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Summary. An immunohistochemical analysis of
formalin-fixed, paraffin-embedded brain sections was
performed with antisera against holoferritin and the
light(L)-subunit of ferritin. Sections immunostained
using anti-glial fibrillary acidic protein (GFAP),
Ricinus communis agglutinin-1 (RCA-1) stain for
microglia and iron stain (Berlin blue stain) were com-
pared. The L-subunit of ferritin was purified from
normal human spleen according to the modified
scrapie-associated fibrils purification, and the anti-
serum was raised in a rabbit. Both ferritin antisera
positively stained resting and, more markedly, reactive
microglia, both of which were also stained with RCA-1
but not with GFAP. Ferritin-positive resting microglia
were seen more abundantly in cerebral and cerebellar
cortices than in white matter. The advantages of ferri-
tin antisera over RCA-1 are as follows. (1) RCA-1
heavily stains blood vessels, while anti-ferritin does
not, hence the microglial cells are more readily
visualized with ferritin immunohistochemistry. (2) Re-
active microglia and macrophages are more strongly
stained with anti-ferritin. (3) The staining intensity of
ferritin is independent of the length of tissue fixation
in formalin. However, anti-ferritin is inferior to RCA-
1 in staining resting microglia with a scanty cytoplasm,
especially in the white matter, probably because the
former recognizes cytoplasmic components, while the
latter recognizes cell membrane. Iron stain only gave a
reaction to microglial cells in brains with neurosyphilis
and to hemosiderin-laden macrophages. Thus, in ad-
dition to RCA-1, ferritin antisera arc useful as a
microglia marker in formalin-fixed, paraffin-embed-
ded sections.
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The origin and function of microglia have been de-
bated since their first identification by del Rio-
Hortega using silver carbonate staining [34]. Many
authors supported the idea, based on a variety of
techniques [16, 23, 33], of a mesodermal derivation of
microglia. In contrast there is the view that microglia
derive from neuroectodermal cells [20]. The relation-
ship between resting microglia, reactive microglia,
brain macrophages and blood monocyte is not clearly
understood.

Although microglia and macrophages do not
always share antigenic and enzymatic properties, their
functions are similar. Microglia have phagocytic ac-
tivity, in vivo and in vitro [35, 43]. Microglia have
been stained immunologically [8, 11, 14, 28], but most
reacted only on frozen sections and paraffin sections
were of little use. Among the various immuno-
histochemical and cytochemical markers for
microglia, Ricinus communis agglutinin-1 (RCA-1) has
been used most often for routine paraffin sections
[21, 26, 29]. We have applied anti-ferritin to paraffin
sections of normal and diseased brains and compared
the findings of ferritin immunohistochemistry with
immunostain with anti-glial fibrillary acidic protein
(GFAP), RCA-1 stain for microglia and iron stain of
serial sections.

Materials and methods
Isolation and purification of the light( L )-subunit of ferritin

Ferritin has been purified by various methods [2, 5, 9]. In this
study, a partial purification of ferritin was performed using
the modified scrapie-associated fibrils (SAF) purification of a
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normal human spleen, removed at autopsy. Spleen tissue (wet
tissue 1 g) was homogenized in 4 ml of 40 mM Tris-HCl pH 7.9/
10 mM NaCl/6 mM MgCl and DNase I (BDH Chemicals,
Poole, England) was added to a final concentration of 500 pg.
The mixture was incubated at 37°C for 60 min. After adding
5 ml of 10% solution of sarkosyl (Tokyo Kasei Kogyo, Tokyo,
Japan) adjusted to pH 7.4 with NaH,PO,, the preparation was
then centrifuged at 22000 g for 30 min. The supernatant was
then centrifuged at 215000 g for 120 min and the pellet was
resuspended in 1 ml of 1% sarkosyl/10% NaCl/50 mM Tris-
HCl pH 7.6 and sonicated. The suspended pellet was centrifuged
at 215000 g for 60 min, resuspended and sonicated in 1 ml of
1% sarkosyl/10% NaCl/50 mM Tris-HCI pH 7.6 and 1 pg of
proteinase K (E. Merck, Darmstadt, FRG) was added. The
mixture was incubated at 37°C for 120 min and then centrifuged
at 215000 g for 60 min. DNase I was added to the tissue
homogenate because the large amount of DNA in the
homogenate prevented pellet formation when sarkosyl was used
as the detergent. The final pellet was solubilized with 2% sodium
dodecyl sulfate (SDS)/50 mM Tris-HCl pH 7.0 and 5% p-
mercaptoethanol (f-ME) and applied to a CL-Sepharose 4B
(Pharmacia Fine Chemicals, Sweden) column (1.5 x 95 cm) pre-
viously equilibrated with 50 mM Tris-HCI pH 7.0/0.2% SDS.
The major protein peak was collected, dialyzed against distilled
water, and lyophilized. The lyophilized protein was solubilized
with 2% SDS/50 mM Tris-HCl and 5% B-ME and applied to
high performance liquid chromatography (HPLC, TSK 3000
SW, 0.75 x 60 cm) previously equilibrated with 50 mM Tris-HCI
pH 7.0/0.1% SDS. The major protein peak was collected,
dialyzed and lyophilized. The molecular weight of this protein
was determined by SDS polyacrylamide gel electrophoresis
(PAGE). Electrophoresis was performed in 15% polyacrylamide
gel, according to Laemmli [22]. For amino acid sequence analy-
sis, this protein was digested with lysyl-endopeptidase and frag-
mented peptides were isolated with reverse-phase HPLC.

