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Functional Adaptation of Nephrons in Dogs with Acute

Progressing to Chronic Experimental Glomerulonephritis
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A B S T R A C T Although a diminished fractional excre-
tion of sodium (FEN.) is the hallmark of acute prolifera-
tive glomerulonephritis (APGN), an enhanced natriu-
resis per glomerular filtration rate (GFR) in the chronic
phases of this disease has been reported. Westudied this
adaptive response utilizing two different split-bladder
dog models with unilateral, and a third group of dogs
with bilateral Masugi's nephritis.

Group I. Six dogs with unilateral nonaccelerated
APGNstudied a mean of 6 days after induction had a
mean base-line APGN/intact kidney GFRof 31/50 ml/
min (P <0.005) and FEN. of 0.2/0.75% (P <0.005).
Acute volume expansion caused a smaller absolute in-
crease in FEN. from the APGNkidney, 1.6%, than from
the intact kidney, 4.0%, (P <0.01). Maximum tubular
secretion of p-aminohippuric acid/GFR (TmPAH/GFR)
measured in three dogs was higher in the APGNkidney
than intact kidney, 13.1 vs. 9.3 mg/dl. Subsequent stud-
ies on three of the six dogs when the disease had become
chronic demonstrated a reversal in the pattern of so-
dium excretion in response to volume expansion.

Group II. Six dogs with accelerated unilateral APGN
(dogs presensitized to antibody source) studied a mean
of 5 days after induction had a mean base-line APGN/
intact kidney GFRof 16/57 ml/min and FEN.I of 0.22/
0.12% (P> 0.1). Contrary to group I, volume expan-
sion caused a greater absolute increase in FEN. from
the APGNkidney, 5.8%, than from the intact kidney,
2.9% (P < 0.05). TmPAH/GFRstudied in four dogs was
similar for both kidneys, 17.9 and 18.5 mg/dl for the
APGNkidney and intact kidney, respectively.
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Group III. Sequential studies were performed on
seven dogs with bilateral nonaccelerated APGN. Initially
each demonstrated sodium retention and a smaller abso-
lute increase in FENS in response to volume expansion
compared to a predisease control study. With disease
progression, volume expansion induced a greater ab-
solute increase in FEN. than in the control study.

We conclude that (a) the fractional excretion of so-
dium from the APGNkidney will be less or greater than
the contralateral intact kidney or control study depend-
ing on the severity and/or chronicity of the disease, pos-
sibly as the result of morphologic alterations; (b) the
degree of extracellular fluid volume expansion is an
important variable influencing similarity of glomerulo-
tubular balance between the APGNand contralateral in-
tact kidney; and (c) the "intact nephron hypothesis" ap-
plies in a limited fashion to kidneys with APGNin the
absence of volume expansion just as it does for kidneys
with chronic glomerulonephritis or pyelonephritis.

INTRODUCTION
Kidneys in patients with acute proliferative glomerulo-
nephritis (APGN)' classically exhibit increased tubular
activity relative to the variable reduction in glomerular
filtration rate as evidenced by sodium and water reten-
tion. Clinical reports indicate that other tubular functions
such as secretion of p-aminohippuric acid (PAH) and
reabsorption of glucose also decrease less than the glo-
merular filtration rate after acute glomerular injury
(1-4). In contrast, Schacht et al. recently reported that
patients studied months to years after an episode of acute

'Abbreviations used in this paper: APGN, acute prolifera-
tive glomerulonephritis; GFR, glomerular filtration rate;
Cs.AH, clearance of p-aminohippuric acid; FENa, fractional
excretion of sodium; TmPAH, maximum tubular secretion of
PAH.
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poststreptococcal glomerulonephritis have exaggerated
salt loss after volume expansion compared to normal
controls (5).

Functional alterations resulting from immunologically
induced glomerular injury have received only limited
attention despite extensive use of these animal models
to investigate the various mediators of damage. Lubo-
witz et al. (6) showed that rats with nephrotoxic ne-
phritis were able to maintain sodium balance when stud-
ied approximately 4l6 wk after the initial injection of
nephrotoxic serum. Glucose titration curves on these rats
were also normal (7). They, as well as Allison et al. (8),
found that glomerulotubular balance in the proximal
tubule was well maintained but that the fractional ex-
cretion of sodium (FEN.) was increased despite a de-
creased single nephron glomerular filtration rate (GFR).
Disease in these animals was severe as indicated by
a marked reduction in GFR and histologic changes
consisting of glomerular, interstitial, and tubular dam-
age. On the other hand, Godon has reported that rats
with mild nephrotoxic nephritis of 4- to 8-wk duration
have a lower base-line fractional excretion of sodium
and a smaller increase in sodium excretion after volume
expansion than normal controls (9). Histologic changes
in these rats were limited to the glomeruli.

Wehave recently reported glomerulotubular balance2
is similar for the remaining functioning nephrons in the
chronically diseased glomerulonephritic kidney and the
contralateral intact kidney in the dog model with uni-
lateral disease (10). Sodium excretion and TmPAH and
reabsorption of glucose per GFR were similar in both
kidneys of these dogs when studied in a nonvolume-ex-
panded nonuremic environment. Similarity of glomerulo-
tubular balance in the diseased and intact kidney, how-
ever, is altered by extracellular fluid volume expansion.
Both the chronically diseased glomerulonephritic and
pyelonephritic kidney exhibit an exaggerated natriuresis
per GFRcompared to the contralateral intact kidney in
response to an acute saline load (10, 11). This suggests
either that the change in internal milieu of the diseased
kidney renders it more responsive to changes in oncotic
or hydrostatic pressure in the peritubular capillaries, or
that the chronically diseased kidney is more sensitive to
a natriuretic substance released during volume ex-
pansion.

