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A B S T R ACT Nephron filtration rate (sngfr) and the
factors controlling filtration were examined before and
within 60 min of the intravenous infusion of 225-450 Ag
of antiglomerular basement membrane antibody (AGBM
Ab) (> 50% antigenic saturation) in plasma-expanded
(2.5% body wt) Munich-Wistar rats. Pressures in glo-
nmerular capillaries (PG) and Bowman's space (Pt)
were measured with a servo-nulling device, systemic
(l7rA) and efferent arteriolar oncotic pressures (irE)
were measured by microprotein methods, and nephron
plasma flow (rpf) and sngfr were measured by micro-
puncture techniques in both control and post-AGBM Ab
conditions in each rat. The sngfr fell from 52.7±2.9 to
24.1±+1.9 nl/min per g kidney wt (n = 7, P <0.001).
Both afferent and efferent arteriolar resistances increased
and rpf fell from 221±25 to 90±9 nl/min per g kidney
wt (P < 0.001) but the hydrostatic pressure gradient
across the glomerular membrane (AP = PG- Pt) in-
creased from 37±1 to 50±2 mmHg (P < 0.001). The
increase in AP and a numerical decrease in TA both
acted to maintain sngfr after AGBMAb and effectively
nullified the influence of decreased rpf upon sngfr. The
nmean effective filtration pressure (EFP = AP - i) in-
creased from 14±2 to 30±3 mmHg (P < 0.001) while
sngfr decreased. The major and critical reason for this
reduction in sngfr was a decrease in the glomerular per-
meability coefficient from 0.077+0.017 to 0.014+0.001
nl/s per g kidney wt per mmHg (P <0.001) where
sngfr = EFP - L,A.
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Histologic sections revealed no proliferative changes,
and capillary lumens were patent. From examination of
light and electron microscopy we conclude that the loss
of capillary conduits aind surface area was not adequate
to explain the large reduction in L,.A observed. There-
fore, reduction in L,A mtust result from an acute de-
crease in local gloniertilar hydraulic permeability (LP)
probably as a result of swelling and separation of endo-
thelial cells from the glomerular basement menmbrane
observed by electron microscopy.

INTRODUCTION

Acute diffuse glomerulonephritis is a clinical syndrome
characterized by NaCl retention, proteinuria, varying
reductions in glomerular filtration rate, hypertension
secondary to volume retention, and abnormalities of the
urinary sedinment (1-5). The NaCl retention could be
either the result of increased tubular NaCl and water
reabsorption or due to a reduction in filtration rate in
all nephrons. Recent studies have suggested that in-
creased NaCl and water reabsorption is not the only
or even primary cause for volume retention, which leaves
only inimune induced reductions in glomerular filtration
to explain the findings (6-9).

The acute reduction in glomerular filtration rate with
immune injury could be the result of several factors. The
mean effective filtration pressure could be reduced due
to (a) reductions in nephron plasma flow secondary to
vasoconstriction and plugging of capillary lumens with
inflammatory cells, (b) decreased hydrostatic pressure
gradient (AP) due to reduced glomerular capillary hy-
drostatic pressure (PG), and (c) decreased AP as a
result of increased tubular pressure. Alternatively, the
filtration rate may decrease as a result of reductions in
the glomerular permeability coefficient (LPA), which
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could result from either loss of capillary surface area
(A) secondary to inflammatory changes or local reduc-
tions in capillary membrane hydraulic permeability
(LP), in spite of the observed increase in protein per-
meability of the glomerulus (1, 9). It is likely that
several of the above mechanisms are operative in the
early phases of reduced glomerular filtration, but data
on this issue have not been available.

Studies were perfornmed to examine the filtration
process and the forces determining filtration before and
immediately after the infusion of large quantities of
complement-fixing antiglomerular basement membrane
antibody (AGBM\ Ab). This experimental protocol will
permit discrimination of the acute effects of antibody
fixation and immune injury from the later effects of an
established inflanmmatory process and the resulting NaCl
and water retention. All measurements were completed
within 60 min of administration of antibody before the
established cellular inflammatory response within the
capillary.

GLOSSARYOF SYMBOLS
A Glomerular capillary surface area.
AGBMAb Antiglomerular basement membrane antibody.
AR Afferent arteriolar resistance (X 109 dynes-s/

cm5).
C Protein concentration.
CFA Complete Freund's adjuvant.
EFP Effective filtration pressure (EFP = AP-7r)

(mm Hg).
ER Efferent arteriolar resistance (X 109 dynes-s/

cm5).
FENa Fractional sodium excretion (%).
GBM Glomerular basement membrane.
GFR Kidney filtration rate (ml/min per g kidney

wt).
HPE Mean efferent peritubular capillary pressure

(mm Hg).
LpA Total glomerular permeability (60 s/min- LpA

=sngfr/EFP) (nl/s per g kidney wt per mm
Hg).

MAP Mean arterial pressure (mm Hg).
p Plasma count rate.
PO Glomerular capillary hydrostatic pressure (mm

Hg).
Pt Bowman's space or proximal tubular hydrostatic

pressure (mm Hg).
APpHydrostatic pressure gradient across glomeru-

lar capillary (AP = PG- Pt) (mm Hg).
7r Oncotic pressure (mm Hg).
VAs Systemic oncotic pressure (mm Hg).
7rE Efferent oncotic pressure (mm Hg).
rbf Nephron blood flow (nl/min per g kidney wt).
rpf Nephron plasma flow (nl/min per g kidney wt).
snff Nephron filtration fraction.
sngfr Nephron filtration rate (nl/min per g kidney

wt).
UNaV Sodium excretion (,ueq/min).
UprotV Protein excretion (,ug/min).
UV Urine volume (,ul/min).
x* SNormalized glomerular capillary length (di-

mensionless parameter).
- Bar (superscript) designates mean value.

METHODS

Studies were performed in Munich-Wistar rats (190-250 g
body wvt), bred and maintained in a colony housed at the
Veterans Administration Hospital, San Diego, Calif.

