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Abstract. Organic ion transport across the basolateral membrane of proximal tubules was 
measured by means of the tissue slice technique in each of the four different stages of Heymann 
nephritis. Impairment of both organic anion and cation transport was detected early in Stage 
2, and became more severe in Stage 3 of Heymann nephritis. The decreased transport function 
was associated with extensive damage to proximal tubule cells, including loss of brush border 
microvilli and basal infoldings. Despite these abnormalities of structure and function, oxygen 
consumption of proximal tubule cells remained essentially normal. Partial recovery of organic 
cation transport was noted late in Heymann nephritis (Stage 4). Recovery of the cation 
transport function was associated with a partial restoration of brush border microvilli and basal 
infoldings to proximal tubule cells. However, organic anion transport remained depressed 
throughout the entire course of disease. Impairment of organic ion transport in rats with 
Heymann nephritis appeared to result from damage to basolateral membrane transport elements 
rather than general deterioration of the metabolic machinery of proximal tubule cells. Decreased 
organic cation transport appeared to be the consequence of a reduction in the number of 
carrier sites, a phenomenon that could have resulted from decreased membrane surface area. 
However, the depression of organic anion transport was associated with decreased substrate 
affinity of the anion camer, indicating that qualitative, rather than quantitative changes, were 
primarily responsible for that defect. Specific antibody-mediated damage to the anion transport 
elements in basolateral membranes ofproximal tubules is postulated to occur in Heymann nephritis. 
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Immunization of some strains of rat with 
an extract prepared from rat kidney cortex 
produces an autoimmune disease known as 
Heymann nephritis ( 1, 2). Autoantibodies in 
the sera of rats with Heymann nephritis react 
in vitro with an antigen that is present in 
large amounts in the brush border of proximal 
tubules (3), and has also been demonstrated 
to be associated with epithelial cells of the 
glomerular capillary wall (4). Subepithelial 
granular immune deposits found in glomeruli 
of rats with Heymann nephritis appear to be 
formed by a reaction in situ of circulating 
autoantibodies with the epithelial cell antigen 
( 5 ) .  As a consequence of increased perme- 
ability, resulting from the membranous lesion 
in glomeruli, circulating anti-brush border 
antibodies gain access to the proximal tubule 
lumen (6 ) .  The deposition of specific anti- 
bodies on the brush border membrane pro- 
duces dramatic changes in proximal tubule 
histology (6, 7). 

In several previous reports of kidney 
pathophysiology in Heymann nephritis (8- 
lo), attention has been focused on the prom- 
inent glomerular lesion without serious con- 
sideration of the possible contribution of 
proximal tubule damage to overall kidney 
dysfunction. In another rat model of immu- 
nologically mediated interstitial nephritis, 
Wedeen et al. (1 1) studied the effect of anti- 
tubular basement membrane (TBM) and anti- 
brush border antibodies on paminohippurate 
(PAH) transport and concluded that anti- 
TBM antibodies were associated with de- 
creased uptake of PAH while anti-brush bor- 
der antibodies were associated with decreased 
luminal PAH secretion in vitro and in vivo. 
Although antibodies to TBM and brush bor- 
der were deposited in vivo simultaneously, 
no histological abnormalities were noted in 
proximal tubules. Therefore, that model of 
interstitial nephritis differed significantly from 
Heymann nephritis. Furthermore, in that 
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study measurements were not made of pa- 
rameters, such as oxidative metabolism and 
Na-K-ATPase activity, which are known to 
influence the active transport of PAH. 

We have shown that the natural history of 
Heymann nephritis can be divided into four 
distinct stages with respect to immunopa- 
thology of proximal tubules (6). The delin- 
eation of discrete stages in the course of 
Heymann nephritis provides a rigorous basis 
for the correlation of kidney pathophysiology 
with proximal tubule immunopathology. The 
experiments described in this report were 
undertaken to assess the impact of proximal 
tubule injury on organic ion transport func- 
tions. Specific organic anion and cation 
transport functions were measured in each 
of the stages of Heymann nephritis by means 
of the tissue slice technique of Cross and 
Taggart (12). Collapse of the proximal tubule 
lumen in the kidney tissue slice precludes 
measuring transport properties of the brush 
border membrane; the uptake of organic ions 
by tissue slices is generally presumed, there- 
fore, to reflect primarily activities of the 
basolateral membrane ( 13- 15). Oxygen con- 
sumption of the slice, Na-K-ATPase activity, 
and tissue distribution of water were also 
analyzed, in order to detect possible altera- 
tions in cell metabolism that could affect 
organic ion transport by the basolateral 
membrane. 