In this study we analyzed glomerulotubular functional
relationships in kidneys with acute diffuse glomerular
damage of varying severity and observed their functional
progression with time, both during base-line and volume-
expanded states. Three different dog models with acute
nephrotoxic nephritis were studied. In two of these mod-
els injury was limited to one kidney, the contralateral

2 In this text, glomerulotubular balance refers to the ratio
of tubular function/GFR for the whole kidney.

kidney being protected to maintain a nonuremic environ-
ment and serve as a functional and histologic control.
These dogs had a split bladder with externally draining
cystostomy tubes enabling simultaneous urine collection
from both kidneys. For comparison, bilateral kidney dam-
age was induced in a third model.

METHODS
In the first model, group I unilateral acute proliferative
glomerulonephritis, non-accelerated, six dogs with unilateral
nephrotoxic nephritis were followed during the gradual
progression of their disease process. Because of time limita-
tions imposed by obstructive complications developing from
the split bladder and externally draining cystostomy tubes,
we were able to follow only a limited number of dogs from
acute-to-chronic stages of their nephritis to observe the
changing patterns of sodium excretion. Therefore, in the
second model, group II unilateral acute proliferative glo-
merulonephritis, accelerated, the development of nephrotoxic
nephritis was accelerated by presensitizing six dogs to sheep
IgG (4 mg in complete Freund's adjuvant intramuscularly),
the animal source of our nephrotoxic serum. This was given
1 wk before unilateral injection of nephrotoxic serum. These
dogs were thus exposed to the combined immunologic dam-
age of both the heterologous (sheep antidog glomerular
basement membrane) and autologous (dog antisheep im-
munoglobulin) phases of nephrotoxic nephritis causing im-
mediate and severe damage. Finally, in group III bilateral
acute proliferative glomerulonephritis, sequential studies
were performed on eight dogs given nephrotoxic serum
intravenously, causing bilateral disease.

Details of our method of inducing unilateral nephrotoxic
nephritis in mongrel bitches is described elsewhere (12).
In brief, utilizing an in vivo kidney isolation technique,
we injected approximately 10 ml of sheep nephrotoxic serum
into the left artery of dogs not sensitized to sheep IgG
while only 0.5 ml was utilized in presensitized dogs. All dogs
had undergone a bladder-splitting operation with insertion
of externally draining cystostomy tubes at least 2 wk before
the induction procedure (13). This operation permitted
simultaneous collection of urine from both kidneys. Each
dog underwent a base-line study to ensure similarity of
function in the two kidneys before nephrotoxic serum in-
jection. The potency of our antiserum was only empirically
quantitated.

Group III dogs with bilateral nephrotoxic nephritis re-
ceived from 10 to 20 ml of nephrotoxic serum intravenously
depending on the severity of lesion desired. Before injection
of nephrotoxic serum each dog underwent a base-line study.
Sequential studies were then performed to observe the
evolutional pattern of sodium excretion with progression of
the glomerulonephritis. Dogs were studied usually twice dur-
ing the 1st wk and weekly thereafter. A minimum of 2 days
rest occurred between all studies with two exceptions. These
dogs were not on a fixed salt intake.

For comparison with the group III dogs with bilateral
nephrotoxic nephritis, acute pyelonephritis was induced in
four dogs utilizing the method described by Beeson et al.
(14). The kidneys were exposed through a midline incision.
Multiple punctures of both kidneys were made with a hot
cautery needle, the number of punctures depending on the
severity of damage desired. The following day a broth con-
taining approximately 1 X 106 Escherichia coli was admin-
istered intravenously.
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All dogs were studied while standing in a loosely sup-
portive sling. An i.v. catheter was placed in the fore leg for
infusion of the prime and sustaining solution and in the
hind leg for blood sampling. Food and water were withheld
for 16-18 h before each study with the exception that free
access to water was permitted before TmPAH studies.

Protocols for the various studies were as follows:
Base-line and extracellular fluid volume expansion. After

base-line bloods, a priming dose of creatinine and PAH was
administered followed by a sustaining solution of 3 g/dl
mannitol at 0.25 ml/kg per min containing creatinine and
PAH in concentrations sufficient to maintain the serum
creatinine concentration at 7-10 mg/dl and serum PAH
concentration at 1-2 mg/dl. After a 45-min equilibration
period, four urine collections of approximately 10 min each
were obtained. Blood was drawn in the middle of each
period. The dogs then received 0.85 g/dl NaCl, 75 ml/kg,
infused over 15 min. Three additional 10-min urine collec-
tions were then obtained.

TmPAH. A tap water load of 50 ml/kg was given by
nasogastric tube, and 40 ml/kg 0.45 g/dl NaCl was infused
intravenously over 20 min to hydrate the dogs. Priming
doses of PAH and creatinine similar to the first protocol
were given. A sustaining solution of 0.45 g/dl NaCl con-
taining creatinine and PAH was administered at 0.5 ml/kg
per min. After a 45-min equilibration period, four 10-min
collections of urine were obtained with blood drawn mid-
way through each collection period. A bolus of 20 g/dl PAH
calculated to raise the serum PAH concentration to 30-40
mg/dl was then administered and additional PAH added to
the sustaining solution to maintain it in this range. After
30 min, four additional 10-min urine collections were ob-
tained.

Four group III dogs had chronically implanted polyvinyl-
chloride catheters (1.37 mm OD, 0.64 mm ID) in the
aorta for monitoring blood pressure. Pressure was measured
utilizing a Statham P23Db strain gauge (Statham Instru-
ments, Oxnard, Calif.) and a multichannel recorder (Gilson
Medical Electronics, Inc., Middleton, Wis.). The strain
gauge was positioned at the upper level of the base of the
tail.

The clearance of exogenous creatinine was used as an
index of the GFR; CPAH was used as an approximation of
the renal plasma flow. Maximum urine osmolality (Uma.)
was determined on urine collected after 16-18 h of water
deprivation. Standard formulas were used for the calculation
of creatinine, PAH, osmolal, and free water clearances, fil-
tration fraction, and fractional excretion of sodium and
water.

