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Summary. The metabolic behavior of C'3 labeled with radioactive iodine was
investigated in 10 normal subjects and in 20 patients with diseases in which
complement is thought to play a pathophysiological role. The mean frac-
tional catabolic rate of C'3 in normal subjects was 2.3 ± 1.0% of the plasma
pool per hr, whereas the fractional catabolic rate of C'31, the inactive conver-
sion product of C'3 produced by complement activation, was at least five
times as great.

Increased catabolic rates were found in some patients with acute glomeru-
lonephritis, systemic lupus erythematosus, idiopathic nephrotic syndrome of
childhood, and progressive glomerulonephritis. Depressed synthesis was
found in each of four studies of patients with progressive glomerulonephritis
and seemed to be the major factor in the lowering of plasma C'3 concentra-
tions regularly observed in patients with this disease. Of three patients with
acute glomerulonephritis, synthesis rates of C'3 were markedly depressed in
one subject, at the lower limit of normal in another, and entirely normal in
the third. Increased extravascular: plasma pool ratios were observed in the
studies of C'31 metabolism in a normal subject, and of C'3 metabolism in two
of three patients with acute glomerulonephritis, in one of four patients with
systemic lupus erythematosus, and in one patient with idiopathic nephrotic
syndrome. The increased pool ratios are possibly compatible with tissue
attachment of part of the injected C'3 or its conversion products.
No important abnormalities of metabolism were found in patients with ac-

quired hemolytic anemia, paroxysmal nocturnal hemoglobinuria, hereditary
angioneurotic edema, or rheumatoid arthritis.
By means of antigen-antibody crossed electrophoresis, C'31 could be demon-

strated in the fresh plasma of three of eight patients who had acute glo-
merulonephritis. This finding was used as evidence for in vivo complement
activation in this disease. Since C'3I was demonstrated only in plasma from
patients with very low plasma concentrations whose onset of symptoms was
very recent, there may be two phases in the metabolism of C'3: early comple-
ment activation with resultant increased catabolism and later depressed syn-
thesis, both of which lead to lowered serum concentrations.
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Introduction

Progress in our understanding of complement
activation in vitro has been greatly facilitated in
recent years by the isolation of several complement
components in relatively pure form (1, 2). These
achievements have also made possible, for the first
time, the study of the metabolism of these com-
ponents in normal subjects and in patients with
diseases in which serum total hemolytic comple-
ment concentration is lowered, or in which com-
plement is thought to be involved in a patho-
physiological way.

In the present report we are concerned with the
metabolic behavior of C'3, or its conversion prod-
ucts, in normal subjects and in patients with acute
glomerulonephritis, progressive glomerulonephritis,
systemic lupus erythematosus, and several other
conditions. It is known that C'3 concentration in
serum is regularly low in patients with acute and
progressive glomerulonephritis and is often low in
patients with systemic lupus erythematosus (3-7).
We have investigated the mechanisms that lower

the serum C'3 concentration in these patients by
examining the fate of intravenously administered,
radioactive iodine-labeled C'3. In addition, the
fresh plasma from a group of such patients has
been examined for evidence of circulating, inactive
conversion products by the sensitive antigen-anti-
body crossed electrophoresis technique of Laurell

(8).
Some of our early studies of the behavior of 131I-

labeled C'3 in normal subjects and in patients with

progressive and acute glomerulonephritis have

been reported briefly elsewhere (9).

Methods

Patients. A summary of some pertinent clinical data

of the patients studied with C'3 labeled with radioactive

iodine is given in Table I. Each patient received five

drops of a saturated solution of potassium iodide by
mouth three times daily, immediately before and through-
out the metabolic studies in order to block uptake of
labeled iodine by the thyroid.
Normal subjects. 10 physicians (age, from 26 to 36

yr), including 9 males and 1 female, served as normal

subjects. All were in apparently excellent health. They
also received potassium iodide during the metabolic stud-

ies.
Preparation and labeling of C'3. For the earlier stud-

ies, C'3 was prepared from the serum of hepatitis-free
blood donors by the original method of Mfiller-Eberhard,

Nilsson, and Aronsson (10) (C'3 I). When the improved
method of Nilsson and Mfiller-Eberhard became available
(11), C'3 was prepared for the later studies by the newer
technique (C'3 II). These methods were applied without
modification, with the exception of the newer method in
which fractions from hydroxylapatite chromatography
containing only C'3, as judged by Ouchterlony analysis
with antisera to whole human serum and to partially
purified C'3, were not concentrated by euglobulin precipi-
tation. Instead, these pooled fractions were dialyzed
overnight at 40C against two changes of 20-40 volumes of
starting buffer for TEAE cellulose chromatography.
The fractions were then passed over two small columns
containing about 6 ml of packed TEAE cellulose equili-
brated with starting buffer and connected in tandem.
The columns were disconnected after the material had
completely washed through and the C'3 from each was
eluted in a small volume with 0.15 M phosphate buffer at
pH 6.0.

Purified C'3 was labeled either with 'I or 'I by the
iodine monochloride technique of McFarlane (12) or
with a modification of this method (13). Radioactive io-
dine, not bound to protein, was removed by exhaustive
dialysis in the cold against 0.03 M phosphate buffer at pH
8.1. After dialysis at least 97% of the label was precipi-
tated by 10% trichloroacetic acid. We added sterile hu-
man serum albumin to solutions of labeled C'3 to reduce
self-irradiation of the protein and the solutions were
passed through Millipore filters for sterilization.
Purity and homogeneity of labeled C'3. Labeled C'3 I

was about 82% pure, as judged by precipitation of la-
beled protein by a monospecific antiserum in antibody
excess. Paper electrophoresis (14) and radioautography
revealed the label to be in the form of a band with the
mobility of C'3 with some label trailing from the origin.
On immunoelectrophoresis (15) and radioautography,
two low concentration contaminants could be detected
with an antiserum to partially purified C'3. These prob-
ably were betalH globulin and C'5 (11). Using the latter
techniques, we found that after incubation with hydrazine
(16, 17) or EAC'1.4,2 (16) the major radioactive arc was
transformed into an arc with the mobility of C'31 (2).