Preparationi of AGBMA1b. AGBMAb was produced
by immunizing rabbits repeatedly with 10-20 mg of rat
glomerular basement membrane (GBM) in complete Fre-
und's adjuvant (CFA) prepared by modification of the
Krakower and Greenspon method (8). When nephrotoxic
amounts of AGBMdeveloped, as monitored by induction
of acute proteinuria after intravenous injection in rats,
serum was collected, pooled, absorbed with rat plasma and
peripheral blood cells, and the gamma globulin fraction
separated and concentrate(I by precipitation at a final coIn-
centration of 50% saturated ammonium sulfate. The gamma
g,lobulin fraction thus obtained and a normal rabbit gamma
globulin fraction were pair-labeled with "=I and "I radio-
active iodine, and the amount of kidney-fixing antibody was
quantitated using the paired label technique (9, 10).

Micropnnitcture sttidies oni glomnerliar dynamics before anld
a.ftcr AGBMAb. Surgical preparation for micropuncture
was as previously described in recent studies from this
laboratory (11-15). All micropuncture studies were paired.
The control condition was isoncotic plasma expansion; the
plasma was obtained from donor Munich-Wistar rats on the
morning of the study (13, 14). A volume of plasma equal
to 2.5% body wt was infused over a 60-min period. A
separate infusion of [14C]inulin in isotonic NaCl-NaHCO.1
(0.5%o body wt/h) was begun at this same time and de-
livered at approximately 40 gCi/h. At the end of the 60-min
plasma infusion period, urine flow increased to several times
the hydropenic excretion rates, and the rate of an intra-
venous infusion of isotonic NaCl-NaHCO, was increased
to equal the rate of total urine output and maintain the
degree of volume expansion (13, 14).

Glomerular capillary and Bowman's space hydrostatic
pressure were measured in all available surface glomeruli
utilizing a servo-nlulling device with 1-tim tip pipettes.
Methods for pressure measurement and the mechanics of
the pressure monitoring device were as described previously
from this laboratory (11, 15). At least three samples of
efferent peritubular blood were obtained from "star" vessels
on the kidney surface (11-14). Samples of femoral artery
blood were also obtained concurrently in triplicate for
protein determinations.

Details of the micro-adaptation of the Lowry protein
method (16) have been described in previous publications
from this laboratory (11-14).

After completion of control period measurements, 225 or

450 ug of AGBMAb in a volume of either 0.25 ml (rats
1 and 2) or 0.50 ml (rats 5-8 and 10) was injected intra-
venously over a period of approximately 5 min. The main-

taining infusion was discontinued during AGBMAb injec-
tion to prevent acute volume expansion. 15 min after the
infusion of AGBMAb measurements of glomerular capillary
and Bowman's space pressures, femoral artery and efferent
peritubular capillary blood samples for protein concentra-
tion, nephron filtration rates, and total kidney GFR were
repeated within a 45-min period. At the end of this period,
a sample of renal venous blood was obtained with a hepa-
rinized 25-35-gm tip glass pipette. From femoral arterial
and renal venous concentrations of ["4C] inulin, the total
filtration fraction was determined.

Validity of intlin clearanices after immulne injurv. Both
['4C]mannitol and [3H]inulin were infused at rates sufficient
to perform clearances before and after AGBMAb infusion
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in the same rat to examine the possibility of inulin sieving
across the glomerulus.

Control studies. Control studies were performed using
similar quantities of gamma globulin fractions from rabbits
injected with CFA alone. The protocol and time course of
these studies were identical to those described for AGBM
Ab.

Control studies were also conducted to examine the
effects of immunologic and biologically active materials re-
leased by an Arthus reaction in skeletal muscle, induced by
an antirat IgG antibody. The quantities of antirat IgG
antibody utilized produced a maximum cellular response in
muscle when evaluated by light microscopy and were ap-
proximately 80%o of that which produced systemic hypo-
tension. After intramuscular injection, a 15-min period
elapsed and then measurements were repeated.

Analytic ,niethods. Protein electrophoresis of plasma
samples were performed as previously described (11, 12, 17).
Urine protein concentration was determined by the micro-
adaptation of the Lowry protein method (16, 11-14). Urine
and plasma sodium and potassium concentrations were de-
termined on an Instrumentation Laboratory flame photom-
eter (Instrumentation Laboratory, Inc., Lexington, Mass.).
Total filtration rates, renal plasma flow, and renal blood
flow were calculated as previously described (11-14, 17).
4C counts in plasma, urine, and tubular fluid were moni-
tored on a model 2425 Packard liquid scintillation counter
(Packard Instrument Co., Inc., Downers Grove, Ill.).
Nephron filtration rate (sngfr = UV/P) was calculated
from the total count rate of urine collected per minute
(UV) divided by the plasma count rate (p) (corrected for
plasma water).

Preparation of tissuies for histologic, inmnuno fluorescentce,
anid electron miticroscopic sttudies. Tissue for histologic study
was obtained from both kidneys at the termination of the
experiment, fixed in Bouin's solution for 24 h and postfixed
in 50% ethyl alcohol before embedding for routine paraffin
sections. Hematolylin and eosin, as well as periodic acid
Schiff-stained sections, were evaluated as previously de-
scribed (18). Tissue for immunofluorescence study was snap-
frozen in liquid nitrogen and cryostat sections obtained from
it were fixed and stained for the presence of rabbit IgG
and rat C3 with appropriate controls as previously de-
scribed (19). Tissue for electron microscopy was obtained
by superficial wedge biopsy before disruption of the renal
circulation. The small wedge was immediately diced in
chilled 2%o phosphate-buffered (pH 7.3) glutaraldehyde for
fixation. Tissue was postfixed for 1 h in 1%o phosphate-
buffered osmic acid. It was then dehydrated through a
series of alcohols, washed clear with propylene oxide and
embedded in Epon 812 (Ladd Research Industries, Inc.,
Burlington, Vt.). The sections (500-700 A) were stained
with uranyl acetate and lead citrate and examined between
5,000 and 17,000 magnifications with a Hitachi 11A electron
microscope (Perkin-Elmer Corp., Hitachi-Perkin Elmer
Instruments, Mountain View, Calif.). Portions of two glo-
meruli from each kidney from each rat studied were evalu-
ated.