Generation and characterization of antisera

Antiserum against ferritin was raised in a rabbit. Anti-ferritin
antibody was affinity purified as follows. The purified L subunit
of ferritin was used for the subsequent conjugation to formyl-
cellulofine (Chisso Chemicals, Tokyo, Japan). The antiserum
(2 ml) was diluted with 50 mM Tris-HCI pH 7.6/0.5 M NaCl
(28 ml) and was circulated overnight on an affinity column. The
column was extensively washed with 50 mM Tris-HCI pH 7.6/
0.5 M NaCl. The antibody was then eluted with 0.2 M glycine-
HCI pH 2.5 and neutralized with 0.2 M Tris-HCI pH 8.6. After
affinity purification, the specificity of the antisera was checked
by Western blotting. Samples taken from frozen, postmortem,
normal human spleen, liver and heart were dissolved in 1% SDS,
50 mM Tris-HCI pH 7.6 at a concentration of 50 mg wet tissue/

ml. Proteins from these samples were separated by SDS-PAGE, |

500 pg wet tissue/lane of the gel, and transferred to a Durapore
membrane GVHT (Millipore Corporation, Bedford, Mass) ac-
cording to Towbin et al. [38]. The Durapore strips were incu-
bated overnight at 37°C with diluted antibodies to holoferritin
from liver (Dako, 1:2000) and affinity-purified L-ferritin anti-
body (0.1 ug/ml). After washing, the strips were incubated at
37°C for 30 min in alkaline phosphatase-conjugated anti-rabbit
IgG (Promega Biotec, 1:7500) and color was developed with 5-
bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium
(ProtBrot, Promega Biotec).

Immunohistochemistry, lectin histochemistry and iron stain

Formaldehyde-fixed, paraffin-embedded tissues were serially
sectioned at an thickness of 6 pm. We examined specimens from

Fig. 1. Polyacrylamide gel
electrophoresis profile of protein purified
from the spleen. A single band of 22 kDa
is apparent. Left lane shows the standard
proteins, the molecular mass of which
were 94, 67, 43, 30, 20 and 14 kDa

eight normal human brains, five patients treated for neuro-
syphilis, ten with Creutzfeldt-Jakob disease (CID), three with
Alzheimer disease (AD), two with senile dementia of Alzheimer
type (SDAT) and one each with cerebral infarction, intracerebral
hemorrhage and viral encephalitis. The age distribution of
patients with normal brains was from 5 to 61 years. Tissue from
brains of patients with CJD, AD or SDAT had been fixed for
periods from 2 weeks to 19 years. Normal human blood smears,
spleen, liver and tonsils were also examined.

