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Experimental nepbrotic syndrome induced by sev-
eral immunologic and biochemical methods is as-
sociated with the development of tubulointerstitial
nepbritis (TIN). To investigate the bypothesis that
severe sustained proteinuria plays a role in the
pathogenesis of TIN, the renal interstitium in a
model of protein-overload proteinuria was studied.
After uninepbrectomy, rats received daily injec-
tions of 1.0 g of bovine serum albumin (BSA) or
saline (controls) until killing at 1, 2, 4, or 7 weeks.
Sections of frozen renal cortex were stained with a
panel of monoclonal antibodies reactive with sub-
sets of rat lympbobemopoietic cells, and positive tu-
bulointerstitial cells (TIC) were quantitated by
epifluorescence microscopy. BSA rats developed
proteinuria, with mean rat urinary albumin excre-
tion rates at 1, 2, 3, and 6 weeks of 35.6 * 21.8,
97.2+ 46.1, 63.6 + 40.8, and 58.6 + 24.4 mg/24
bours, respectively (controls, 0.17 + 0.16 mg/24
bours). BSA was detectable in the plasma of experi-
mental animals at all periods, with mean values of
26.8+ 3.8, 27.8+2.7,203+6.2, and 7.0* 1.1
mg/ml (controls, 0.03 + 0.04 mg/ml) at 1, 2, 4,
and 7 weeks, respectively, whereas plasma anti-BSA
antibodies were never detected. A significant mono-
nuclear cell infiltrate was present in the intersti-
tium of experimental animals at all periods. At 1
week, an influx of macrophages was evident that
was identified by surface markers 0X42 (75%/
1000 TIC) (P < 0.01) and Ia (58* /1000 TIC) (P
< 0.01). Macrophages dominated the infiltrate at
all periods. By 2 weeks, a significant population of
lympbocytes was also present that was identified by
the surface marker OX19 (54%/1000 TIC) (P
< 0.01). This early lymphocytic infiltrate was a
mixed lesion of T belper and T cytotoxic cells. How-
ever, at 4 and 7 weeks, most lympbocytes expressed
the OX8 cytotoxic T cell marker. The proximal tu-

bules of proteinuric rats expressed vimentin inter-
mediate filaments, a marker of tubular epithelial
cell regeneration after injury. In BSA rats, C3 and
neoantigens of the membrane attack complex of
complement without IgG were present along the lu-
minal border of many tubular epithelial cells. The
interstitial infiltrate was confirmed by light micros-
copy. By 4 weeks, focal areas of chronic interstitial
disease were evident consisting of tubular atrophy
and interstitial fibrosis. In a second study, one
group of BSA-treated rats was depleted of circulat-
ing T lympbocytes by daily parenteral injections of
monoclonal antibody OX19. Although this group
of rats did not develop an interstitial influx of T
cells, the macrophage infiltrate was not signifi-
cantly different from that occurring in rats with an
intact cellular immune system. A third study, de-
signed to evaluate the effect of renal mass on the
severity of TIN, compared the effect of BSA overload
in uninepbrectomized rats and 2-kidney rats. A
strong positive correlation was observed between
the intensity of TIN and the degree of proteinuria: r
= 0.89 for 0X42" TI cells and r = 0.77 for 0X19*
TI cells. In the final study, BSA-treated rats were
compared with rats given daily injections of rat
Dlasma enriched for rat albumin (0.7 g/day). Fo-
cal TIN was found in both animal groups. The re-
sults of this study suggest that proteinuria may play
a direct role in the pathogenesis of tubulointersti-
tial injury that develops in association with
chronic glomerulonephritis. Furtber studies are
necessary to delineate specific afferent and efferent
pathways. (Am J Pathol 1989, 135:719-733)

Chronic tubulointerstitial disease is the histologic hallmark
of chronic and progressive renal injury and yet our under-
standing of its pathogenesis remains limited. In the ab-
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sence of known mediators such as tubular toxins and im-
mune reactants, it is frequently suggested that the tubu-
lointerstitial disease is ischemic in origin, secondary to the
obliteration of peritubular capillaries ensuing from a scle-
rosed glomerulus."? However, it is clear that severe tubu-
lointerstitial damage may coexist with glomerular injury
well before the development of glomerular sclerosis.®*
The presence of interstitial pathology is functionally impor-
tant. In chronic glomerulonephritis in humans the decline
in the glomerular filtration rate usually correlates better
with the interstitial than the glomerular morphologic
changes 25"

Monoclonal antibodies reactive with subsets of lym-
phohemopoietic cells can be used as extremely sensitive
probes to examine interstitial cellular events. The recent
application of this method to the study of nephrotic syn-
drome induced in rats by the aminonucleoside of puromy-
cin (PAN) demonstrated that acute interstitial nephritis
was associated with the proteinuric phase.’? The ob-
served positive correlation between the degree of albu-
minuria and the intensity of the interstitial cell infiltrate in
PAN-treated rats led us to speculate that a relationship
might exist between severe proteinuria and some of the
pathologic changes that occurred within the interstitium.

To further investigate the possible relationship be-
tween proteinuria and interstitial disease, the model of
protein-overload proteinuria in young, uninephrectomized
rats was selected for study. Rats given daily intraperito-
neal injections of bovine serum albumin (BSA) developed
proteinuria that began within the first 24 hours and was
characterized by increased urinary excretion of rat pro-
teins as well as of the injected heterologous albumin.
Most studies of overload proteinuria focused on the acute
events that occur within the glomerulus during proteinuria.
However, morphologic changes were described in the tu-
bules including proteinaceous casts in the distal tubules,
and the proximal tubules may demonstrate degenerative
changes, occasional mitotic figures, cytoplasmic swell-
ing, the presence of hyaline droplets, and disruption of
the brush border."'° Interstitial fibrosis has occasionally
been reported as a late consequence of protein-overload
proteinuria.2%2" Although the mechanism of proteinuria in
this model is still controversial, immunologic factors are
generally considered unimportant. In this study, we char-
acterized the cellular events that occurred in the intersti-
tium of the renal cortex during protein-overload protein-
uria. Our results suggest that, under the appropriate con-
ditions, proteinuria may contribute to tubulointerstitial
inflammation.