Analytical methods. Serum and urine creatinine and
PAH concentrations were obtained on an AutoAnalyzer
(Technicon Instruments Corp., Tarrytown, N. Y.) ; osmo-
lality was determined by freezing point depression (Ad-
vanced Instruments, Inc., Needham Heights, Mass.); speci-
mens for Na and K were analyzed on a flame photometer
(Instrumentation Laboratory. Inc., Lexington, Mass.).

Statistical methods. Standard error of mean is used as
an index of dispersion. Significance was ascertained using
Student's t test for paired samples.

Kidney biopsy tissue was studied by light and immuno-
fluorescent microscopic techniques. 2-am sections of the
paraffin-embedded tissue were stained with hematoxylin and
eosin and periodic acid-Schiff reaction. Frozen tissue sec-
tions were stained with commercially prepared fluorescein
isothiocyanate-labeled antisera (Cappel Laboratories, Down-
ingtown, Pa.) against sheep and dog y-globulin and against

dog complement and examined by standard immunofluores-
cence techniques.

RESULTS
Group I. Unilateral APGN, nonaccelerated

Functional studies performed on six dogs with acute
unilateral nephrotoxic nephritis before and immediately
after an acute saline load are presented in Table I. Mean
time of study after nephrotoxic serum injection was 6.2
days. By this time mean GFR in the injected kidneys
had decreased to 31 ml/min compared to the intact kid-
ney GFRof 50 ml/min. CPAH was similar for both kid-
neys; consequently the filtration fraction for the APGN
kidney, 24%, was significantly lower than for the intact
kidney, 40%, P < 0.005. Urinary sodium excretion and
FENa were markedly lower from the APGNkidney than
intact kidney in each of the six dogs, 8.6 vs. 51.1 Aeq/
min and 0.20 vs. 0.75%, respectively, P <0.005. The
fractional excretion of water and free water clearance/
GFRwere not significantly different for the two kidneys
while the osmolal clearance/GFR for the APGNkidney
at 3.3% was less than the 4.1% for the intact kidney,
P < 0.05. Maximum concentrating ability was decreased
for the APGN kidney, 1,145 mosmol/kg, but normal
for the intact kidney, 1,789 mosmol/kg, P < 0.01.

After acute isotonic saline volume expansion, the
GFR in the APGNkidney and intact kidney increased
4 and 12%, respectively, P > 0.05. However, mean CPAH
increased significantly less for the APGNkidney, 11%,
than for the intact kidney, 44%, P < 0.05. Of particular
note was that volume expansion exaggerated the base-
line difference in FENa for the two kidneys. The abso-
lute increase in FENa of 1.6% for the APGNkidney was
significantly less than the 4.0% from the intact kidney,
P<0.01.

Table II presents the results of TmPAHstudies on three
of the foregoing six dogs. Although variable, mean tu-
bular secretion of PAHafter PAH loading was similar
for both kidneys, 4.2 and 4.6 mg/min. Thus, when fac-
tored by GFR, the TmPAHf/GFR was greater for the
APGNkidney than intact kidney for each dog, the mean
being 13.1 mg/dl for the APGNkidneys and 9.3 mg/dl
for the intact kidneys.

Sequential studies were performed on three of the
original six dogs in which the externally draining cys-
tostomy tubes did not become obstructed. Each of these
dogs at times ranging from 14 to 59 days reversed their
sodium excretion patterns in response to extracellular
fluid volume expansion. The results of the initial "early"
study and study at the time of reversal, designated "late"
study, are presented in Table III. Two of the three

IData for the chronic studies on dogs 57 and 75 have
previously been reported (10).
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TABLE I

Base-line Functional Data for Group I Dogs with Unilateral Nonaccelerated

GFR CPAH FF UNaV

Dog Day* APGN IK APGN IK APGN IK APGN IK

ml/min ml/min % teg/min

Base-line functional data
57 7 32 53 128 101 25 52 6.1 59.7
75 13 19 44 108 97 18 46 1.4 58.6
77 5 37 41 125 71 30 45 13.5 54.0
78 6 31 55 174 232 18 24 14.3 57.4

110 3 29 62 110 162 27 39 13.0 38.9
114 3 40 46 162 129 25 36 3.1 37.9

Mean 6.2 31 50 135 132 24 40 8.6 51.1
SEM 3 3 11 24 2 4 2.3 4.1
P <0.005 >0.4 <0.005 <0.005

Results after acute isotonic saline volume expansion
Mean 33 56 148 173 22 33 83.8 373
SEM 4 3 16 16 1 2 24 80
%At 4 12 11 44
Absolute A§ -1 -7 75.3 322
P >0.05 <0.05 >0.05 <0.01

The following abbreviations are used: FF, filtration fraction; UN. V, excretion rate of sodium; FEN.,
fractional excretion of sodium; FEH2O, fractional excretion of water; Cosm, osmolal clearance; CH20,
free water clearance; U,,,, maximum urine osmolality; IK, intact kidney.
* Number of days after disease induction.
t Percent change (after expansion minus base line/base line X 100).
§ Results after expansion minus base line.

TABLE I I
Maximum Tubular Secretion of PAH(TmpAH)*

Base-line After PAH load

GFR CPAH FF FEN, TmPAH TmPAH/GFR

Dog Day APGN IK APGN IK APGN IK APGN IK APGN IK APGN IK

ml/min ml/min % % mg/min mg/dl

Three dogs from group I with nonaccelerated unilateral APGN
57 8 32 57 159 147 20 39 0.17 0.91 3.6 4.0 11.7 8.2
75 7 25 48 106 114 24 42 0.19 0.78 3.1 4.8 15.1 11.7

114 2 54 63 234 191 25 36 0.22 0.64 6.1 4.9 12.6 8.1

Mean 37 56 186 151 23 39 0.19 0.78 4.2 4.6 13.1 9.3

Four dogs from group II with accelerated unilateral APGN
18 8 10 66 31 209 32 31 1.76 0.69 1.6 11.2 22.7 24.4
20 7 7 76 19 176 37 43 1.64 0.53 7.9 9.1 13.5 13.5
31 8 33 52 130 174 25 30 0.85 0.79 8.6 13.0 28.3 29.6