Albuimlin disappearantce stuidies. The rate of radioactive
albumin disappearance in both control animals and in ani-
mals after injection of AGBMAb was measured to deter-
mine if the antibody produced an acceleration in the rate
of loss of protein from plasma volume. Approximately 10
,uCi of 'I-labeled rat albumin was inj ected into control
rats and rats that had received 225 lug of AGBMAb 15
min earlier. Femoral artery blood samples were then ob-
tained at 15-min intervals for a total period of 90 min after

['lI]albumin infusion. Disappearance rates were expressed
as a percentage of the initial peak ['I]albumin count rate
per 10 Al plasma over the 90-min period.

Calcutlationts. The calculation of superficial nephron filtra-
tion fraction (snff), nephron plasma flow (rpf), nephron
blood flow (rbf), afferent arteriolar resistance (AR), and
efferent arteriolar resistance (ER) was as described in
previous publications from this laboratory (11-15).

The relation between protein concentration and oncotic
pressure (7r) was described by Landis and Pappenheimer
(20). The specific modifications to the equations describing
these relationships have been described in previous publica-
tions from this laboratory (11-15).

Previous studies from this laboratory (11-14, 17) and
the laboratory of Brenner and co-workers (21-23) have
demonstrated that sngfr is determined by and controlled by
changes in four factors: (a) The hydrostatic pressure
gradient acting across the glomerular capillary (AP), (b)
the systemic oncotic pressure ( A), (c) the glomerular per-
meability coefficient (LpA), and (d) the rate of nephron
plasma flow (rpf). The relationship of these four factors is
as follows:

AP = PG - Pt,
where PG=directly measured glomerular capillary hydro-
static pressure and Pt = Bowman's space hydrostatic pres-
sure.

The effective filtration pressure (EFP) can then be de-
fined as follows:

EFP = AP -r.

7r rises along the length of the glomerular capillary (x*)
as a result of the formation of glomerular ultrafiltrate and
the resultant increase in protein concentration (C). The
mean EFP (EFP) is defined as follows:

1 -
EFP = f (AP -)dx*,

where x* = normalized unit glomerular capillary length,
L,, = local capillary hydraulic permeability, and A = glomer-
ular capillary surface area. Changes in rpf modify the EFP
profile by affecting the rate of concentration of protein and
ir along x*.

Utilizing mathematical models of glomerular filtration as
previously described (11, 17) and applying data to the
computer, a profile for EFP and the integrated value for
EFP can be generated. A value for the glomerular perme-
ability coefficient (LpA) is also generated by this method
(sngfr = LpA - EFP). At filtration pressure equilibrium (WrE
-AP) as has been demonstrated for the hydropenic Munich-
Wistar rat (11, 17, 24), a specific numerical value for LpA
and EFP cannot be defined, but rather only a minimal and
maximal possible value, respectively. However, at higher
rates of rpf, produced by isoncotic plasma volume expansion
in this study, the efferent EFP becomes significantly posi-
tive, or AP greatly exceeds 7rE. Under these conditions
specific values may be defined for both LpA and EFP (11,
17). The data required for such determinations include the
systemic and efferent peritubular capillary C, rpf, and AP.

Statistical anialysis. Significance of data between control
and experimental conditions was determined by analysis of
variance and Student's t test (25, 26).
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TABLE I
The Effect of AGBMAb on Urine, Sodium,

and Protein Excretion

Control*
(Plasma expanded AGBMAb* P value

UV,jsl/min 28±41 1.640.3 <0.001
UNaV, jieqlmin 3.3±1.0 0.10±0.03 <0.02
FENa, % 1.85±0.30 0.10±0.01 <0.01
UprotV, g/mmin 2.940.6 2.640.8 >0.7

* n = seven.
t 4SEM.

RESULTS
The effects of AGBMAb. After the infusion of

AGBMAb there was no change in color of the cortical
surface of the kidney, but the capsule was somewhat
less 'tight" than in the control plasma-expanded con-
dition before antibody infusion.

UV fell from 28±4 Al/min in the control condition to
1.6±0.3 ul min (P < 0.001) (Table I). Sodium excre-
tion (UxaV) also fell from 3.3±1.0 peq/min to 0.10
±0.03 ueq/min after AGBMAb (P < 0.02). Fractional
sodium excretion (FENa) fell from 1.85+0.3% to 0.10
±0.01% (P < 0.01). Urine protein excretion (UP,.tV)
was 2.9±0.6 yg/min before AGBMand 2.6+0.8 ug/min
after the infusion (P > 0.7). There was a large and
significant increase in urinary C, but due to the marked
decrease in urine flow, total protein excretion was not
increased acutely. In cage studies, injection of 225 ,g
of AGBMAb increased protein excretion within the
first 24 h after antibody infusion.

The mean sngfr was 52.7±2.9 nl/min/g kidney wt
in the control plasma-expanded condition and fell to
24.4±1.9 nl/min g kidney wt (n = 7) (P < 0.001)
after infusion of AGBMAb (Fig. 1 and Table II).
When all sngfr data were analyzed to determine if
there was more heterogeneity in sngfr within each
animal after AGBMAb, we find that the standard devi-
ation averaged 15% of the mean in control rats com-
pared to 27% after AGBMAb, suggesting a modest
increase in heterogeneity of sngfr. Total kidney filtration
rate (GFR) decreased from 1.5±0.1 to 1.1±0.1 ml/
min per g kidney wt (P < 0.01).

