Virchows Arch (1998) 432:547-555 © Springer-Verlag 1998

ORIGINAL ARTICLE

Christoph Rocken - Robert Kisilevsky

Comparison of the binding and endocytosis of high-density lipoprotein
from healthy (HDL) and inflamed (HDLg,,) donors
by murine macrophages of four different mouse strains

Received: 10 December 1997 / Accepted: 20 January 1998

Abstract Serum amyloid A (SAA) is a plasma acutéowing endocytosis of HD,, is involved in this dif-
phase protein and the precursor of the AA-fibril protefiering susceptibility.

deposited in AA-amyloidosis. SAA is bound mainly to

high-density lipoproteins (HDd,,). Previous investiga- Key words Amyloid - High-density lipoprotein -
tions have demonstrated that peritoneal macrophadéescrophage - Endocyto:is

(m@) from mice are capable of binding and endocyto-

sing HDLgas. This observation may indicate a pathway
by which SAA enters the m@ and where its intracellultmtroduction

metabolism may be followed by degradation and/or

amyloidogenesis. Since binding and internalization d€he fibril protein of AA- or reactive-amyloidosis, a fi-
fects of lipoproteins may be associated with differehtillar proteinosis often secondary to chronic inflamma-
diseases, it is possible that mouse strain susceptibilitydoy diseases such as rheumatoid arthritis or tuberculosis,
amyloidosis is associated with qualitative differences i derived from its autologous plasma precursor serum
the binding and internalization of HRL,. To test this amyloid A (SAA) [23, 42, 55]. SAA is a type | acute
hypothesis a series of binding and internalization expehase protein which, in plasma, is attached to lipopro-
iments was performed in vitro with m@ from four difteins mainly of the high-density fraction (HDL) [23, 42].
ferent mouse strains, CD-1, A/J, C57BL/6J ar®8lAA bound to HDL is the source of the deposited fibril
C3H/HeJ, which differ in their susceptibility to AA-am-rotein [24, 55]. Intact SAA has been found in AA-amy-
yloidosis. Using colloidal gold-labelled lipoproteins, itoid deposits [27, 43, 57] as well as proteolytic frag-
was evident by light and electron microscopy that m@ents, which consist of the aminoterminal two-thirds of
from all four mouse strains are capable of binding aB@®A [23]. Although the size of the fibril protein is vari-
internalizing HDL (without SAA) and HD,,. HDL able, its aminoterminal end rarely differs from that of the
and HDLg,, were found in such compartments of thprecursor protein, and failure of aminoterminal trunca-
receptor-mediated pathway as coated pits, coated vésh of SAA may be an important step in the pathogene-
cles, endosomes and multivesicular bodies and in ligid of AA-amyloidosis [60]. At the carboxyterminal end
droplets; no qualitative differences were observet8—30 amino acids are usually cleaved [4, 16, 35, 46]
Therefore, it is unlikely that a defect in binding and u@nd it is still not known where proteolysis at the carbo-
take of HDLgu4 is related to the different susceptibilitixyterminal end occurs and at what stage of the disease. It
es of these mouse strains to develop AA-amyloidosims been suggested that lysosomal proteases and cells of
However, the results do not exclude the possibility thiie reticuloendothelial system (RES), mainly macro-
differences in the intracellular processing of SAA fophages, are involved in this process [3, 12, 13, 15, 43,
51, 54, 58-60]. In addition, amyloid may form intracel-
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6]; it may even also reveal antitumour growth properties Lipoproteins were labelled with 20 nm colloidal gold probes

[17, 44]. SAA appears to have an effect on lecithin ch&m Sigma Chemicals (St. Louis, Mo.) according to the tech-
) ique of Handley et al. [19]. Lipoproteins were dialysed over-

lesterol acyltransferase activity associated with H[:ﬂ"rght againet 0.05 M EDTA (pH'5.5). Approximately 509 of
[53], neutral cholesterol ester hydrolase activity of maggoproteins (in a volume of 50-10M0) were mixed rapidly with
rophages [38], and on the binding and possible transpidriml colloidal gold and incubated for 30 min on ice in siliconi-

of cholesterol [28, 36, 37]. However, at present it is n&gd Cortex tubes. Unbound lipoproteins were then separated by
L ; entrifugation (9,000 rpm, 30 min) against a 35% sucrose cush-

known V\.’hef[her or .hOW SAAS pUtat“./e phyS"OI()glca.Iﬁion and the pellet was resuspended and dialysed against Dulbec-
function is linked with the pathogenesis of AA-amyl0iso's modified phosphate-buffered saline (D-PBS; 8.00 g NaCl,
dosis. 0.20 g KCI, 0.10 g CaGJ 0.10 g MgC} - 6H,0, 1.15 g