Labeled C'3 II was studied in starch gel (18) and aga-
rose (19) electrophoreses and by radioautography of the
stained runs. These patterns are shown in Figs. 1 and 2.
As can be seen, the radioactivity was essentially in the
C'3 band. When labeled C'3 was added to sterile normal
human serum and the mixture allowed to stand at room
temperature (25-26°C) for 5 days, both the agarose elec-
trophoretic pattern and the radioautograph of this pattern
showed a band in the rapid beta region, corresponding
to the mobility of C'31; however, the original C'3 band
had completely disappeared.
Both preparations after labeling and Millipore filtration

were as effective in restoring the total serum hemolytic
complement activity of a patient with progressive glo-
merulonephritis as the unlabeled, unfiltered material (4,
20). This finding confirms the observation that labeling
with radioactive iodine does not alter the complement ac-

tivity of C'3 (21).
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IN VIVO BEHAVIOR OF HUMAN C'3

TABLE I

Clinical data

Duration of
Subject Diagnosis* Sex Age symptoms Therapy$ Comments

C.B.C. SLE F 16 3 months ASA Hct 20%. Retics 1.2%, Coombs -, LE cells present
M.J.P. SLE F 15 2 yr pred. Hct 38%, Retics 12.7%, Coombs +, LE cells present
D.L. SLE F 14 1.5 months None Latex fixation positive, LE cells present
S.F. SLE F 8 1.5 Hct 24%, Retics I%, Coombs,-, LE cells present
J.F. AGN F 11 4 days pen. BUN 53 mg/100 ml, proteinuria 2.2 g/24 hr
S.T. AGN M 9 2 BUN 50 mg/100 ml, proteinuria 0.61 g/24 hr
B.B. AGN M 6 3 BUN 21.5 mg/100 ml, proteinuria 0.1 g/24 hr
V.0. PGN F 13 2 yr None BUN 25 mg/100 ml, proteinuria 5.6 g/24 hr
J.L. PGN F 12 4 " " BUN 13 mg/100 ml, proteinuria 2.1 g/24 hr
J.G. PGN M 14 2 pred. Serum creat. 1 mg/100 ml, proteinuria 4 g/24 hr
K.O. NS M 9 5 Serum creat. 0.55 mg/100 ml, proteinuria 0.9 g/24 hr,

chol. 248 mg/100 ml
M.J.K. NS F 9 4 Serum creat. 0.52 mg/100 ml, proteinuria 4.4 g/24 hr.

chol. 253 mg/100 ml
P.A. AHA M 69 2 months pred. chloramb. Chronic lymphocytic leukemia, Coombs +, WBC 300,000
H.L. AHA M 75 20 yr None Cold agglutinin titer 1:10,240, cryoglobulin +
M.S. PNH F 28 6 " FeSO4 Hct 35%, Retics 8%, Ham test +
S.P. PNH M 45 6 " None Hct 26%, Retics 14%, Ham test +
A.T. HANE M 40 32 Symptomatic during study, El 0 U/ml
H.A.S. HANE M 48 41 Asymptomatic during study, El 0 U/ml
M.R. RA F 12 5 ASA Latex fixation test positive
D.S. SGN F 11 1 month None Serum creat. 1.28 mg/100 ml, proteinuria 3.5 g/24 hr.

glomerular crescent formation and adhesions

* SLE, systemic lupus erythematosus; AGN, acute glomerulonephritis; PGN, progressive glomerulonephritis; NS, idiopathic nephrotic syn-
drome; AHA, acquired hemolytic anemia; PNH, paroxysmal nocturnal hemoglobinuria; HANE, hereditary angioneurotic edema; RA, rheumatoid
arthritis; SGN, subacute glomerulonephritis.

I ASA, acetylsalicylic acid; pred., prednisone; pen., penicillin; chloramb., chlorambucil.

Preparation of labeled C'3,. On two separate occasions,
3"I-labeled C'3 was converted to labeled C'3, for meta-
bolic studies of normal subject R.W. To sterile serum
from this subject, we added 'I-labeled C'3 in veronal
buffer with calcium and magnesium (22). A thrice-
washed specific precipitate of rabbit anti-bovine serum
albumin and bovine serum albumin was added and the
mixture was incubated at 370C for 30 min. The precipi,
tate was then removed by centrifugation and the super-
natant sterilized by Millipore filtration. Approximately
5%o of the radioactivity remained on the specific precipi-
tate after washing with ice-cold phosphate buffered
physiological saline at pH 7.4. When the supernatant
was examined by agarose electrophoresis and radioautog-
raphy, 90% or more radioactivity was in the form of C'31.
Administration of labeled proteins. Each subject re-

ceived 2-10 1uc of either 'I- or 'I-labeled C'3 intrave-

F* Hi- + ,&y~
~A

nously. Normal subject R.W. received "3I-labeled C'31 on
one occasion, and 'I-labeled C'31 and 'SI-labeled C'3 as a
double study on another occasion. No subject exhibited
any untoward reaction.

Collection and analysis of samples. All samples were
analyzed for radioactivity with either a Baird-Atomic or
a Packard gamma scintillation counter. Where two iso-
topes were administered simultaneously, appropriate dis-
crimination techniques were employed. We found the
number of counts administered to each subject by counting
a small aliquot of the dose (of known volume or weight,
or both) and by determining the volume or weight, or
both, of the material injected.
Blood was collected, with EDTA as anticoagulant, at

frequent intervals after administration of labeled protein,
beginning at 10 min and continuing for 5-7 days. Red
blood cells were separated from plasma by centrifugation.

