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A B S T RA C T Serum amyloid protein A (SAA), the
precursor of secondary amyloid protein, is elevated in
chronic diseases which are associated with an in-
creased incidence of amyloid. However, SAA is also
elevated in acute bacterial and viral infections and
somes forms of cancer. The murine model of casein-
induced amyloidosis was studied to determine the
relationship between SAA production and amyloid
deposition.

SAA levels measured by radioimmunoassay were
found to be as high as 200 times the normal level
in CBA/J mice receiving daily parenteral casein.
After a single injection of casein the SAA level was
elevated by 3 h and peaked by 12-18 h. Similar
levels were found in casein-treated A/J mice, a strain
less susceptible to the induction of amyloid. Parenter-
ally administered bovine serum albumin, which has
low potential for amyloid induction, gave SAA levels
in CBA/J and A/J mice comparable to casein treatment.
These data show that, while SAA levels are elevated
during chronic antigenic stimulation, there are other
factors involved in amyloid formation. These factors
may include alterations in the degradation of SAA
by the reticuloendothelial system caused by substances
such as casein.

Nude (athymic) mice were shown to attain high
levels of SAA after receiving casein parenterally.
Therefore, thymus-derived lymphocytes are not neces-
sary for the synthesis of SAA.

INTRODUCTION

Serum amyloid protein A (SAA)l is presumed to be
the precursor of the major constituent of amyloid
fibrils in secondary amyloidosis (1-5). It is present
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'Abbreviations used in this paper: AA, secondary amyloid
protein A; BSA, bovine serum albumin; SAA, serum amyloid
protein A.

in increased concentrations in chronic diseases such
as rheumatoid arthritis, tuberculosis, and leprosy,
with which an increased incidence of secondary amy-
loid is associated (5-7), but it has also been shown to
be present in all normal human sera in small concentra-
tions and may rise to very high levels during acute
inflammatory conditions such as tonsillitis and pneu-
monia (8). The fact that this serum protein is elevated
in diseases which are not associated with an increased
incidence of secondary amyloidosis has raised ques-
tions about the pathophysiologic mechanisms involved
in its synthesis and degradation to give the fibril
protein.

In the murine model in which amyloidosis is induced
by chronic casein injections, the fibrils have been
shown to contain a secondary amyloid protein (AA)
which has amino acid analysis and N-terminal amino
acid sequence which are comparable to human protein
AA (9, 10), and in the mouse there is also an SAA
protein which is elevated during amyloid induction.
In the present study this animal model was used to
define the relationship of SAA to the development of
amyloid. Serum levels of SAAwere measured by radio-
immunoassay in CBAIJ mice during induction of amy-
loid by casein injection. These levels were compared
to levels of SAA protein observed in casein-treated
A/J mice, a strain less susceptible to the induction
of amyloid, and to SAA levels seen after injection
of bovine serum albumin (BSA), an antigen which
has low potential for inducing amyloid. Because of
previous work in which we showed that SAA sup-
pressed in vitro antibody response (11), SAA produc-
tion was also looked for in the nude mouse treated
with casein to see if SAA is a product of thymus-
derived (T) lymphocytes.

METHODS
Animals. CBA/J, A/J, and Balb/c mice were obtained from

the Jackson Laboratory, Bar Harbor, Maine. Balb/Nu mice
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were obtained from Mammalian Genetics, Animal Produc-
tion Section, National Cancer Institute, Bethesda, Md. CBA/J
mice (8-10 wk) were given 28 daily subcutaneous 0.5-ml
injections of 10% casein. The animals were bled by tail
vein at 0, 2, 6, 12, 16, 21, and 28 days and sera were
pooled. Similarly treated mice received 21 daily injections
of casein at which point the injections were stopped and the
animals bled at 24, 26, and 28 days after the initiation
of casein treatments. 15 A/J mice received a similar injec-
tion schedule and were bled at comparable intervals.

CBAIJ and A/J mice were also treated with 28 daily 0.5-ml
injections of 5%BSAand bled at the same intervals.

Three groups of CBA/J mice received a single injection
of (a) casein, (b) BSA, and (c) sterile saline. Three animals
from each group were sacrificed at 3, 6, 12, 18, 24, 36, 48,
and 72 h and the individual sera were stored frozen.
Balb/c and Balb/Nu mice also were injected with casein
and bled at 12, 24, and 48 h.