Deparaffinized sections were incubated in methanol con-
taining 0.3% H,0; for 30 min to block endogenous peroxidase.
After washing, sections were incubated overnight at 4°C with
diluted anti-human holoferritin (1:2000), affinity-purified L-
ferritin antibody (0.3 ng/ml) and anti-GFAP ([25], 1:1000).
They were then exposed to a biotinylated anti-rabbit IgG anti-
serum, streptavidin-horseradish peroxidase complex (Stravigen,
Biogenix Laboratories, Dublin, Calif) and the colored reaction
product was developed with 0.01% 3.3’-diamino-benzidine
tetrahydrochloride. Lectin histochemistry was performed ac-
cording to Mannoji et al. [26]. After deparaffinization and
blocking of the endogenous peroxidase activity, sections were
incubated with RCA-1 (Vector Laboratories, 25 ug/ml) for
45 min at room temperature. The streptavidin-peroxidase com-
plex and chromogenic substrates were used as described above.
Sections were counterstained with hematoxylin. Methanol-fixed
blood smears were also stained with anti-L-ferritin, using the
avidin-biotin-peroxidase complex method.

Iron stain was performed using the Berlin blue method [6]
on tissue from the brains of three patients with CJD, five with
neurosyphilis and one with viral encephalitis.

Results
Characterization of anti-L-ferritin

During application of the modified SAF purification,
sarkosyl-sotuble and proteinase K-digested proteins
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Fig. 3. Immunoblots of normal human homogenates (lanes A
and D; heart: lanes B and E; liver: lanes C and F; spleen) probed
with anti-ferritin antisera (lanes A, B and C; affinity-purified L-
ferritin antibody 0.1 pg/ml: lanes C, D and E; anti-holoferritin
antibody; Dako, 1:4000). 500 pug wet tissue was electrophoresed
for each sample. Affinity-purified L-ferritin antibody reacted
with a single band of 22 kDa on lanes B and C but no band on
lane A. Anti-holoferritin reacted with several bands, including
a slightly larger band of 22 kDa, probably the heavy subunit

were removed from spleen tissue. SDS-soluble pro-
teins from the final pellet were applied to a CL-
Sephalose 4B column and subsequently HPLC. The
molecular mass to the main peak was estimated to be
about 21 to 22 kDa (Fig. 1). This fraction was used
for immunization, affinity purification of antibody
and amino acid sequence analyses. Because the N
terminus of the purified 22-kDa protein was blocked,
this protein was digested with lysyl-endopeptidase and
the three peptide peaks were fractionated by reverse-
phase HPLC. These three peptides corresponded to
the amino acid sequences of the L subunit of human
spleen apoferritin (Fig. 2) [42].

Gly:G, Ala:A, Val:V, Leuw:L, Ile:I, Ser:S, Thy:T,

Fig. 2. Amino acid sequence of the light (L) subunit
of the human spleen. Underline shows three peptides
fractionated by reverse-phase HPLC after lysyl-
endopeptidase digestion of a protein of 22 kDa
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Fig. 4a—ec. Visualization of resting microglia with anti-ferritin
(a and ¢) and RCA-1 (b) in normal human CNS. a Ferritin-
positive resting microglia in the cerebellar molecular layer. Small
cells with a scanty cytoplasm and delicate, branching processes
are scattered. b RCA-1-positive microglia. Note dense staining
of endothelial and blood cells. ¢ High magnification of a
microglial cell, note the rod-shaped nucleus and long, slender
processes. a, b x 400, ¢ x 1000
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Fig. 5a, b. Reactive microglia stained with affinity-purified L-
ferritin. a Markedly increased number of microglial cells in
the cerebellar molecular layer of the Creutzfeldt-Jacob disease
(CID)-infected brain. b Cerebral cortex of the brain with neuro-
syphilis. These denderitic cells become larger and more intensely
stained with anti-ferritin as compared to findings in the normal
brain. a x 200, b x 400

The specificity of the affinity-purified antibody
against the L subunit of spleen ferritin was confirmed
with Western blotting of tissues from the human heart,
liver and spleen. This antiserum gave a single 22-kDa
band in liver and spleen but none in the heart tissue.
The anti-holoferritin from the liver yielded several
bands in the liver, spleen and heart tissue, presumably
the L and H subunit and other proteins (Fig. 3).