Methods. Animals. Female LEW rats, 
weighing 125 g, (Charles River Breeding Lab- 
oratories, Wilmington, Mass.) were immu- 
nized with FxlA and adjuvant (see below) 
to produce Heymann nephritis. Others re- 
ceived injections of adjuvant alone. For study 
as completely normal controls, female LEW 
rats ages 3-4, 5-6, and 8-9 months were also 
obtained from the same company. 

Antigen preparation. Frozen rat kidneys 
were purchased from Pel-Freeze Biologicals 
(Rogers, Ark.). The antigen fraction used 
for immunization, Fx 1 A, was prepared accord- 
ing to the method described by Edgington 
et at. (16). 

Immunization protocols: Heymann nephri- 
tis. Rats were immunized in the hind footpads 
with 0.3 ml of an emulsion containing 10.0 
mg of FxlA, 0.5 mg of Mycobacterium bu- 
tyricum (Difco Laboratories, Detroit, Mich.), 
0.15 ml of saline, and 0.15 ml of complete 

Freund’s adjuvant (Difco Laboratories, De- 
troit, Mich.). Twenty-eight days later, a sec- 
ond identical injection was administered in 
the front feet. Animals which developed Hey- 
mann nephritis exhibited significant protein- 
uria (>50 mg/24 hr) within 6 to 8 weeks of 
the initial immunization. Others, that failed 
to develop proteinuria despite immunization 
with Fx 1 A, were designated “nonrespond- 
ers” ( 17). 

Controls. Two groups of rats served as 
controls. One group was not immunized at 
all. Rats in that group were studied at different 
ages corresponding to the different stages of 
Heymann nephritis. Data obtained from 
those age-matched normal controls have been 
previously published ( 18) and are included 
here for comparison and reference. Rats in 
the second group received injections in the 
footpads consisting of 0.15 ml of saline, 0.15 
ml of complete Freund‘s adjuvant, and 0.5 
mg of Mycobacteriurn butyricum. Twenty- 
eight days later, an identical injection was 
given in the front feet. Rats in the adjuvant- 
treated control group were studied at times 
after immunization corresponding to the dif- 
ferent stages of Heymann nephritis. 

Plan of the experiments. Kidneys for tissue 
slice experiments were obtained from rats in 
each of the four stages of Heymann nephritis 
and from normal rats, age matched to each 
stage of Heymann nephritis. Nonresponders 
were studied at a time after immunization 
corresponding to Stage 3 of Heymann ne- 
phritis. In addition, rats immunized with 
adjuvant alone were studied. Those rats were 
killed 2 and 6 weeks after the second admin- 
istration of adjuvant. When tissue slice ex- 
periments were performed, samples of kidney 
tissue were also obtained for examination by 
immunofluorescence and electron microscopy 
to permit an unequivocal identification of 
the stage of disease represented by each in- 
dividual studied by the tissue slice technique. 

Determination of the stages of Heymann 
nephritis. To monitor the course of Heymann 
nephritis, serum and urine samples were 
collected and analyzed weekly (6). Anti-brush 
border antibody titers were measured by 
means of indirect immunofluorescence tests. 
Urinary protein concentration was deter- 
mined with the biuret test. 

The following criteria, which have been 
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described previously (6), were used to distin- 
guish the stages of Heymann nephritis. 

Stage 1: Low, but increasing titers of cir- 
culating antibodies to brush border of prox- 
imal tubules. Weak granular immune deposits 
in glomerular basement membrane, no im- 
mune deposits in brush border of proximal 
tubules, normal proximal tubule morphology, 
no proteinuria. Rats in Stage 1 were approx- 
imately 3.5 months old. 