Antiserum. Amyloid fibrils, isolated from the spleens of
amyloidotic CBA/J mice, were solubilized in 4 Mguanidine
and fractionated on Sephadex G-100 (Pharmacia Fine Chemi-
cals, Inc., Piscataway, N. J.) as previously described (8).
Protein AA was isolated as the major retarded fraction and
used to produce anti-AA antiserum in New Zealand white
rabbits by serial injections of AA in complete Freund's
adjuvant.

Radiolabeling of AA. Murine AA was iodinated by utiliz-
ing the methodology of Hunter (12). AA was treated with
0.1 N NaOHfor 1 h at 370C followed by neutralization with
sulphuric acid. This AA protein was then iodinated with
125I (New England Nuclear, Boston, Mass.) by adding 10
,ug of AA protein dissolved in 0.2 Mbarbital buffer, pH 8.6,
to 1 mCi of carrier-free iodine. 50 ug of chloromine T in
0.1 M barbital buffer, pH 8.6, was added and the oxida-
tion allowed to proceed for 15 s before addition of 0.8 ml
of 1.2 mg/ml sodium metabisulphite. The labeled AA protein
was separated from free iodine on Sephadex G-25 (Pharma-
cia Fine Chemicals, Inc.) pretreated with 1% BSA. 0.5-ml
fractions were collected and counted in a Packard gamma
counter (Packard Instrument Co., Inc., Downers Grove,
Ill.) and the most radioactive fraction eluted in the first
peak was used for the radioimmunoassay. The radiolabeled
AA was stored at -20°C until used.

Radioimmunoassayfor SAA. A competitive binding assay
was used as described by Yalow and Berson (13). Each tube
contained 0.5 ml of rabbit anti-AA antiserum diluted 1:800
in 1% bovine gamma globulin (Sigma Chemical Co., St.
Louis, Mo.) in 0.1 Mbarbital-buffered saline, pH 8.2. 0.2 ml
of serially diluted serum was added and then 0.3 ml of radio-
labeled AA protein in 1% bovine gamma globulin having
20,000 cpm was added. Standard curves were done with
serial dilutions of unlabeled AA protein and serial dilu-
tions of a pooled serum standard from CBA/J mice treated
with casein. Each tube was mixed on a Vortex mixer (Scien-
tific Industries Inc., Bohemia, N.Y.) and incubated for
2 h at 37°C and overnight at 40C. 0.5 ml of 30% poly-
ethylene glycol (Matheson Gas Products, E. Rutherford,
N. J.) (wt/vol) in water was added to each tube with mix-
ing and the tubes were centrifuged at 3,000 rpm for 45
min at 4°C. Precipitates were counted in a Packard gamma
counter. A standard curve for AA protein was obtained by
plotting on log-logit paper the percentage of counts per
minute precipitated against the amount of AA added to each
tube (Fig. 1). A similar standard curve was developed for
the pooled CBA/J serum standard. Serum samples to be
assayed were diluted 1:10 and 1:100. Because of the dif-
ferent molecular weights of the fibril protein and the serum
component and, therefore, a possibility of different binding
affinities, SAA levels were reported in terms of the pooled
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FIGURE 1 Displacement curves of cold murine AA
(A-A-A) and pooled CBA/J serum (*-O-*). B,
cpm in precipitate; Bo, cpm precipitated by antibody in
presence of trace alone.

serum standard and recorded as microliter equivalents per
milliliter.

Histology. Frozen and parafin sections of selected spleens
representative of the experiment groups were stained with
alkaline Congo red and examined by polarization microscopy.

Fractionation of serum. Serum (5 ml) from casein-treated
CBA/J mice was made one-third saturated with ammonium
sulfate. After 2 h at room temperature the precipitate
was removed by centrifugation and the supernate applied
to a G-200 superfine Sephadex column (Pharmacia Fine
Chemicals, Inc.) (2.6 x 90 cm). 3-ml fractions were collected
and each fraction was tested for SAA with antiserum to AA
by double diffusion in agar. The column was calibrated
with human IgG (145,000) and ovalbumin (46,000).

