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Abstract

Structures of core nanocrystals of physiological (horse spleen, human liver, and brain) and pathological human brain of patients

with progressive supranuclear palsy (PSP) and Alzheimer�s disease (AD) ferritin molecules were determined using electron nano-

diffraction and high-resolution transmission electron microscopy. The poly-phasic structure of the ferritin cores is confirmed. There

are significant differences in the mineral composition between the physiological and pathological ferritins. The physiological ferritin

cores mainly consist of single nanocrystals containing hexagonal ferrihydrite (Fh) and hematite (Hm) and some cubic magnetite/

maghemite phase. In the pathological cores, Fh is present but only as a minor phase and Hm is absent. The major phases are a face-

centered-cubic (fcc) structure with a ¼ 0:43 nm and a high degree of disorder, related to wustite, and a cubic magnetite-like

structure. These two cubic phases are also present in human aged normal brain. Evidence for the presence of hemosiderin together

with ferritin in the pathological brains is deduced from the similarities of the diffraction patterns with those from patients with

primary hemochromatosis, and differences in the shapes and protein composition of the protein shell. These findings suggest a

disfunction of the ferritin associated with PSP and AD, associated with an increase in the concentration of brain ferrous toxic iron.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Iron is a chemical element that plays an essential role in

several important biological processes such as oxygen

transport, electron transfer, and different enzymatic re-
actions.Nevertheless an excess of free iron is toxic for cells

and for this reason living organisms have developed

mechanisms to store the iron in anon-toxic form.Ferritin,

the main molecule involved in iron storage (which ac-

counts for storage of more than 90% of non-heme iron in

redox-inert forms, Fe3þ), is a globular protein of about

12 nm in diameter with a central cavity—the core about
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6 nm in diameter where iron is stored as hydrated, iron

oxide, nanocrystals. The protein shell is made of 24 sub-

units, which are distinguished as either a heavy-chain (H)

or light-chain (L) isoform that are genetically and func-

tionally distinct. The H subunit has a specific ferroxidase
activity for rapid ironuptake and theL subunit is involved

in the nucleation and stabilization of nanocrystals (Har-

rison and Arosio, 1996). The mechanisms of uptake and

oxidation of ferrous Fe2þ ion, nucleation and growth of

iron oxide nanocrystals in the cores, reduction and release

of iron from the molecule was reviewed by Massover

(1993) and by Chasteen and Harrison (1999).

Identification of the mineral phase in the ferritin cores
was performed in the 1960s, mainly by X-ray diffraction

(XRD) and electron diffraction (ED) on a set of mole-

cules. At that time, the currently accepted mineral

composition was similar to the natural mineral
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described as ‘‘amorphous and paracrystalline-to-crys-
talline compounds of hydrous ferric oxide or ferric hy-

droxide called ferrihydrite (Fh),’’ Towe and Bradley

(1967). Several models of structure were proposed by

Harrison et al. (1967) and Brady et al. (1968).

Two decades later (Drits et al., 1993; Eggleton, 1988;

Jambor and Dutrizac, 1998) ferrihydrite raised indus-

trial interest and led to the synthesis and analysis of new

preparations of Fh to be studied by other techniques as:
EXAFS (Manceau and Drits, 1993), XANES, and

Môssbauer spectroscoy, isotopic exchange and struc-

tural modeling of nanodiffraction patterns (for a review,

see Jambor and Dutrizac (1998) and Janney et al.

(2000a,b, 2001)). At present, the most common accepted

model of Fh is the presence of at least three phases, the

ratio of these three different structures varying from

sample to sample. Recent studies of synthetic Fh by
electron nanodiffraction (Janney et al., 2000b) also show

new phases that vary according to the sample prepara-

tion method (a highly disordered material, a magnetite/

maghemite like structure and a ‘‘double� hexagonal’’

structure with a hexagonal unit cell a ¼ 0:30 nm (or

0.52 nm), c ¼ 0:94 nm).

The new studies on Fh demand a revision of the

structure of ferritin cores obtained using updated tech-
niques for nanoanalysis, such as electron nanodiffraction

(END) (Cowley et al., 2000; Isaacson and Ohtsuki, 1980;

Quintana et al., 1987), high-resolution transmission

electron microscopy (HRTEM) (Mann et al., 1986;

Quintana et al., 2000; St. Pierre et al., 1989) and electron

energy loss spectroscopy (EELS) (Quintana et al., 2000).