160 6 26 61 104 260 25 24 0.64 0.04 1.5 3.7 7.2 6.4

Mean 19 64 71 205 30 32 1.22 0.51 4.9 9.2 17.9 18.5

* Abbreviations are the same as in Table I.
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APGNand Results after Acute Isotonic Saline Volume Expansion

FENa FEHO Cosm/GFR CH2o/GFR Umax

APGN IK APGN IK APGN IK APGN IK APGN IK

% % % % mosmol/kg

0.14 0.81 1.7 1.8 3.6 4.5 -2.0 -2.8 1,528 2,381
0.05 0.94 1.3 2.2 3.2 5.4 -1.9 -3.3 1,546 1,680
0.26 0.93 2.1 3.0 2.9 3.7 -0.9 -0.9 350 1,518
0.33 0.76 3.2 4.2 3.8 4.5 -0.8 -0.6 596 1,432
0.34 0.48 3.2 2.5 3.4 3.5 -0.4 -1.2 475 1,236
0.05 0.56 1.8 2.1 2.8 3.2 -1.1 -1.2 2,372 2,484

0.20 0.75 2.2 2.6 3.3 4.1 -1.2 -1.7 1,145 1,789
0.05 0.08 0.3 0.4 0.2 0.3 0.3 0.5 326 212

<0.005 >0.05 <0.05 >0.05 <0.01

1.8 4.8 9.1 11.9 5.2 8.2 3.2 2.8
0.4 0.9 1.6 1.1 0.4 0.8 1.3 0.9

1.6 4.0 6.8 9.2 1.9 4.1 4.4 4.4
<0.01 <0.05 <0.05 >0.4

dogs had a moderate-to-marked decrease in APGNkid-
ney GFRbetween the time of the two studies, while the
third had a slight increase. The GFRs of the intact kid-
ney for both studies were relatively similar. The base-line
FENa was lower for the APGNkidney than intact kid-
ney in each of the early studies but higher in two of
three dogs at the time of the late study. However, the
absolute increase in FEN. after isotonic saline volume

expansion for each of the three dogs was now greater
for the APGNkidney than intact kidney in the late study,
whereas in the early study it was less. TmPAHper GFR
for dog 75, initially higher for the APGNkidney than
intact kidney (Table II), became similar for both the
APGNkidney and intact kidney, 12.1 vs. 12.3 mg/dl,
respectively.

TABLE III
Functional Data on Three Group I Dogs with Unilateral APGNfor Early and Late Studies before/after

Acute Isotonic Saline Volume Expansion*

GFR CPAH FEN.

Dog Day APGN IK APGN IK APGN IK

ml/min mi/min %

57 Early 7 32/36 53/56 128/177 101/193 0.1/0.9 0.8/3.4
Late 14 10/11 57/49 56/67 138/187 0.5/5.0 1.1/3.2

75 Early 13 19/19 44/50 108/98 97/135 0.1/1.3 0.9/4.8
Late 49 22/25 52/52 101/111 141/184 0.6/5.9 0.3/4.4

110 Early 3 29/31 62/67 110/128 162/228 0.3/3.5 0.5/5.0
Late 59 1.4/1.9 50/53 7/8 227/247 1.2/5.2 0.1/2.7

* Abbreviations are the same as in Table I.
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TABLE IV
Base-line Functional Data for Group II Dogs with Unilateral Accelerated

GFR CPAH FF UNaV

Dog Day APGN 1K APGN IK APGN 1K APGN 1K

ml/min ml/min % ueq/min

Base-line functional data
18 7 6 44 29 180 22 24 1.7 1.1
20 4 4 60 18 216 24 28 1.2 1.3
30 5 33 85 115 258 28 33 15.6 33.7
31 8 22 33 100 131 22 25 2.3 2.5
46 4 14 60 58 176 25 35 7.9 3.7

160 4 17 59 54 153 32 38 1.8 21.5

Mean 5.3 16 57 62 186 25 31 5.1 10.6
SEM 4 7 16 19 2 2 2.3 5.6
P <0.005 <0.005 <0.005 >0.1

Results after isotonic saline volume expansion
Mean 20 62 75 230 27 27 186 258
SEM 5 7 18 26 0.7 0.8 63 57
%A 29 11 21 26
Absolute A 2 -4 180 248
P >0.05 >0.1 <0.05 >0.1

* Abbreviations are the same as in Table I.

Group II. Unilateral APGN, accelerated

Data for six dogs with accelerated unilateral APGN
is presented in Table IV. Mean time of study was 5.3
days after nephrotoxic serum injection. By this time
mean GFR in the APGNkidney had decreased to 16
mi/min compared to 57 ml/min for the intact kidney.
Mean CPAH was 62 ml/min for the kidney with APGN
and 186 ml/min for the intact kidney with the resultant
filtration fractions of 25 and 31% being significantly
different, P < 0.005. The FENa was higher in five/six
dogs in the APGNkidney than intact kidney, although
the mean FENa for the two kidneys of 0.22 and 0.12%,
respectively, was not statistically different, P > 0.1. The
urinary sodium excretion of 5.1 tteq/min for the APGN
kidney and 10.6 u.eq/min for the intact kidney also was
not statistically different, P > 0.1. The difference in
fractional excretion of water and free water clearance/
GFR for the two kidneys was significant while the
osmolal clearance/GFR was similar for both kidneys.