Stage 2: High titers of circulating anti- 
brush border antibodies. Heavy granular im- 
mune deposits in glomerular basement mem- 
brane, heavy deposits of immunoglobulin in 
brush border of proximal tubule, damaged 
proximal tubule epithelium, proteinuria of 
1- to 6-weeks’ duration. Rats in Stage 2 were 
approximately 4-5 months old when studied. 

Stage 3: Gradual decline in titers of anti- 
brush border antibodies. Heavy granular to 
ribbon-like immune deposits in glomerular 
basement membrane, weak or absent im- 
mune deposits in brush border, immune 
deposits along tubular basement membrane, 
damaged proximal tubule epithelium, pro- 
teinuria of 6- to 12-weeks’ duration. Rats in 
Stage 3 were approximately 6-7 months old 
when studied. 

Stage 4: Titers of circulating anti-brush 
border antibodies low or undetectable. Heavy 
ribbon-like deposits in glomerular basement 
membrane, no deposits in brush border and 
tubular basement membrane, substantial re- 
generation of proximal tubule epithelium, 
proteinuria of more than 12 weeks’ duration. 
Rats in Stage 4 were 8-9 months old. 

Nonresponders: Pattern of anti-brush an- 
tibody production resembling that seen in 
Heymann nephritis ( 17). Moderate accumu- 
lation of granular immune deposits in glo- 
merular basement membrane. Normal pro- 
tein excretion at all times and normal prox- 
imal tubule morphology. 

Imrnunofluorescence tests. Kidney tissue 
samples for direct immunofluorescence tests 
were obtained and frozen when kidney slices 
were prepared for function tests. Indirect 
immunofluorescence tests to measure anti- 
brush border titers were performed on ace- 
tone-fixed frozen sections of normal rat kid- 
neys. Details of the procedures used for direct 

and indirect immunofluorescence tests in our 
laboratory have been published elsewhere 
(6). FITC-conjugated antisera to rat immu- 
noglobulins were purchased from Cappel 
Laboratories, Cochranville, Pennsylvania. 

Histopathology. To evaluate tubule mor- 
phology in detail and to confirm that the 
natural history of Heymann nephritis in these 
experiments was identical to that described 
previously (6), several rats (n = 3) in each of 
the experimental groups were killed especially 
for study by light and electron microscopy. 
To achieve optimal fixation and preservation 
of the morphology of proximal tubules, the 
left kidney was fixed in situ by perfusion 
with 1 % glutaraldehyde in modified Tyrode’s 
buffer (19). Some pieces were embedded in 
paraffin, cut to 4-pm thickness, stained with 
hematoxylin-eosin, and examined with the 
light microscope. Other pieces of each kidney 
were postfixed in 1% osmium tetroxide, 
embedded in Epon-Araldite and prepared, 
by staining with lead hydroxide and uranyl 
acetate, for examination with the electron 
microscope (Siemens 10 1). 

Slice experiments. Thin slices of the renal 
cortex (0.4-0.5 mm) were cut by hand and 
the slice uptake of p-aminohippurate (a rep- 
resentative organic anion) and tetraethyl-am- 
monium (TEA; a representative organic cat- 
ion) were determined by a method described 
previously in detail (18). Briefly, the slices 
(150 mg wet wt) were incubated, unless stated 
otherwise, for 60 min in a modified Cross- 
Taggart medium (25°C) containing 7.5 
X M PAH or 1.0 X lop5 M TEA and 
trace amounts of the respective 14C-labeled 
organic ion (New England Nuclear, Boston, 
or Amersham, Arlington Heights, Ill.) under 
an oxygen atmosphere. After the incubation 
period, the concentrations of radiolabeled 
compounds in the tissue and incubation me- 
dia were determined by liquid scintillation 
spectrometry. Detailed procedures for re- 
treatment of slices as well as for quench 
correction are also described elsewhere ( 18). 
The uptake data were expressed as the slice- 
to-medium concentration ratio (S/M), defined 
as the disintegrations per minute (DPM) per 
gram wet tissue divided by the DPM per 
milliliter of incubation medium. 

