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Phagocytosis of brushite crystals by pig neutrophils
F K HIGSON AND 0 T G JONES

From the Department of Biochemistry, the Medical School, University of Bristol, Bristol BS8 ITD

SUMMARY Neutrophils from pig blood were disrupted by homogenisation or sonication and
placed on an analytical sucrose gradient. Pig neutrophil azurophil granules were less dense than
the specific granules, unlike those from neutrophils of most other mammalian species. Brushite
crystals, which stimulate the respiratory burst in pig neutrophils, were found by electron
microscopy to be phagocytosed. Membrane-limited vesicles containing crystals were obtained
from a dense region of the sucrose gradient loaded with a homogenate of crystal treated cells.
Intake of crystals involved preferential mobilisation of cytochrome b from the plasma membrane
and the fusion of both specific and azurophil granules with the primary phagosome. Plasma
membrane and granule markers appear in a crystal-containing region of the sucrose gradient
when cells are treated with crystals. They are present in much lower concentration at this location
in gradients from cells untreated with a crystal stimulus.
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The inflammation associated with crystal deposition
diseases such as gout or chondrocalcinosis is be-
lieved to result in part from the phagocytosis of the
crystals by neutro?hils in a similar fashion to
opsonised bacteria.

Neutrophils digest interiorised microbes with the
aid of granule enzymes, delivered by fusion with the
phagosome,2 and the inflammation observed at a
site of infection is due in part to the activity of
granule fusion with an incompletely sealed phagocy-
tic vacuole and also to the release of reactive oxygen
derivatives.

Early work by McCarty et al.3 using a combina-
tion of phase contrast and polarised light microscopy
indicated the presence of rod-like crystals inside
some leucocytes that had been withdrawn from
arthritic joints. Schumacher and colleagues4 tried to
identify these crystalline inclusions by electron
microscopy but found that the technique disrupted
the material under investigation. A major problem
with sectioning biological tissues containing hard
fibres or crystals is that the mineral almost invari-
ably tears out of the sections, coming to lie on the
surface of the section in a different position. Thicker
sections (1-2[tm) partly overcome this problem, and
Crocker et al.5 and Reginato et al.6 have observed
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crystals within phagosomes at a rather poor resolu-
tion (on account of the sample thickness) that are
birefringent under polarised light microscopy.
We present evidence for the internalisation of

brushite crystals (CaHPO42H20) by pig neut-
rophils, using both electron microscopy and sub-
cellular fractionation data. We have looked at
changes in the distribution of a low potential
cytochrome b (b-245) on a sucrose gradient on
application of a homogenate of brushite stimulated
porcine neutrophils. This plasma membrane protein
has been suggested as the terminal oxidase of the
neutrophil superoxide-generating system7 8 acti-
vated on the cell surface by, for example, interaction
with brushite crystals.9 An apparent involvement of
cytochrome b-245 in this crystal phagocytosis may
contribute to inflammation in joints in which
brushite accumulates, by the activation of the
oxygen radical generation system of which this is
believed to be part.

Materials and methods

EDTA was obtained from Koch-Light, Colnbrook;
Ficoll 400 from Pharmacia Ltd, Uppsala, Sweden;
gelatin (catering grade) from Davis, Leamington
Spa. The following were supplied by Sigma, Poole;
cytochrome c (horse heart, type III), sodium dia-
trizoate (3'5-bis-(acetylamino)-2,4,6 triiodobenzoic
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acid, Na salt), deoxyribonuclease I (type III, bovine
pancreas); lysozyme (grade 1); N-formyl-methionyl-
leucyl-phenylalanine (FMLP)- tris buffer (2-amino,
2(hydroxymethyl)-1,3 propandiol). FMLP labelled
with tritium on the 2-N and 6-N of the phenylalanyl
residue (50 Ci/mmol) was obtained from New
England Nuclear, [57Co]-vitamin B,2 from Amer-
sham International. Glutaraldehyde was obtained
from Kodak Chemicals Ltd, Liverpool, and purified
by shaking with 10% (w/v) activated charcoal at 4°C
for 1 h and filtration. Osmium tetroxide was
obtained from Johnson-Matthey Chemicals Ltd,
Durcupan from Fluka AG, Buchs, Switzerland. All
other chemicals were supplied by BDH Ltd, Poole.
Crystals were prepared in the Department of
Medicine, Bristol Royal Infirmary and sonicated for
2 x 10 s with a Dawe soniprobe (20 mg/ml crystal
suspension in TBS, 75W, setting 2, precooled
probe) just before use. The brushite crystals (5-15
iim in length) were unheated and unopsonised.
They were prepared by mixing equal volumes of
0-48 M (NH4)2HP04 and 0-4 M CaC12-6H2O, each
at pH 8-0. The suspension was gassed with O2-free
N2 for 10 min in a vessel which was stoppered and
then stirred for 3 h at room temperature. Crystals
were filtered off, washed with distilled water, and
dried at 37°C.