FIG. 1. STARCH GEL ELECTROPHORETIC PATTERNS OF WHOLE HUMAN SERUM (TOP) AND
PURIFIED, RADIOIODINATED C'3 II (MIDDLE) STAINED WITH AMIDO BLACK. The bottom pattern
is the radioautograph of the middle pattern. The anode is to the right and the origin is
visible in the top two patterns at the left.
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FIG. 2. AGAROSE ELECTROPHORETIC PATTERNS OF WHOLE SERUM AND PURIFIED, RADIO-

IODINATED C'3 II AND THE RADIOAUTOGRAPH OF THE LATTER, AS IN FIG. 1.

In patients with hemolytic anemia, the red cells were
washed three times in cold phosphate buffered physiologi-
cal saline and counted. In all patients, 2.0, 3.0, or 4.0 ml
of plasma from each blood sample was counted. In addi-
tion, protein-bound radioactivity was determined in each
plasma sample by precipitating the plasma proteins with
10%o trichloroacetic acid, washing the precipitate twice in
10% trichloroacetic acid, and recounting the samples
after removal of the supernatant by centrifugation.

All urine voided during the metabolic studies was col-
lected in suitable portions, the volume of each portion
was measured, and from 4.0 to 10.0 ml removed for count-
ing. We determined protein-bound radioactivity in all
the urine samples from patients with significant pro-
teinuria by adding human serum albumin, precipitating
and counting as outlined for the plasma samples.

Stool was also collected throughout the studies of J.L.,
H.L., and the first study of V.0. Samples were counted
in a large well that accommodated the entire specimens in
polyethylene bags.

Total body counting. Total counts for normal subjects
F.R. and C.A. and patients J.G. and V.0. (in the sec-
ond study of V.0.) were made with a total body counter,
as well as by the usual methods.

Concentration of C'3 in plasma. Portions of EDTA
plasma from samples drawn at-the beginning, in the mid-
dle, and at the end of each turnover study were stored at
- 70'C for later determination of the C'3 concentration.
The immunochemical method of Feinberg (23) was used
for all samples. In some instances, we used a different
immunochemical technique (24) to check the results. In
general, the results by the two methods agreed within
10%. To convert results to mg/100 ml of C'3, two
experiments were performed. I-labeled C'3 I was pre-
pared from the serum of a normal individual, added to a
second lot of the same serum, and reisolated. The pro-
tein content of the final preparation was determined by
optical density at 280 mA with Yachnin's estimate of the
extinction coefficient for C'3 (25). From the number of
counts per minute introduced into the second serum lot,
the volume of this lot, and the specific activity of the

final preparation, we calculated that this serum contained
150 mg/100 ml of C'3. In the second experiment, C'3 II
in saline was used in serial dilution in Laurell's electro-
immunochemical technique (24). The distance of migra-
tion from well to tip was found to be directly propor-
tional to relative concentration after 6 hr of electropho-
resis. However, when a standard plasma sample was
examined in serial dilution in the same manner, the
curve was bowed somewhat upward. Therefore, plasma
standards at various dilutions were employed in all deter-
minations of plasma samples in this study. The absolute
protein content of the C'3 II solution in these experiments
was determined by the Folin-Ciocalteu method (26) with
purified IgG as a standard, and nitrogen content was de-
termined by the Kjeldahl method (27). A comparison
of these methods indicated that the mean C'3 concentration
in 28 normal individuals was about 180 mg/100 ml. To
show consistency with our earlier results, we have re-

lated all concentrations to our original figure. The com-
parison between the metabolic behavior of C'3 in nor-
mal subjects and patients is not affected regardless of the
absolute concentration used as the normal mean.

Calculation of metabolism. The Matthews' method
(28) of analysis was used to calculate: (a) catabolic rates
as per cent of the plasma pool of C'3 per hour; (b) syn-
thesis rates as mg of C'3 per kilogram per hour; and (c)
extravascular: plasma pool ratios. This method of analy-
sis assumes, among other things, that catabolism occurs

in a pool in rapid equilibrium with the plasma, and that
a steady state holds with respect to the protein studied.
The first assumption was tested in normal subjects and
patients whose total body radioactivity curve was clearly
parallel to the protein-bound plasma radioactivity curve
in the latter part of the study by plotting urinary excre-
tion of label divided by the mean plasma radioactivity
during that period vs. time (29). Such plots were, in
general, horizontal from about 5 to 10 hr. One such plot,
derived from direct total body counts from the data in
the study of patient J. G., is shown in Fig. 3. The data
from this same group of patients were also analyzed by
Nosslin's original method described in reference 30 and,
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PLOTS OF TOTAL BODY RADIOACTIVITY

ACTIVITY (P), AND EXTRAVASCULA:
AS PER CENT OF DOSE IN THE STUDY

total body radioactivity was deter
counter. Extravascular radioactivi
the relationship EV = TB - P.
the figure shows the plot on a line
excreted radioactivity per 5 hr per

protein-bound radioactivity during

overestimated and "true" plasma volumes. All plasma
radioactivities could then be expressed as per cent of this
corrected 10 min sample radioactivity.
The detection of circulating conversion products of

C'3. The antigen-antibody crossed electrophoresis tech-
nique of Laurell (8) was used as a sensitive means for

TB detecting C'3 conversion products in fresh EDTA plasma
of 16 normal subjects and 20 patients with a variety of

EV disorders, as well as in fresh plasma promptly frozen

p at - 70'C. Since this technique became available after
part of our study had been completed, not all turnover
patients were examined in this way. However, additional
patients were studied by this technique who were not

studied metabolically. Sera studied by antigen-antibody
crossed electrophoresis were also examined by immuno-
electrophoresis (15) with potent anti-C'3 antiserum.
For comparison with the patterns produced by C'3 in