We have recently demonstrated that SAA-bearirﬁﬁz?Z)Om 2H,0 and 0.20 g KEPO, with dH,0 to give 1000 ml;

- A, . . P
high-density lipoproteins (HD4,,) are bound and inter The successful purification and gold-labelling of the lipopro-

nalized by murine peritoneal macrophages (m@) via 8 preparations was tested by polyacrylamide gel electrophoresis
docytosis [26, 49]. This observation may indicate a patdhd negative staining of samples on formvar-coated nickel grids

way by which SAA enters the md, thus allowing for inssing phosphotungstic acid as a contrasting agent. The apolipopro-
tracellular metabolism of the precursor protein whef@n composition of the lipoproteins was examined by

. . . - rea—SDS—polyacrylamide gel electrophoresis (SDS—-PAGE) as
aminoterminal truncation would preclude amylo'dOgengéscribed elsewhere [22, 48, 49]. The molecular weights (MW) of

sis a'nd its failure may _a”0W amY!OidOQGne_SiS 0 OCCldfe major apolipoproteins (apo) of HDL were consistent with apo
In mice, the susceptibility to reactive amyloidosis variés! (MW 26,000), apo C's (MW 6,000-12,000) and apo A-ll
between different strains [52]. This variability may parfMW 8,000) [33] and of HDka, with apo A-l, SAA and SAA

; AW 12,600 and MW 11,800), apo C’s and apo A-ll. Apo E (MW
ly be due to the primary structure of the precursor p ,000) was only evident in the lipoprotein fractions of d

tein, as in AA-amyloid-resistant CE/J mice, which syn-1 063 g/ml.
thesize nonamyloidogenic acute phase SAA isoformsProtein concentrations were estimated with the BioRad DC
[52]. However, the primary structure of SAA may not brotein assay kit (BioRad Hercules, Calif.). All lipoprotein sam-

; ; ; ihilinples, to be used in cell culture experiments, were used within
the only factor co_ntrlbutlng t(.) amyloid Susceptlblht4 —72 h after their separation by sequential ultracentrifugation and
[56]. Differences in the binding and endoc_yt03|s Qlalysed finally against D-PBS.

HDLgpa by cells of the RES may also be an influence. For cell culture, m@ were obtained by peritoneal lavage. Ice
To test this hypothesis we performed a series of in vig@d RPMI Medium 1640, 2-3 ml (GibcoBRL, Burlington, Ont.,
experiments with m@ from four different mouse strairfg@nada) was rapidly instilled into the peritoneal cavity of ten mice

. : . . T . . _per strain. The aspirate was pooled and centrifuged for 10 min at
which differed in their susceptibility to AA'amon'dOS'éiOOO rpm. The supernatant was discarded and the pellet resus-