ISOLATION OF NEUTROPHILS
Neutrophils were obtained from pig and horse blood
by a modification of the method of Segal and
Peters.'0 Fresh blood was obtained from the local
abattoir in EDTA (0.15% w/v in 0-9% w/v NaCl) to
prevent clotting; gelatin was added with agitation as
a thick suspension in 0-9% NaCl to a final concen-
tration of 0-75% w/v and the blood left to stand for
30 min. The upper layer containing neutrophils was
removed and sedimented by centrifugation in poly-
propylene tubes at 500 g for 10 min. Erythrocytes
were haemolysed by first adding heparinised (5
IU/ml) water and then made isotonic by adding an
equal volume of 1X8% w/v NaCl. The crude
leucocyte suspension was layered on the surface of
10 ml of Ficoll 400 (5X6% w/v) sodium diatrizoate
(9-6% w/v) aqueous mixture in polypropylene
tubes. After centrifugation at 500 g for 15 min the
neutrophils form a pellet. The separation on Ficoll-
Hypaque was repeated when the number of cells
applied was large and a lysis and recentrifugation
step was included if there were any remaining
erythrocytes. Neutrophils were suspended in a
buffer (TBS) containing 97 mM NaCl, 5 mM KC1, 1
mM MgC12, 1 mM KH2PO4, 50 mM tris pH 7.4.

SUBCELLULAR FRACTIONATION
For analytical gradient work (unstimulated neut-

rophil organelle distribution), 2 x 109 pig neut-
rophils in 10 ml TBS were disrupted by 20 strokes in
a hand-held homogeniser, centrifuged to remove
nuclei and unbroken cells (500 g for 5 min), and
layered (50-100 mg protein per tube) on to 21 ml
continuous gradients of sucrose (1-101-28 g.cm-3
density range). These were centrifuged at 4°C at
90 000 g for 3 h in a swing-out rotor and unloaded
from the top in 1-5 ml fractions using an MSE tube-
piercer and pumping 60% w/v sucrose at 60 ml h-
into the bottom of the tube with a peristaltic pump.

For determination of the effects of brushite on the
subcellular distribution, neutrophils (2 x 107 cells/
ml TBS) were exposed to 1 mg/ml brushite at 37°C
for 5 min, disrupted by sonication, incubated at 30°C
for 10 min with a trace of deoxyribonuclease I, and
layered on continuous gradients of sucrose (1-10-
1-28 g.cm-3) above 'cushions' of saturated sucrose
solution. These were centrifuged at 4°C at 90 000 g
for 3 h in the swing-out rotor and five fractions
obtained from the levels indicated in Fig. 1. The top
fraction (No. 1) represented plasma membrane; the
other two within the gradient (Nos. 2, 3) granules;
fraction 4 was recovered from above the saturated
sucrose layer, fraction 5 from the base of the
centrifuge tube.
The density of the 1-5 ml fractions from the

analytical gradient was determined by a sugar
refractometer. Protein was assayed by the method
of Bramhall et al."1 with a lysozyme standard.

