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For determination ofthe intracellular site ofsynthesis and
the pathways followed by amyloid protein AA, im-
munocytochemical localization of the anti-AA reactive
substance was investigated in the livers of CBA/J mice
in an acute-phase response evoked by a single subcuta-
neous injection of0.5 ml of10% casein. In the cytoplasm
ofthe hepatocytes, the positive reaction was localized on
and/or in the rough endoplasmic reticulum and the sin-
gle membrane-bound vesicles, vacuoles and lamellae in-
cluding the Golgi apparatus, confirming that amyloid

RECENT STUDIES have established the concept that
SAA, the putative precursor of amyloid fibril protein
AA and an acute-phase reactant,'-8 is biosynthesized
primarily in the liver and more specifically in the hepato-
cytes.81-3 While these studies have elaborated consider-
able detail of the immunologic, biochemical, and
molecular biology of SAA synthesis, credible morpho-
logic evidence concerning the intracellular site of syn-
thesis and pathways of this protein has so far been lack-
ing. In this regard, we recently reported our immu-
nohistochemical observations, which have strongly sug-
gested that participation of the hepatocyte population
in AA synthesis is not universal but that heterogeneity
exists. 14
The purpose of this communication is to report our

electron-microscopic immunocytochemical findings,
which have clearly localized the reaction against anti-
AA on and/or in the rough endoplasmic reticulum
(RER), the single membrane-bound vesicles, vacuoles
and lamellae including the Golgi apparatus, and the
surface membrane of the hepatocytes of the mice in
acute-phase reaction.
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protein AA follows the common routes of synthesis and
secretion established for other proteins. The anti-AA-reac-
tive substance was also localized on the free surface of
the hepatocyte membrane, including the microvilli. The
latter reaction appeared as early as but lasted at least sev-
eral hours longer than its cytoplasmic counterpart, sug-
gesting that a certain retention period exists before the
release of the AA-reactive substance from the cellular
surface to the free blood plasma. (Am J Pathol 1985,
118:108-115)

Materials and Methods

Each of 8 week-old female CBA/J mice (Jackson
Laboratories, Bar Harbor, ME) received a single sub-
cutaneous injection of 0.5 ml of 10% casein solution.
Groups of 3 mice were sacrified at 0, 2, 4, 6, 8, 12, 16,
24, or 48 hours after the casein injection. Three mice
were also sacrificed after receiving 30 daily casein
injections15 and then a 2-week pause.
At sacrifice, each mouse was anesthetized with an in-

traperitoneal injection of chloral hydrate (0.36 g/kg),
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and was perfused via the abdominal vena cava with 25
ml of phosphate-buffered physiologic saline (PBS) fol-
lowed by 50 ml of 4.0070 paraformaldehyde-0.1%7o
glutaraldehyde in 0.1 M phosphate buffer, pH 7.6. Two
tissue blocks not exceeding 3 mm in thickness were ex-
cised from each liver and were further immersed in the
same fixative for 2 hours at room temperature. They
were rinsed in 0.1 M phosphate buffer, pH 7.6, and ex-
posed to 1%o sodium borohydrate in the same buffer for
2 hours at room temperature.16
One of the two tissue blocks was processed for the

preembedding immunocytochemical procedure. It was
immersed in 5%o glycerol-10%7o sucrose in the phosphate
buffer for 2 hours and then in 1007o glycerol-2007o su-
crose overnight for purposes of cryoprotection. The tis-
sue was then frozen at liquid nitrogen temperature and
thawed. After being rinsed in 1007o glycerol-2007o su-
crose, in 5%7o glycerol-107o sucrose, and in the phosphate
buffer, 50 .ip tissue slices were cut from the block on a
Sorvall TC-2 tissue sectioner and were processed for im-
munocytochemical demonstration of anti-AA-reactive
substance with the use of an antibody bridging method:
either the peroxidase-antiperoxidase techniquel''18 or
the avidin-biotin-peroxidase method."9 After the im-
munocytochemical staining, the tissue slices were
thoroughly rinsed in the phosphate buffer, postfixed
with 27o osmium tetroxide in the same phosphate buffer
for 1 hour at room temperature, dehydrated in a series
of graded ethanols, and embedded in Araldite 502. Thin
sections were mounted on a bare copper grid and ex-
amined in a Siemens Elmiskop I without further
staining.
Another tissue block was cut into smaller pieces (less