and atherosclerosis, the latter serving as a control. Uspa@ided in RPMI Medium 1640; this step was repeated once. The
light and electron microscopy we looked for structuratllet was finally resuspended in culture medium (RPMI Medium
differences in the binding and uptake of HDL antp40 supplemented with 10% fetal bovine serum and 1% (v/v) an-
HDL tibiotic—antimycotic mix; all GibcoBRL). The number of cells was
SAA estimated with a haemacytometer (Neubauer, Germany). The cells
were then seeded in four-wathamber slidefrom Nunc (pur-
chased through Life Technologies, Burlington) with an average
Materials and methods cell density of 82,000 cells/chamber. Two hours later, nonadherent
cells were removed by washing with RPMI Medium 1640. Fresh
CD-1 female mice were purchased from Charles River Laboratedture medium was added and the m@ were kept in a tissue cul-
ries (Montreal, QC, Canada). A/J, C57BL/6J and C3H/HeJ fem&lee hood (37°C and 5% G@tmosphere) for 2 days. To load the
mice were purchased from Jackson Laboratories (BarHarbor, M&lls with cholesterol, 24 h before the experiment the culture me-
Retired breeders were used for the preparation of lipoproteidiaim was supplemented with §@/ml oxidized human LDL (ox-
Mice 6-8 weeks old were used for the preparation of m@. The drBL ). In contrast to murine LDL, human LDL did not contain
mals were fed a normal chow diet (Purina 5001) ad libitum aady apolipoprotein other than apo B [14, 48].
sacrificed by C@narcosis at the time-points indicated. Binding and internalization experiments with lipoproteins were
Mouse lipoproteins were isolated from pooled plasma by serformed as described previously [1, 47, 49]. Thirty minutes be-
quential density ultracentrifugation using 10.4 ml polycarbonafiere the binding, thehamber slidesvere transferred into a cold
centrifuge bottles, a 70.1 Ti fixed angle rotor and an L8-70M uleom (4°C) and the culture medium was exchanged immediately
tracentrifuge (all Beckman, Palo Alto, Calif.). High-density lipoby D-PBS (4°C; pH 7.4) supplemented with 1.0% fatty-acid-free
proteins without acute phase serum amyloid A (SAA) were recdovine serum albumin (D-PBS/BS#y; Sigma Chemicals, St.
ered from untreated, healthy animals (HDL). For the recovery lasuis, Mo.). D-PBS/BSAy,, was changed once after 15 min. Pre-
acute phase high-density lipoprotein (H)L), mice were inject- cooled m@ were then incubated on a rocking table for 2 h in D-
ed subcutaneously with 0.5 ml of 2% silver nitrate 18-20 h priBBS supplemented with 0.1% fatty-acid free BSA (D-
to bleeding by cardiac puncture. The density of the pooled plasRBS/BSA o) and the indicated amount of lipoproteins. Thereaf-
was adjusted by the addition of solid NaBr. Lipoproteins of ther, unbound lipoproteins were removed by washing with D-
density <1.063 g/ml were isolated after centrifugation &BS/BSA o, and D-PBS, three times with each. If no further in-
50,000 rpm for 20 h at 4°C. The infranatant was pooled and aefrnalization was required, the cells were then fixed.
justed to a density of 1.25 g/ml and re-centrifuged at 60,000 rpm Internalisation of bound lipoproteins was induced by warming
for 48 h. The flotate was aspirated and the isolated lipoproté¢ie m@ [1, 47]. D-PBS (4°C) was replaced by warm RPMI Medi-
fractions were dialysed extensively against 10 mM Tris, 0.9&tn 1640 (37°C; pH 7.4) supplemented with additional lipopro-
NaCl, 1 mM EDTA (TBE; pH 7.4). teins, and the chamber slides were placed in the tissue culture
Lipoproteins were oxidized for 12 h at room temperature (rt) ood for 60 min. The cells were then washed quickly three times
0.15 M NaCl supplemented with 781 Cu?* [32]. The oxidation in D-PBS (rt; pH 7.4) and fixed.
procedure was terminated by dialysing the lipoproteins againstFor light microscopic examination, the colloidal gold-labelled
TBE (4°C; pH 7.4). lipoproteins were visualized by silver enhancement. Following the
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experiments described above, the cells were fixed in 3% buffed@nsities, a homogeneous granular matrix of intermedi-
p-formaldehyde (4°C; pH 7.4; 15 min). Subsequently all stepge density, or a fairly dense matrix.

were performed at room temperature. The m@ were washed with : A -
PBS (pH 7.4; 3 x 5 min) and treated with 0.2% Triton X-100 in The preceding binding experiments for 2 h at 4°C

PBS for 2 min, and the slides were washed extensively in PB&h 20 pg/ml of AUHDL or AUHDLgas, Using m@ from
(3 x 10 min) and PBS/BSA (PBS supplemented with 1% BSAD 1 mice only, revealed homogeneous staining of the

3 x 10 min). Reactive aldehyde groups were eliminated by incubadividual cells on the light microscopic level. When the

tion with 0.05 M glycine for 15 min. Thereafter, the m@ werg: ; _
washed in PBS (3 x 10 min), 48 (2 x 10 min) and the colloidal 8ignals were brought into focus, as demonstrated sche

gold was visualized with silver enhancement according to theatically in Fig. 1, it became evident that the staining
manufacturers instructions (LM Silver Enhancing Kit [SEKL 15)as limited to the cell surface [26, 49]. The light micro-
Cedarlane Laboratories, Hornby, Ont., Canada). The counterstatiopic staining pattern was confirmed by electron mi-

was haematoxylin and the cells were dehydrated and covered. inQ i ; o i
Permount (Fisher Scientific, Ottawa. Canada). ¢i8scopy. Following incubation for 2 h at 4°C gold parti