After acute isotonic saline expansion, the slightly
greater increase in GFRand CPAH in the APGNkidney
did not achieve statistical significance compared to the
intact kidney. The filtration fractions, however, changed
in opposite directions, increasing in the APGNkidney
and decreasing in the intact kidney, P < 0.05. The ab-
solute increase in FENa in the APGNkidney of 5.8%
was statistically greater than in the intact kidney of

2.9%, P < 0.05. This is in contrast to group I dogs in
which the increase in FEN. was less in the APGNkid-
ney than intact kidney. Fig. 1 illustrates the difference
between groups I and II in the sodium excretory pat-

6

w
IL. 3

2

X APGN
[: IK

in
BossiOne VBaseVne FVE

GROUPI GROUPU

FIGURE 1 Comparison of the different patterns of sodium
excretion for the APGNkidney and intact kidney (1K) for
dogs in groups I and II before (base-line) and after (p
VE) volume expansion. Numbers above the bars indicate
mean GFRs.
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APGNand Results after Acute Isotonic Saline Volume Expansion*

FENa FEnio Cosm/GFR CH2O/GFR Umax

APGN IK APGN IK APGN IK APGN IK APGN IK

% % % % mosmol/kg

0.20 0.02 5.6 2.5 3.7 4.0 1.5 -1.6 393 1,977
0.22 0.02 3.2 1.8 4.9 5.0 -1.9 -3.3 684 2,169
0.34 0.28 1.3 0.8 3.2 3.2 -2.0 -2.2 1,203 2,115
0.07 0.05 2.2 1.8 - 1,443 1,824
0.39 0.05 3.1 1.5 4.1 3.8 -1.2 -2.4 564 1,776
0.08 0.27 2.7 2.9 3.8 4.3 -1.3 -1.6 914 1,330

0.22 0.12 3.0 1.9 3.9 4.0 - 1.0 -2.2 867 1,865
0.05 0.05 0.6 0.3 0.3 0.3 0.6 0.3 163 124

>0.1 <0.05 >0.2 <0.05 <0.005

6.1 3.0 16.7 9.3 10.5 7.3 5.1 0.5
1.3 0.5 2.2 1.6 1.4 0.7 1.9 1.4

5.8 2.9 13.7 7.4 6.5 3.2 6.0 2.7
<0.05 <0.01 <0.05 <0.05

terns of the APGNand intact kidney
volume expansion.

before and after

TmPAHstudies undertaken on four of the foregoing six
dogs are also presented in Table II. TmPAHwas less for
the APGNkidney than intact kidney, 4.9 vs. 9.2 mg/min,
respectively. However, when factored by GFR, the
TmPAH/GFRwas similar for both kidneys at 17.9 mg/dl
for the APGNkidney and 18.5 mg/dl for the intact kid-
ney. These results are in contrast to those in group I
dogs (Table II).

Group III. Bilateral APGN

Sequential studies were performed on seven dogs after
nephrotoxic serum injection with an initial control study
obtained for comparison. The study for each dog which
demonstrated the smallest (smallest natriuretic response)
and largest (largest natriuretic response) absolute in-

crease in FENa after isotonic saline volume expansion
was selected and compiled (Table V). In all seven dogs,

TABLE V
Group III Bilateral APGN. Base-Line and Post-Acute Isotonic Saline Volume Expansion Data on Seven Dogs (mean dSEM)

at Three Periods during Progression of Nonaccelerated AGPN: Control, Smallest, and Largest Absolute
Increase in FENa (Natriuretic Response [NR]) after Volume Expansion*

Day GFR CPAH FF UNaV FENa FEH2o BPI Umax Weight

ml/min ml/min % jteq/min % % mmHg mosmol/kg kg

Base-line
Control 0 102412 2661423 39:412 484113 0.3840.14 2.340.6 111i4 1,737±4173 18.1±1.5

Smallest NR 3.1 65+8§ 280436 2442§ 1546§ 0.14±0.05 1.9±0.4 117±5 1,009±181§ 18.1±1.4

Largest NR 10 25±6§ 152±44§ 22±5§ 17±4§ 0.71±0.20 4.740.8 122±7§ 611±117§ 16.941.2§

Results after acute isotonic saline volume expansion
Control 108 ±412 380±46411 30±211 442 ±6511 2.9 ±0.2 10.0 ± 1.411 114±-6
Smallest NR 714±611 343±4911 22±211§ 129±i3111 1.3±0.211§ 5.4±1.011§ 116±5
Largest NR 28±4-7111 163±46§ 26±611§ 193+5411 5.6±1.21§ 14.1±1.311§ 121±6

* Abbreviations are the same as in Table I.
Blood pressure expressed as mean of four dogs.

§ P < 0.05 compared to either base-line control or after volume expansion control study.
11 P < 0.05 compared to its paired base-line study.
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FIGURE 2 Bilateral APGN. Individual data on seven dogs
for the absolute increase in FENa (natriuretic response)
after acute isotonic saline volume expansion at three periods
during progression of their nonaccelerated nephrotoxic
nephritis. The smallest natriuretic response occurred early
in the course of nephrotoxic nephritis and in each instance
before the largest natriuretic response. (*P < 0.05 compared
to control study). For comparison, individual data on dogs
with acute bilateral pyelonephritis are also plotted. These
dogs were studied at approximately the same time after
disease induction as the bilateral APGN dogs when the
latter animals demonstrated their smallest natriuretic re-
sponse.

the smallest natriuretic response study occurred before
the largest natriuretic response study.

Smallest natriuretic response. Mean time of study
was 3.1 days after nephrotoxic serum injection, range 1
h to 9 days. In all dogs the weight at the time of the
smallest natriuretic response and control study was iden-
tical, mean weights for both studies being 18.1 kg. Mean
GFRof 65 ml/min was 69% (range 28 to 95%) of the
control mean GFRof 102 ml/min. Although the mean
CPA,! was higher after nephrotoxic serum at 280 ml/min
compared to 266 ml/min for the control study, this dif-
ference was not significant, P > 0.3. The filtration frac-
tion was significantly lower at the time of the smallest
natriuretic response study, 24%, than for the control
study, 39%, P < 0.005. Base-line control/smallest natri-
uretic response ratios for FEN. of 0.38/0.14%, fractional

excretion of water of 2.3/1.9%, and mean blood pressure
of 111/117 mmHg (recorded in four/seven dogs) were
not significantly different. However, the difference in
maximum urine osmolality of 1,737/1,009 mosmol/kg
was significant, P < 0.05. Acute extracellular fluid vol-
ume expansion resulted in a marked divergence in FEN..
The absolute increase in FEN. of 2.5% during the con-
trol study was significantly greater than the 1.1% re-
corded during the smallest natriuretic response study,
P < 0.005 (Fig. 2). In no instance was the increase in
urinary sodium excretion greater during the acute ne-
phritis study than the control study.