Studies were performed in two animals to determine
if sngfr was reduced as early as 15 min after comple-
tion of the infusion of AGBMAb. In the two paired
studies sngfr decreased in one animal from 56.4±2.2
to 42.6 nl/min per g kidney wt but was not statistically
different in the second animal studied.

The mean rpf decreased from 221±25 in control to
90±9 nI/min per g kidney wt (P < 0.001) after
AGBMAb (Fig. 2 and Table II). The mean rbf de-
creased from 399±47 to 168±20 nl/min per g kidney

wt (P <0.01) (Table II). The mean snff was 0.25±
0.02 in the control state and 0.29±0.04 (P > 0.3) after
infusion of AGBMAb. Individual and overall values
from these studies are shown in Table II.

The mean Pt fell from 20.3±1.7 mmHg to 11.8±1.1
mmHg (P < 0.001). The mean PG was 59.1±2.6 mm
Hg in the control state and 61.9±2.2 mmHg after
AGBMAb (n = 7, P > 0.3). These values were based
upon 14 direct observations in control and 12 after
AGBMAb (Table II). As a result, the mean AP rose
from 37.2±+1.2 to 49.5±2.1 mmHg (P < 0.001, n = 7)
(Fig. 2). Mean efferent peritubular capillary ("star")
pressure (HPE) was 24.5+1.7 in the control condition
and 19.0±1.5 mmHg after AGBMAb (P < 0.02).

The reduction in rpf and rbf were the result of
specific changes in renal vascular resistance. Mean AR
increased from 15.1+2.7 x 109 to 33.7±5.7 X 109 dynes/s
per cm5 (P < 0.001). The increase in mean ER was
even greater, 8.8+1.0 x 109 to 26.6±3.4 X 109 dynes/s
per cm5 (P < 0.001) which accounts for the small
numerical increase in PG (Table II).

The plasma C was numerically lower after AGBMAb
in five of seven rats (5.5±0.2 in control to 4.9±0.3 g/
100 ml) (P > 0.1). The mean systemic oncotic pressure
(TA) was 18.4±1.1 in control to 15.3±1.6 mmHg after
AGBMAb (P > 0.1). This numerically lower systemic
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FIGURE 1 The sngfr in control rats and after the infusion
of AGBMAb. The individual animal mean sngfr is de-
picted on the left for the seven control plasma-expanded
rats and the resulting sngfr in each rat after AGBMAb.
The sngfr fell consistently in each animal.
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TABLE II
Pressures, Flows, Vascular Resistances, and Glomerular Permeability before and after the Infusion of AGBMA b

Rat
no. MAP Po Pt AP sngfr snff rpf rbf AR ER HPE TA TE EFP LpA EFPE-*mm H8 mmHg mmNHg mmHg nni nil/ nl/ X10 X109 mmHgmmHg mmHg mmHg nl/s-g/ mmfHg

min/g
kidney wt

Control plasma expansion
1 108 70.9 27.3 41.6 41.9

41.7* ±0.8 ±0.1 +3.0
n =2 n =6 n =2 n =5

2 119 62.5 17.6 41.2 58.1
±41.6 ±0.4 i 1.6 ±2.2

n = 2 n = 6 7 = 2 n = 5
5 143 57.4 21.8 33.8 44.8

47.8 ± 1.0 ±3.9 43.2
n =2 n =6 n =2 n =5

6 128 61.2 24.3 36.4 49.6
43.9 ±0.9 ±4.6 +2.3

n =3 n =6 n =3 n =5
7 131 59.0 99.6 37.0 54.4

46.1 ±0.4 ±7.8 41.6
n =2 n =6 n =2 n =5

8 145 51.8 16.5 33.8 55.8
±1.0 ±0.2 43.4 ±8.0

n =2 n =6 n =2 n =5
10 121 51.1 15.1 36.6 64.1

±0.3 ±3.8
n=1 n = 7 n=1 n =5

Overall 128 59.1 20.3 37.2 52.7
mean ±5 42.6 ±1.7 ±1.2 42.9

AGBMAb
1 111 68.0 11.3 52.1 18.7

40.8* ±-1.8 ±2.0 ±3.2
n =2 n =6 n =2 n =5

2 110 69.1 14.1 53.8 25.2
40.8 ±2.4

n=1 n =6 n = 1 n =5
5 131 62.6 17.2 46.0 21.9

44.0 40.3 ±4.6 ±-1.9
n =2 n =6 n =2 n =5

6 130 58.2 10.3 47.6 35.1
41.2 ±1.1 42.0 ±4.1

n =2 n =5 n =2 n =5
7 128 54.4 11.7 42.1 23.7

±3.0 ±0.7 ±2.3 ±2.7
n =2 n =6 n =2 n =5

8 134 65.4 8.8 58.4 24.9
40.2 ± 1.6 ± 1.0 ±5.5

n =2 n =6 n =2 n =5
10 132 55.6 9.0 46.6 21.0

±0.5 ±1.3
n=1 n =6 n = 1 n =5

Overall 125 61.9 11.8 49.5 24.4
mean 44 42.2 ± 1.1 ±2.1 ±-1.9

min/g min/g dynes
kidneywt kidney wt .s/cm'

339
±24
n =5
556

±21
n =5
230

±16
n =5
314

414
it = S

373
±11
n = 5
563

481
n =5
417

±25
n =5

399
447

193
±32
n =5
225

±21
n = 5
117

±10
n =5
134

±15
x = 5
109
±13
n = 5
154

434
n =5
245

±16
n =5

0.21 200
+14
n = 5

0.19 306
±12
n = 5

0.36 124
±9

n =5
0.28 180

±8
n =5

0.26 209
±6
n =5

0.18 310
445
n =5

0.29 221
413
n =5

0.25 221
±0.02 425

0.18 104
±18
n =5

0.20 126
412
n =5

0.34 64
±6
n =5

0.45 78
±9
n = 5

0.37 64
±7
n =5

0.29 86
±19
n = 5

0.20 105
±7
n =5

0.29 90
±0.04 ±9

dynes
.s/cm'