Materials and Methods
Animals

Female Lewis rats weighing 100 to 125 g were purchased
from Charles River Breeding Laboratories (Wilmington,

MA). Animals were fed standard rat chow ad libitum and
given free access to water.

Experimental Design |: BSA-overload model

All animals underwent unilateral right nephrectomy 5 days
before initiation of the study. Experimental rats received
intraperitoneal injections of 1.0 g of bovine serum albumin
(BSA) (Fraction V, No. A-4503, 96-99% albumin, Sigma
Chemical Company, St. Louis, MO) given as 3 ml of a
33.3% albumin solution in saline. Albumin was given once
daily for the first 4 weeks and 5 out of 7 days throughout
weeks 4 to 7. Control animals received intraperitoneal in-
jections of 0.9% saline on an identical schedule.

Animals were housed individually in metabolic cages,
and timed collections of spontaneously voided urine were
obtained at weeks 1, 2, 3, 4, and 6 for determination of
urinary total protein and rat albumin excretion rats. Groups
of rats (four experimental and two control animals) were
killed after 1, 2, 4, and 7 weeks. Before killings, animals
were anesthetized using inhalation of nitrous oxide, oxy-
gen, and enflurane (Anaquest, Pointe Claire, Quebec,
Canada). Plasma was obtained by exsanguintation
through the abdominal aorta.

Plasma Biochemistry

Plasma creatinine was measured using the Kodak Ek-
tachem 700 method. Total serum protein was determined
by dye dilution using the Bio-Rad protein assay (Bio-Rad
Laboratories, Richmond, CA) with human plasma as the
standard. Protein electrophoresis established the total
protein content of the standard plasma. Plasma BSA was
quantitated by radial immunodiffusion using a rabbit anti-
serum to bovine serum albumin (Cappel Scientific Divi-
sion, Cooper Biomedical Inc., Malvern, PA) that was ab-
sorbed with normal rat plasma before use.

Plasma Anti-BSA Levels

Using the double gel diffusion method of Ouchter-
lony,?? samples of plasma obtained at killing were serially
diluted and tested for the presence of antibodies against
BSA. The BSA antigen (Fraction V, Sigma) was used at a
concentration of 1.0 mg/ml. Commercially available rabbit
anti-BSA antiserum (Cappel, Organon Teknika Corpora-
tion, West Chester, PA) was used as a positive control.

Urinary Protein Excretion

Rat urinary albumin was quantitated by radial immuno-
diffusion using a rabbit antiserum to rat albumin as pre-
viously described."? This antiserum does not cross react



with BSA. Total urinary protein was determined using the
Bio-Rad protein assay.

Enumeration and Characterization of
Tubulointerstitial Cells

When killed, animals were completely exsanguinated
before kidney harvesting to minimize the number of circu-
lating lymphohemopoietic cells remaining in the kidney.
Pieces of renal cortex were snap-frozen in isopentane,
precooled in liquid nitrogen, and stored at —70 C. Sec-
tions of renal cortical tissue (3 um) were stained with a
panel of monoclonal antibodies reactive with subsets of
rat lymphohemopoietic cells as previously described. '
In brief, using a three-step sequence, acetone-fixed sec-
tions were incubated with the predetermined working dilu-
tions of one of the monoclonal antibodies, fluorescein-iso-
thiocyanate (FITC)-conjugated goat anti-mouse IgG
F(ab')2 (Tago Inc., Burlingame, CA) and finally FITC-con-
jugated rabbit anti-goat IgG (Fab')2 (Cooper Biomedical,
Malvern PA). FITC-conjugated antisera were preabsorbed
with rat plasma and shown to be nonreactive with control
sections of rat kidneys. Coverslips were mounted using
PBS-glycerol containing 0.1% p-phenylenediamine added
to retard fluorescence quenching and the nuclear stain
ethidium bromide (1 pg/ml).

For each of the six monoclonal antibodies, 18 intersti-
tial fields from each animal were selected for study using
a Zeiss epifluorescence microscope and a 63X lens. Ini-
tially, three spatially distinct regions were selected using
phase contrast microscopy, by the random selection of a
glomerulus within the top, middle, and lower third of the
cortical tissue. A field was defined as the area within a
10 mm X 10 mm eyepiece counting grid. The randomly
selected glomeruli then served as the central field of each
region, and a total of six adjacent fields were evaluated in
each of the three areas. With the addition of epifluores-
cence microscopy, the cells in each field were counted
twice. Initially, all positive tubulointerstitial (Tl) cells were
counted, identified by the green fluorescent membranes
surrounding a red nucleus. Caution was taken to include
only interstitial fluorescence clearly associated with a cell
nucleus. Second, all Tl cell nuclei within the field were
identified and enumerated by the red nuclear staining of
ethidium bromide. With the assistance of phase contrast
microscopy, all cells within glomeruli and blood vessels
were carefully excluded. An average of 1197 Tl cells were
evaluated for each monoclonal antibody (N = 6) in each
animal studied (N = 24). Results were expressed as the
number of positive cells per 1000 Tl cells counted.

