, we expected to find de- 
creased glomerular deposits of y-globulin in 
these mice. Such was not the case; heavy depos- 
its were present in most of the animals in all 
groups. This observation suggested the possi- 
bility that antiinflammatory effects of the drugs 
might be as important clinically as immunosup- 
pressive effects. Although immune complexes 
were present in abundance in glomeruli of 
animals receiving prednisolone or combined 
therapy, histologic damage was not as severe in 
those mice. Therefore, if immune complexes are 
indeed the factors which trigger the inflamma- 
tory, tissue-damaging lesions of lupus nephritis, 
azathioprine and prednisolone may interfere 
not primarily with immune complex deposition, 
but with the resultant tissue reaction. 

In regard to drug toxicities, the only adverse 
side effect we could identify was rather severe 
hepatic damage, probably related to predniso- 
lone. Among 73 mice autopsied, no malig- 
nancies were found. 

In summary, a combination of azathioprine 
and prednisolone was the most effective therapy 
for NZB/NZW nephritis. Prednisolone alone 
was also effective; azathioprine alone was not. 
Combined therapy was also the best regimen 
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for suppressing antibodies to DNA. Predniso- 
lone seemed t o  be associated with hepatic toxic- 
ity; no oncogenic drug  effect was  found. 
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