8.8 12.0 26.8 17.6 24.8
4 1.5
n =3

8.0 7.2 20.1 19.5 27.0
±1.7
n =3

29.5 12.0 30.0 15.4 29.4
41.6

n = 3
16.7 10.4 28.1 19.5 31.8

±2.2
n = 3

15.2 8.0 26.4 14.8 23.1
±1.0
n = 3

13.6 4.8 22.7 23.7 31.8
± 1.8
n = 3

13.6 7.6 17.7 18.0 30.6
±0.5
n = 3

15.1 8.8 24.5 18.4 28.4
42.7 ±1.0 ±1.7 41.1 41.3

17.6 22.3 19.7 18.5 24.8
±1.4
n = 3

14.4 18.4 22.8 14.8 20.5
±3.4
n = 3

46.3 34.3 21.8 13.1 24.2
47.8
n =3

43.1 31.9 18.3 11.4 27.3
± 1.4
n =3

54.3 33.5 18.2 11.8 23.1
±1.1
n = 3

35.9 33.5 11.0 14.4 23.7
40.6
n = 3

24.7 12.0 21.2 23.1 32.5
45.5
n =2

168 33.7 26.6 19.0 15.3 25.2
420 ±5.7 43.4 ±1.5 ±t1.6 ±1.4

mmHg kidney wI

20.7 0.033 16.8
40.002

18.1 0.055 14.2
40.003

11.4 0.065 4.4
±0.020

10.5 0.079 4.6
40.069

18.4 0.050 13.9
±-0.023

5.4 0.167 2.0
±0.229

12.3 0.089 6.0
±0.004

13.8
±2.1

0.077 8.8
±0.017 ±2.2

30.7 0.010 27.3
40.001

36.5 0.011 33.3
40.001

28.1 0.013 21.8
±0.001

29.7 0.020 20.3
40.002

25.5 0.016 19.0
±0.001

40.0 0.010 34.7
±0.002

19.0 0.018 14.1
±0.001

29.9 0.014 24.4
42.6 ±0.001 ±2.9

P value4 >0.3 >0.3 <0.001 <0.001 <0.001 >0.3 <0.001 <0.001 <0.001 <0.001 <0.02 >0. 1 >0.05 <0.001 <0.001 <0.001

* ±SEM.
t Compared to control group.

oncotic pressure modified the sngfr by providing a posi- of plasma samples in each animal after AGBMAb re-
tive influence upon filtration in most rats (Table II). vealed that 46.6±1.0% of total protein was albumin,
The hematocrit was unchanged by AGBMAb, 44±1% values not different from the control condition. A diffuse
vs. 45+2% (P > 0.5), suggesting that fluid transfer modest increase in protein permeability of all capillaries
from interstitium to plasma was not the reason for the should have resulted in a reduction in the percentage of
numerically lower C and TA. Also protein electrophoreses total protein that was albumin, since. the molecular
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was greater than the control value (P <0.001). The
mean effective filtration pressure (EFP) rose from
13.8±2.1 to 29.9±2.6 mmHg (P < 0.001) (Figs. 3 and

495 4). Since the sngfr decreased to 50% of control while
±2/ EFP increased by more than 100%, the glomerular

permeability coefficient (LPA) must have decreased
markedly and this reduction was the major factor re-
sulting in decreased sngfr. The persistence of a mark-
edly positive EFPE and the increase in this value in
spite of a large reduiction in rpf to hydropenic levels
can only result from a major decrease in LPA.

The mean LPA in the control plasma-expanded condi-
tion was 0.077±0.017 nl/s per g kidney wt mmHg

LpA

.-

3

X.%
*1

SS
as

-J

cp
cp
X

J

0.15

0.12

0.09 -

0.06 F

0.077±
0017

003 1

0.090
±9

P<0.02 * 00/4±
J 000/

0

CONTROL AFTER
ANTI-GBM

FIGURE 2 The AP and rpf in each rat in the control con-

dition (left) and after AGBMAb (right). AP (upper
panel) increased in each rat, and the overall mean increased
from 37.2+1.2 to 49.5±2.1 mmHg. This finding was pri-
marily the result of a large decrease in tubular pressure.

On the lower panel, rpf also decreased in each rat from a

mean of 221+25 to 90±9 nl/min per g kidney wt after anti-
GBM. This decrease in rpf was the consequence of increases
in both ARand ER.

weight of albumin in the smallest of the major protein
subclasses.

During control plasma expansion, before AGBMAb,
the EFP at the afferent end of the glomerular capillary
(EFPA) was 18.8±1.7 mmMg and rose to 34.2±2.5
mmHg after AGBMAb (P < 0.001) both as a result
of the greater AP and decreased 7rA (Fig. 4). The EFP
fell to 8.8±2.2 mmHg at the efferent end of the capil-
lary (EFPE) during the control condition, a value
significantly greater than zero. After AGBMAb the
EFPEi remained significantly positive at 24.4±2.9 and
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FIGURE 3 The LPA and EFP in rats during control and

after AGBMAb (sngfr = L,A-EFP). In the upper panel
LpA fell in each rat from a mean of 0.077±0.017 to 0.014

+0.001 nl/s per mmHg per g kidney wt. Although sngfr
fell, the EFP rose in each animal and the mean value in-

creased from 13.8±2.1 to 29.9±2.6 mmHg. This increase

was primarily the consequence of the increase in AP and

the decrease in L.A. Since EFP increased the decrease in

sngfr was primarily the result of the large decrease in

LpA.
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and fell markedly to 0.014±0.001 nl/s per g kidney wt
mmHg (P < 0.001) within 60 min of the infusion of
AGBMAb (Fig. 3).