Monoclonal Antibodies

Six monoclonal antibodies were obtained from com-
mercial sources (Sera Lab distributed through Dimension
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Laboratories, Mississauga, Ontario, Canada). Monoclonal
antibody OX42 was a gift of Dr. Alan Williams, MRC Cellu-
lar Immunology Unit, Oxford, England. The reactivity of
each of these monoclonal antibodies is summarized in
Table 1.24%

Additional Immunofluorescence Studies

Sections of frozen renal tissue were stained by direct
immunofiuorescence for the presence of rat C3 and rat
IgG using commercially available antisera (Cappel Labo-
ratories). Tissue was stained for rat C5b-9 neoantigens
using monoclonal antibody 2A1 (a gift of Dr. W. Couser,
University of Washington, Seattle)* followed by FITC-
conjugated goat anti-mouse IgG F(ab’)2. Renal deposi-
tion of BSA was assessed by indirect immunofiuores-
cence using rabbit anti-BSA antiserum (Cappel Labora-
tories) followed by FITC-conjugated goat anti-rabbit IgG
(Cappel Laboratories). The FITC-conjugated antiserum
was extensively absorbed with normal rat plasma and
BSA before use. The expression of vimentin intermediate
filaments was used as an indicator of regenerating tubular
epithelial cells as recently reported by Grone et al.3® A
murine monoclonal antibody against vimentin (BioGenex
Laboratories, Dublin, CA) was used for indirect immuno-
fluorescence staining of kidney sections as described
above.

Light Microscopy

A piece of renal tissue was placed in Zenker's fixative
and processed for routine light microscopy. Sections
were stained with periodic acid Schiff and Masson’s tri-
chrome. Using a semiquantitative index, sections were
assessed for the degree of acute interstitial disease in the
renal cortex (tubulorrhexis, interstitial edema, interstitial
mononuclear cells, and tubular dilation) and chronic injury
(tubular atrophy, thickening of tubular basement mem-
branes, and interstitial fibrosis). An overall acute and
chronic activity score was assigned to each animal using
the following criteria: 0, normal; 1+, less than 10% of the
cortex; 2+, 10% to 25% of the cortex; 3+, 25% to 75%
of the cortex; and 4+, more than 75% of the cortex.

Experimental Design Il: Comparison of Rat
Serum Albumin (RSA) with Bovine Serum
Albumin (BSA) Overload Proteinuria

To overcome any potential immunologic response to het-
erologous albumin, an attempt was made to repeat exper-
imental design | comparing the effects of RSA with those
of BSA. Rat serum (1500 ml) was purchased from Charles
River Laboratories, and a concentrate of rat-albumin en-
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Table 1. Reactivity of Anti-Rat Monoclonal Antibodies

Antibody/reference Lymphohemopoietic cells Kidney

OX1 (RCLA)?*# All marrow-derived leukocytes (rat leukocyte common antigen Amorphous interstitial substance
positive; analogous to human CD45" cells)

Ox19%627 All T lymphocytes (analogous to CD3* cells) NR

W3/25%8-3! T helper lymphocytes (analogous to CD4* cells); some Peritubular capillaries
macrophages

0x22% B lymphocytes, subset of T helper cells (reacts with high NR
molecular weight RCLA)

OXxg28-30.32.33 T cytotoxic/suppressor cells (analogous to CD8* cells); NR
natural killer cells

Ox42% Macrophages and polymorphonuclear cells expressing the NR

C3bi receptor (analogous to CD11* cells)
MHC class Il (la) antigen-positive cells (B cells, activated

OX4 (anti-la)*®
macrophages)

Interstitial dendritic cells; small population
resident mesangial cells; epithelial
cells of proximal convoluted tubules

NR, nonreactive.

riched, sodium-depleted serum was prepared by the fol-
lowing procedure. The plasma was preconcentrated two-
fold using an Amicon YM30 ultrafiltration membrane. Im-
munoglobulins were precipitated with 50% ammonium
sulfate. The supernatent was dialyzed against sterile wa-
ter, passed through a 0.2 micron filter, and lyophilized.
This preparation was redissolved in sterile water. By pro-
tein electrophoresis, the albumin concentration was 142
g/l which represented 75% of the total protein content.
The final sodium concentration was adjusted to 154
mmol/l. All rats were nephrectomized on day minus 5.
Group | (N = 2) received a single daily intraperitoneal in-
jection of 0.7 g rat albumin for 10 days. Group Il (N = 4)
was given 0.7 g bovine serum albumin (Fraction V, No. A-
7906. 98% or 99% albumin, Sigmay), and Group lll controls
(N = 4) were given 4.9 ml saline intraperitoneally once
daily. Blood pressures were determined in awake animals
by tail cuff on day 8. Urine collections were obtained over
24 hours on days 4 and 7. The animals were killed on
day 11.

Experimental Design Ill: Effect of T Cell
Depletion on BSA-Induced
Interstitial Nephritis

To further evaluate the possibility that BSA triggered a T
cell dependent hypersensitivity response resulting in the
development of acute interstitial nephritis, one group of
experimental animals was depleted of circulating T cells
by intraperitoneal injections of monoclonal antibody
0X19.34 The OX19-cell line was obtained from Dr. A.
Like, University of Massachusetts Medical School, with
the approval of Dr. A. F. Williams, University of Oxford.
The monoclonal antibody was produced as culture super-
natant, concentrated using an amicon YM30 membrane,
precipitated with 50% ammonium sulfate, dialyzed
against PBS, and filtered sterilized. Monoclonal antibody

OX19 is an IgG1 antibody. The antibody concentration
was determined by the radial immunodiffusion technique
of Mancini using a sheep anti-mouse IgG antiserum (Or-
ganon Tecknika) and commercially available murine
gamma globulin (Organon Tecknica) to establish a stan-
dard curve. A pilot study established a dose of 0.3 mg
intraperitoneally to be effective in completely eliminating
circulating OX19* blood cells. All animals underwent uni-
nephrectomy on day minus 6. Group A (N = 5) received
daily intraperitoneal injections of 1.0 g of BSA (Sigma
Fraction V, No. A 4503); Group B (N = 5) was given daily
BSA as above but also received OX19 monoclonal anti-
body (0.3 mg) given intraperitoneally beginning on day
minus one, which then was given daily a few hours before
BSA injection; Group C (N = 5) was saline-injected con-
trols. Timed urine collections (24 hours) were obtained the
day before killing. Animals were killed on day 10 by exsan-
guination as described above. Mononuclear cells were
isolated from 3.0 ml of heparinized blood from each rat by
Ficoll-Hypaque density gradient centrifugation. The total
number of cells was counted using a hemocytometer
chamber, and the number of OX19* cells was determined
by indirect-immunofluorescent staining as previously de-
scribed." The renal interstitial cell infiltrate was evaluated
quantitatively for cells expressing surface markers OX19,
0OX8, OX42, and la.