The S/M inulin ratio, as a measure of the 
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extracellular fluid space of the slice, was 
similarly determined by incubating the slice 
in the presence of [~arboxy~-'~C]inulin (New 
England Nuclear) (1 8). The tissue water con- 
tent was determined from the difference in 
weight before and after drying at 95°C for 
24 hr (18). 

To determine kinetic parameters of active 
organic ion transport, the total and passive 
uptakes of each ion during a 15-min incu- 
bation at 25°C were measured separately, 
and the difference was taken as active uptake. 
Previous studies conducted in our laboratory 
indicated that a 15-min incubation satisfies 
requirements needed to measure initial ve- 
locity (20). The total uptake was measured 
by incubating slices in an oxygenated medium 
containing various concentrations of PAH 
(50, 100, 200, 400, 800, and 1,600 pM)  or 
TEA (20, 40, 80, 160, 320, and 640 p ~ ) .  
For the determination of passive transport, 
the slices were preincubated for 60 min under 
nitrogen atmosphere in a medium containing 
0.1 mM each of 2,4 dinitrophenol (DNP) 
and iodoacetamide (IAA), and were then 
transferred for a 15-min incubation to the 
same medium containing various concentra- 
tions of PAH or TEA (see above). 

The efflux of organic ions from renal cor- 
tical slices was determined by a modification 
of the technique used by Farah et al. (21). 
The slices were preloaded with the test com- 
pound for 60 min at 25°C. After preincuba- 
tion, the tissues were rinsed briefly and then 
transferred at 1 -min intervals through a series 
of 15-ml beakers that contained 3.0 ml of 
fresh Cross-Taggart medium (25°C). The 
quantity of compound collected from each 
runout chamber after exposure of the tissue 
plus the amount of compound that remained 
in the tissue after the experiment was used 
to construct the efflux curves and to calculate 
the rate constants. 

The oxygen consumption of slices was 
measured with a Yellow Springs Instrument 
Company Model 53 oxygen monitor which 
employed a Clark-type electrode, as described 
earlier ( 18). 

Nu-K-A TPase activity. The Na-K-ATPase 
activity was determined in a crude homoge- 
nate of renal cortex, as described elsewhere 
(1 8, 22). The amount of inorganic phosphate 

liberated in the presence (total ATPase) and 
absence (Mg-ATPase) of KC1 was determined. 
The difference was attributed to Na-K- 
ATPase. The concentrations of inorganic 
phosphate and tissue protein were analyzed 
by the method of Fiske and SubbaRow (23) 
and Bradford (24), respectively. 

Statistics. A minimum of seven rats was 
used to obtain each mean value reported 
here. The data were analyzed statistically 
using Student's t test, either paired or un- 
paired, depending on experimental design. 

Results. Unimmunized rats. An age de- 
pendency was observed in the magnitude of 
both PAH and TEA transport (S/M) by 
proximal tubules, as we have reported else- 
where (1 8) (Fig. 1). PAH transport decreased 
and TEA transport increased with age. Oxy- 
gen consumption and Na-K-ATPase activity 
did not change with age (Fig. 2). 

Rats immunized with adjuvant alone. Two 
weeks after the second adjuvant immuniza- 
tion, corresponding to Stage 1 of Heymann 
nephritis, PAH transport was found to be 
30% lower than in unimmunized rats of the 
same age ( P  < 0.01, Fig. 1) .  Na-K-ATPase 
was similarly reduced ( P  < 0.001, Fig. 2). 
Within 1 month, corresponding to Stage 2 
of Heymann nephritis, both functions had 
returned to normal. Other parameters, in- 
cluding oxygen consumption, TEA transport, 
kidney size, and tissue water content were 
unaffected by immunization with adjuvant 
(Table I). Immunization with adjuvant alone 
did not produce detectable changes of kidney 
morphology. 

Nonresponders. Nonresponders were indis- 
tinguishable from unimmunized rats of the 
same age with respect to all parameters stud- 
ied (Table 1, Figs. 1 and 2). Tubules appeared 
completely normal, although glomeruli con- 
tained granular immune deposits of moderate 
intensity, as has been reported (26). 