The effect of control CFA-stimulated rabbit gamma
globulin fractions upon glomerular filtration. The sngfr
after CFA gamma globulin fraction was not different
from control; 60.0±4.5 nl/min per g kidney wt before
rabbit gamma globulin and 55.9±3.1 nl/min per g
kidney wt after the infusion (n = 4, P > 0.4) (Table
III). The rpf was 272±52 during the control condition
and 232±+13 after gamma globulin infusion (P > 0.4).
PG was 58.8±2.5 mmHg and Pt 21.6±1.9 mmHg in
the control state and 59.2+4.7 and 21.1±1.4 mmHg,
respectively, after the gamma globulin infusion (P >
0.9 and P > 0.8). AP was unchanged at 37.3±3.2 mm
Hg before and 38.0±3.8 mmHg after the gamma glob-
ulin fraction (P > 0.9). Systemic oncotic pressure
(TA) was unaltered at 19.3±0.6 and 18.1+1.2 mmHg,
respectively (P > 0.4). Therefore all directly measured
parameters were not significantly different after similar
quantities of rabbit gamma globulin, demonstrating that
the dramatic changes after AGBMAb were the result
of immune mediated injury. LPA was also not signifi-
cantly different at 0.094±0.026 and 0.076+0.022 nl/s
per g kidney wt per mmHg, respectively (P > 0.5).

The effect of other immunologic events upon the fil-
tration process. To further demonstrate that the results
were specific for the AGBMAb and not just a reaction
to any immunologic event, we have measured sngfr
before and after an intramuscular Arthus reaction in
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FIGuRE 4 The effective filtration pressure (EFP = AP -
7r) along a normalized glomerular capillary length (x*)
during control plasma expansion (left) and AGBMAb
(right). Both afferent EFP and efferent EFP increased
after antibody infusion such that EFP more than doubled.
The EFP remained significantly disequilibrated at the ef-
ferent end of the capillary (AP >> 7rE) in spite of the
large reduction in rpf. This finding and the fall in sngfr
were the consequence of the large decrease in L,A.

TABLE I II
The Effects of CFA GammaGlobulin Fraction on

Glomerular Microcirculation

Control*
(Plasma expanded) CFA* P value

sngfr, nl/min per g
kidney wt 60.0+±4.5$ 55.9±3.1 >0.40

AP, mmHg 37.3+3.2 38.0+3.8 >0.90
7rA, mmHg 19.3+0.6 18.1+1.2 >0.40
rpf, nl/min per g

kidney wt 272±i52 232±13 >0.40
LpA, nl/s per

mmHg per g
kidney wt 0.094+0.026 0.076+0.022 >0.50

* n = four paired.
t ±SEM.

three rats. The sngfr was unchanged with this immuno-
logic event at 48.9+2.0 nl/min per g kidney wt in the
control and 49.2±4.0 nl/min per g kidney wt during
the Arthus reaction in muscle.

Albumnin disappearance studies. Studies in four rats
revealed that 72+6, 65-+-4, and 64+6% of initial counts
of 'I-albumin remained in the plasma at 45, 60, and
75 min, respectively, after the infusion of CFA-stimu-
lated rabbit globulin (control). After AGBMAb, 80+1,
74±1, and 70+2% of initial counts remained at 45, 60,
and 75 min. These studies suggested that administration
of AGBM\ Ab did not increase the rate at which albumin
leaves the plasma volume.

Comparison of inulin and mnannitol clearances before
and after AGBMAb. The ratio of clearance of inulin
to that of mannitol in the control plasma-expanded state
was 0.94±0.02 in simultaneous clearance periods. In
paired studies (12 control and 12 experimental periods
in three rats) the ratio of inulin to mannitol clearances
was not changed at 0.94±0.01 (P > 0.8) by AGBMAb.
Since inulin is at least 25 times the size of mannitol
and the relative clearances were not altered, significant
sieving of inulin was highly unlikely. In view of the con-
stancy of the inulin to mannitol ratio, significant siev-
ing of inulin at the glomerular capillary membrane
would have required a highly improbable and specific
increase in mannitol reabsorption by the tubules after
AGBMAb. Histologic and immunofluorescent studies
revealed no changes in the tubules, such that damage
sufficient to produce reabsorption of mannitol across the
epithelium was not observed. Inulin, therefore, remained
a valid indicator of glomerular filtration after glomerular
injury due to AGBMAb.

Morphologic changes after AGBM Ab infusion.
Light and electron microscopic studies were done to
judge if a loss in A could explain the large decrease
in LPA detected after AGBMAb infusion or whether
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FIGURE 5 (A) The glomerulus from a rat 60 min after infusion of AGBMAb is shown.
Glomerular architecture is well preserved with an increase in neutrophils (arrow) and slight
irregularity of the glomerular capillary wall. (B) The normal architecture of a control glomeru-
lus from a rat 60 min after infusion of CFA-stimulated gamma globulin is shown for com-
parison. In the insert the typical linear deposits of rabbit I-G denoting the presence of AGBM
Ab from a rat similar to that shown in panel A are seen. Original magnification A and B
(X 400) and insert (X 250).

if in the absence of surface area loss the chaniges were
attributable to a reduced glomerular hydraulic l)erme-
ability (L,,). Histologic sections revealed no prolifera-
tive changes after AGBM\ Ab (Fig. 5). Glomerular
capillary lumens were patent. A modest increase in
neutrophils was found in the glomerular capillary lumens
of the rats infused with AGBMAb as early as 15 min
after cessation of the infusion. The neutrol)hils present
were observed more frequently in the outer cortical
glomeruli, which may relate to the apparentlv greater
reduction in sngfr than GFRafter AGBAI Ab. Eveni at
1 h, less than 10% of the loops had visible neutrophils.
The rats infused with the CFA-stimulated control
gamma globulin fraction remained normal.