than 1 cu mm). Aliquots of the small tissue blocks were
postfixed in 207o osmium tetroxide in the phosphate
buffer for 2 hours at room temperature and were then
embedded, along with another aliquot which did not
receive postfixation, in Araldite 502 by a routine pro-
cedure. Immunocytochemical reaction against anti-AA
was carried out on the thin sections mounted on a bare
nickel grid with the use of the peroxidase-antiperoxi-
dase technique 7' or the avidin-biotin-peroxidase
method.'9 The sections were then examined, with op-
tional staining with 407o osmium tetroxide, in a Siemens
Elmiskop I electron microscope.

Procedural controls were run by replacing the pri-
mary antiserum (rabbit anti-mouse AA) with normal
rabbit serum or the primary antiserum absorbed with
mouse serum with a high SAA level. Tissues from nor-
mal (0 hour) and amyloidotic (30 daily casein injections)
mouse livers were included in each processing as base-
line and positive controls.

Antiserum to mouse AA was prepared in rabbits as
previously described.20 Peroxidase-antiperoxidase com-

plex, goat anti-rabbit IgG, normal goat serum, and nor-
mal rabbit serum were obtained from Cappel Labora-
tories (Cochranville, Pa) and avidin, biotinylated
horseradish peroxidase, and biotinylated goat anti-
rabbit IgG from Vector Laboratories (Burlingame,
Calif).

Results
In the preparations of the livers from the mice that

had received 30 daily casein injections and a 2-week
pause, and treated for immunocytochemical demonstra-
tion of anti-AA reaction, the electron-dense reaction
products were densely localized on the amyloid fibrils
(Figures 1 and 2).
The hepatic tissue sections from the untreated mice

(at 0 hour of the casein injection scheme) did not show
any appreciable reaction against anti-AA.
A general survey of the present preparations from

the mice in acute phase response (2-48 hours after the
casein injection) corresponded well with the findings
of our previous immunohistochemical studies, 14 in that
1) there were two major localizations of the im-
munocytochemical reaction against anti-AA, ie, in the
hepatocyte cytoplasm and on the surface membrane;
2) only certain hepatocytes that were randomly spread
in the lobules showed the cytoplasmic reaction; 3) the
cytoplasmic reaction to the anti-AA started to be rec-
ognized at 2-4 hours after the casein injection, peaked
in intensity and the number of cells involved at 6-8
hours, and became minimal or unrecognizable at 24-48
hours; and 4) the reaction on the surface membrane ap-
peared as early as the cytoplasmic reaction, was heavi-
est at 12-16 hours, and still remained at 24-48 hours.

In the cytoplasm of the hepatocytes, the reaction
products were localized on the membrane and the at-
tached ribosomes of the RER, and in the lumens of
the RER, the smooth endoplasmic reticulum (SER), the
Golgi apparatus and the single membrane-bound vesi-
cles and vacuoles. No significant reaction products were
detected in and/or on other cell organelles, namely, the
nucleus, mitochondria, etc. (Figures 3-5).
About the RER, the reaction products were local-

ized mainly on the attached ribosomes and the mem-
brane, but also were observed on occasions as if they
were attaching to and extruding from the membrane
into the cisternae. The cisternae of the RER were seen
very rarely to be completely filled with the reaction prod-
ucts (Figure 6). The SER containing the reaction prod-
ucts was also occasionally identified. The Golgi appara-
tus was often easily identifiable, for it was heavily
deposited with the reaction products (Figure 7).