Experimental Design IV: The Effect of
Renal Mass on the Severity of
Tubulointerstitial Nephritis

The experimental protocol described in Study | was used
to compare the severity of tubulointerstitial nephritis in uni-
nephrectomized rats with interstitial disease in rats with
two native kidneys. Nephrectomies were performed on
day minus 1 and the animals were killed on day 9. Urine
coliections (24 hours) were obtained on days 5 and 8.



Table 2. Mean Plasma Creatinine

Protein overload Control
Week (umol/L) (umol/L)
1 443+129 46.0+28
2 490+ 7.4* 383+7.1
4 512+ 45 476+45
7 498+ 1.7 525+ 2.1
*P<0.05.

Results are expressed as mean + 1 SD for experimental (N = 4) and
control (N = 2) animals and represent values for animals sacrificed at each
of these time periods.

Group | (N = 5) was nephrectomized and received daily
BSA; Group It (N = 4) had two native kidneys and received
daily BSA; Group Il (N = 3) was saline injected unine-
phrectomized controls, and Group IV (N = 3) was saline-
injected controls with two native kidneys. The interstitial
infiltrate was evaluated quantitatively for cells expressing
surface markers OX19, OX42, and la.

Statistical Analysis

All results are expressed as the group mean + 1 standard
deviation. Results of the biochemical studies were com-
pared using a two-tailed Student's t-test for independent
means. Results of the tubulointerstitial cell studies were
assessed using Bonferroni's t-test.*' A P value of less
than 0.05 was considered significant.

Results

Study I: BSA-Induced Tubulointerstitial
Disease

Biochemical Profile

The plasma creatinine levels of experimental animals
did not differ significantly from control animals except at
2 weeks, the period of peak proteinuria (Table 2). BSA-
treated animals were hyperproteinemic at 1, 2, and 4 but
not at 7 weeks (Table 3). Significant levels of BSA were
detected in the plasma of all experimental animals.

Table 3. Plasma Protein Profile

Total protein (mg/ml) Plasma BSA (mg/ml)
Protein- Protein-
Week overload Control overload Control
1 643+35* 462+40 268+38* 0.03+0.04
2 65.1+33* 483+33 278+27* 0.08+0.02
4 679+47* 498+41 203+6.2* 0
7 653+06 650+37 70x1.1* 0

* Results expressed as mean + 1 SD; P < 0.05.
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Figure 1. Urinary protein excretion rates in experimental rats
with protein-overload proteinuria. The bold line represents to-
tal urinary protein. The value obtained for control animals (N
= 24) was 2.1+ 1.8 mg/24 hours (range, 0.1-8.7 mg/24 hours).
The narrower line illustrates the urinary levels of rat albumin.
Control animals (N = 24) excreted a mean of 0.17+ 0.16 mg/
24 bours (range, 0-0.68 mg/24 bours). All values are mean
+ 1standard deviation with an experimental sample size at 1,
2, 3,4, and Gweeksof 15, 11, 8, 8 and 4 experimental animals,
respectively.

Plasma Anti-BSA Levels

No evidence of circulating anti-BSA antibodies could
be found by double gel diffusion. By contrast, commer-
cially purchased anti-BSA antiserum produced strong pre-
cipitation bands at all titers tested (1:1 to 1:32 dilutions of
a 1 mg/mi solution)

Urinary Protein

Protein-overload animals developed significant pro-
teinuria (Figure 1) reaching a peak mean at 2 weeks of
316 + 198 mg/24 hours. Thereafter, the levels decreased
to a plateau of 141 to 216 mg/24 hours. A significant pro-
portion of the urinary protein was rat albumin. The mean
percentage of rat albumin at 1, 2, 3, 4, and 6 weeks was
36%, 32%, 29%, 38%, and 43%, respectively.

Characterization of the Tubulointerstitial
Cellular Infiltrate

Uninephrectomized rats receiving daily parenteral in-
jections of BSA had evidence of interstitial nephritis when
first examined at 7 days. This early lesion was character-
ized by an infiltration of macrophages identified by the
presence of cell surface markers reactive with mono-
clonal antibodies OX42 and la (Figures 2 and 3). At all
subsequent experimental periods, macrophages re-
mained the dominant mononuclear cell populating the in-
terstitium.
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Significant numbers of lymphocytes first appeared at
2 weeks and appeared to represent a mixed infiltrate of T
cytotoxic cells (31*/1000 Ti cells) (Figures 2 and 3) and
T helper cells. The latter cannot be absolutely quantitated
due to the lack of a monoclonal antibody probe that is
specific and sensitive for T helper cells. The difference
between the net increase in OX19* cells and OX8™ cells
at 2 weeks suggests that the net increase in T helper cells
was 13.5/1000 Ti cells. The anti-T helper antibody, W3/
25, cross reacts with peritubular capillaries and most mac-
rophages. At 2 weeks, the net increase in W3/25* cells
minus the net increase in OX42* cells (mainly macro-
phages) was 34.1/1000 Tl cells. It can only be estimated
that the absolute increase in T helper cells lies within this
range of values. T lymphocytes persisted at 4 and 7
weeks and appeared to be primarily T cytotoxic cells. At
4 weeks, a mean of 37/1000 Tl cells was reactive with
0OX19 (P < 0.01) and a mean of 32/1000 Tl cells was
reactive with OX8 (P < 0.01). At 7 weeks, a mean of 39/
1000 TI cells was reactive with OX19 (P < 0.01) and a
mean of 31/1000 Tl cells was reactive with OX8 (P
= 0.025). Studies using monoclonal antibody OX22 (not
shown in Figures), which reacts with a subset of T helper
cells, showed a small but significant increase in OX22* T
cells at weeks 1, 2, and 4. The group means +1 standard
deviation were controls, 0.4 = 0.5; week 1, 3.0 = 2.4;