continuous
sucrose gradient

r

l

I ~~~~loaded layer

.;-.... _. fraction 1

////////// fraction 2

-.: fraction 3

fraction 4
saturated

sucrose cushion fraction 5

Fig. 1 Distribution ofmembrane fractions observed
following analytical gradient centrifugation ofhomogenates
ofcrystal-treated pig neutrophils. Fractions 1, 2, and3 have
approximate densities of 1-13, 1-18, and 1-21 g.cm-3
respectively. Fraction 4 is taken from the 1-28 g.cm-3
saturated sucrose interface. Fraction 5 is the pellet at the
base of the centrifuge tube.
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56 Higson, Jones

Cytochrome b and myeloperoxidase were deter-
mined from the dithionite-reduced versus oxidised
difference spectrum as described by Cross et al.12
N-formyl-met-leu-phe-binding was assayed using
the [3H] peptidel (10 pM; 104 cpm pmol-1) and
vitamin B12 binding using [57Co]-cyancobalamin.14
Cytochrome c oxidase was measured as described by
Cooperstein and Lazarow. 15 Calcium was measured
in the samples using an Orion electrode (model
93-20) after solubilisation with 10 p.l concentrated
HC1 per 5 ml.

ELECTRON MICROSCOPY
Cells or subcellular fractions were pelleted, fixed in
3% w/v glutaraldehyde in 0-2 M sodium phosphate
buffer, pH 7-38, and postfixed in 1% osmium
tetroxide. The samples were processed and embed-
ded in Durcupan as described by Kushida.16 17
Blocks were cut with a diamond knife (80 cutting
angle, 1 mm s-' cutting speed) and the 60-90 nm
thick sections placed in folding grids as described by
Johnson and Ibe.'8 Sections were stained for 15 min

........W

* -.1L°jW
SO~~. ..

in a saturated solution of uranyl acetate in 70% v/v
ethanol and 3 min in 1% w/v lead citrate in 1 mM
sodium hydroxide solution and viewed in a JEM 100
CXII transmission electron microscope (JEOL Ltd,
Colindale). The microscope was used with a qualita-
tive x-ray energy dispersive 860 analyser attachment
(Link Systems, Ltd, High Wycombe) as described
by Goodhew and Chescoe19 for determination of the
distribution of elements within the section. 20

Results

OBSERVATION OF PHAGOSOMES
Porcine neutrophils exposed to brushite crystals
internalise them (Fig. 2). Granules fuse with the
phagocytic vacuole while the lumen is still in contact
with the extracellular medium (Fig. 3). In this
second micrograph (an enlargement of the first), an
ovoid granular body appears within the lumen. This
has a similar granularity to the surrounding cyto-
plasm and could result from sectioning of a bleb of
membrane that moved into the lumen. The crystals

Fig. 2 Electron microscope pictures ofpig neutrophils following treatment with brushite crystals. Arrows indicate vacuoles
containing brushite. Many granules can be seen (g), together with the large nucleus (n). (x 8750).
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Phagocytosis of brushite crystals by pig neutrophils 57

Fig. 3 Electron micrograph ofpig neutrophils following treatment with brushite crystals: evidence offusion ofgratules to
unsealed crystal-containing vesicles. Plasma membrane (pm), granules (g), and a phagocytic vacuole containing brushite,
still open to the exterior (arrow) can be seen. (x 31 500).

are much darker. The very light bodies to the left of
the phagosome in Fig. 3 may be granules that have
released their contents.
The sonicated crystals have a wide size range

(5-15 jm average length) from light microscope
observations. The brushite that has been phagocy-
tosed appears fragmented. This may be due to
dehydration by the electron beam; beam disruption
of the crystal structure has been observed for urate
with the development of a lucent network.2' It is
possible that large crystals are lost from the sections
in places where clefts are seen (though these were
rather infrequent).