RESULTS

Antiserum. Two out of five rabbits injected with
murine AA produced antisera which gave precipitin
lines with isolated AA and demonstrated the anti-
genically related serum factor (SAA) by double dif-
fusion in agar. No reaction with human proteins AA or
SAA was noted. Antiserum from one rabbit was used
to do all radioimmunoassay tests in this study and had
a consistent titer of antibody in bleeds taken over
several months.

Radioimmunoassay. Iodination of alkali-treated
AAprotein was done at pH 8.6 as described by Rosen-
thal and Franklin because of the low solubility of
AA protein at physiologic pH (8). Iodination that uti-
lized chloromine T as the oxidizing agent yielded up
to 80%precipitation of radiolabeled AAby excess anti-
body, and the labeled protein was stable over a 2-wk
period when stored at -20°C.

A displacement curve that utilized cold AA protein
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FIGURE 2 SAA levels in casein-treated CBAIJ(4 ....
and AIJ mice (0-0- 0). The decrease in SAA level after
cessation of casein at 21 days is indicated by dashed
and open circle lines.

was linear from the range of 2,500 ng/ml down to
25 ng/ml (Fig. 1). Similarly, a displacement curve that
utilized a pooled standard serum derived from CBAIJ
mice treated with casein was linear from 10 ,l/ml
down to 0.1 ,ul/ml when plotted on a log-logit
graph. These displacement curves were parallel in
several experiments with a slope of approximately
-2.5. Even though this suggested that the degraded
tissue AA had an affinity binding similar to SAA,
it was decided to use the serum standard as the
basis for reporting levels of SAA in the experimental
groups. While this does not give an absolute value
for levels of SAA, neither would reporting SAA levels
in terms of tissue protein AA, since the molecular
weights are different.

SAA levels during and after daily casein injec-
tions. Normal SAA levels ranged from 5 to 25 ,ueq/
ml for both CBA/J and A/J mice. After 2 days of
daily casein injections, pooled sera from CBAIJ mice
contained 1,400 ,uleq/ml. The SAA level remained ele-
vated with some fluctuation throughout the course of
casein injection (Fig. 2). Discontinuance of casein
after 21 days caused a rapid decrease in the SAA
level toward normal. By histologic examination spleens
from representative mice at 12 days showed that one out
of six had small deposits of amyloid, whereas all
spleens were positive after 21 injections.

A/J mice treated with daily casein injections showed
a rise in SAA to 1,700 ,uleq/ml at 2 days and a course
that was not significantly different from the response
in CBA/J mice throughout the 28-day experimental
period. The SAAlevel in A/J mice also dropped precipi-
tously after cessation of casein treatment (Fig. 2).
In contrast to the CBAIJ mice, none of the A/J
mice had histologic evidence of splenic amyloid after
the 28-day period.

Kinetics of SAA after a single injection of casein.
After a single injection of casein in CBA/J mice, the
mean SAA level was 60 + 35 ,uleq/ml at 3 h, 646 ± 118
at 6 h, and 1,350 + 350 at 12 h (Fig. 3). After 18 h
the level of SAA decreased and was 400 + 100 ,uleq/
ml by 48 h. Mild elevation of SAA was still present
at 72 h. Sterile saline injection failed to give a signif-
icant elevation of SAA.

SAA levels in response to BSA. To investigate
the importance of the antigen upon SAA production,
groups of CBA/J and A/J mice were injected daily
for 28 days with 0.5 ml of 5% BSA. SAA levels at 3, 8,
12, 14, 16, 21, and 28 days were not significantly
different from SAA levels in casein-treated animals
(Fig. 4). None of the spleens from these animals
showed histologic evidence of amyloid deposition.
A single injection of BSA gave essentially the same
SAA response as a single injection of casein with a
peak SAA level of 1,050 ± 350 ,uleq/ml at 12 h (Fig. 3).

SAA levels in nude mice after casein injection. To
investigate the possibility that T lymphocytes are in-
volved in SAAkinetics, athymic nude mice were tested
for SAAresponse. Nude Balb mice (8 wk) were used for
this experiment because of unavailability of nude CBA
mice. Balb/c (8 wk) mice were used as controls and
had a mean normal SAA level of 16 ± 2 uleq/ml.
18 h after a single casein injection the mean SAA
level was 1,400 ± 58 ,uleq/ml for Balb/c mice and 1,860
± 401 for Balb/Nu mice. The peak SAA level was at
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FIGURE 3 SAA response to a single injection of casein
(L3 El~~), BSA (-0 .- ), or sterile saline (0-- O--O)
in CBA/J mice. SEMsare in parentheses.