Wl ox19
] oe

80+ * p<.05

Mean Positive Cells / 1000 Ti Cells

Controls Week 1 Week 2 Week 4 Week 7

b

Figure 2. Characterization of the interstitial mononuclear cell
infiltrate in rats with BSA-induced overload proteinuria by
analysis of cell surface markers. a: Interstitial macrophages
are characterized by the presence of the C3bi receptor, which
reacts with monoclonal antibody OX42, and activated macro-
phages (as well as B cells and activated T cells) are identified
by the expression of MHC class Il or Ia antigens. b: Most T lym-
bhocytes react with monoclonal antibody OX19, and cytotoxic
T cells also react with monoclonal antibody OX8 (natural
killer cells are 0X19~ OX8"). c: T belper cells react with mono-
clonal antibodies OX19 and W3/25. A significant number of
macrophages also express a surface membrane epitope reac-
tive with W3/25. All rat bone marrow-derived cells express a
common leukocyte antigen reactive with RCLA (OX1). Values
are expressed as mean * 1 standard deviation for experimen-
tal (N= 4) and control (N = 8) animals. AP value < 0.05 was
considered significant.

week 2, 3.3 + 2.2; week 4, 3.5 £ 1.9; and week 7, 5.0
+ 6.7 0X22+/1000 Tl cells.

Cell counts for RCLA-reactive cells (all bone-mar-
rowed derived cells) are high in control animals (Figure 2c)
due to the reactivity of RCLA with unidentified interstitial
material, making this antibody a less sensitive cellular
probe for studies of the renal interstitium.

A relationship was observed between the degree of
proteinuria (maximum 24-hour urinary protein) and the in-
tensity of the interstitial mononuciear cell infilirate. By lin-
ear regression the correlation coefficients were all signifi-
cant (P < 0.05); OX42 = 0.63, la = 0.61, OX19 = 0.64,
OX8 = 0.57, and W3/25 = 0.54.

Additional Immunohistochemical Studies

By indirect immunofluorescence, BSA was observed
throughout the interstitium of experimental animals in a
homogeneous, nonspecific pattern. This staining was 2 or
3+ in intensity until week 7 when the decreased intensity
corresponded to the period when plasma BSA levels had
declined. Within tubular epithelial cells, positive protein re-
absorption droplets were frequently observed at 1 week
but occurred considerably less frequently thereafter. Oc-
casional foci of epithelial cells demonstrated bright cy-
toplasmic staining for BSA. Granular deposits suggestive
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Figure 3. Immunofluorescence photomicrographs illustrating interstitial mononuclear cells. A single OX8-positive cytotoxic T cell
(a) and OX42 positive macrophage (C) are seen in the renal cortical interstitium of a normal rat. After 4 weeks of BSA-induced
overload proteinuria, a significant number of 0X8" (b) and OX42* (d) mononuclear cells infiltrated the interstitium. Cell nuclei are
faintly visible due to the nuclear stain ethidium bromide (a, X250; b, X250; ¢, X270;d, X 240).

of immune complexes were never seen. Proteinaceous
material within tubular lumina stained weakly for BSA but
occasionally formed bright tubular casts. All control ani-
mals were negative for BSA staining.

As previously reported,® normal rat kidney tubular epi-
thelial cells do not express vimentin intermediate fila-
ments. In the kidney these filaments are normally ex-
pressed only in the cells of blood vessels, peritubular cap-
ilaries, and glomeruli (Figure 4). In rats given daily
injections of BSA, tubular epithelial cells strongly express
vimentin at all periods of study, although the early periods
(weeks 1 and 2) were slightly more impressive than the
later periods (weeks 4 and 7). Staining of tubular lumina
for vimentin was always negative.

Rat C3 was present along some tubular basement
membranes in a focal, interrupted linear pattern in both
control and protein-overload animals (Figure 4). In addi-
tion, there was significant staining of tubular lumina of the
experimental animals. Occasionally, the pattern of this lat-
ter reactivity was diffuse suggesting reactivity with pro-
teinaceous casts. More frequently, C3 was observed in a
coarse granular pattern along the luminal border of tubular
epithelial cells (Figure 4). Neoantigens of the membrane
attack complex of complement C5b-9 were similarly dis-
tributed in a coarse-granular pattern along the luminal bor-

der of many tubules (Figure 4). This pattern of deposition
was evident at 1 week and persisted throughout all peri-
ods. In control animals, C5b-9 neoantigens were only
present in an interrupted linear pattern along some tubular
basement membranes (TBM). This pattern of TBM reac-
tivity was preserved in experimental animals.

Light Microscopy

Significant changes in the renal interstitium could also
be appreciated by light microscopy. The mean scores for
acute changes at 1, 2, 4, and 7 weeks in the protein-over-
load animals were 1.0, 2.3, 2.3, and 2.3, respectively.
Very occasional mitotic figures were observed in the epi-
thelial cells of proximal tubules. Proteinaceous casts were
more prevalent in the medulla than in the cortex. The cellu-
lar infiltrate within the interstitium consisted almost entirely
of mononuclear cells (Figure 5); it was very unusual to find
a polymorphonuclear cell. Overall, the interstitial changes
were more marked in the deeper regions of the cortex
than in the superficial cortical zone. Mild but definite
chronic changes including evidence of interstitial fibrosis
were evident in all animals after 2 weeks of overload pro-
teinuria (Figure 5). The mean chronicity scores at 1, 2, 4,
and 7 weeks were 0, 0.3, 1.5, and 1.1, respectively.
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Figure 4. Photomicrographs demonstrating the deposition of vimentin intermediate filaments, rat C3 and rat C5b-9 neoantigens. By
indirect immunofluorescent staining using a murine monoclonal antibody to vimentin, control kidneys show reactivity in glomeruli
and peritubular capillaries whereas tubular cells are always negative (a). Not shown by this phbotomicrograph is the expression of
vimentin filaments by normal renal arterioles. A kidney section obtained from a rat after 7 weeks of BSA-induced overload protein-
uria shows strong staining of tubular epithelial cells for vimentin (b). This finding suggests that the epithelial cells are regenerating
after tubular injury. Rat C5b-9 neoantigens (c) and C3 (€) are present along tubular basement membranes of control animals in a
Jfocal interrupted linear pattern. This distribution is preserved in protein-overload animals. In experimental animals, C5b-9 neoan-
tigens(d) and C3(f) were also deposited in a coarse granular pattern along the luminal border of tubular epithelial cells. This pattern
was observed at all periods of study (a, X250; b, X270; ¢, X 280; d, X 260; e, X 250; f, X 250).