Single membrane-bound vesicles and vacuoles also
displayed positive reaction to anti-AA. The contents
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Figure 1- Electron micrograph of the liver of CBA/J mouse after receiving 30 daily casein injections and a 2-week pause. Immunocytochemical
preparation reacted against anti-mouse AA. Electron-dense reaction products deposit heavily on the amyloid fibrils located in the space of
Disse. A portion of a hepatocyte (top) and several cross-sections of the sinusoidal endothelium (bottom) can also be seen. The portions of
the plasma membrane facing the space of Disse are also coated with substance that shows a positive reaction. (x 25,000) Figure 2- Electron
micrograph of a section from the same liver as Figure 1. Immunocytochemical control preparation where the primary antiserum (rabbit anti-
mouse AA) was replaced by normal rabbit serum. No significant deposition of the reaction product is recognized either on the amyloid fibrils
(center) or on the cell (upper left). (x 25,000)
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with the positive reaction often filled completely the lu-
mens of smaller vesicles but only partially larger vesi-
cles and vacuoles. In the latter case, the contents with
the positive reaction were localized close to the mem-
brane, as if forming a thin rim along the inside of the
membrane (Figures 8 and 9).
The free surface of the plasma membrane, including

the microvilli, facing the sinusoid was often observed
as if being coated with the reaction products (Figure 10).
The control preparations where the primary antise-

rum had been replaced with normal rabbit serum or
the primary antiserum absorbed with SAA-rich mouse
serum did not show any significant deposition of the
reaction products (Figures 2 and 5).

Discussion

The present study has localized the immunocyto-
chemical reaction against anti-AA on and/or in the
RER, the single membrane-bound vesicles, vacuoles and
lamellae (including the Golgi apparatus), and the sur-
face membrane of the hepatocytes of the mice in acute-
phase response.
A currently widely accepted concept regarding the

pathogenesis of AA-amyloidosis2' is, in short, as fol-
lows. An acute phase stimulus evokes production and
release of a mediator, a peptide product of monunuclear
phagocytic cells called interleukin 1.8,11.22,23 This medi-
ator actively stimulates the biosynthesis of protein AA
primarily by the hepatocytes. At this stage, AA (a
molecular weight of about 8500) is synthesized and
transported through the intracellular channel in the
form of its precursor, apoSAA (a molecular weight of
about 12,000). ApoSAA then becomes associated with
lipoprotein in the intravascular compartment and trans-
forms into a state naturally found in the serum, SAA
(a molecular weight of 160,000-200,000). Later, SAA
is processed to form AA and is deposited as amyloid
fibrils at the destination site. The mechanism involved
in this latter process has not yet been clearly determined.
It is, however, suspected that a specific enzymatic cleav-
age or a limited degradation, and therefore an impaired
reticuloendothelial function, may be involved in this

21,24-fitprocess. -26 This concept fits well the long-standing
"two-phase theory of amyloidogenesis" of Teilum." The
first phase, synthesis and secretion of SAA, can be
created rather simply and quickly by an acute-phase
stimulus; whereas the second phase, transformation of
SAA to AA and formation of amyloid fibrils, seems
to require a certain latency period. For example, with
our daily casein injection scheme in the mouse, a sin-
gle casein injection can evoke high serum levels ofSAA
that start at 2-4 hours, reach a plateau at 12-18 hours,
and last for 24-48 hours after the injection.2'36 On the
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Figures 3-5- Lower power electron micrographs of hepatocytes of a
CBA/J mouse, 6 hours after a subcutaneous casein injection. Immunoper-
oxidase preparation against anti-mouse AA (Figures 3 and 4) and a control
where primary antiserum was replaced with normal rabbit serum (Figure
5). The electron-dense reaction products are localized on and/or in the RER
(abundant in the central cytoplasm shown in Figure 3) and the single
membrane bound vesicles and vacuoles (prominent in the peripheral
cytoplasm shown in Figure 4). No significant reaction is observed in the
control preparation (Figure 5). (All x 9700)

other hand, it usually requires 10-15 injections for any
amyloid deposition to become recognizable in any
tissue. 15