60 80 100 the normal subjects and patients, the conversion of C'3 in
fresh serum by antigen-antibody specific precipitates

HE FIGURE SHOWS THE was examined as described by Laurell and Lundh (31).
(TB), PLASMA RADIO- Conditions for conversion are outlined in the preceding

R RADIOACTIVITY (EV) section on the preparation of labeled C'3,. 'The extent of
(OF PATIENT J.G. The conversion was estimated by making a photographic en-

*mined in a total body largement of the antigen-antibody crossed electrophoresis
ity was calculated from pattern, cutting out the C'3 and C'3, peaks, and weighing
The bottom portion of them. The weight of each peak was expressed as the
ar scale of the ratio of per cent of the total weight.
iod to the mean plasma
that period. Results

assuming that the iodine excretion constant was between
1 and 3, no evidence for catabolism occurring in an ex-

travascular pool could be found. Since each plasma sam-

ple from any one subject had a C'3 concentration within
10%o of the mean of three samples taken at various times
during the study of that subject, the assumption of the
steady state seemed justified.

Since it is possible that some of the labeled C'3 was

cleared from the plasma during the 10 min mixing period
before the drawing of the first blood sample, we used 'I-
labeled albumin (Albumotope, E. R. Squibb & Sons, New
York) to determine plasma volume at the conclusion of
the turnover studies in several subjects. Should significant
loss during mixing have occurred, the plasma volume, as

determined from the volume of distribution of labeled C'3,
would have been significantly higher than the one obtained
from the volume of distribution of labeled albumin. Simi-
larly, from the double study of normal subject R. W. a

comparison of the plasma volumes obtained from the dis-
tribution volumes of labeled C'3 and labeled C'3 would
give information on the clearance of C'3, during the mix-
ing phase. Where plasma volumes determined by la-
beled C'3 were higher than those obtained by labeled
albumin, or when volumes obtained by labeled C'3, dif-
fered from the volumes obtained by labeled C'3 (in the
double study), a correction could be applied to the first
plasma sample. Knowing the "true" plasma volume and
the overestimated plasma volume, the "true" 10 min
plasma radioactivity must therefore equal the observed
radioactivity in the initial sample. times the ratio between

The plasma radioactivity curves of labeled C'3
in 10 normal subjects are shown in Fig. 4. The
calculated parameters of metabolism of this pro-

tein in our studies are listed in Table II. Values
for all parameters fall within rather narrow ranges,

especially when these values are compared with
those observed in some patients.

Fig. 4 also illustrates the metabolic behavior of

100

2 40801220J

10

HOURS

FIG. 4. THE PLASMA RADIOACTIVITY CURVES OF C'3
LABELED WITH RADIOACTIVE IODINE IN 10 NORMAL SUBJECTS

(INITIALS) AND THE PLASMA RADIOACTIVITY CURVES OF LA-

BELED C'3, IN NORMAL SUBJECT R.W.
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TABLE II

AMetabolism of C'3 in normal subjects

Extravascular
Subject C'3 preparation* C'3 concentration Catabolic rate Synthesis rate pool/plasma ratio

mg/100 ml % plasma pool/hr mg/kg per hr

T.B.G. I 150 2.03 1.2 1.14
R.deL. I 162 2.34 1.5 0.57
D.Z. I 165 2.81 1.7 0.83
F.A. I 150 3.01 1.9 0.75
L.P.R. I 150 2.55 1.3 0.67
J.P. I 150 1.69 1.1 0.82
C.A. II 127 2.24 1.3 1.25
F.R. 11 150 2.11 1.4 0.94
J.A. II 110 L3.11 1.3 0.94
R.W. II 170 11.58 1.1 1.04
R.W. C'3i II 170 15.98: 3.07t
R.W. C'31 II 162 16.524 5.034

Mean of normals i 2 SD§ 148.4±i 35.7 2.35±4 1.05 1.38 ± 0.51 0.90 ± 0.41

* See text for explanation of C'3 I, C'3 II, and C'3i II.
4 These calculations are based on corrected plasma volumes (see text and Table V).
§ Refers to C'3 only.

labeled C'3i in two studies for normal subject R.W.
It is clear that the metabolic fate of this material
is strikingly different from that of C'3 because of
its clearance rate from the plasma. The rapid ap-
pearance of nonprotein-bound iodide in the urine
in these two studies corroborated the assumption
that the rapid clearance from the plasma repre-
sented rapid catabolism. The metabolic param-
eters of C'3i in these studies are also given in
Table II. It can be seen that not only is the frac-
tional catabolic rate of C'31 from 5 to 10 times
greater than that of C'3 in normal subjects, but
that the extravascular: plasma pool ratio is greater
than that of C'3.

Fig. 3 shows both the plasma protein-bound
radioactivity curve and the total body radioactivity
curve of patient J.G. with progressive glomerulo-
nephritis. The fractional catabolic rate was found
to be 5.2%o of the plasma pool per hr by Matthews'
analysis and the mean excreted radioactivity di-
vided by the mean plasma protein-bound radioac-
tivity was 3.6%o of the plasma pool per hr. These
rates represent a mild-to-moderate increase over
the normal rate (Table II). Patient V.0. with
progressive glomerulonephritis was studied twice
in a 1 yr period. Her C'3 concentration and gen-
eral clinical condition remained unchanged. It is
evident from the calculated data presented in Table
III that there was no important difference in
metabolic behavior with either of the two labeled
preparations. In a similar manner, the identical

behavior of the two preparations in normal sub-
jects (Table II) supports the impression that both
preparations are metabolically indistinguishable.
As reported earlier (9), and herein amplified, re-
duced synthesis rates of C'3 in patients with pro-
gressive glomerulonephritis may be the major fac-
tor in the lowering of serum C'3 concentrations
regularly observed in these patients. Depressed
synthesis was observed in all four of our studies
of patients with this disease (Table III). Frac-
tional catabolic rates in these patients were either
normal, or at most only moderately elevated,
despite extremely low concentrations. Total body
curves were parallel to plasma protein-bound ra-