Glomerular Pathology

By routine light microscopy, glomeruli from BSA-in-
jected rats were slightly enlarged. The epithelial cells were
prominent and contained large PAS-positive granules.
Glomerular hypercellularity and sclerosis were not ob-
served. By immunofluorescence microscopy large drop-
lets were seen in some glomeruli that stained for rat IgG,
rat C3, BSA, and, less frequently, for rat IgM and C5b-9
neoantigens. Staining of normal rat glomeruli for IgG, IgM,

C3, and C5b-9 neoantigens varied from negative to a fo-
cal, segmental fine granular pattern in the mesangium and
occasionally along the endothelial aspect of the glomeru-
lar basement membrane. In experimental animals a focal
segment increase in mesangial staining was observed for
all immune reactants. By election microscopy the large
glomerular droplets were identified as swollen cytoplas-
mic vesicles containing electron-dense material. No extra-
cellular electron-dense deposits were seen.



Interstitial Nephritis and Proteinuria 727
AJP October 1989, Vol. 135, No. 4

Figure 5. Light photomicrographs illustrating the histologic changes present in the renal interstitium of rats with BSA-induced over-
load proteinuria. In contrast to the normal rat kidney (a), by 4 weeks (b) an interstitial mononuclear cell infiltrate associated with
foci of tubular epithelial disruption (arrow) is evident in sections stained with periodic acid-Schiff (). Masson’s trichrome stain at 7
weeks demonstrates a region of interstitial fibrosis (arrows) associated with a mononuclear cell infiltrate(a, X260; b, X250; ¢, X270).

Study II: Comparison of RSA and BSA
Overload-Proteinuria

Due to the extreme difficulty in obtaining large quantities
of RSA, it was necessary to modify the original protocol
by reducing the protein dose to 0.7 g daily for 10 days,
and only two rats could be studied. This sample size was
inadequate to perform meaningful statistical analysis but
the trends observed merit presentation and are summa-
rized in Table 4. Compared with the saline control group,
both the RSA- and BSA-injected groups developed impor-
tant proteinuria, slightly elevated systemic blood pressure
(day 8), and modestly increased total plasma proteins.
An interstitial infiltrate of mononuclear cells was present in
both experimental groups, although it was more focal
than the interstitial disease observed in Study . Vimentin-
positive, regenerating tubular epithelial cells were present
in both protein-overload groups, but they were observed
more frequently in the BSA rats compared with the RSA
rats. A region of tubular cell injury and interstitial nephritis
in an RSA-treated rat is shown in Figure 6.

Study Ill: Effect of T Cell Depletion on BSA-
Induced Interstitial Nephritis

OX19 treatment effectively depleted OX19* cells from the
circulation and the kidney (Table 5). Group A rats devel-

oped acute Tl nephritis associated with a modest in-
crease in OX19* Tl cells and a larger influx of macro-
phages. Although Group B rats did not develop an intersti-
tial infiltrate of T cells, the Tl influx of macrophages was
not significantly different from that observed in the rats
receiving BSA alone.

Study IV: The Effect of Renal Mass on the
Severity of Tubulointerstitial Nephritis

Uninephrectomized, BSA-injected rats (Group |) divided
into two subsets for unknown reasons. Two rats devel-
oped an unusually low degree of proteinuria not observed
in the earlier studies, whereas the remaining three devel-
oped proteinuria consistent with the findings in Study |.
This fortituitous division led to the striking observation that
the severity of the interstitial infiltrate and the degree of
tubular cell injury (assessed by vimentin expression) were
strongly influenced by the extent of proteinuria (Table 6).
By linear regression analysis using all of the animals in
Study IV, a strong positive correlation was observed be-
tween the maximum urinary protein and the number of
interstitial mononuclear cells. The correlation coefficients
were OX42* cells, r = 0.89 (Figure 7); la* cells, r = 0.86;
and OX19* cells, r = 0.77.

Table 4. Comparison of Overload-Proteinuria Produced by RSA and BSA

Maximum total
Plasma urinary protein Antibody-positive cells/1000 tubulointerstitial cells Vimentin PTE
B.P. protein (mg/24 hour/ cell positive
Animal group N mm Hg g/L 100g BW) 0OX19 OX8 W3/25 la 0OXx42 (%)
Rat albumin 2 113x11* 8212 458+ 16 70+£00 50+28 1195+177 365+ 21 420+113 10-20
Bovineabumin 4 112+ 5 80+ 3 549+ 157 123+51 78%15 985+102 345+100 998+151 25-50
Saline 4 9+ 5 69+ 4 04+ 03 50+32 55+3.1 813+ 83 238+ 76 265+ 70 <5

* Results are expressed as mean + 1 SD. PTE, cortical proximal tubular epithelial cells; BW: body weight.
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Figure 6. Immunofluorescence photomicrograpbs illustrating a focal area of tubulointerstitial disease in a uninephrectomized rat
after daily parenteral injections of rat-albumin-enriched plasma. An influx of mononuclear cells expressing surface marker W3/25
is present(a). Foci of regenerating tubular epitbelial cells adjacent to a glomerulus are identified by the positive staining for vimentin

(b) (a, X250; b, X340).