414 M. Benson, M. Scheinberg, T. Shirahama, E. Cathcart, and M. Skinner



10,000

1,000

:-%
;~

2 4 6 8 10 12 14 16 18 20 22 24 26 28

DAYS

FIGURE 4 SAA levels in BSA-treated CBA/J ([3 **.* [3)
and A/J (* - - *- - *) mice compared to casein-treated
CBAIJ mice (®-®3-().

18-20 h in Balb/Nu mice and significant elevation
of SAA was present at 72 h (Fig. 5).

Fractionation of mouse serum. After precipitation
of mouse serum with one-third saturated ammonium
sulfate, SAAwas detected by double diffusion in agar
in the supernate but not in the washed precipitated
globulins. On Sephadex G-200 SAA eluted just after
the void volume with a partition coefficient between
the liquid phase and the gel phase (Kav) slightly
less than the Kav of gamma globulin (Fig. 6). This
suggested a mol wt of 150,000-200,000 which is some-

what larger than human SAA (80,000-100,000). No
smaller sized SAA fractions were found by chromatog-
raphy in neutral buffer.

DISCUSSION

Protein SAA is believed to be a serum precursor of
the major constituent of secondary amyloid substance
(AA). This protein, which was first discovered by its
reactivity with antiserum to secondary amyloid protein
AA, is an alpha globulin which by gel chromatography
has a mol wt of 80,000-100,000 (5, 6). Reports of
fractionation of human serum under dissociative condi-
tions have described the isolation of a homogeneous
substance which has a mol wt of 12,000-14,000
and appears to contain the portion which is homologous
with tissue protein AA (14-16). While this suggests that
SAA might be attached to a carrier in vivo, the isola-
tion of a tissue AA protein of 25,000 mol wt which
degrades under acidic conditions suggests that frac-
tionation of serum in acid conditions may degrade
SAA (17).

Thus far all forms of secondary amyloid that have
been studied have been composed mainly of protein
AA and the serum factor SAA has been described
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FIGURE5 SAAresponse to a single casein injection in Balb/c
(- *- *) and Balb/Nu mice (0-- *--0) compared
to CBA/J response to casein (Ai A* * A).

for human, mouse, guinea pig, and mink (5, 6, 18,
19). Since casein-induced amyloidosis in the mouse

is a readily available model of secondary amyloidosis
which has been extensively studied, we used this
system to study the kinetics of SAA production after
antigenic stimulation and the relationship of SAA
levels to amyloid formation. To do this a radioimmuno-
assay for the serum component was developed.

Antiserum to murine tissue protein AAwas used in a

competitive binding assay of SAA and it was shown
that the tissue and serum proteins have similar bind-
ing affinities over the range of concentrations used
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FIGURE6 Chromatogram of mouse serum on Sephadex G-200
after precipitation of globulins. SAA is present in fractions
slightly retarded on G-200.
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in the assay. The (lisplacemiient curves of alkali-treated
protein AA anid a pooled serum standard from casein-
treated CBA/J mice were linear over a range of 50 ,ul/ml
to 0.5 gli/ml of the serumi standard and 2,500 ng/ml
to 25 ng/mnl of the tissue AA (Fig. 1). While it was
determinied that 1 1A of staindard pooled CBA/J serum
was e(tliivaleint to approximately 100 ng/ml of AA pro-
tein, it was dlecided to use the pooled serum as stand-
ard anid report the assay in microliter equivalents
of this standard, since the molecular weight of the
serumii comiiponenit is (lifferent from that of the tissue
protein. The parallelismii of the displacement curves for
the sertum standard anid the tissue protein AA is dif-
ferenit from the htumnan system where the displacement
curves are not parallel in the range of 25 ng/ml
to 2,500 ng/ml of humllan AA )rotein (15). This dif-
ference between the human and murine systemiis is
probably due to (lifferences in antiserumil binding af-
finities.