dioactivity curves, and pool ratios in the studies
of these patients, including those subjects with
total body counts, did not differ from those ratios

in normal subjects. It therefore seems very un-

likely that significant clearance of label had oc-

curred before the drawing of the first (10 min)
blood sample. This point is further substantiated
by the fact that plasma volumes calculated from

the number of counts per minute in the first plasma
sample, and the number of counts administered,
are in the expected range for these patients.
Protein-bound radioactivity in the urine accounted
for less than 2% of the total radioactivity excreted
during the metabolic studies in the patients with

progressive glomerulonephritis. The plasma ra-

dioactivity curves for these studies (Fig. 5) are

shown in comparison with the curves obtained in
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TABLE III

Metabolism of C'3 in patients

C'3 C'3 Cata- Syn-
Diag- prepa- concen- bolic thesis

Subject nosis* rationt tration rate rate

mg/100 % plasma mg/kg
ml pool/hr per hr

C.B.C.
M.J.P.
D.L.
S.F.

J.F.
S.T.
B.B.

V.0.
V.O.11
J.L.
J.G.

K.O.
M.J.K.

P.A.
H.L.

M.S.
S.P.

A.T.
H.A.S.

M.R.

D.S.

SLE
SLE
SLE
SLE

AGN
AGN
AGN

PGN
PGN
PGN
PGN

NS
NS

AHA
AHA

PNH
PNH

HANE
HANE

RA

SGN

II

II
II

II
I

II
II

II
II

I

II

II

II

106 2.77
81 3.39
150 3.39
57 5.43

6 3.56
12 15.241
47 7.22

7 2.41
7 3.48

30 1.75
17 5.21

171 2.82
134 8.75§

125 2.49
220 1.54

150 2.99
75 1.79

135 3.62
155 2.98

3.18

77 6.61

po0

1.7
1.2

2.0
1.7

0.1

0.91
1.5

0.1

0.1

0.3

0.6

1.8
3.91

1.5
2.1

2.5
1.1

1.5
1.8

Extra-
vascular
ol/plasma
ratio

0.86
0.60

0.57
1.42

1.11

10.53§
1.39

0.81

1.07
1.13
1.17

0.54

5.341

0.33
1.12

0.32
0.32

0.73
0.41

2.5

* See footnote Table I for explanation of abbreviations.
$ See text for explanation of C'3 I and C'3 II.
These calculations are based on corrected plasma volumes (see text

and Table V) where albumin plasma volumes grossly disagreed with
C'3 plasma volumes. In the study of patient S.T. the C'3 plasma
volume was 103 ml/kg, an obvious overestimate. In the absence of an
albumin determination, the plasma volume was assumed to be 50
ml/kg.

11 This study was carried out yr after the first investigation of
patient V.0.

the studies of normal subjects. Excretion of label
in the stool of patients V.0. and J.L. was neg-

ligible, as was excretion of label in stool for

patient H.L.

The metabolic studies of three patients with
acute glomerulonephritis yielded varied results, as

seen both from the calculated parameters presented
in Table III and the plasma radioactivity curves

depicted in Fig. 6. Fractional catabolic rates in
these patients varied, from slightly elevated to

5-10 times the rate in normal subjects. The rate

of synthesis of C'3 was markedly depressed in one

patient, at the lower limit of normal in another,
and entirely normal in the third. The extravascu-

lar: plasma pool ratio was increased only in the
patient with the very high catabolic rate. None of
these patients showed protein-bound urinary radio-
activity in excess of 3%o of the amount adminis-
tered.

0
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FIG. 5. THE PLASMA RADIOACTIVITY CURVES OBTAINED

IN FOUR STUDIES OF PATIENTS WITH PROGRESSIVE GLOMERU-

LONEPHRITIS. Initials refer to patients. The two studies

in patient V.0. were performed 1 yr apart and with la-
beled C'3 prepared by different methods. The stippled
area is the range of normal curves shown in Fig. 4.

In a single study of a patient with hematuria,
nephrosis, azotemia, and a somewhat reduced

plasma concentration of C'3 (patient D.S.), both

the fractional catabolic rate and the synthesis rate

of C'3 were elevated. A renal biopsy of this pa-

tient showed changes consistent with, subacute

glomerulonephritis.
Of the four studies of patients with systemic

lupus erythematosus, only one revealed a clearly
elevated fractional catabolic rate and two yielded
catabolic rates at the upper limit of the normal

mean + 2 SD. The plasma curves of these studies

are shown in Fig. 7. Synthesis rates were normal

in all of these studies, as were extravascular:

plasma pool ratios. No significant radioactivity
could be detected on the washed erythrocytes of

a.10.

t80K

5 408012
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FIG. 6. THE PLASMA RADIOACTIVITY CURVES OF THREE

PATIENTS WITH ACUTE GLOMERULONEPHRITIS, AS IN

FIG. 5.
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FIG. 7. THE PLASMA RADIOACTIVITY CURVES OF FOUR

PATIENTS WITH SYSTEMIC LUPUS ERYTHEMATOSUS, AS IN

FIG. 5.

any of these patients, nor was there more than

2%o of the administered radioactivity in the form

of protein-bound radioactivity in the urine.

Because it is known that catabolic and synthesis

rates of several plasma proteins may be elevated

in patients with idiopathic nephrotic syndrome, we

studied two patients with this disorder and normal

C'3 serum concentrations. The patient with mild

nephrosis (K.O.) exhibited normal parameters of

metabolism, whereas patient M.J.K., with more

severe disease, showed a fairly marked increase

in fractional catabolic rate over the normal, a

definite increase in the extravascular: plasma pool

ratio, and a significantly increased synthesis rate

of C'3.

