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Macrophage ferritin and iron deposition in the rat air
pouch model of inflammatory synovitis
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SUMMARY Using a rat air pouch model of red cell promoted allergic inflammation, we have
investigated the relation between ferritin synthesis and iron deposition in pouch wall lining cells.
These cells have structural and immunohistochemical similarities to human synovial intimal cells
and studies of them are pertinent to the clinical situation. In control air pouch wall tissue after
single or double antigenic challenge the (apo)ferritin containing macrophages are most numerous

seven days after antigenic challenge when there is active connective tissue proliferation and a

generalised mononuclear cell response in the pouch wall, suggesting that (apo)ferritin is
produced in macrophages as part of the tissue inflammatory response. In contrast with control
tissue, where there is a steady decrease in positive cells over the ensuing weeks, injection of blood
into both single and double challenge air pouches produces a significant (p<OOO1) and
continuing rise in the numbers of ferritin containing macrophages after day 7. Also, after 14 days
Perls' positive ferric iron is detectable in increasing numbers of ferritin containing macrophages,
a trend which is more marked in double challenge, blood injected air pouches. The histological
data clearly show that there is a close relation between the presence of Perls' iron and
proliferation of vascular and connective tissue elements in the pouch wall. We propose that this
proinflammatory role of iron is the result of its ability to promote oxidative damage in tissues,
and discuss ways in which this may take place.

Biochemical and chemical evidence has led us to
suggest that in rheumatoid arthritis deposits of iron
in the synovial lining are linked with the chronicity
of the inflammatory response' 2 probably because
such iron catalyses the production of tissue hydroxyl
radicals from superoxide and hydrogen peroxide.3
Pathological studies have shown that much of the
iron is associated with the protein apoferritin ,2 4
and that such ferritin is highly iron saturated,4 which
in vitro has been shown to promote lipid
peroxidation.5 If ferritin had this property in vivo it
would cause membrane damage to lysosomes and
release of potentially destructive hydrolytic en-
zymes. Our ultrastructural studies of a variety of
synovitides show that intracellular iron saturated
ferritin is associated with lysis of cytoplasm and
organelles in synovial A cells only, iron containing
B cells being unaffected.6 Since A cells are
macrophage-like it may well be that intracytoplas-
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mic damage in these cells is a reflection of their
ability to produce metabolically active oxygen
metabolites with tissue destructive potential in the
presence of iron. In macrophages, and certain
epithelial cells, ingestion of erythrocytes is followed
by their digestion in phagolysosomes and liberation
of iron from haemoglobin,7 a process associated
with increased ferritin production in the cytoplasm
and formation of aggregations in morphologically
distinct secondary lysosomes.9 "() This same process
is likely to occur in the inflamed synovial membrane
where repeated trauma causes minor bleeding from
hyperaemic tissues, haemoglobin inducing synovial
cell ferritin formation in vitro"' and in the rabbit
synovium in vivo.12
We have previously reported that whole blood

when injected into an inflamed rat air pouch
prolongs the inflammatory response.'3 This proin-
flammatory or adjuvant effect was due to the red
cells, but little effect was induced by the red cell
membrane. Using this model of red cell promoted
allergic inflammation, we have extended our studies
to examine the relation between (apo)ferritin synth-
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esis, iron deposition, and the synovial tissue in-
flammatory response. This is pertinent to the clinical
situation as we and others have found that the air
pouch lining cells have many features in common
with the human synovial membrane.'4 lS

Materials and methods

ANIMAL MODEL
An air pouch with allergic inflammation was in-
duced in male Sprague-Dawley rats by the method
previously described.'5 Briefly, 16 groups of five rats
were sensitised by injection of bovine serum albu-
min (BSA) in Freund's complete adjuvant on day
-14, a dorsal air pouch was created on day -1, and
on day 0 an inflammatory response was induced in
the pouch by challenge with BSA in carboxymethyl-
cellulose. A more permanent chronic inflammation
was induced by rechallenge of the pouch on day +5.
A single fixed volume (1 ml) of autologous whole
blood, prepared as described previously,'3 or 1 ml
saline control was injected into the pouch im-
mediately after the antigenic challenge on day 0
(single challenge experiment -4 test and four
control groups of rats) or +5 (antigenic rechallenge
experiment -4 test and 4 control groups of rats).
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Animal groups were killed 1, 7, 14, and 28 days after
blood or saline injection in both single challenge and
rechallenge experiments.