Discussion

Rats with protein-overload proteinuria induced by the par-
enteral administration of heterologous albumin develop
acute tubulointerstitial nephritis (Figure 8), a finding that
has not been published previously. When first examined
at 1 week, the interstitium of the renal cortex was infil-
trated by a significant population of macrophages. By 2
weeks, interstitial macrophages increased to 5.9X con-
trols and they remained constant at this level throughout
the remainder of the study. Significant numbers of lym-
phocytes first appeared at 2 weeks and appeared to rep-
resent a mixed infiltrate of T cytotoxic cells and T helper
cells. Thereafter, T cytotoxic cells accounted for most of
the T cells present in the interstitial infiltrate. This composi-
tion of interstitial mononuclear cells, namely a large popu-
lation of macrophages accompanied by lesser numbers
of cytotoxic T lymphocytes, was similar to our findings in
aminonucleoside nephrosis.’? Cytotoxic T cells are
emerging as an important mediator of tubulointerstitial ne-
phritis. They represent the dominant lymphocyte sub-
class in interstitial nephritis associated with experimental
renal allograft rejection*? and aminonucleoside nephro-
sis.'? In addition, they account for 16% to 38% of the T
lymphocyte population in Brown-Norway rats with anti-

TBM nephritis,*® are present at 3.2X control numbers in
rats with albuminuria 6 months after 5/6 nephrectomy,*
are present in rats after acute ureteral obstruction,*® and
have recently been reported in patients with reflux ne-
phropathy.*® Whether this interstitial infiltrate of mononu-
clear cells plays a primary or secondary role in renal injury
is presently unknown. However, it is noteworthy that
mononuclear cells and macrophages in particular secrete
a variety of soluble factors that have the potential to stimu-
late fibroblasts, including those resident within the renal
interstitium.*” The early infiltration of these cells into the
interstitium may provide the vital link that leads to the de-
velopment of interstitial fibrosis and the progressive dete-
rioration of renal function associated with chronic renal
disease.

Although the effects of chronic proteinuria on renal
structure and function are generally unknown, additional
studies support its association with tubulointerstitial pa-
thology. Significant interstitial nephritis was reported in
other models of experimental proteinuria induced by a va-
riety of mechanisms including drugs such as amino-
nucleoside'? and adriamycin,*®-5® hyperfiltration after 5/6
nephrectomy,****% and antibody-complement-induced
mesangial cell injury. Proteinuria may intensify pre-exist-
ing tubular injury as demonstrated by the effect of infusion

Table 5. Effect of T Cell Depletion on BSA-Induced Tubulointerstitial Disease

Peripheral blood mononuclear cells

Proteinuria Antibody-positive cells/1000 tubulointerstitial cells
(mg/24 hour/ Total/ml blood 0OX19*/mi blood
Animal group N 100g BW) X10° x10° 0OXx19 Ox8 la 0Ox42
A. BSA 5 117.7£749 182+ 27 113 =18 25677 126+4.8 746+123 1234 +239
B. BSA plus
0X19 Mab 5 77.3+50.31 8.4+231¢ 0.04 + 0.061¢ 02+0.5t1% 38+29% 778+30.1% 95.8 + 19.8¢
C. Saline control 5 02+ 02 16.6 + 3.6 106 =21 56+36 50+23 344+106 140+ 59

*Mean + 1 SD.

1 P < 0.05 Group B vs. Group A, Bonferroni's t-test.
1 P < 0.05 Group B vs. controls (Group C).

Mab, Monoclonal antibody.
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Table 6. Relationship Between Degree of Proteinuria and Severity of Tubulointerstitial Disease

Antibody-positive cells/1000 tubulointerstitial cells Vimentin PTE
Animal Maximum urinary protein cell positive
group N mg/24 hours/100mg BW 0OX19 la 0OX42 (%)
I-A 2 46.7 + 241 85+21 305+ 0.7 700+ 0 10-25
I-B 3 435.0+£96.2 23.7£3.1* 90.7 + 15.9* 120.3 + 16.5* 25-75
It 4 198.8 + 54.1 75+44 363+11.8 756+ 26 10-25
I 3 13+ 04 70+17 267+ 6.4 18.0£13.0 0
v 3 31+ 16 50+10 293+ 35 177+ 55 0

* P < 0.05 Group I-B vs. Group Il

Group |, daily BSA, uninephrectomy. A separated due to unusually low degree of proteinuria; Group I daily BSA, two native kidneys; Group Ill: uninephrec-

tomy controls; Group IV: two native kidney controls.

of low molecular weight proteins into rats with ischemic
tubular injury.®’

In humans with chronic glomerular disease associated
with renal insufficiency, tubulointerstitial changes are uni-
formly present. In this population of patients, significant
persistent proteinuria is a clinical predictor of progressive
renal failure®®"® and yet very few studies have attempted
to directly correlate quantitative scores for interstitial histo-
pathology with the severity of proteinuria. It has been
shown that patients with nephrotic-range proteinuria are
more likely to have chronic interstitial disease.®>% Patients
with lupus nephritis associated with interstitial disease are
more likely to have significant proteinuria at the time of
biopsy.” In a recent study of 145 renal biopsies from pa-
tients with glomerulonephritis, all patients except those
with minimal lesion nephrotic syndrome had increased
numbers of interstitial leukocytes.® In fact, minimal lesion
nephrotic syndrome represents the one outstanding ex-
ception to this hypothesis because acute tubulointerstitial
disease is only occasionally observed. However, this par-
ticular disease represents a unique situation in which
there are minimal changes in glomerular morphology and
the proteinuria is highly selective, consisting primarily of
albumin and lesser quantities of low molecular weight pro-
teins. These features may provide important clues for un-
raveling the basis of this apparent relationship.