Rats with Heymann nephritis. Stage 1: 
Although TEA transport and oxygen con- 
sumption remained normal, PAH transport 
and Na-K-ATPase activity decreased to the 
same extent observed in rats given adjuvant 
alone (Figs. 1 and 2). Tissue water content, 
inulin space, and the ratio of kidney weight 
to body weight were not significantly different 
from age-matched or adjuvant-treated con- 
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FIG. 1. PAH transport (upper graph) and TEA transport 
(lower graph) in different stages of Heymann nephritis. 
Mean values (+I  SE) obtained with normal unimmunized 
rats at different ages (covering a range corresponding to 
the natural history of Heymann nephritis) are from Park 
et al. ( 18) and are indicated by the shaded areas. Animals 
with Heymann nephritis (HN), indicated by 0, were in 
Stage I at 3.5 months, Stage 2 at 4.5 months, Stage 3 at 
6 months, and Stage 4 at 9 months of age. Animals 
immunized with adjuvant alone (0) were studied at 3.5 
months of age, 2 weeks after the second and final 
adjuvant administration, and at 4.5 months of age. 
Nonresponders, NR, were studied at an age corresponding 
to Stage 3. The error line indicates + I  SE. The concen- 
trations of PAH and TEA in the medium were 75 and 
10 pM, respectively. 

trols. No unusual aspect of tubule cell mor- 
phology was noted. Immunofluorescence mi- 
croscopy confirmed that immune deposits 
were limited to glomeruli, as has been pre- 
viously described (6). 

Stage 2: A reduction of PAH and TEA 
transport functions was observed (PAH, 25% 
reduction, P < 0.02; TEA, 25% reduction, P 
< 0.0 1, Fig. 1). Na-K-ATPase was decreased 
(35% reduction, P < 0.001), although oxygen 
consumption was maintained at normal rates 
(Fig. 2). Tissue water content, extracellular 
water content, and kidney weight remained 
normal (Table I). As has been shown before 

(6), heavy deposits of immunoglobulins were 
present along the luminal membrane of the 
proximal tubules, with focal, weaker deposits 
at the basal side of tubule cells. Microvilli 
were damaged and missing from many tubule 
cells and basolateral infoldings were also 
decreased in some tubule cells. No abnor- 
malities of mitochondria were noted. 

Stage 3: Severe deficits in PAH and TEA 
transport were detected in Stage 3 of Hey- 
mann nephritis (PAH, 60% reduction, P 
< 0.001; TEA, 60% reduction, P < 0.001, 
Fig. 1). On the other hand, neither Na-K- 
ATPase activity nor oxygen consumption 
differed significantly from corresponding val- 
ues in either control group. An increase in 
weight of the kidney appeared to result from 
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FIG. 2. Na-K-ATPase activity (upper graph) and O2 
consumption (lower graph) in different stages of Heymann 
nephritis. Mean values ( & I  SE) obtained with normal 
unimmunized rats at different ages are from Park et al. 
(18) and are indicated by the shaded areas. Stage 1 of 
Heymann nephritis (HN, a) = 3.5 months, Stage 2 
= 4.5 months, Stage 3 = 6 months, Stage 4 = 9 months. 
Animals immunized with adjuvant alone (0) were studied 
2 and 6 weeks after the final adjuvant injection, at ages 
corresponding to Stages 1 and 2 of Heymann nephritis. 
Nonresponders, NR, were studied at 6 months of age, 
corresponding to Stage 3. 
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TABLE I. ANTIBODY TITER, PROTEIN EXCRETION, AND KIDNEY WATER CONTENT 
IN DIFFERENT STAGES OF HEYMANN NEPHRITIS 

Approximate Urinary protein Anti-brush Kidney wt Kidney Inulin 
age excretion border Body wt H20 space 

Group n (months) (mg/24 hr) titer (log2) (%) content (96) (S/M) 