The studies in the patients with acquired hemo-

lytic anemia, paroxysmal nocturnal hemoglobin-

uria, and rheumatoid arthritis revealed no definite

abnormalities of metabolism. No significant radio-

activity was detected on the washed red blood

cells of the patients with hemolytic anemia.

Of the two patients studied with hereditary

angioneurotic edema, the results of the patient

who was asymptomatic during the period of study

were within normal limits, whereas a slightly in-

creased catabolic rate was found in the patient

who was studied during an attack of angioedema.

A comparison of the plasma volume, calculated

from the volume of distribution in plasma 10 mim

after administration of labeled C'3, and that vol-

ume determined in a similar manner from the same

subject with labeled human serum albumin in-

dicated that in normal subjects, and in patients

TABLE IV

Comparison of plasma volumes determined from the volume
of distribution 10 min after the intravenous ad-

ministration of labeled protein

Subject C'3 Albumin C'3i

ml ml ml

H.A.S. 2810 2430
S.P. 4800 4860
J.A. 2720 2940
S.F. 1640 1440
M.J.K. 1665 930
D.S. 1595 1670
R.W. 2735 3470 3920, 4660

with normal or even mildly elevated fractional
catabolic rates, the C'3 plasma volume and the

albumin plasma volume were more or less in agree-
ment (Table IV). However, the C'3 plasma vol-

ume was grossly high in studies where the initial
fall in plasma protein-bound radioactivity (uncor-
rected) was extremely rapid (C'31 in subject R.W.
on two occasions, C'3 in M.J.K. and S.T.). The

C'3, plasma volume, in similar fashion, was much
greater than the C'3 plasma volume in the double
study in normal subject R.W. Some catabolic
and synthesis rates based on corrected plasma pro-

tein-bound radioactivities are given in Table V for
comparison with uncorrected values. It may be
concluded from these observations that in patients
in whom moderately or markedly elevated rates

were calculated from uncorrected plasma radio-
activities, these rates may be underestimates, par-
ticularly in cases where the initial fall in plasma
radioactivity is rapid. Synthesis rates are not

affected by the correction, as can be seen from

the data in Table V. This is to be expected, for

although the catabolic rate is underestimated, the

TABLE V

The effects of correcting catabolic and synthesis rates for
clearance of labeled protein during the mixing phase

Uncorrected Corrected

Catabolic Synthesis Catabolic Synthesis
Subject Protein rate rate rate rate

% plasma mg/kg % plasma mg/kg
pool/hr per hr pool/hr per hr

M.J.K. C'3 5.27 4.2 8.75 3.9

R.W. C'3i 10.98 (4.96)* 15.98 (5.04)*
R.W. C'3i 9.67 (5.19)* 16.52 (5.21)*

* Since there is no regularly detectable plasma pool of C'3i, an arbi-
trary value of 100 mg/100 ml was assigned. The relationship between
the corrected'and uncorrected synthesis rates is independent of absolute
concentration, provided only that the same concentration is used in
both instances.
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A
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FIG. 8. ANTIGEN-ANTIBODY CROSSED ELECTROPHORESIS PATTERNS OF FRESH NORMAL PLASMA,

NORMAL SERUM DURING COMPLEMENT ACTIVATION, AND FRESH EDTA PLASMA FROM SEVERAL

PATIENTS. The position marked C'3 is that of the C'3 band in fresh serum or plasma seen on
agarose electrophoresis and is of slow beta mobility. The C'31 position is of rapid beta mobility,
and is slightly more rapid than that of transferrin. In the first electrophoresis the anode was
at the left and in the second the anode was at the top. The individual patterns represent: Al,
fresh normal plasma; A2, fresh normal serum incubated for 30 sec at 320C with antigen-anti-
body specific precipitate; A3, the same after 2 min incubation; A4, the same after 10 min incu-
bation; Bi, fresh normal plasma showing a small amount of material in the C'31 position; B2,
fresh plasma from patient VO with progressive glomerulonephritis; B3, fresh plasma from patient
SF with systemic lupus erythematosus; B4, fresh plasma from patient EW with acute glo-
merulonephritis. Several different lots of rabbit antiserum to human C'3 were used and ex-
cept for that used in B4, antibodies to other proteins were also evident as additional peaks, all
of which are lighter than the C'3 and C'31 peaks.

plasma pool is overestimated if the correction is
not applied.
When the antigen-antibody crossed electrophore-

sis technique was applied to the -fresh EDTA
plasma from 16 normal individuals, small amounts
of material with the mobility of C'3i were seen in

two patterns. One such result is shown in Fig. 8.
In both of these instances, the amount of mate-
rial with the mobility of C'3i was about 3%.
3 of 8 plasma samples from patients with acute
glomerulonephritis and very low concentrations of
total C'3-related material showed patterns in which

A V

2029

AOX.-:



CHESTER A. ALPER AND FRED S. ROSEN

TABLE VI

The detection of conversion products of C'3 in the plasma of
patients with acute, progressive, and subacute

glomerulonephritis

C'3
plasma

Diag- Duration of concen-
Patient nosis* symptomst tration C'3i

mg/ % total
100 ml C'3

S.T. AGN 6 days 12 0
B.B. AGN 4 " 47 0
T.H. AGN 1 day 18 16
M.Sm. AGN 2 days 7 10
E.W. AGN 2 " 9 35
Bu. AGN 3 35 0
I.R. AGN 5 " 14 0
J.G1. AGN 2 30 0
F.M. PGN 2 yr 21 0
V.0. PGN 2 " 7 0
J.G. PGN 2 " 17 0
J.L. PGN 1i " 30 0
D.S. SGN 4 wk 77 0

*AGN, acute glomerulonephritis; PGN, progressive glomerulone-
phritis; SGN. subacute glomerulonephritis.

t The time blood sample was drawn for detection of conversion
products.