M@ dedicated for electron microscopic examination were fixcdes were found only at the cell surface and in coated
in Karnovsky's fixative (2%p-formaldehyde, 2.5% glutaralde-Pits, and none in the cytoplasm (Fig. 2).
hyde, 0.025% Cagl 0.1 M sodium cacodylate; pH 7.4) using a No signals were detected above background after
fiative was ciscarded and repiaced by ce-cold 0.1 M sodium ompetition experiments with 20g/mi colloidal gold-
codylate buffer supplemented with 0.025% Ca@CB; pH 7.4, ?_Sbelled !lpoprotel_ns and a 25-fold excess of unlabelled
3 x 10 min). The m@ were post-fixed for 2 h in Qs(.33% lipoproteins, that is either AUHDL (2g/ml) and HDL
0sQ,, 0.067 Ms-collidine, 0.025% CagG). The cells were then (500 pg/ml) or AuHDLgs, (20 pg/ml) and HDlgpp
rinsed with 0.1 M maleate buffer (pH 5.2; rt; 3 x 10 min), stainefgoo pg/ml), respectively.
with 2% uranylacetate (pH 5.2; rt; 60 min) and again rinsed with '
0.1 M maleate (pH 5.2; rt; 3 x 10 min). The cells were dehydrated
in ethanol and embedded in LR White using gelatin capsul~~
placed open-faced onto the surface of the slide, covering the ce
Polymerization was initiated with benzoin ethylether (0.075 g/15
LR White) and UV light overnight. The capsules with the embe
ded m@ dislodged easily from the slides and semi-thin sectic
were stained with Toluidine blue. Ultrathin sections of blue ar
gold sheen were mounted on copper grids and stained with leac
trate for 2—3 min. These were then air-dried and examined usin
Hitachi H-500 electron microscope.

Results

Pre-incubation with 6Qug/ml oxidized human LDL con-
verted the m@ of all four mouse strains into foam cellg
At the electron microscopic level the lipid droplet
showed a translucent matrix with a few irregular cloug

Plane of focus Staining pattern

Fig. 1 Schematic demonstration of the light microscopic appeé!
ance fight arrow) of cell surface staining of a cultured macro-
phage. According to the plane of focus, signals are visible eitheFig. 2 Binding experiment with 2Qug/ml, with a AuHDL andb

the centre of the cell (see also Fig. 3a, e) projecting onto the AuHDLg,,, @s visualized by electron microscopy: following incu-
cleus or arranged in circles projecting onto the cytoplasm (see dation at 4°C for 2 h the m@ were fixed and embedded in LR
Fig. 3c, g). Left arrowside elevatior White. (CD-1lead citratea x34,000,b 26,000
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Binding experiments for 2 h at 4°C with 2@/ml of active local inflammatory reaction at the site of injection
AuHDL or AuHDLg,, revealed a homogeneous stainingnd a systemic reaction such as the up- and down-regula-
of the individual cells similar to the pattern observed tion of acute phase and negative acute phase proteins, re-
the preceding binding experiments (see above; Fig. $ectively. A single application of silver nitrate is sulffi-
The staining of the entire cell population varied, wittient to produce an inflammatory response which, in a
some cells labelled intensely and some scantily. How@wsceptible strain, inevitably proceeds to the formation
er, the staining pattern of the m@ was similar in all foand deposition of amyloid. In contrast, casein, another
mouse strains, only quantitative differences were appe@mmonly used amyloidogenic stimulus, is active only
ent; the m@ from CD-1 and A/J mice were labelled mol@ a short period of time. Repeated injections on a daily
intensely than those from C57BL/6J and C3H/HeJ mid#sis are necessary to cause amyloidosis. In general, the
Furthermore, binding experiments with HDL, in generaion-strain-dependent inflammatory stimulus is a well-
appeared to reveal a more intense staining than theggognized variable of AA-amyloidosis, and clinically ap-
with HDLgpa. propriate management and inhibition of a chronic or re-

The staining pattern changed following internalizaticgurrent inflammatory disease, such as rheumatoid arthri-
experiments (60 min at 37°C) applying g§/ml of Au- tis or tuberculosis, has become the first choice for treat-
HDL or AuHDLga,. The indivdual signals were largeiment and prevention of reactive AA-amyloidosis [25].
and predominantly localized in close proximity to the Strain-dependent factors that influence amyloid mor-
nucleus or arranged in circles within the cytoplashidity have been reported as being due to the primary
(Fig. 3). The staining pattern of the m@ did not show asyructure [10, 52] or the catabolism of the precursor pro-
significant qualitative or quantitative differences betwed@in [29]. However, little is known about the amyloido-
the different mouse strains. genic metabolism of SAA. The pathway linking the SAA