Glomeruli taken from 15 to 75 min after AGBMAb
infusion revealed abnormalities wvhen studied by elec-
tron microscopy. The endothelium appeared swollen
and was variably separated from the GBAM of some
glomerular capillar-y loops (Fig. 6). Occasionally, loops
had widely separated endothlelium involving most of the
circumference (Fig. 7); however, even in rats with the
most severe changes less than 50% of the endothelium
was clearly separated from the underlying GBMI. In
addition to separation of the endothelium. the endothelial
aspect of the GBMhad a frayed irregular appearance

assumed to represenit the attachment of AGBMI Ab
(Figs. 6 anid 7).

After the infusion of AGBMAb, neutrophils were
observed in the glonmerular capillary lumens (Figs. 7
and 8). At 15 mmin projections of neutrophil cytoplasm
could be seen in the areas of the endothelial fenestrae,
apparently attracted there by the AGBMAb and coIml-
l)lement pr-esent onl the GBAL. With time the neutrophils
displaced the endotlielium and approximated themselves
along the GBMI with nmorphologic evidence of degranu-
lation (Fig. 8). The epithelial aspect of the GBM
renmainied relatively free of change, aside from slight
and variable fusion of epithelial foot processes (Figs.
6-8). No changes wvere observed in the control rats
infused with CFA-stimulated rabbit gamma globulin.

Signi ficantly the decrease in Lp and architectural
changes with AGBAI Ab were not associated with sig-
nificant increased sieving of inulin.

DISCUSSION

Significant alterations in renal function occur within 1
h after the infusion of large quantities of AGBAI Ab.
In spite of the volume expansion produced by prior
infusion of 2.5%cl body wt isoncotic plasma, the adminis-
tration of AGBMAb led to a reduction in both urine
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FIGURE 6 (A) The structure of the glomerular capillary wall from a rat that had received
control CFA-stimulated rabbit gamma globulin is normal when examined at 60 min. (B)
Several changes are apparent in the glomerular capillary wall of a rat 60 min after AGBM
Ab. The epithelial cells (EP) foot process show focal areas of fusion. The endothelial cell
(EN) cytoplasm is swollen and separated in areas from the underlying GBM. The subendo-
thelial aspect of the GBMhas an irregular appearance consistent with the fixation of AGBM
Ab (joined arrows). Original magnification A (X 17,370) and B (X 17,250).

flow and sodium excretion to less than 5% of control,
values near or below that of the hydropenic rat. This
acute sodium and water retention was not the nonspecific
result of the administration of rabbit gamma globulin,
since rats which received gamma globulin maintained
both urine flow and UNaV similar to the control condi-
tion. The major reason for reduced excretion with
immunologic injury was the acute reduction in GFR
and the filtered load of sodium and water. No change in
either sngfr or factors controlling filtration was ob-
served in control animals receiving nonantibody gamma
globulin fractions. Because of the large reduction in
sngfr, absolute tubular reabsorption of both sodium
and water was actually lower than in the period before
AGBMAb administration.

Changes in any of four factors (a) rpf, (b) AP, (c)
'WA, and (d) LPA can potentially reduce the sngfr. In

the present observations, all four factors changed, but
only two factors contributed to a fall in sngfr, the others
acting to maintain or increase filtration rate. Let us
examine the pathogenetic mechanisms which have acted
acutely to alter these factors and the final interaction
of factors leading to the acute reduction in sngfr.

A consistent finding was the large reduction in rpf,
secondary to increases in both AR and ER. As Brenner
et al. have observed, the sngfr is normally highly plasma
flow-dependent in the Munich-Wistar rat (21). The
major reduction in rpf should have been an adequate
single explanation for the fall in sngfr. However, the
present examination was conducted in the plasma-ex-
panded rat where filtration pressure equilibrium did not
occur (13, 14), and under these experimental conditions
sngfr will not change directly in proportion to rpf. If
rpf reduction had been the sole or major mediator of
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FIGuRE 7 (A) A large portion of the endothelium (EN) is separated from the GBMin a
glomerular capillary from a rat 60 min after AGBMAb was given. The subendothelial aspect
of the GBM is irregular with the apparent accumulation of electron dense material. The
epithelial cell (EP) foot processes are generally well preserved with only questionable focal
fusion. (B) The cytoplasm of a neutrophil (PMN) is seen within the lumen (CL) of a
glomerular capillary 15 min after infusion of AGBMAb. Projections of the cytoplasm are
already entering the fenestrae of the endotheliAl cell (EN), apparently attracted by the com-
bination of AGBMAb and complement which is present on the GBM. The epithelial cell foot
processes show some evidence of focal fusion. Magnification A (X 11,600) and B (x 13,880).

the decrease in sngfr, filtration pressure equilibrium
should have occurred as a result of the decrease in rpf
after AGBMAb. The experimental values for rpf was
approximately equal to that of hydropenic, nonexpanded
rats (11, 12, 17). Since the effective filtration pressure
remained significantly disequilibrated after AGBMAb,
other factors influencing sngfr must have also changed.

An important modifying factor on the resultant
sngfr was the change in AP. A very large increase in
AP was observed after AGBMAb to values of 50 mm
Hg, the highest direct measurement that has been
observed in any condition in this species (11-14, 17, 21-
23). Bowman's space pressures fell to values typical
of the hydropenic state (11-13, 17). The fall in sngfr
was probably the major reason for the reduction in Pt.
The smaller numerical rise in PG was the result of
greater increases in ER. The finding of increasing AP

while Pt decreases is unusual in the Munich-Wistar
rat; the pressures usually move in the same direction
with experimental maneuvers (11-13, 17). The only
previous condition in which we have observed this
finding was the transition from control plasma expansion
to that after the infusion of angiotensin II (14). The
changes in AP with this vasoconstrictor were usually
of lesser magnitude than observed with AGBMAb in
this study.