Largest natriuretic response. Mean time after dis-
ease induction for these studies was 10 days (range 1-
20 days). By this time the weight in five of seven dogs
had decreased by 1-2 kg. Mean GFRof 25 ml/min was
27% of the original GFR, range 4-70%. CPAH had de-
creased to a mean of 152 ml/min, P < 0.05 compared to
both the control and smallest natriuretic response studies.
The filtration fraction was still depressed at 22%, P <
0.05 compared to the control study, but was not signifi-
cantly different from the smallest natriuretic response
study. Base-line FEN. of 0.71% was significantly greater
than the 0.14% during the smallest natriuretic response
study, P < 0.05, but not significantly greater than the
control study of 0.38%, P > 0.1. By this time the maxi-
mumurine osmolality had decreased to 611 mosmol/kg
and mean blood pressure in the same four/seven dogs
increased to 122 mmHg, both significant at P < 0.01.
Isotonic saline volume expansion resulted in an absolute
increase in FENa of 4.9% in the largest natriuretic re-
sponse studies, an increase significantly greater than both
the smallest natriuretic response (P <0.005) and con-
trol (P < 0.05) studies (Fig. 2). Volume expansion did
not change the mean blood pressure significantly in any
of the three studies.

For comparison with the bilateral APGN studies,
acute bilateral pyelonephritis was induced in four dogs.
The data for the control and acute pyelonephritis studies
undertaken approximately 4 days after the induction
procedure, the same interval after disease induction as
the smallest natriuretic response study, are presented in
Table VI. Each dog lost 1-2 kg by the time the acute
pyelonephritis study was performed; thus it is likely all
were volume contracted. Mean GFRwas 95 ml/min be-
fore and 41 ml/min after pyelonephritis, but the severity
of disease was quite variable with GFRreductions rang-
ing from 12 to 67% of the original GFR. Although the
mean urinary sodium excretion was similar before and
after disease induction, 22.0 vs. 21.9 teq/min, there was
marked individual variation. Base-line FENa was higher
after pyelonephritis for three of four dogs with the over-
all mean being 0.17% before and 0.78% after pyelone-
phritis induction. The absolute increase in FEN. with
extracellular fluid volume expansion during the control
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TABLE VI
Functional Data before (C) and after Induction of Acute Pyelonephritis (P) during Base-Line

Conditions and after Acute Isotonic Saline Volume Expansion*

GFR CPAH UNaV FENa UmAX Weight

Dog Day C P C P C P C P C P C P

ml/min mi/min Wcq/min % mosmol/kg kg

Base-line
55 4 107 71 264 197 58.3 2.4 0.46 0.03 1,587 1,617 20.9 18.8
65 4 62 17 151 52 6.3 32.6 0.07 1.42 1,365 429 17.7 16.0
70 5 96 12 260 39 18.6 19.8 0.13 1.31 1,711 438 15.2 12.4
72 4 116 63 293 171 4.9 32.9 0.03 0.37 1,173 520 18.6 17.4

Mean 95 41 242 115 22.0 21.9 0.17 0.78 1,459 751 18.1 16.2
SEM 12 15 31 40 12.5 7.2 0.10 0.34 119 289 1.2 1.4

Results after acute isotonic saline volume expansion
Mean 100 46 349 171 324 398 2.3 7.4
SEM 5 17 56 64 55 119 0.4 1.3
%OA 9 14 47 42
Absolute A 302 376 2.1 6.6
P >0.3 >0.3 >0.3 <0.005

* Abbreviations are the same as in Table I.
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FIGURE 3 Biopsy from dog 57 APGNkidney at time of group I study. Glomeruli have in-
creased cellularity, an influx of polymorphonuclear cells, swelling of endothelial and mesangial
cell cytoplasm, and deposition of mesangial-matrix-like staining material in the mesangium.
Tubule epithelial cells show hydropic swelling but otherwise are intact (X 235, periodic acid-
Schiff) .
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FIGURE 4 Biopsy from dog 57 APGNkidney at time of late study when the sodium excretion
pattern was reversed compared to the early study. Marked tubular and interstitial damage is
present along with changes of chronic glomerular injury (X 235, periodic acid-Schiff).

studies was 2.1%; after pyelonephritis induction this in-
creased to 6.6%, P <0.005 (Fig. 2). In two dogs, 55
and 72, despite lower GFRs, the absolute increase in
urinary sodium excretion was greater after pyelonephri-
tis.

Histology
Needle biopsies of the kidneys were obtained through

flank incisions within 2 days of the time of the reported
study on most dogs.

Immunofluorescence microscopy. The APGNkidneys
in all three groups had the typical linear deposits of
sheep and dog IgG. However, the intensity of sheep IgG
was significantly less in group II APGNkidneys be-
cause of the smaller amount of nephrotoxic serum in-
jected. Dog complement was present in an interrupted
linear and diffuse granular pattern along capillary loops,
and fibrinogen was occasionally present in Bowman's
space. The intact kidneys in groups I and II were usually
completely negative except for dog IgG which was
present in varying intensity. Only rarely could a trace
amount of sheep IgG and dog complement be detected.
Tubules of APGNand intact kidneys in all groups were
negative.