The mechanism by which proteinuria possibly induces
tubulointerstitial nephritis is a subject for speculation. In
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Figure 7. Relationship of maximum urinary protein excretion
rates and severity of the interstitial influx of OX42* mononu-
clear cells.

the present study, overload proteinuria was produced by
the daily administration of a heterologous protein (BSA),
a finding raising the possibility that immunologic factors
played a role in its genesis. However, this experimental
model has been studied for at least 40 years®'® and to
date there is no compelling evidence to support immuno-
pathologic mechanisms in the pathogenesis of protein-
uria. Humoral mechanisms certainly seem unlikely. Native
BSA is a poor immunogen in rats.® In the present study,
deposits of rat IgG were not detected by direct immuno-
fluorescence along the tubules or within the interstitium at
any period, and circulating antibodies to BSA were not
detected. Proteinuria begins within 24 hours of initiation
of protein-overload, a timing that is inconsistent with clas-
sical humoral immune mechanisms in nonpresensitized
animals. Studies of the glomerular lesions in these animals
failed to demonstrate immune complex deposition. The
inability of T cell depletion to inhibit tubular cell injury and
the interstitial influx of macrophages argues against a sig-
nificant role for cellular immune mechanisms in the patho-
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Figure 8. Schematic summary of the mononuclear cell infil-
trate present in the renal interstitium of rats with protein-over-
load proteinuria. This graft illustrates the absolute increase in
positive interstitial cells reactive with monoclonal antibodies
OX42 (macrophages in black area), OX19 (T cells in hatched
area), and OX8 (T cytotoxic cells in white area) calculated as
the mean number of positive cells at each period minus the
mean number of positive cells in control animals.
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genesis of this disease. Finally, our limited studies of over-
load-proteinuria using homologous plasma confirmed the
presence of tubulointerstitial inflammation providing addi-
tional evidence that classical immune mechanisms do not
play a primary role. In the single published report of over-
load-proteinuria induced in rats by homologous albumin
injections,® TIN was not observed by routine light micros-
copy. However, this was a two-kidney model and the se-
verity of the proteinuria was less marked (peak of 131 mg/
24 hours compared with a peak of 316 mg/24 hours in
the present study). Because the degree of proteinuria cor-
relates with the severity of the interstitial disease and
monoclonal antibody analyses for interstitial cells were
not performed, it is conceivable that mild interstitial dis-
ease was overlooked. It is noteworthy that rats with a
transplantable pituitary tumor (MtT SAS) develop homolo-
gous protein-overload proteinuria due to growth hormone-
induced liver hyperplasia and the overproduction of albu-
min.'® These animals develop impressive renal enlarge-
ment, and tubulointerstitial changes were evident in the
published light photomicrograph.

Tubulointerstitial nephritis in the present model of over-
load-proteinuria does not appear to be secondary to sig-
nificant proximal tubular obstruction or ischemia based on
the findings on light microscopy. We speculate that the
interstitial mononuclear cell infiltrate is a response to pro-
teinuria-induced tubular epithelial cell injury. Several inves-
tigators described morphologic changes in tubular epithe-
lial cells during protein-overload proteinuria, suggesting
the presence of cell damage. The demonstration of vi-
mentin intermediate filaments within renal tubular cells is
consistent with epithelial cell regeneration after cell injury.
The tubular epithelial cells of BSA-treated rats strongly ex-
pressed vimentin as opposed to control rats in which this
was never observed. The absence of vimentin within lumi-
nal spaces makes it unlikely that this change represents
reabsorption of vimentin from luminal surfaces. Based on
the observation that the lysosomal enzyme activity of
proximal tubular cells increases in response to glomeru-
lar proteinuria,’”'885% and that excessive proteinuria
causes leakage of lysosomal enzymes into the cytoplasm
of tubular cells, Maack et al®®9'%® suggested that the ex-
cess concentration of absorbed proteins within tubular ly-
sosomes may in itself lead to tubular epithelial cell dam-
age. Using in vivo perfusion of rat proximal tubules, San-
ders et a® demonstrated that certain low molecular
weight proteins had a direct toxic effect on tubular cells.
Although the toxic mechanism was not determined, these
investigators also suggested a role for lysosome-induced
cellinjury. This is an attractive hypothesis that unifies sev-
eral models of tubulointerstitial injury such as myeloma-
associated nephropathy, severe toxic and ischemic ne-
phropathy, chronic pyelonephritis, and proteinuria-in-
duced tubulointerstitial nephritis with tubular epithelial cell

injury and disruption being the final common pathway
leading to interstitial inflammation. The outcome of the in-
terstitial injury largely depends on the severity and revers-
ibility of the initial insult, with severe and prolonged injury
progressing to chronic interstitial damage associated with
interstitial fibrosis and tubular atrophy.

The results of the immunofluorescence studies sug-
gest that the complement cascade may have a role to
play in the pathogenesis of the tubulointerstitial lesion of
heterologous protein-overload. Neoantigens expressed
after the activation of the membrane attack compiex of
complement C5b-9 were frequently deposited along the
luminal border of tubular epithelial cells. It is unlikely that
these deposits represent absorption of complexes filtered
at the level of the glomerulus due to the large size of the
molecule.®® In vitro studies using sections of frozen rat
kidney showed that proximal tubular epithelial cells are
capable of directly activating the alternative pathway of
the complement system.% Complement activation may
provide a mechanism for recruitment of mononuclear
cells, whereas the terminal C5b-9 complex may directly
induce tubular cell injury through its membranolytic ac-
tions 377

In summary, in this study we found the development
of tubulointerstitial nephritis to be associated with-protein-
overioad proteinuria induced by heterologous albumin.
The acute interstitial cellular lesion is characterized by an
early and persistent influx of macrophages followed by
the presence of T lymphocytes. Chronic interstitial injury
is evident by 4 weeks. The severity of the cellular infiltrate
correlates with the degree of proteinuria. The influx of
macrophages appears to be independent of classical hu-
moral and cellular immune reactions, and further studies
are needed to delineate specific afferent and efferent
pathways. These findings may strengthen the scientific
rationale for clinical trials designed to slow the rate of pro-
gression to end-stage renal disease by the use of dietary
protein restriction or angiotensin 1-converting enzyme in-
hibitors, both of which decrease the degree of proteinuria
and alter intraglomerular hypertension.
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