SUBCELLULAR DISTRIBUTION OF NEUTROPHIL
HOMOGENATE

Pig neutrophils disrupted by a hand held homogen-
iser were analysed by continuous sucrose gradient
centrifugation (see 'Methods'). Cytochrome b245
appeared in two major locations on the gradient,

one coincident with plasma membrane marker
FMLP binding protein (the chemotactic peptide
receptor) and the other occurring together with the
specific granule marker, vitamin B12 binding protein
(Figs. 4, 5). Myeloperoxidase (characteristic of the
azurophil granules) occurs between these two
bands, though a shoulder of myeloperoxidase dis-
tribution consistently appears to coincide with the
peak of B12 binding. The mitochondrial marker
(cytochrome c oxidase activity) occurs between the
two granule positions. This distribution of mem-
brane markers was observed on each of ten analy-
tical fractionations.

ALTERATION OF SUBCELLULAR DISTRIBUTION
FOLLOWING APPLICATION OF BRUSHITE
Pig neutrophils were disrupted and fractionated as
described in the 'Methods'. As shown in Table 1,
exposure to brushite alters the distribution of
marker proteins. The plasma membrane (FMLP
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Fig. 4 Distribution ofsubcellular components ofthe
postnuclear supernatant ofporcine neutrophils after
centrifugation on a 110-1 -28 g.cm-3 continuous
sucrose gradient. Above: Density ofthe sucrose solution.
Below: Protein, % total recovered.

binding protein), specific granule (vitamin B12 bind-
ing protein), and azurophil granule (myeloperox-
idase) markers all increase in the lowest fraction
(No. 5) brushite treated cells. There is a small but
consistent increase in these markers in fraction 4 on
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Fig. 5 Distribution ofsubcellular components of the
postnuclear supernatant ofporcine neutrophils after
centrifugation on a 1 0-1 -28 g.cm-3 continuous sucrose
gradient. Above: Cytochrome b-245 (@-- *) and
myeloperoxidase (- E). Below: N-formyl-met-leu-
phe binding protein (@ -), reduced cytochrome c

oxidase (E ) and vitamin B12 binding protein
(A A).

Table 1 Distribution ofmarkers and total protein infractionsfrom sucrose gradients loaded with homogenates of
brushite-treated and control porcine neutrophils. C represents control, B treated cells, allfigures are percentages to the
nearest integer (means ofduplicates) of total gradient recovery

Fraction Protein Cytochrome b FMLP binding protein Vitamin B,2 binding protein Myeloperoxidase

C B C B C B C B C B

1 11 11 28 10 70 35 2 1 3 1
2+3 36 42 54 63 0 12 90 84 72 70
4 45 24 17 20 8 10 8 10 21 23
5 8 23 1 7 22 43 0 5 4 6
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Phagocytosis of brushite crystals by pig neutrophils 59

Table 2 Distributicmofcalcium infractionsfrom sucrose gradients loaded with homogenates of brushite-treated and
control neutrophils, brushite alone, or a mixture ofhomogenate ofcontrol neutrophils and brushite crystals. Calcium was
determined by means ofan ion sensitive electrode, in gradient fractions resuspended in 6 ml deionised water, acidified with
10 p1 Analar concentrated HCJ and left for 1 h at 37 'C. Results are means oftwo experiments

Gradient fraction Calcium in sample (ppm)

Control cell Brushite-treated Brushite alone Homogenatelbrushite mixture (crystals
(no brushite) cells (no cells) added after disruption)

1 3-0 3-5 0-3 2-9
2 and 3 5-8 8-8 0-5 5-8
4 4-3 11*2 0-4 3-3
5 3-7 196-1 217-6 207-9

application of brushite. Cytochrome b245 follows the
change in the other proteins. There is a loss of
cytochrome b245 (64%) and FMLP receptor (50%)
from the plasma membrane. This fraction shows
little change in total recovered protein, indicating a
selective removal of these two surface components.
Mitochondria show no significant change in distribu-
tion on exposure of neutrophils to brushite.

Gradients loaded with brushite alone or with a
neutrophil homogenate mixed with crystals after
disruption yield high calcium in fractions 5 but show
little calcium elsewhere (Table 2). The fraction 4 of
the crystal-treated cell gradient is enriched in
calcium compared to the control gradient.