These techniques that are currently used for nanoanalysis

in Materials Science are little known and used in Life
Sciences; they allow the analysis of individual ferritin

cores. In 2000, two separate studies, performed using

HRTEM and END, reported the polyphasic structure of

the ferritin cores of horse spleen (Cowley et al., 2000;

Quintana et al., 2000): a mixture of ‘‘classic’’ ferrihydrite

(Towe and Bradley model) and other phases, including

the presence of a cubic magnetite/maghemite like phase.

The presence of more than one crystalline phase agrees
with the results of Brooks et al. (1998) on the magnetic

behavior of ferritin. This polyphasic structure of the cores

could represent different forms of iron storage, one more

stable form and another more labile form, and can be

related to physiological state of the molecule.

In the normal brain, the iron is the more abundant

metal and its concentration increase with age until ap-

proximately age 40. Iron has a specific regional and cel-
lular distribution (Morris, 1992). On the other hand the

hypothesis that somemishandling of the ironmetabolism

in human brain can be involved in the onset of some

neurological disease has been recently reviewed by Burdo

and Connor (2003) and Ke and Qian (2003). This hy-

pothesis is supported by the following observations: (1)

The presence of abnormally high iron levels in brain areas
which take part in several neurodegenerative disorders
including Hallervorden–Spatz syndrome, Parkinson

disease (PD), Alzheimer disease (AD), Pick disease, pro-

gressive supranuclear palsy (PSP), Huntington disease

(HD) (Bartzokis et al., 1999; Dexter et al., 1991; Sayre

et al., 2000). (2) The disruption expression of iron me-

tabolism proteins, induced by genetic or non-genetic

factors, is the cause of the increased brain iron (Connor

et al., 2001; Qian and Shen, 2001; Sampietro et al., 2001).
In the cited preliminary study by HRTEM (Quintana

et al., 2000) we have analyzed the core composition of

human brain ferritin isolated from PSP and AD pa-

tients. An increase was found of magnetite/maghemite

phase in these ‘‘pathological’’ ferritin cores. We suggest

that the formation, inside of cores, of magnetite, in

which ferric and ferrous ions are both present, would

indicate a mishandling of the enzymatic oxidation of
iron by ferritin. Ferritin with a higher amount of mag-

netite nanocrystals could release ferrous ions more easily

outside of the protein. The ferrous ions may contribute

to the production of free hydroxyl radicals and neural

cell degeneration (Smith et al., 1997). For this reason the

knowledge of the different phases present in the ferritin

core nanocrystals might be of biomedical interest if the

difference between the patterns found in physiological
and pathological conditions is confirmed.

On the other hand, Kirschvink�s groupe (Kirschvink

et al., 1992) and Dobson�group (Dobson and Grassi,

1996; Dunn et al., 1995; Dobson, 2001; Hautot et al.,

2003; Schultheiss-Grassi and Dobson, 1999) have re-

ported the presence of biogenic magnetite in brain of

normal individuals and in the hippocampus of patients

suffering of mesial temporal lobe epilepsy (MTLE) and
Alzheimer disease. Dunn et al. (1995) indicates, ‘‘that if

the magnetite in the brain is simply a by-product of iron

metabolism, its accumulation may be important in

pathological conditions commonly associated with ag-

ing.’’ Dobson (2001) suggests that the magnetite crystals

inside the ferritin may act as a precursor for the for-

mation of biogenic magnetite in brain. Also, the results

from Hautot et al. (2003) indicate that levels of mag-
netite are higher in AD brain tissues when compared to

aged-matched normal tissue.

In this paper, we describe new results concerning the

composition of core nanocrystals of physiological and

pathological ferritins. We have used electron nanodif-

fraction and high-resolution electron microscopy to

identify the mineral phases of nanocrystals forming the

ferritin cores. We have studied a greater number of cores
proceeding from two different commercial sources of

horse spleen ferritin, from commercial human liver fer-

ritin, and from brain of patients of PSP and AD. Also,

ferritin present in sections of cerebral cortex removed

during autopsy in a normal aged human brain and in

sections of caudate nucleus of one of the PSP patients

were analyzed.
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The polyphasic structure of all the analyzed ferritin
cores is confirmed and quantified. The physiological

horse spleen and human liver ferritin cores contain

mainly ferryhydrite (Ft), hematite (Hm), and some cubic

magnetite/maghemite-like phase. In pathological PSP

and AD ferritin cores, Fh is present but only as a minor

phase and Hm is absent; the major phases are a face-

centered cubic (fcc) structure with a ¼ 0:43 nm and with

a high degree of disorder, related to w€ustite, and a cubic
magnetite-like structure. The aged normal human brain

ferritin cores contain the same proportion of Fh as the

horse spleen and human liver ferritin cores and similar

proportion of fcc structure, a ¼ 0:43 nm, as the patho-

logical one. Furthermore, we also found significant

differences in the morphology and peptide composition

of the protein shell in the isolated pathological ferritin.