LIGHT MICROSCOPY
Blocks of granulation tissue, removed at random
from the pouch wall of each animal, were fixed in
10% buffered formol saline and embedded in
paraffin wax by standard procedures. Serial sections
were cut and stained by haematoxylin and eosin or
haematoxylin and van Gieson for assessment of
general tissue structure, and by Perls' prussian blue
technique for ferric iron using acid hydrolysis to
release ferric iron bound to proteins. Both murami-
dase (lysosome) and ferritin were demonstrated by
standard peroxidase-antiperoxidase techniques. In
the ferritin technique the antibody used had speci-
ficity for rat apoferritin.
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Fig. 1 Histogram ofmacrophage (M4O) countsfrom
sections ofrat airpouch walls after (a) a single BSA
challenge, (b) a rechallenge with BSA. Open
columns=ferritin positive macrophage countsfrom blood
injected (test) tissue; cross hatched columns=ferritin
positive macrophages from saline injected (control) tissue;
stippled columns= Perls' positive macrophages, test tissue;
filled in column= Perls' positive macrophages, control
tissue. Bar lines=mean (SD). **p<0o001.
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CELL COUNTS
The number of cells containing ferric iron, as shown
by Perls' positive staining, and the number contain-
ing ferritin were counted in fields chosen at random
from 5 ,im sections cut from control and test air
pouch wall removed from rats killed at various
times. Sections were viewed at a constant magnifica-
tion (x 128), and the number of Perls' and ferritin
positive cells were counted in random fields of view.
The mean number of cells of each category per field
and standard deviations were calculated for each
time point in test and control air pouches, and the
significance of the results was assessed using Stu-
dent's t test. Foamy macrophages containing
carboxymethylcellulose'5 were not included in the
cell counts.

Results
SINGLE CHALLENGE (SC) AIR POUCH(Fig. la)
All cells containing ferritin or iron, or both, in test
and control pouches were also positive for murami-
dase (lysozyme) and were considered to be mac-
rophages. In control (saline injected) pouch walls
the number of ferritin containing macrophages was
very low on day 1 but had increased significantly
(p<O-OO1) by day 7. This time point coincides with

active connective tissue proliferation and a general-
ised mononuclear cell response in the pouch wall,'5
ferritin being produced as part of the tissue in-
flammatory response. This is confirmed by the
subsequent decrease in ferritin positive cells on days
14 and 28 when the inflammatory response is
resolving. Numbers of ferritin positive macrophages
in test pouches injected with blood showed no
significant difference from controls on days 1 and 7,
but on days 14 and 28 there was a significant
(p<O.001) and continuing rise in ferritin positive
cells in test animals when such cells in control tissues
were decreasing. The test pouch walls also con-
tained Perls' positive cells on day 14, the numbers
increasing significantly (p<0-01) between days 14
and 28, when there was codistribution of fernitin and
iron in some 50% of cells counted. Perls' positive
cells were always positive for ferritin. The connec-
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Fig 2 (a) Section ofblood injected pouch wall, day 28,
after single BSA challenge. There is a well defined lining cell
layer consisting mainly offibroblasts (arrows) beneath
which is well organised proliferating connective tissue
containing a mixed inflammatory cell infiltrate
(haematoxylin and eosin). (b) Section ofcontrol, saline
injectedpouch wall, day 28, after single BSA challenge. The
connective tissue response is minimal at this stage and the
lining cell layer (arrows) is poorly defined (haematoxylin
and eosin).
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tive tissue continued to evolve throughout the
experiment (Fig. 2). Occasional Perls' positive cells
were noted in control tissues, but numbers were too
low for meaningful results to be obtained.