ELECTRON MICROSCOPY OF FRACTIONS
Electron microscopy revealed phagocytic vesicles in
crystal-treated neutrophil fraction 4 and none in
fractions 1, 2, or 3; the control gradient showed no
vesicles. The densest fraction showed only com-
pacted brushite with no evidence of phagosomes.
No vacuoles were found in gradients loaded with
either brushite alone or a homogenate of cells mixed
with crystals after breakage.

X-RAY MICROANALYSIS
Energy dispersive x-ray spectra were obtained of the
pure brushite material present in the vesicles
observed in whole cells, and in free phagosomes
found in fraction 4 from the sucrose gradient. The
ratio of calcium to phosphorus observed for the
three samples was very similar 1-41 (+ 3%), 1-37
(± 7%), 1P39 (± 8%). The microanalytical system
was standardised as outlined by Chandler2" to allow
for different collector efficiencies for the elements
detected; calcium was collected with an efficiency of
90%, phosphorus with 65% efficiency. These data
predict a ratio of calcium:phosphorus in brushite
(CaHPO4-2H20) of 1-38, very close to the observed
ratio. The material within intracellular and liberated
vesicles is thus brushite.

Discussion

Brushite was first identified as a possible pathogenic
crystal in synovial tissues and cartilage by Faure et
al.22 in patients with articular chondrocalcinosis.
The findings presented here indicate that brushite
crystals are phagocytosed by neutrophils, which are
common in the synovium.1 A case of granule fusion
with an unsealed vesicle, which appears in Fig. 2,
has been proposed as the mechanism whereby
calcium pyrophosphate dihydrate crystals induce
inflammation.23 Brushite crystals may contribute to
inflammation by this process.

Brushite consists of zigzags of calcium and phos-
phate ions in a 3D structure quite unlike other
calcium minerals such as the pyrophosphate.24 This
unusual structure may explain the successful identi-
fication of crystal phagosomes when workers study-
ing other crystals have observed clefts.
Uptake of brushite leads to the observation of

surface membrane and granule markers at an
abnormally dense region of the sucrose gradient
after cell disruption. Cytochrome b245, a plasma
membrane protein considered important in microbi-
cidal radical generation and found to be selectively
incorporated into phagosomes formed by human
neutrophils that have taken up opsonised latex
particles,25 has been shown here to be selectively
included into the crystal-laden vesicle. On phagocy-
tosis crystals become part of a phagolysosome that is
of sufficient density to pass through the saturated
sucrose layer and is the product of fusion of both
specific and azurophil granules with the primary
phagosome. A mobilisation of the cytochrome b245
would indicate that opsonised latex and brushite are
endocytosed in a similar fashion; the uptake of
FMLP binding protein suggests that this receptor for
another potent stimulus of the neutrophil respira-
tory burst26 is part of the same microdomain as the
cytochrome on the cell surface. There have been
other reports of selective inclusion of membrane
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60 Higson, Jones

polypeptides into vacuoles formed by neutrophils
ingesting oil droplets.27 28

Segal et al.29 found that specific and azurophil
granule fusion in latex-stirmiulated human neut-
rophils occur synchronously, just after the onset
of oxygen consumptioni. The observation of
cytochrome b245 and the two granule markers in the
densest fraction after 5 min exposure of the cells
suggests that crystal-induced granule fusion with the
phagocytic vesicle occurs rapidly and involves both
granules.

Calcium distributioin, electron micrographs, and
x-ray microanalysis all indicate that the cushion-held
fraction 4 is enriched in brushite containing phago-
somes. The phagolysosomes appear to vary in
density, so that some penetrate the satun-ated
sucrose to appear in fraction 5.
The neutrophils of most mammalian speciesl(

3(132 contain azurophil granules that are denser than
the specific granules; we have shown porcine neut-
rophils to be an exception. As in hurmian neutrophils,
however, cytochrome b 245 is associated with the
specific granules of pig neutrophils and with the
plasma membrane.

Although brushite is not considered to be a major
pathogenic crystal, it has proved a convenient model
for a study of neutrophil-crystal interaction in vitro.
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