Unimmunized** 20 4.5 12.4 f 0.4 - 1.0 -+ 0.1 75.7 f 0.3 0.31 f 0.01 
Adjuvant only** 31 4.5 9.6 f 0.8 - 0.9 * 0.1 77.4 k 0.6 0.35 f 0.01 

Heymann 
nephritis 

Stage 1 15 3.5 15.3 f 2.3 6.1 f 0.5 0.9 f 0.1 77.0 f 0.4 0.34 f 0.01 

Stage 4 16 8.5 280.3 +_ 41.1* 1.3 f 0.5 1.4 +_ 0.1* 81.5 k 0.7* 0.45 -t 0.02* 

Stage 2 15 4.5 81.4 f 7.4* 6.8 f 0.3 1.0 5 0.1 77.9 f 0.5 0.36 f 0.01 
Stage 3 14 6.0 196.4?20.7* 3 .4k0 .4  1.3-tO.l" 81 .3fO. l"  0.41 f O . O I *  

Nonresponders 15 6.0 15.6 f 2.3 4.8 k 0.5 0.9 * 0.1 78.4 f 0.4 0.34 k 0.01 

* Significantly different from normal, P < 0.0 1. 
** In these groups, mean values of all parameters did not vary with age from 3.5 to 8.5 months. 

an increase in total kidney tissue water con- 
tent. Measurements of the inulin space 
(S/M) showed that the water had accumu- 
lated, at least partially, in extracellular sites 
(Table I). 

By direct immunofluorescence tests, only 
weak focal deposits of immunoglobulins were 
seen on the luminal aspect of the proximal 
tubule cells. Granular immune deposits were 
detected along the tubular basement mem- 

brane as well as in glomeruli (Fig. 3). The 
most severe damage to proximal tubules, 
previously described to occur in Stage 3 of 
Heymann nephritis (6) was also noted in 
Stage 3 in these experiments. The cells of the 
proximal tubules were greatly flattened, 
showing extensive loss of microvilli, greatly 
decreased basolateral infoldings and thickened 
tubule basement membranes with electron 
dense deposits (Fig. 4). Despite these dramatic 

FIG. 3. Frozen kidney section from a rat in Stage 3 of Heymann nephritis, stained by the direct 
immunofluorescence technique for rat IgG. Granular deposits can be seen along the glomerular capillary 
wall and at the base of many proximal tubules. There is little staining of the brush border (X250). 
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FIG. 4. Electron micrograph of a proximal tubule from a rat in Stage 3 of Heymann nephritis. 
Microvilli are largely absent from the brush border (BB) and the basolateral membrane (BL) is devoid of 
invaginations. The original tubular basement membrane (arrow) lies far below the plasma membrane and 
is wrinkled and thickened. Dense deposits (d) lie above the original tubular basement membrane. A new 
basement membrane appears to be forming just below the plasma membrane of the cell (arrowhead; 
X5000). 

changes in proximal tubule cell morphology, 
no changes in mitochondria were noted in 
this stage of Heymann nephritis. 

Transport kinetics and organic ion efflux 
were also studied in Stage 3 in which the 
transport deficit was greatest. The Michaelis- 
Menten constant (K,) for active PAH trans- 
port was more than twice the normal value 
(0.62 mM vs 0.25 mM), whereas the maxi- 
mum reaction velocity (Vmax) of the reaction 
was unchanged compared to normal (Fig. 5) .  
For active TEA transport, K m  was not altered 
in Heymann nephritis, but Vma, was substan- 
tially reduced (58.8 nmole/g tissue/min vs 

33.3 nmole/g tissue/min, Fig. 6). The efflux 
rate constant for preaccumulated PAH was 
normal in rats with Heymann nephritis (0.074 
-t 0.001 vs 0.072, f 0.001, n = 3), as was 
the TEA efflux rate constant (0.025 -t 0.003 
vs. 0.030 -t 0.002, n = 3). 