10-35%2o conversion had occurred. One of these
patterns is shown in Fig. 8. Neither of the pat-
terns of patients S.T. and B.B. with rapid catabolic
rates in association with acute glomerulonephritis
showed any material with the mobility of C'31.
The immunoelectrophoresis of plasma of the three
patients failed to show material that reacted with
the antiserum against C'3 even when the antiserum
was diluted. None of the immunoelectrophoreses
of these patients or of patients with acute or pro-
gressive glomerulonephritis revealed reactive ma-
terial with alpha, mobility, although the antiserum
produced an alpha, arc with aged plasma. Only
C'3 could be detected in the plasnma of the remain-
ing patients, including those with progressive
glomerulonephritis and systemic lupus erythema-
tosus, either by antigen-antibody crossed electro-
phoresis or by immunoelectrophoresis. A sum-
mary of the results of these studies is presented
in Table VI.

Discussion

The fractional catabolic rate of C'3 in normal
subjects reported in our study is considerably
greater than that for albumin and IgG (32).
Whereas the rate for albumin is 8-12%o of the
plasma pool per day and that for IgG is 4-6%,
the rate for C'3 is 30-80% of the plasma pool per
day, which is similar to the rates for fibrinogen

(32) and haptoglobin (33). As is true of the
latter two proteins, a mechanism superimposed on

a general catabolic process that would affect all
plasma proteins can be invoked to explain the rela-
tively rapid degradation of C'3. Since our experi-
ments indicate that converted C'3 is cleared at 5-
10 times the rate of the parent molecule, conversion
induced either by constant minimal antigen-anti-
body interactions or by the same process of "ag-
ing," as has been observed in vitro, would neces-

sarily produce a rapid catabolic rate.

Postulated mechanisms for the lowered comple-
ment activity observed in patients with acute

glomerulonephritis, systemic lupus erythematosus,
and other diseases have been summarized by
Mayer (34) and include (a) complement fixa-
tion by antigen-antibody complexes or aggregated
gamma globulin; (b) decreased formation of one

or more of the complement components; (c) in-
creased breakdown or loss; and (d) formation of

an inhibitor. Since in the present studies we are

concerned with explaining the lowered levels of

a single complement component in certain patients,
and since we have used the trace-labeled com-

ponent rather than its biological activity to eluci-
date its metabolism, the postulates can be restated
as follows. The lowered concentration of C'3 may

be the result of (a) fixation to tissues; (b) de-

creased synthesis; and (c) increased breakdown
or loss.

In the patients studied, evidence was obtained
that in those patients with low C'3 concentrations

the lowering could be explained by decreased syn-

thesis, increased catabolism, or both. Decreased

synthesis was a major factor in all of the patients
with progressive glomerulonephritis and in at least
one of three patients with acute glomerulonephritis.
Increased catabolism was clearly evident in two of

three patients with acute glomerulonephritis, all of

whom had low serum C'3 concentrations, and in

one patient with systemic lupus erythematosus.
The latter with this disease had the lowest C'3
concentration and was the only untreated patient
in the group of four.

Although complement activation and in vivo

conversion of C'3 to C'3i would be expected to

result in elevation of the catabolic rate of injected

C'3, because the catabolic rate of C'3i is much

higher than that of C'3, the finding of an elevated
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catabolic rate does not necessarily mean that com-

plement activation in vivo has occurred. In
severely affected patients with the usual type of
idiopathic nephrotic syndrome of childhood, it is
known that the catabolic and synthesis rates of
many plasma proteins including IgG, transferrin,
and albumin are often elevated (35). Many of the
patients with renal disease in this study were

nephrotic to a greater or lesser extent as seen in
Table I. Therefore, the low synthesis rates ob-
served in the patients with progressive glomerulo-
nephritis are particularly striking, since all of these
patients were nephrotic.

By immunofluorescent techniques, many work-
ers have demonstrated either C'3 or C'3i, or both
on the glomeruli of kidney sections obtained from
patients with systemic lupus erythematosus, acute

glomerulonephritis, and progressive glomerulo-
nephritis (36, 5). Such findings have been in-

terpreted as evidence for in vivo complement ac-

tivation in these patients. Similar observations
and interpretations have been made from findings
in experimental nephritis in rabbits (37). It is
known that the major part (90-95%) of C'3 in
whole serum is converted to C'31 during in vitro
complement activation (21) and only 5-10%o at-

taches to the antigen-antibody complex or to red
blood cells. It has been postulated that there is a

transient, activated form of C'3, C'3a that is capa-

ble of attaching to cell membranes at sites other
than the antigen-antibody locus (21). Electron
microscopic evidence utilizing ferritin-labeled anti-
serum to C'3 supports this postulate (2). Other
in vitro experiments with purified C'l esterase,

C'2, and C'4 (38) demonstrated some uptake of
C'3 by erythrocytes without antibody or other
complement components on the erythrocytes' sur-

face. It would therefore appear most likely that
during complement activation in vivo, most of the
C'3 involved converts to C'3i in the plasma and
only a small proportion of the molecules is actually
fixed to tissues. Such tissue attachment might oc-

cur at sites more or less remote from the location
of antigen-antibody complexes. If the in vitro
model applies to events in vivo, attachment of C'3
to tissues must represent only a minor factor in
the reduction of the C'3 concentration in such a

situation. A consequence of such tissue fixation

might be an increase in the apparent extravascular

pool of C'3. This increase was clearly found in
the patient with acute glomerulonephritis with the
highest catabolic rate and was possibly true of a
second patient with this disease who had only a

moderately increased catabolic rate. The extra-

vascular: plasma pool ratio was elevated in only
one of four patients with system lupus erythema-
tosus, but this patient had the highest catabolic
rate of the group. Definite increase in the ratio
was found in one of two patients with idiopathic
nephrotic syndrome and the ratio for C'3i was
clearly greater than that for C'3 in normal subjects.
In the four studies of patients with progressive
glomerulonephritis, including two studies per-
formed with the aid of a total body counter, the
extravascular: plasma ratios were entirely normal.