For these reasons and those discussed previously, the
use of anti-mouse AA rather than anti-mouse apoSAA
was considered to be advantageous for the present study,
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Figure 6-Higher power electron micrograph of an RER-rich portion of a hepatocyte of a CBAIJ mouse sacrificed 6 hours after receiving a casein injection.
Immunoperoxidase staining against anti-AA. The reaction products are localized mainly on the attached ribosomes and the membrane of the RER, and
occasionally in the cisternae (arrows), as if attaching to and extruding from the membrane. (x 40,000) Figure 7-Same preparation as Figure 6,
showing an area containing a Golgi apparatus which demonstrates heavy deposition of the reaction products. (x 40,000)

AJP * January 1985



Vol. 118 * No. 1 IMMUNOCYTOCHEMISTRY OF AA SYNTHESIS 113

8

109

Figure 8-Higher power electron micrograph of peripheral cytoplasm of a hepatocyte of a CBAIJ mouse sacrificed 6 hours after a casein injection. Immuno-
peroxidase preparation against anti-AA. The contents of cytoplasmic vesicles that show positive reaction often fill completely the smaller vesicles and
only partially the larger vesicles, leaving empty space in the center. The reaction products also cover thinly the sinusoidal surface of the plasnia membrane
(upper left-hand comer). (x 40,000) Figure 9-Similar preparation as Figure 8, showing a single membrane-bound vacuole and the surrounding area. The
reaction products are deposited on the content that is attaching to the membrane in a thin layer. (x 40,000) Figure 10-Electron micrograph showing
a portion of the sinusoidal surface of a hepatocyte of a CBAIJ mouse sacrificed 16 hours after a casein injection. Immunoperoxidase staining against
anti-AA. The sinusoidal surface of the membrane of the hepatocyte (bottom) and the microvilli are coated with the anti-AA reactive substance. (x 40,000)
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and the present observations that were carried out with
anti-AA at the early stage of the acute phase reaction
may reasonably be attributed to the first phase of
amyloidogenesis, ie, synthesis and secretion of the AA-
precursor.
The localization of the anti-AA reaction in and/or

on the RER, the Golgi apparatus, the vesicles, and the
vacuoles is not unexpected. This finding confirms that
amyloid protein AA follows the common routes of syn-
thesis and intracellular pathways established for other
proteins,28 including C-reactive protein (CRP), another
acute-phase reactant which has been very well studied
and often compared with SAA,8' 1129-32 while different
hepatocyte populations may be involved in CRP
and AA biosynthesis. 14'29'30 Moreover, in the present sys-
tem of SAA synthesis, a similar effect of colchicine,
ie, intracellular retention of synthesized protein, was
observed at the ultrastructural level (T. Shirahama and
A.S. Cohen, unpublished observations) as reported with
CRP synthesis.29
The accumulation of the AA-reactive substance on

the free surface of the hepatocyte plasma membrane
may require a different interpretation. This appeared
as early as but peaked and disappeared at least several
hours later than its cytoplasmic counterpart. This ob-
servation appears to suggest simply that the AA-related
substance which had been newly synthesized and trans-
ported to the cell surface was retained there for a con-
siderable period of time. Moreover, the substance may
have been bound to the membrane with a certain
firmness, so that, at least, it was not removed by perfu-
sion performed at sacrifice. This phenomenon may be
of interest in relation to the mechanism of the release
of the AA-precursor as well as interpretation of the data
from chemical and immunologic studies.