Stage 4: A small but significant recovery 
of TEA transport function, compared to Stage 
3 of Heymann nephritis, was observed (35% 
recovery, P < 0.001, Fig. 1). However, no 
improvement in PAH transport was observed 
(Fig. 1). An increased concentration of extra- 
cellular tissue water persisted (Table I). In 
the final stage of Heymann nephritis, immune 
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deposits, detectable by immunofluorescence 
tests, were limited to glomeruli. Recovery of 
a nearly normal morphology was observed 
in many proximal tubules (Fig. 7), with 
restoration of microvilli and basal infoldings. 

Discussion. In rats with Heymann nephri- 
tis, antibody-mediated damage to the proxi- 
mal tubule epithelium was associated with 
substantial impairment of the transport of 
organic ions across the basolateral membrane. 
Oxygen consumption and mitochondria1 
morphology remained essentially normal 
throughout the course of Heymann nephritis. 

Impairment of organic ion transport func- 
tions in Heymann nephritis did not seem to 
be attributable to either systemic or local 
effects of proteinuria and/or other aspects of 
the nephrotic syndrome. Proximal tubule 
transport of organic ions has been found to 
be normal in rats with moderate chronic 
serum sickness ( 18) that exhibit proteinuria, 
hypoalbuminemia, and hyperlipidemia com- 
parable to Heymann nephritis (25, 26). Sig- 
nificant defects in PAH and TEA transport, 
detected in rats with severe chronic serum 
sickness (1 8), result from a general deterio- 
ration of the metabolic machinery of proxi- 
mal tubule cell metabolism rather than direct 
injury to the plasma membrane. Furthermore, 
the presence, in glomeruli alone, of immune 
deposits containing anti-brush border anti- 

body did not appear to affect transport func- 
tions of the proximal tubules, as nonrespond- 
ers were indistinguishable from controls. 

Although PAH transport is functionally 
linked to Na-K-ATPase activity (22), the 
marked inhibition of PAH uptake observed 
in Stage 3 was not accompanied by a corre- 
sponding inhibition of Na-K-ATPase. A 
modest inhibition of PAH uptake observed 
early in Heymann nephritis was associated 
with 30-35% inhibition of Na-K-ATPase. 
However, studies by Spencer et al. (22) in- 
dicate that PAH uptake in the slice is not 
significantly affected unless Na-K-ATPase 
activity is inhibited more than 50%. There- 
fore, the small inhibition of PAH uptake 
observed during Stages 1 and 2 of Heymann 
nephritis is probably not linked to the modest 
inhibition of Na-K-ATPase. The fact that 
both the tissue oxygen consumption and 
water content remained normal during Stages 
1 and 2 also indicates that the in situ opera- 
tion of the Na-K exchange pump mediated 
by this enzyme was well preserved. 

To investigate the possibility that immu- 
nological injury produced alterations in the 
specific carrier proteins, kinetic aspects of 
organic ion transport were studied. In Hey- 
mann nephritis, the number of anion carrier 
molecules, or their turnover rate (as reflected 
by V,,,), was not altered. However, the affin- 
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FIG. 6. Lineweaver-Burke analysis of initial rate of 
active transport of TEA (J) in normal rats (0) and rats 
in Stage 3 of Heymann nephritis (0). See legend to Fig. 
5 for other details. 
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FIG. 7. Electron micrograph of a proximal tubule from a rat in Stage 4 of Heymann nephritis. The 
microvilli of the brush border (BB) have a normal appearance. Invaginations are present in the basolateral 
membrane (BL). The original basement membrane is indicated by an arrow. Dense deposits are no longer 
visible between the old basement membrane and the newly formed basement membrane which lies 
closely apposed to the basal infoldings (XSOOO). 

ity of that carrier (as reflected by apparent 
K,) for the substrate, PAH, was approxi- 
mately 50% lower in sick rats than in age- 
matched controls. In contrast, the affinity of 
the cation carrier for TEA remained unal- 
tered, although the number of cation carriers, 
or their turnover rate, was reduced consid- 
erably (about 507070) in Heymann nephritis. 
These changes, in cation carrier number and 
anion carrier substrate affinity, may explain 
the depression in basolateral membrane 
transport activity that we have observed in 
Heymann nephritis. 