Light microscopy. The glomeruli in the APGNkid-
neys in group I had increased cellularity, an influx of
polymorphonuclear cells, swelling of endothelial and
mesangial cell cytoplasm, occasional thickening and split-
ting of the basement membrane and deposition of mesan-
gial-matrix-like material in the mesangium. Hydropic
swelling was present in many tubule epithelial cells and
erythrocyte casts were abundant in tubule lumina. The
interstitium rarely contained inflammatory cells (Fig.
3). The glomeruli in the intact kidney were normal with
only an occasional glomerulus having a focal segmental
increase in cellularity. The histologic changes in the
APGNkidney at the time of the late study were pri-
marily those of chronic disease. Many glomeruli had
varying degrees of sclerosis and the remainder demon-
strated increased cellularity. The most striking differ-
ence was in the interstitium which contained areas of
tubular ablation or dilatation and foci of scarring and
chronic inflammatory cell infiltration (Fig. 4). The
APGNkidneys in group II had glomerular changes
similar to group I but all contained significant inter-
stitial damage. Interstitial edema was diffusely present
along with interspersed areas of tubular destruction or
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dilatation and clusters of chronic inflammatory, cells
(Fig. 5). The intact kidney glomeruli in group II were
nearly free of pathologic changes with only an occasional
glomerulus showing increased cellularity. Histological
alterations in group III dogs at the time of the smallest
natriuretic response study were similar to the APGN
kidney in group I (Fig. 6) while interstitial and tubular
destruction, similar to that in the late group I and group
II APGN kidneys, were present at the time of the
largest natriuretic response study (Fig. 7).

DISCUSSION
Previous studies on functional adaptation of remaining
nephrons in the diseased kidney have primarily involved
chronic interstitial and, more recently, chronic glo-
merular disease (6, 10, 15). The present studies focus
on the adaptive response of nephrons in kidneys with
acute immunologic glomerular injury. By studying dogs
with unilateral Masugi's nephritis we were able to com-
pare glomerulotubular balance in kidneys with acute pro-
liferative glomerulonephritis of varying severity and

contralateral intact kidneys in the nonuremic environ-
ment.

Group I and group II dogs were studied at the same
time interval after disease induction. However, the func-
tional and histologic changes were more severe in the
APGNkidneys in group II because of presensitization
of the dogs to sheep IgG, the animal source of the
nephrotoxic antibody.

When studied early in the disease process, the func-
tional characteristics of the APGNkidney in group I
dogs corresponds to that seen in patients with a similar
pathologic lesion. Similarities include an increase or
only slight decrease in CPAHI coupled with a variable de-
crease in GFR which results in a decreased filtration
fraction. Furthermore, the FEN. from the APGNkidney
was less than the contralateral intact kidney while maxi-
mumtubular secretion of PAH per GFRwas higher for
the APGNkidney than intact kidney. This corresponds
to sodium and water retention and an increased TmPAH/
GFR in patients with APGN (1-4). The slight differ-
ence in base-line spdium excretion between the two

hr e _AM, A ...... :- _ ~ I--_d d __MF 1h,F, , w................ 1,M -,,` 3;S,F; -A A,_

FIGURE 5 Biopsy from dog 46 APGNkidney at time of group II study. Glomeruli have a
moderate increase in cellularity. Most tubules are in varying degrees of disintegration. Small
foci of acute and chronic inflammatory cells are present in the interstitium (X 385, periodic
acid Schiff).
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FIGURE 6 Biopsy from dog 58 with bilateral APGNat time of smallest natriuretic response
study. Glomeruli show increased cellularity with cytoplasmic swelling, along with thickening
and splitting of the basement membrane. Tubules and interstitium are relatively normal except
for hydropic swelling of tubular epithelial cells (X 235, periodic acid-Schiff).

kidneys was exaggerated by extracellular fluid volume
expansion. While the kidney with APGNwas able to
respond to an acute saline load, the absolute increase in
FEN. was significantly less than for the intact kidney.

The functional pattern of the APGNkidney in the
group II dogs exhibited marked differences compared
to the APGNkidney group I dogs even though studied
at the same time interval after nephrotoxic serum in-
jection. Both the GFR and CPAH were lower than in
group I, and the base-line FENa was slightly, but not sig-
nificantly, higher than the contralateral intact kidney.
However, extracellular fluid volume expansion elicited
a greater absolute increase in FEN. from the APGNkid-
ney than the contralateral intact kidney, a result op-
posite to the group I studies. In addition, maximum tu-
bular secretion of PAH per GFRwas similar for both
the APGNand intact kidney, also in contrast to the
group I studies. These results for the group II studies
are similar to those reported for the unilateral pyelo-
nephritic and chronic glomerulonephritic dog models
(10, 11, 15, 16).

Three of the original six group I dogs survived long
enough for follow-up chronic studies. All exhibited a
reversal of the APGNkidney/intact kidney sodium ex-
cretion pattern in response to extracellular volume ex-
pansion with the APGNkidney having a greater ab-
solute increase in FEN. than the intact kidney. These
results are similar to those seen in the group II studies.
It is interesting to note that in dog 75, despite a stable
GFR in the diseased kidney, the sodium excretory pat-
tern changed as the disease became chronic.

Sodium handling by the intact kidney in both models
I and II was similar to the intact kidney in the dog
model with a unilateral remnant or pyelonephritic kidney
(11). Thus, it seems unlikely that a circulating anti-
natriuretic substance was responsible for decreased so-
dium excretion by the APGNkidney in group I.

The evolving functional pattern of sodium handling
in dogs with bilateral nephrotoxic nephritis was simi-
lar to the APGNkidney in group I dogs. As compared
to the prediseased state, there initially was sodium re-
tention and a decreased natriuretic response to extracel-
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lular fluid volume expansion. As the disease progressed,
the base-line FEN. increased (as would be necessary to
maintain sodium homeostasis with a decreased GFR),
and there was an exaggerated natriuretic response to
extracellular volume expansion. These dogs were not on
a fixed salt intake. However, at the time of the smallest
absolute increase in sodium excretion in response to
volume expansion, body weight had not changed signifi-
cantly suggesting they were not volume contracted. Fur-
thermore, comparison with dogs with bilateral pyelone-
phritis, studied at the same time interval after disease
induction when all the latter animals had lost weight and
presumably were volume contracted, showed that all the
pyelonephritic dogs had an exaggerated natriuretic re-
sponse to volume expansion compared to their base-line
studies.