Electron microscopic examination of the internaliz&ttached to HDL with the AA-fibril protein assembled to
tion experiments demonstrated gold-labelled lipoproteamyloid is still unknown, and multiple strain-specific
particles in such endocytotic compartments as coafedtors may well be active. It has been demonstrated that
pits, coated vesicles, endosomes, and multivesicular bb@L s is bound and endocytosed by m@ [11, 26, 49]
ies as well as in lipid droplets (Fig. 4). Few lysosom#&gich suggests a receptor-mediated internalization path-
were found and these did not show any gold particl@gy for HDLga,, that makes it comparable with other li-
Regardless of the origin of the m@, the compartments peproteins, in particular with LDL. Multiple receptor de-
volved during endocytosis of AuHDL or AuHRL, fects were described as being linked to the binding and
were the same in every mouse strain. internalization deficiencies of LDL, causing hypercho-
lesterolaemia and early development of atherosclerosis
[9, 34]. Similarly, hypothetically, a defect in binding and
Discussion internalization of HDl,, may influence the onset and

progress of AA-amyloidosis in a strain-specific manner.
In mice the susceptibility to reactive AA-amyloidosis iklowever, we have previously investigated only the bind-
defined by the interval between experimental inductiéfg and internalization capabilites of m@ obtained from
of an inflammatory response and the appearance of amyyloid-sensitive CD-1 mice [11, 26, 49]. M@ obtained
loid deposits as demonstrated by conventional hisfecem other strains, in particular from partially amyloid-
chemical techniques (apple green birefringence aftesistant mice, have not yet been studied, [11, 26, 49].
Congo red staining). In CD-1 mice (amyloid sensitive) The experiments reported here did not show any qual-
this time difference is approximately 9 days, and in Aitative differences in binding and endocytosis of either
mice (partially amyloid resistant) it is approximately 2HDL or HDLgp, by m@ of four mouse strains with dif-
days [52]. In C57BL/6J (high atherosclerosis susceptidigring amyloid susceptibility. A morphological approach
ity) and C3H/HeJ mice (low atherosclerosis susceptibilias been successful in the past for demonstrating binding
ty) amyloid usually occurs 11 and 16 days after onsetasfd internalization defects for LDL [2, 9], and the meth-
an experimentally induced inflammation [52]. ods applied in the current study followed standard proto-

The propensity to develop amyloid and amyloidosi®ls [1, 50]. Therefore, the experimental design should
probably depends on a variety of factors, which can be kiave been sensitive enough to detect an aberrant lipopro-
vided into non-strain-specific and strain-specific ones.tain metabolism, such as the absence of a receptor-li-
non-strain-specific factor is the inflammatory stimulugand interaction (no binding to the cell surface) or a lack
That produced by silver nitrate is permanent, results in@finternalization. It is unlikely that nonspecific hydro-

phobic interaction between the labelled lipoprotein and
Fig. 3 Binding and internalization experiments with 2fml Au- fthe CeII_Sur_face Can_mask the results of the binding and
HDL (a—d) and with AUHDLs, (e-h) as visualized by silver en- internalization experiments. In the presence of an excess
hancement: binding experiments for 2 h at 4°C demonstrated B$-unlabelled ligand (competition experiment) the signal
e o oo ML, ST o s, was reduced sgnifcantly, as evidenced by morpholog:
€l - cau . (see present study and [48]) and biochemical investi-
staining patternri{ght lane). No significant differences were foundgations [26]. The data showing binding to clathrin-coat-

between m@ from different mouse strains, such as C&-l, (e, ! ' > g et
f) or AJJ €, d, g, h). Haematoxylin counterstain, x7:33 ed pits also disagree with nonspecific binding (see pres-
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the precursor: confocal microscopy localized acute phase

SAA exclusively to the endosomes-lysosomes of perito-

neal macrophages from alveolar hydatid infected miggeferences

[11], and ultrastructural evidence exists for intracellular o

formatlon Of amylo|d flbrlls in macrophages [13, Sl, 54]1 Anderson RGW (1986) Methods for visualization of the LDL
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