Immunohistochemistry and lectin histochemistry

Holoferritin and L-ferritin antisera were applied to
paraffin sections of normal and pathological brains.
In all the tissues from the normal brains, small, bipolar
or multipolar cells with a scanty cytoplasm, presum-
ably resting microglia were stained. In the serial sec-
tions, these cells were also stained with RCA-1 but
were not positive for GFAP (Fig. 4) or with Berlin
blue. Ferritin-positive microglia were more prominent
in the cerebral and cerebellar cortices, basal ganglia,
and thalamus than in the white matter. Some of these
cells lay close to capillaries and others, in the gray
matter, close to neuron bodies. Anti-ferritin demon-

Fig. 6a—c. Glial nodule in the brain of a patient with viral
encephalitis, examined using (a) affinity-purified L-ferritin anti-
body, (b) RCA-1 and (c) anti-GFAP in serial sections. Anti-
ferritin and RCA-1 but not anti-GFAP reacted to clustered
microglial cells and macrophages. a—e x 200

strated strongly stained, and an increased number of,
microglia in pathological brain tissues (Fig. 5). Most
had a plump body with elongated processes and were
considered to be reactive microglia. In brain tissue
from a patient with a viral encephalitis, microglial cells
increased diffusely and focally throughout the CNS.
In the serial sections, glial nodules and other
microglial cells were strongly stained with anti-ferritin
and less strongly with RCA-1 but were negative for
GFAP (Fig.6) and with Berlin blue. Reactive
microglia were also seen around a considerable num-
ber of senile plaques in the SDAT brain and kuru
plaques in the CJD-infected brains. Surrounding
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Fig. 7a—d. Microglia around the senile plaque in the cerebral
cortex from a senile dementia of Alzheimer type brain (a and b)
and the kuru plaque in the cerebral cortex from a CJD brain (c
and d). a, c¢ Affinity-purified L-ferritin antibody stained
microglia, but not endothelial cells and blood cells. b, d RCA-1
reacted not only to microglia but also to endothelial cells, blood
cells and kuru plaque (d). ¢, d Serial sections and arrow shows
kuru plaque. a—d x 400
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Fig. 8a, b. Lipid-laden macrophages infiltrating the cerebral
white matter in a CJD-infected brain. a Affinity-purified L-
ferritin antibody. b RCA-1. a, b x 200

microglia were stained to much the same extent with
anti-L-ferritin and RCA-1, and the latter also stained
the cores of kuru plaques, at a weak to moderate
intensity (Fig. 7). There was an accumulation of
ferritin-positive microglia at the periphery of the in-
farction.

In addition to the microglial cells, ferritin antisera
reacted with monocytes on blood smears, macro-
phages (including lipid-laden and hemosiderin-laden
ones) in both the lymphoid organs and CNS tissues
(Fig. 8), Kupffer cells and a fair number of
hepatocytes. Ferritin antisera reacted with a cytoplas-
mic component of positively stained cells. Although
Purkinje cells, some oligodendrocytes and myelinated
fibers in the white matter reacted weakly with anti-
ferritin, the endothelial cells were not stained. There
was no significant difference in the staining intensity
of microglial cells by either ferritin antisera, but the
background staining was remarkably decreased with
the affinity-purified L-ferritin antibody. Compared
with RCA-1, which reacted strongly to endothelial
cells, the microglia were more readily visible with ferri-
tin immunohistochemistry. Cell bodies of reactive mi-
croglia and macrophages were more intensely
visualized with ferritin antisera than with RCA-1. On
the other hand, resting microglia were more visible
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with RCA-1 than with ferritin antisera, particularly in
the white matter, partly because the latter reacted
weakly with myelinated fibers. Ferritin antisera react-
ed with the microglia regardless of the length of tissue
fixation. RCA-1 did not react with tissues which had
been in long-term fixation (more than several years).

Berlin blue stain showed iron pigments in hemo-
siderin-laden macrophages and microglial cells in two
of five cases of neurosyphilis. Most other microglia
which stained with anti-ferritin were negative for
Berlin blue stain.

Discussion

To purify ferritin, we used a modification of the SAF
method for isolation and purification of SAF or
“prion” protein from scrapie- or CJD-infected brains
[7,18]. Previously, we obtained several antisera against
SAF fractions purified from CJD brains [19]. One of
these antisera immunolabeled microglia and macro-
phages, but not kuru plaques. This antiserum reacted
with the 22-kDa protein from cerebral and splenic
tissues, but not with SAF or prion protein, in Western
blotting. The purification protocol was re-examined
and modified to isolate and identify this 22-kDa pro-
tein from the spleen. The final step of the SAF purifi-
cation was altered from centrifugation at 22000 g to
215000 g because ferritin was less likely than amyloid
to precipitate under high ionic strength solution (data
not shown). The amino acid sequence analyses of this
21 —22-kDa protein was performed and the L-ferritin
fragment was identified.