Urinary loss of protein-bound radioactivity was
negligible in all studies, amounting to- less that 5%o
of the total label excreted and less than 3-4o of
the amount given. This confirms the finding that
loss of classical third complement component by
way of the urine in patients with glomerulo-
nephritis fails to explain their low serum con-
centrations (39).

The metabolism of C'3 was not significantly dif-
ferent from that of normal subjects in patients with
acquired hemolytic anemia, hereditary angioneu-
rotic edema, rheumatoid arthritis, or paroxysmal
nocturnal hemoglobinuria. Serum concentrations
in these patients were in general not different from
normal, so that such results are not surprising.
Because of the small number of patients in each
group, abnormalities of metabolism have not been
excluded in all patients with these conditions but
our results indicate that such abnormalities are not
the rule. The failure to find increased catabolism
in patients with paroxysmal nocturnal hemo-
globinuria is in accord with the concept that the
abnormality of the erythrocytes in patients with
this disorder makes them unusually susceptible to
lysis by whatever complement activation that nor-
mally occurs (25).

It should be stressed that our data show that
abnormalities of metabolism can occur despite a
normal serum concentration of C'3 (patient
M.J.K.) and that a low serum concentration may
be associated with no abnormalities of metabolism,
but rather with an expanded plasma volume (pa-
tient SP.),
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As pointed out, the present metabolic studies in-
dicate that while complement activation in vivo can
be expected to produce an increase in the frac-
tional catabolic rate (because of the rapid clear-
ance of the conversion products of C'3 generated
by such activation), high fractional catabolic rates
of C'3 do not necessarily indicate in vivo comple-
ment activation. For this reason, other evidence
for in vivo complement activation was sought.
Morse, Mfiller-Eberhard, and Kunkel (40) have
demonstrated material with the mobility of C'31
in the fresh EDTA plasma of one of nine patients
with systemic lupus erythematosus by using im-
munoelectrophoresis. Our failure to detect such
material, even with a more sensitive technique,
may be related to the smaller number of patients
that we examined, or perhaps to the fact that most
of our patients were on treatment at the time of
study. The plasma concentrations of C'3 in our
patients with systemic lupus erythematosus were
in general not very low compared, for example,
with some values reported by Lundh (7). This,

too, speaks for milder disease at the time of study
since the latter author has shown that the C'3
concentration often rises with successful steroid
therapy.

Our findings in plasma from patients with acute,
progressive, and subacute glomerulonephritis are
difficult to reconcile with those of Soothill (41)
who noted irregularities of the C'3 arc in immuno-
electrophoresis, irrespective of the C'3 concentra-
tion in some patients with these diseases. Such
irregularities may not reflect in vivo complement
activation.

West, Winter, Forristal, McConville, and Davis
examined C'3 by immunoelectrophoresis in patients
with acute and progressive glomerulonephritis
(42). They found alpha2D globulin (43), a late
aging conversion product of C'3, in fresh plasma
from some of these patients, particularly in those
in whom the level of total C'3 was low. They
failed to detect material with the mobility of C'31
in any specimen. Our antisera to C'3 gave an

excellent reaction with the alpha2 product of aging
of C'3, although there was no spur formation with
betalA globulin in the same sample. Nevertheless,

the discrepancy between our results and theirs may
be due to differences in antisera.

Although small amounts of C'3i or betalA glob-

ulin were detected in 2 of 14 normal plasma sam-
ples by antigen-antibody crossed electrophoresis,
such material represented only 3 or 4% of the
total C'3-related protein. Laurell and Lundh (31)
have reported this phenomenon and found the
presence of apparent conversion products in fresh

serum or plasma an inconstant finding, even within
the same sample examined on several different oc-
casions. The detection of C'3i or C'3-related mate-
rial with the electrophoretic mobility of C'3i only
in patients with acute glomerulonephritis with very
low concentrations of total C'3, and the high per-
centage of this conversion product in plasma from

these patients suggest that in vivo complement ac-

tivation occurs in this disorder and is a probable
cause of the increased catabolic rates we have ob-

served. The absence of detectable C'3i does not

rule out active complement fixation because of the
very high fractional catabolic rate of this material.

One would expect that C'3i might accumulate and

be detectable only very early in the course of the
disease, shortly after the onset of symptoms when

the C'3 concentration is falling rapidly. It is per-
haps of importance that only plasma samples ob-

tained within the first 48 hr after the onset of

symptoms of acute glomerulonephritis showed evi-

dence of conversion products.
The failure to detect conversion products in the

plasma of patients with progressive glomerulo-
nephritis is consistent with our metabolic finding
of depressed synthesis as the major cause of low-

ered C'3 concentration in these patients. It may
also be that depressed synthesis represents a later

phase in acute glomerulonephritis. The lowered

total serum hemolytic complement activity from

patients with either of these disorders can be re-

stored toward normal by the addition of C'3 alone

(20). Although C'3 concentration does not re-

turn to normal for 4-6 wk (3) after the onset of

clinical acute glomerulonephritis, C'4 returns to

normal considerably earlier (44). These observa-

tions tend to support our findings of depressed
synthesis.
The mechanism for lowered synthesis is obscure,

but it may well represent a protective negative
feedback that tends to prevent further self-damage
from continuing complement activation. A spec-

ulative mechanism for the lowered synthesis might
be derived from the observation (45) that macrQ-
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phages may be the site of synthesis of C'3. If this
is so, and since the concentration of C'3 is perforce
highest at the site of synthesis, macrophages pro-

ducing the protein might be injured or destroyed
during in vivo complement fixation.
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