The severity of damage to the APGNkidney as re-
flected by the percent reduction in GFRwould appear to
predict the functional pattern of sodium excretion in
most instances. In group I all APGNkidneys had a
GFR greater than 40% of the intact kidney while in
group II, five of the six APGNkidneys had a GFR

less than 40% of the intact kidney. Similarly, with
bilateral disease six of the seven in the smallest natriuretic
response group had a GFR greater than 40% of the
control study while in the largest natriuretic response
study five of the seven had GFRs less than 40%. In con-
trast, even with a mild reduction in GFR, the pyelone-
phritic kidneys demonstrated exaggerated natriuresis in
response to volume expansion. Histologically the most
prominent differences among the APGN kidneys in
groups I and II were the presence of interstitial edema,
inflammatory cell infiltrates, and evidence of tubular
destruction in the group II APGNkidneys. Thus, the
presence of interstitial or tubular damage may be a
major determinant of the degree of natriuresis in re-
sponse to volume expansion in addition to the absolute
reduction in GFR.

Godon has recently reported that rats with mild
chronic nephrotoxic nephritis have a decreased base-line
FENa and a decreased natriuretic response to volume ex-
pansion compared to control rats (9). The pathologic
alterations in these kidneys were limited to the glomeruli,
and thus his findings are compatible with our observa-_~~~v -41 ::
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FIGURE 7 Biopsy from dog 50 with bilateral APGNat time of largest natriuretic response
study. Glomeruli show increased cellularity, similar to that seen in Fig. 5, and thickening of
capillary loops. There is extensive tubular and interstitial damage (x 235, periodic acid-Schiff).
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tions for the APGNkidney in group I and the smallest
natriuretic response study in group III dogs with bi-
lateral disease. Lubowitz et al. (6) and Allison et al. (8)
found the FENA in rats with moderate-to-severe nephro-
toxic nephritis to be increased despite a decreased single
nephron GFR. Histologic changes in these rats were
more severe than those reported by Godon and included
interstitial and tubular as well as glomerular damage.
Thus their results are compatible with our findings for
the APGNkidney in group II and in the largest natri-
uretic response study in group III dogs with bilateral
disease.

The influence of the underlying pathologic lesion on
the functional response of the remaining nephrons in a
diseased kidney has received only limited attention. So-
dium and water retention are clinical hallmarks of
APGNwhile increased sodium excretion is described
in pyelonephritis. Gonick et al. (17), and Kleeman et al.
(18) found a higher proportion of salt wasters among
patients with tubular than with glomerular disease while
on a low salt diet. However, recently, Schacht et al.
(5, 19) reported increased sodium excretion after saline
loading in patients studied months to years after an at-
tack of acute poststreptococcal glomerulonephritis as
compared to a control population. Although these au-
thors describe persistent glomerular changes on repeat
kidney biopsy, they do not comment on the presence or
extent of interstitial or tubular damage (19).

In their exposition of the "intact nephron hypothesis,"
Bricker et al. (15) emphasized the similarities and mini-
mized the differences in glomerulotubular balance be-
tween the chronically diseased and control kidney in
animals with unilateral disease. However, the base-line
FENa is actually significantly higher for the pyelone-
phritic kidney than control kidney even though the dif-
ferences are small (11). The absolute difference in FEN.
between the pyelonephritic and control kidney is approxi-
mately the same as the absolute difference in FEN. be-
tween the kidney with APGNand intact kidney in group
I, although in opposite directions. These differences are
exaggerated by volume expansion suggesting that the
degree of volume expansion is important in determining
similarity of whole kidney glomerulotubular balance for
sodium in the diseased and control kidney in both of
these models. Thus the differences appear to be signifi-
cant, not so much during stable base-line conditions,
but whenever the animal receives a natriuretic stimulus.
Nevertheless, the degree of similarity of glomerulo-
tubular balance for the APGNand intact kidney under
base-line conditions is remarkable considering the
marked pathologic alterations in the APGNkidney.

Postglomerular oncotic pressure, as indicated by the
filtration fractions, cannot explain the difference in base-
line sodium excretion between the APGNkidney and

intact kidney in group I although it might conceivably
do so in the group II dogs. It is of interest in this re-
gard that Maddox et al. (20) recently reported that
absolute and fractional fluid reabsorption in the proxi-
mal tubule of rats with mild nephrotoxic nephritis and a
normal single nephron GFR, but a decreased filtration
fraction, were less than in control rats. The changes in
filtration fraction induced by volume expansion in the
APGNkidney in groups I and II also do not parallel
the different patterns of sodium excretion. However,
filtration fractions must be interpreted with caution in
these dogs until more information is available regard-
ing PAH extraction ratios. It is also conceivable that
creatinine could leak out of the damaged nephrons
thereby giving both a falsely low GFR and filtration
fraction. Allison et al. (8), however, could find no indi-
cation of this using inulin for GFRmeasurement.

Wehave previously reported the pyelonephritic kidney
in the unilateral dog model to be more sensitive to altera-
tions in hydrostatic and oncotic pressure than the contra-
lateral control kidney suggesting that changes in internal
milieu of the diseased kidney are responsible for this in-
creased sensitivity to changes in Starling forces (21).
These studies, along with our present observations, sup-
port the concept that the pathological alterations within
the kidney are responsible for its ultimate functional
pattern. However, they do not definitively exclude the
elaboration of a locally released antinatriuretic substance
or increased degradation of (or unresponsiveness to) a
natriuretic substance by the kidney with APGNof mild
degree. They also do not exclude an increased sensitivity
of the more severely damaged kidney with APGN,
chronic glomerulonephritis, or pyelonephritis to a natri-
uretic substance. Finally, the intact nephron hypothesis
applies in a limited fashion to kidneys with acute pro-
liferative glomerular disease under base-line conditions,
just as it does for kidneys with chronic glomerulonephri-
tis or pyelonephritis. The similarity of whole kidney glo-
merulo-tubular balance for sodium in the diseased and
contralateral control kidneys in the dog model with uni-
lateral disease is largely determined by the degree of
extracellular fluid volume expansion.
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