RECHALLENGED (DC) AIR POUCH (Fig. lb)
Counts of ferritin containing macrophages were
found to be similar to those in SC pouches, with a
significant rise in numbers (p<0-001) between days
6 and 12. In contrast with SC experiments, however,
the ferritin counts remained high for a further seven
days before falling to the low level seen on day 33.
As in SC pouches, this ferritin response was linked
with connective tissue proliferation.'5 Ferritin
counts from blood injected test pouches were higher
than controls at all times and significantly so
(p<OOOl) on days 12, 19, and 33. Cells containing
both ferric iron and ferritin were present by day 12,
numbers increasing significantly between days 19
and 33 (p<0-001), when most macrophages contain-
ing ferritin were also Perls' positive. At this time a
few control pouch macrophages were also Perls'
positive, though numbers were significantly
(p<0-001) lower than in the test pouches. In the
later stages the blood injected pouch wall showed
considerable vascular and connective tissue prolifer-
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Fig. 3b
Fig. 3 (a) Section ofblood injected pouch wall, day 33,
after rechallenge with BSA. Note the hypercellularity ofthe
lining cell layer (arrows) and the prominent connective
tissue beneath (haematoxylin and eosin). (b) Section of
control pouch wall, day 33. The thin lining cell layer is
barely visible (arrows) and there is little connective tissue
(haematoxylin and eosin).

ation and hypercellularity of the lining cell layer
(Fig. 3).
Discussion

The macrophage apoferritin production after both
single and double challenge clearly shows a close
correlation with the development of the inflamma-
tory response within the air pouch which we have
previously described.'5 This is in keeping with the
observation of Birgegard and Caro that inflamma-
tory macrophages have increased ferritin synthesis'6
and indicates that inflammation rather than iron
may be the inducer of apoferritin synthesis. We have
already shown that haemoglobin is a major proin-
flammatory factor in blood injected into the air
pouch,'3 and in the absence of a similar response in
control tissue this substance also causes the increase
in ferritin synthesising pouch wall macrophages.
Such a response is probably due in part to the local
iron overload combined with increased avidity of
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inflammatory macrophages for iron," "resulting in
increased macrophage ferritin synthesis. Also, haem
iron may indirectly increase the macrophage popula-
tion available for ferritin synthesis by stimulating
fibroblast to produce prostaglandin E ,t' a sub-
stance which is able to transform fibroblasts into
macrophage-like cells.
The production of apoferritin is seen as protective

against the damaging effects of low molecular
weight iron complexes, which have the capacity to
cause tissue damage in a variety of ways. Excess iron
deposition in secondary lysosomes is associated with
lysosomal membrane fragility and release of cyto-
toxic hydrolytic enzymes.'9 21) Also, peroxidative
damage to mitochondria and microsomes may lead
to cell damage and death.' "2 Such events alone, or
in combination, may be proinflammatory, and we
have shown that in vivo synovial cell damage does
occur in response to iron deposition in a variety of
inflammatory arthritides.' Histological data from
this study clearly confirm that the presence of Perls'
detectable iron is related to an amplified tissue
response, the close temporal association between
the presence of such iron and proliferation of
vascular and connective tissue suggests that the
relationship is a direct one. At present we do not
know whether the Perls' positivity is the result of
staining of accumulations of iron saturated ferritin
within secondary lysosomes, or of haemosiderin.
The latter is derived from ferritin while under free
radical attack, presumably catalysed by iron, when it
is believed that there is loss of tyrosine residues and
initiation of ferritin peptide degradation.2" Selden et
al have made sequential studies of patients accumu-
lating or being depleted of iron which show that
tissue damage is related to haemosiderin increase
rather than to the increase in tissue ferritin.23 This
would suggest that haemosiderin deposition occurs
when iron promoted oxidation damage has already
taken place and represents an end phase in the tissue
response, the haemosiderin being relatively inert
despite its high iron content. This is confirmed by
our x ray microanalytical studies of haemophilic
synovitis,4 where haemosiderin is found in cells deep
in the synovial intima and ferritin in proliferating
cells at the synovial surface. Studies of synovial iron
in rheumatoid arthritis also show that Perls' iron
deposition does not correlate with indices of disease
activity but is associated with persistent disease.
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