The increase in AP was of sufficient magnitude that
the effects of reduced rpf upon sngfr was nearly nulli-
fied. Had only changes in rpf and AP resulted from
AGBMAb, then sngfr would have decreased less than
20% from the control value. The reduction in rpf re-
sulted from increases in resistance within both the pre-
and postcapillary arterioles. The exact mechanism for
this vasoconstriction is not known. Examination of light
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FIGuRE 8 60-min after infusion of AGBMAb, at least two neutrophils (PMN) can be seen

approximated along the subendothelial aspect of the GBMof a glomerular capillary. The
endothelial cytoplasm (EN) is completely lacking between the PMNand the GBM. In an

adjacent capillary loop in the lower portion of the picture, the endothelium is well preserved.
The epithelial cell (EP) foot processes are reasonably well preserved throughout. An eryth-
rocyte (RBC) is visible within the capillary lumen (CL) in the upper right. (Magnification
X 12,500).

microscopic sections did not reveal pathologic changes
in the arterioles, which imply a functional cause, such
as local release of vasoconstrictor substances. Prelimi-
nary observations with other nephritogenic AGBMAb,
performed since completion of this study, suggest that
the magnitude of change in vascular resistance and rpf
vary both among AGBMAb and with the quantity of
AGBMAb, whereas a reduction in LpA remains a

characteristic early finding with all nephritogenic
AGBMAb studied.

Another modifying effect upon the sngfr after immune
injury was a reduction in systemic C and 7r in five of
seven rats. We have shown in previous studies that
after mannitol infusion large reductions in VA are a

major positive influence upon sngfr. Had the systemic

C not fallen after AGBMAb it is reasonable to assume

that sngfr would have decreased to much lower values
in most animals. If rpf, AP, and TA had changed as

observed but LPA remained constant after AGBMAb
the sngfr would have been approximately equal to the
control value.

The reduction in C was associated with a constancy
of the hematocrit, which is evidence against entry of

fluid into the plasma and dilution of protein. Although
C decreased in a majority of rats, the distribution of

albumin to globulin was unchanged from the control

state. Disappearance studies demonstrated that albumin

exitted the vascular volume at the same rate in rats

infused with AGBMAb and control animals.
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The critical factor leading to the decrease in sngfr
after AGBMAb was the large reduction in LpA. The
LPA, or surface area permeability product, was reduced
to approximately 20% of the normal value for this
strain of rat (13, 14, 17, 27). The absolute value for
LPA after AGBMAb was lower than we have observed
in any other condition in which pathophysiologic re-
ductions in LpA have been observed (12, 13). As
previously noted, there were not sufficient inflammatory
changes during the 1 h after AGBMAb to account for
the decrease in LPA solely as a result of loss of capillary
conduits and A. By exclusion, the reduced LpA must
have resulted from decreases in glomerular hydraulic
permeability (Lu).

The recent studies by Maddox et al. have also demon-
strated a reduction in the glomerular permeability co-
efficient (LpA or Kf) in the autologous phase of AGBM
Ab-induced nephritis, 2-3 wk after the injection of 40
t'g of nephrotoxic Ab (28, 29). In spite of the reduc-
tion in LPA, the filtration rate was unchanged from
control due to compensating increases in rpf and AP.
These investigators concluded that the fall in LPA was
primarily the result of proliferative inflammatory
changes leading to reductions in filtering capillary
surface area. Recent observations (unpublished) from
this laboratory suggest that with lower doses of other
AGBMAb similar findings are noted within 1 h; de-
creased LPA and no change in rpf.

In the present study, changes were noted in the glo-
merular capillary wall by electron microscopy which
probably influenced the ultrafiltration process. There
was a definite separation of the endothelial cell cyto-
plasm from the GBM. Irregular material was also noted
projecting from the endothelial surface of the GBM.
The epithelial cell foot processes and the diameter of
channels between podocytes appeared largely unchanged
and similar to CFA control rats. The rate-limiting bar-
rier for water movement across the glomerulus has not
been defined with certainty. Antibody fixation to the
GBMmay occupy large but not readily quantifiable
percentages of both the effective surface area within
fenestrae and the GBMunder the endothelium. Part
of the explanation for the reduced Lp may be the sepa-
ration of cells from the GBMwhich could provide
another barrier to filtration through interposition of an
"unstirred" compartment. This compartment would con-
tain plasma which would neither be exposed to the nor-
mal rate of shear forces of blood flow nor the mixing
action of erythrocytes, permitting a greater degree of
concentration polarization of proteins and a diminished
rate of ultrafiltration at the GBM. The deposition of
antibody and complement upon the GBMmay have
also contributed to the reduction in Lp by imposing a
different type of barrier to fluid movement.

The effects observed after the infusion of AGBM
were qualitatively similar to those observed acutely
after angiotensin II in the plasma-expanded rats (14).
The rpf fell, AP rose, and LPA was reduced but to a
lesser degree in all respects than has been observed
with AGBMAb. Although the morphologic changes and
antibody deposition may fully explain the changes in
LpA, it remains possible that the acute changes in AR
and ER may be due, in part, to secondary, local angio-
tensin II release within the glomerulus.

Recent studies by Allison et al. have characterized
nephron function in an established, chronic augmented
form of glomerulonephritis after AGBMAb (18). The
nephron effects observed acutely in our study were
much more homogeneous than those which occurred at
the later time of observation in the study of Allison
et al. The present examination has provided evidence
that alterations in glomerular function begins within
minutes of the infusion of AGBMAb. The findings
also suggest that the continued reductions in sngfr are
in part due to reductions in the glomerular perme-
ability coefficient. Further fixed inflammatory changes
and continuing loss of capillary conduits may further
reduce LPA with time through decreases in A.

The present observations demonstrate that within
minutes of the acute infusion of AGBMAb, sngfr falls
precipitously. One of the major reasons for this de-
crease in filtration was a reduction in glomerular per-
meability coefficient which occurred before significant
loss of capillary surface area but with definite electron
microscope changes of the endothelial aspect of the
complex glomerular capillary wall. These experimental
findings may provide a quantitative method for further
examination of the mechanisms leading to reduced glo-
merular permeability and sngfr after antibody fixation.
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