At present, it is only possible to speculate 
about the molecular mechanisms by which 

the carrier elements for organic ion transport 
may be compromised in Heymann nephritis. 
Loss of basolateral invaginations, which 
greatly decreases membrane surface area, 
would be expected to lead to equal reduction 
of both anion and cation transport carrier 
sites. The observation of a reduction in the 
number of only TEA carriers indicates that 
the anion and cation carrier elements are not 
similarly distributed in the basolateral mem- 
brane and suggests that anion carriers may 
be located in sites protected from the loss of 
membrane surface area that occurs in Hey- 
mann nephritis. In that respect, it is interest- 
ing to note that gp 330, the antigen implicated 
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in glomerular pathology of Heymann ne- 
phritis, has also been described to be heavily 
concentrated in clathrin-coated invaginations 
at the base of the microvilli of the luminal 
membrane (27). The PAH carrier might also 
be similarly sequestered in the basolateral 
membrane. 

The partial recovery of cation transport in 
Stage 4 is consistent with the hypothesis that 
cation transport depression results from de- 
creased basolateral membrane surface area. 
Recovery of function is similar in magnitude 
(about 35%) to the semiquantitative estimate 
that has been made of the extent of recovery 
of normal morphology (6). However, reduc- 
tion of V,,, for cation transport, and not 
anion transport, could also be explained by 
an entirely different mechanism. If the loss 
of basolateral membrane surface area, as a 
consequence of immune injury, was limited 
to S1 and S3 segments only, significant reduc- 
tion in the number of only cation carrier 
elements would be expected, as PAH trans- 
port occurs primarily in S2 segments (30). 
We believe that possibility to be unlikely, as 
morphological studies performed to date have 
not revealed differential susceptibility of in- 
dividual proximal tubule segments to anti- 
body-mediated injury. More precise and de- 
tailed morphometric analysis of proximal 
tubule damage is required to clarify this 
point. 

Defects in PAH transport function in Hey- 
mann nephritis appear to be attributable to 
qualitative, rather than quantitative changes 
in anion carrier elements, as indicated by an 
increase in K,,, . Such qualitative alterations 
could have resulted from a specific immu- 
nological reaction between the anion carrier 
and autoantibodies produced as a conse- 
quence of immunization with FxlA. Al- 
though antibodies reacting specifically with 
basolateral membrane antigens have not pre- 
viously been implicated in the immunopa- 
thology of Heymann nephritis, there is con- 
siderable circumstantial evidence for their 
existence. Fine, granular deposits of immu- 
noglobulin, detectable at the basal portion of 
many proximal tubule cells in Stage 1 of 
Heymann nephritis become more prominent 
as the disease progresses and are the most 
striking feature of proximal tubule immu- 
nofluorescence in Stage 3 (6). The subepithe- 
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lial location of the deposits and their strict 
limitation to proximal tubules suggest strongly 
that a specific immune reaction accounts for 
their formation (28). It is most likely that 
those deposits form at the base of proximal 
tubule cells by a mechanism similar to the 
reaction in situ that leads to the subepithelial 
accumulation of deposits along the glomerular 
basement membrane in Heymann nephritis. 
Antibodies responsible for the peritubular 
deposits could be identical with, or closely 
related to, those deposited in glomeruli and 
on the brush border. On the other hand, 
since the complex antigenic composition of 
tubule cell membranes may result in the 
production of autoantibodies with a variety 
of specificities (29), those deposited along the 
basolateral membrane may be completely 
unrelated to the anti-brush border antibodies. 
Alternatively, it is possible that the close 
physical association of the anion carrier with 
another membrane antigen, against which 
autoantibodies are directed, results in steric 
hindrance of PAH transport. 

Injection of adjuvant alone was followed 
by a moderate, transient inhibition of the 
transport of PAH, but not TEA. This inhib- 
itory effect of adjuvant treatment is the most 
probable explanation for the reduction in 
PAH transport detected in Stage 1 of Hey- 
mann nephritis and in mild chronic serum 
sickness (1 8). The implication is that adjuvant 
treatment may produce a direct effect on 
organic anion transport. It remains to be 
determined whether this effect on membrane 
function is limited to the kidney. 
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