This retention can be explained in several ways. First,
apoSAA is known to be rather hydrophobic. Therefore,
it is possible that newly synthesized apoSAA travels the
intracellular channels of secretion, attaching closely to
the membrane, and is brought to the cell surface still
remaining to be attached to the membrane. In order
to float in the plasma freely, it may need to be associated
with lipoprotein, and therefore the several-hour lapse
mentioned above may represent the waiting time for the
association. Other possibilities would be 1) that the anti-
AA reaction on the hepatocyte surface represents the
sites of special SAA receptors, 2) that, even without spe-
cial receptors, the plasma membrane has the ability
(physical and/or chemical) to attract SAA, and 3) that
it is an artifactual localization and simply represents
the SAA concentration in the plasma.
Although many things remain yet to be clarified be-

fore any more definitive evaluation can be made as
to exactly what kind and how much influence this

phenomenon (retention of the AA-related substance on
the surface membrane) has on the chemical and im-
munologic studies, it seems to be clear that it has some
effect. For example, when SAA is assayed separately for
the cellular components and the media in hepatocyte cul-
tures in order to determine the degree of its synthesis
and release, the AA-reactive substance being retained
on the cell surface may be mistakenly counted as "cel-
lular" even though it has already been secreted into the
extracellular space. At any rate, this present observa-
tion should make us more aware of these possibilities.

References

1. Benditt EP, Hoffman JS, Eriksen N, Parmelee DC, Walsh
KA: SAA, an apoprotein of HDL: Its structure and func-
tion. Ann NY Acad Sci 1982, 389:183-189

2. Benson MD, Scheinberg MA, Shirahama T, Cathcart ES,
Skinner M: Kinetics of serum amyloid protein A in casein-
induced murine amyloidosis. J Clin Invest 1977,
59:412-417

3. Hoffman JS, Benditt EP: Changes in high density
lipoprotein content following endotoxin administration
in the mouse. J Biol Chem 1982, 257:10510-10517

4. Hoffman JS, Ericsson LH, Eriksen N, Walsh KA, Ben-
ditt EP: Murine tissue amyloid protein AA NH2-terminal
sequence identity with only one of two serum amyloid
(apoSAA) gene products. J Exp Med 1984, 159:641-646

5. Levin M, Pras M, Franklin EC: Immunologic studies of
major nonimmunoglobulin protein of amyloid: I.
Identification and partial characterization of a related
serum component. J Exp Med 1973, 138:373-380

6. McAdam KPWJ, Sipe JD: Murine model for human sec-
ondary amyloidosis: Genetic variability of the acute phase
serum protein SAA response to endotoxins and casein.
J Exp Med 1976, 144:1121-1127

7. Rosenthal CJ, Franklin EC: Variation with age and dis-
ease of an amyloid A protein-related serum component.
J Clin Invest 1975, 55:746-753

8. Sipe JD, Vogel SN, Sztein MB, Skinner M, Cohen AS:
The role of interleukin I in acute phase serum amyloid
A (SAA) and serum amyloid P (SAP) biosynthesis. Ann
NY Acad Sci 1982, 389:137-150.

9. Benson MD, Kleiner E: Synthesis and secretion of serum
amyloid protein A (SAA) by hepatocytes in mice treated
with casein. J Immunol 1980, 124:495-499

10. Hoffman JS, Benditt EP: Secretion of serum amyloid pro-
tein and assembly of serum amyloid protein-rich high den-
sity lipoprotein in primary mouse hepatocyte culture. J
Biol Chem 1982, 257:10518-10522

11. McAdam KPWJ, Li J, Knowles J, Foss NT, Dinarello CA,
Rosenwasser LJ, Selinger MJ, Kaplan MM, Goodman
R: The biology of SAA: Identification of the inducer,
in vitro synthesis, and heterogeneity demonstrated with
monoclonal antibodies. Ann NY Acad Sci 1982,
389:126-136

12. Morrow JF, Stearman RS, Peltzman CG, Potter DA: In-
duction of hepatic synthesis of serum amyloid A protein
and actin (mRNA/recombinant DNA/acute phase serum
protein). Proc Natl Acad Sci USA 1981, 78:4718-4722