Treatment of CBA/J imice with pareniteral casein
cauised a marked increase in serumil SAA levels de-
tectable as early as 3 h after a single injection and
peaking after 12-18 h. This increase was as much as
200-fold. Daily casein injections in the CBA/J mouse
caused sustained elevation of SAA persisting through
the preamyloid and amyloid phases. Discontinuance
of casein- injections caused prompt decrease in SAA
toward normal levels. If SAAis a precursor of secondary
amyloid protein it would be expected to be increased
in those situations conducive to the formation
of seconidary amyloid. However, A/j imice (a strain
relatively resistant to the induction of secondary amy-
loid) also showed marked elevation of SAAafter casein
treatment. Thus, it is clear that sustained elevation
of SAA levels is not the only factor necessary for the
deposition of amyloid fibrils. Furthermore, the experi-
ments in which CBA mice were injected with BSA
showed that the elevation of SAA protein is not de-
pendent upon the antigen being an "amyloidogenic"
substance, since the mice treated with BSA achieved
just as high levels of SAA as mice treated with casein.
This finding that not only amyloid-producing sub-
stances but also nonamyloid-producing substances
cause high levels of SAA suggests that there are addi-
tional factors involved in the formation and deposition
of amyloid protein. N-terminal heterogeneity of some
AAproteins (2) and ultrastructural findings supporting
amyloid formation in the lysosome-related inclusions
in the reticulo-endothelial cells in casein-induced
murine amyloidosis support this concept (20). The
present findings would tend to support the hypothesis
that amyloid-inducing substances such as casein may
have both an SAA stimulatory effect and an effect,
specific or nonspecific, upon the enzymatic degrada-
tive functions of the reticuloendothelial system result-

ing in an incomplete degradation and disposal of a
metabolic end product.

Anders et al. have recently reported on the SAA
response in endotoxin-induced amyloid of mink with
SAA levels rising rapidly after injection of endotoxiin
(19). Using semi(uantitative techni(ues they found a
marked decrease in SAA after an initial peak and a
subsequent, but lower, peak during the amyloid phase.
Two of four control animals injected with sterile
saline showed much lower elevations in SAA. In the
murine model the marked fluctuations in SAA levels
were not seen during induction of amyloidosis. Possi-
ble explanations of this difference include species
variability, differeniees in injectioni schedules (tri-
weekly endotoxin vs. daily casein), and differences
in antigens. Also the time of serum collection in
relation to antigen injection may be important, since
the kinetic studies after a single injection of casein
show a rapid drop in SAA after 24 h. Since the patho-
gen-esis and natural history of amyloidosis in the mut-
rine model hals been more thorouighly studied, correla-
tions between SAA kinetics and immunological ab-
normalities including marked T-cell impairment (21),
polyclonal bone marrow-derived (B)-cell activation
(22), and M-cell activation (23) can be made.

Wehave previously shown that SAA protein in the
CBA/J mouse system suppresses the in vitro antibody
response of CBA/J spleen cells to sheep erythrocytes
(11). Wepostulated that this substance (SAA) may be a
regulator of the immune response to antigenic stimula-
tion. To test the hypothesis that the synthesis of SAA is
dependent upon T lymphocytes, we treated athymic
(nude) mice with casein and measured the response
of SAA. Because of the unavailability of CBA nude
mice, Balb nude mice were used for this experiment.
First, it was necessary to show that the Balb mouse
was fully as capable of making SAAprotein as was the
CBA. This was found to be true, and it was also
found that the nude Balb mouse was perfectly capa-
ble of synthesizing SAA in as high levels as the CBA
mouse. These experiments show conclusively that the
synthesis of SAA is not dependent upon an intact
thymic system.

Whether B lymphocytes are involved in the produc-
tion of SAA has not been determined. We have de-
scribed alterations in B-cell functions in spleen cells
from amyloid CBA/J mice which are not present in
casein-treated A/J mice and BSA-treated CBA/J mice.
These include enhancement of response to B-cell mito-
gens and increased numbers of antibody-producing
cells to SIII pneumonococcal polysaccharide and lipo-
protein polysaccharide during chronic casein injection
(21, 22). Similarly, possible production of SAA by the
macrophage system warrants further study, since
several laboratories have shown that this cell popula-
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tion may play an important role in the regulation of
the immune response.
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