Ferritin is an intracellular iron-storage protein
found in most but not all eukaryotic cells. It has a
molecular mass of 450 kDa [13] and consists of 24
subunits of two types with molecular mass of about
19kDa (L) and 21 kDa [heavy (H)] [1]. These two
subunits share extensive sequence homology, but are
derived from different genes, the H subunit mainly
from chromosome 11, and the L subunit mainly from
chromosome 19 [4, 15, 41]. The proportion of these
two subunits varies with the tissue [2, 40]. In the liver
and spleen the principle component is the L subunit,
while in heart tissue it is the H subunit. Thus, the L
subunit was purified from spleen by a modified SAF
purification. Immunoreactive products were not de-
tected with anti-L-ferritin in Western blotting of heart
tissue. Since ferritin is known to be resistant to pro-
tease [24, 31], we could isolate ferritin by the modified
SAF purification, presumably because of this protease
resistance and sarkosyl insolubility.

Ferritin plays a central role in recycling iron for
synthesis of heme and other proteins. Hepatocytes,
macrophages and red cells of embryos are the cells

specialized for iron storage. About 90% of the iron is
converted to ferritin by macrophages, then the iron is
slowly released to apotransferrin [37]. The mean ferri-
tin concentration in monocytes is 7.5 times the concen-
tration in other leukocytes [36]. In addition, ferritin in
cells of the monocytes-macrophage lineage increases
during maturation in vitro, and alveolar macrophages
have the highest ferritin content [1]. In the CNS, brain
iron exists in forms of ferritin, transferrin as iron bind-
ing protein [3] and others. About one third of brain
iron is ferritin [12] and ferritin concentrations in not-
mal human and rat brains were determined to be 38.1
and 49.1 pg/g (wet tissue), respectively, both of which
were less than one third of the ferritin concentrations
of normal rat liver [10]. There are data that transferrin
is located specifically in oligodendrocytes [3]. Reports
on the distribution of ferritin in the CNS are few.
Ferritin was evidenced in the neuronal cytoplasm of
Purkinje cells of the rat [27]. Koeppen and Dentinger
described ferritin-positive microglia in five cases of
superficial siderosis, the pathogenesis of which was
thought to be the ability of the brain to biosynthesize
ferritin in response to prolonged contact with hemo-
globin iron [21]. We present evidence in this paper
that ferritin antisera reacts with microglia from both
normal brains and those with a pathology. While the
function of ferritin in microglia is unknown, it can be
inferred from functional homology between
macrophages and microglia. Except for iron storage
for self-utilization, there are two possible functions:
one is iron storage for other cells (recycling iron), and
the other is sequestration of excess iron [37].
In addition, microglia might also be related to
hemosiderin formation, because hemosiderin is
thought to be the oxidative product of ferritin [32].
Iron storage in microglia and macrophages was noted
with Berlin blue stain in some tissues from patients
with cerebral hemorrhage or neurosyphilis. This stain
is, however, much less sensitive than the anti-ferritin
immunostain.

RCA-1 and LN-1 are reagents capable of revealing
microglia in paraffin sections [26, 30]. LN-1 is a B cell-
specific monoclonal antibody which stains microglia
but not macrophages. However, the suitability of LN-
1 as a specific marker of microglia is questionable,
since this antibody did not react to microglia in 5 of
27 tissues from both normal and diseased brains [30].
RCA-1 binds specifically to S-D-galactosyl residues on
the cell membrane and hence blood cells, endothelial
cells and even resting microglia with a scanty cyto-
plasm, as well as reactive microglia, can be visualized
with RCA-1. However, the staining intensity with
RCA-1 is greatly influenced by the length of tissue
fixation. It has been reported that scrapie amyloid
plaques can be labeled with lectins [39]. In our study,
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RCA-1 reacted with a considerable number of kuru
plaques in CJD brains which were not stained with
anti-ferritin. On the other hand, since ferritin is present
mn cell sap and lysosomes of the cytoplasm [17], reac-
tive microglia and macrophages may be stained with
ferritin antisera more clearly than resting microglia.

We obtained evidence that the microglia contained

larger amounts of ferritin than other brain cells, thus
the use of ferritin antisera as a microglia marker in
formalin-fixed, paraffin-embedded thin sections, in
addition to RCA-1, will be of benefit.
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