13. Tatsuta E, Sipe JD, Shirahama T, Skinner M, Cohen AS:
Different regulatory mechanisms for serum amyloid A
and serum amyloid P synthesis by cultured mouse hepato-
cytes. J Biol Chem 1983, 258:5414-5418

14. Shirahama T, Skinner M, Cohen AS: Heterogenous par-



Vol. 118 * No.1 IMMUNOCYTOCHEMISTRY OF AA SYNTHESIS 115

ticipation of the hepatocyte population in amyloid pro-
tein AA synthesis. Cell Biol Int Reports (In press)

15. Shirahama T, Cohen AS: Redistribution of amyloid
deposits. Am J Pathol 1980, 99:539-550

16. Eldred WD, Zucker C, Karten HJ, Yazulla S: Compari-
son of fixation and penetration enhancement techniques
for use in ultrastructural immunocytochemistry. J
Histochem Cytochem 1983, 31:285-292

17. Shirahama T, Skinner M, Cohen AS: Immunocytochem-
ical identification of amyloid in formalin-fixed paraffin
sections. Histochemistry 1981, 72:161-171

18. Sternberger LA: Immunocytochemistry. 2nd edition. New
York, John Wiley and Sons, 1979, p 354

19. Guedson J-L, Ternynck T, Avrameas S: The use of avidin-
biotin interaction in immunoenzymatic techniques. J
Histochem Cytochem 1979, 27:1131-1139

20. Skinner M, Shirahama T, Benson MD, Cohen AS: Mu-
rine amyloid protein AA in casein-induced experimental
amyloidosis. Lab Invest 1977, 36:420-427

21. Cohen AS, Shirahama T, Sipe JD, Skinner M: Amyloid
proteins, precursors, mediator, and enhancer. Lab Invest
1983, 48:1-4

22. Bornstein DL: Leukocytic pyrogen: a major mediator of
the acute phase reaction. Ann NY Acad Sci 1982,
389:323-337

23. Kampschmidt RF, Upchurch HF, Pulliam LA: Charac-
terization of a leukocyte-derived endogenous mediator
responsible for increased plasma fibrinogen. Ann NY
Acad Sci 1982, 389:339-353

24. Cohen AS. Cathcart ES: Amyloidosis. Contemporary
Hematology and Oncology, Vol 1. Edited by J LoBue,
New York, Plenum Press, 1980, pp 243-276

25. Glenner GG: Amyloid deposits and amyloidosis. The (-
fibrilloses. N Engl J Med 1980, 302:1283-1292, 1333-1343

26. Shirahama T, Cohen AS: Intralysosomal formation of
amyloid fibrils. Am J Pathol 1975, 81:101-116

27. Teilum G: Pathogenesis of amyloidosis. The two-phase
cellular theory of local secretion. Acta Pathol Microbiol
Scand 1964, 61:21-45

28. Palade G: Intracellular aspects of the process of protein
synthesis. Science 1975, 189:347-358

29. Kushner I, Feldmann G: Control of the acute phase re-
sponse. Demonstration of C-reactive protein synthesis and
secretion by hepatocytes during acute inflammation in
the rabbit. J Exp Med 1978, 148:466-477

30. Macintyre SS, Schultz D, Kushner I: Biosynthesis of C-
reactive protein. Ann NY Acad Sci 1982, 389:76-87

31. McAdam KPWJ, Elin RJ, Sipe JD, Wolff SM: Changes
in human serum amyloid A and C-reactive protein after
etiocholanolone-induced inflammation. J Clin Invest
1978, 61:390-394

32. Weinstein PS, Skinner M, Sipe JD, Lokich JJ, Zamcheck
N, Cohen AS: Acute-phase proteins or tumor markers:
the role of SAA, SAP, CRP and CFA as indicators of
metastasis in a broad spectrum of neoplastic diseases.
Scand J Immunol 1984, 19:193-198