In spite of the small number of patients studied, the
set of differences found in the cores and in the protein

shell leads us to suggest that in the brain of PSP and AD

patients there is, besides ferritin, a form of hemosiderin

similar to that found in primary hemochromatosis. This

hypotesis is supported for the ‘‘in situ’’ localization of

hemosiderin at ultrastructural level in caudate nucleus

of the a PSP patient
2. Materials and methods

2.1. Sample preparation

Commercial horse spleen (Calbiochem and Sigma)

and human liver ferritin (Calbiochem) were used. The

solution was diluted at 1:100 in water and a drop of this
diluted solution was placed on a carbon-coated copper

or titanium grid and then examined by HRTEM and

nanodiffraction.

Isolation of brain ferritin associated to the tau fila-

ments in PSP and in AD patients was performed using

the Greenberg and Davies (1990) procedure for paired

helical filaments (PHF)-tau isolation as previously de-

scribed (Perez et al., 1998). The Netherlands Hersen
Bank (Dr. Ravid) provided us with one of the sample

from PSP patients as well as the aged brain control

samples from healthy subjects. A drop of the undiluted

solution was placed on a carbon-coated copper, nickel

or titanium grid and then examined by HRTEM and

nanodiffraction.

Fresh-frozen fragments of caudata nucleus of one

PSP subject and fragments of cerebral cortex of one
aged healthy subject were fixed at room temperature for

12 h in a solution of 1% glutaraldehyde, 4% parafor-

maldehyde, in 0.4M Hepes buffer. At this short time-

scale the fixatives have no effect on the leaching of iron

oxides (Dobson and Grassi, 1996).

Samples were postfixed with 1% OsO4 during 1 h at

4 �C, rinsed in the Hepes buffer, dehydrated in graded
series of acetone, and embedded in Epon resin at 60 �C
during 48 h. Conventional sections of 40–60 nm were

obtained and directly collected on copper or gold grids.

For structural studies the sections were lightly stained

with uranyl acetate 2% in water for 30 s.

2.2. Techniques

2.2.1. Identification of mineral phase in individual nano-

crystals

Identification of the mineral phase of an individual

crystal can be performed by measuring crystallographic

parameters. These data can be obtained in a transmis-

sion electron microscope (TEM) from direct mea-

surements of periodicities of lattice fringes observed in

high-resolution TEM images (HRTEM) or from END.

(a) Crystallographic data from HRTEM and Fourier

transform (FT).

HRTEM recorded under specific conditions of de-

focus are closely related to the projection of the atomic

potential distribution of the crystal and it can be con-

sidered that the periodicities of interference fringes

represent the lattice spacing. The measurement of fringe
periodicities in HRTEM can be more precisely per-

formed by computing the numerical FT of HRTEM

images.

In some cases identification of the phase of a nano-

crystal, oriented with a simple zone axis parallel to the

electron beam, can be performed. In such cases, the

HRTEM images show at least two systems of fringes

from which two lattice spacing can be derived. If the
measured lattice spacing differ from one phase to the

other, then the identification is unambiguous.

(b) Crystallographic data from electron nanodiffrac-

tion.

In the dedicated STEM instrument, large numbers of
nanodiffraction patterns from individual cores can be

recorded rapidly. When a bright-field or dark-field im-

age of high magnification is viewed on the display

screen, an electronic marker is placed on the image of a

ferritin molecule core. The beam is stopped at that point

and the nanodiffration pattern from the core is displayed

on a TV monitor and either photographed directly or

else stored on a video-cassette recorder (VCR), for fu-
ture photography and analysis.

Typically, the beam diameter at the specimen level is

0.7 nm, and series of nanodiffraction patterns may be

observed or recorded as the beam is translated across a

core to detect any variations of structure. Since the

crystallites in the ferritin cores come in arbitrary orien-

tation, many nanodiffraction patterns come from non-

axial orientations and are difficult to interpret. However,
for those two-dimensional single-crystal patterns com-

ing from crystallites which are close to an axial orien-

tation, comparisons of the dimensions and relative
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intensities with those for patterns calculated for known
structures are usually sufficient to allow the phase to be

identified without ambiguity.

Microanalysis of some individual ferritin cores was

performed using EELS in a HB-501 dedicated STEM

instrument, to give the compositions of the cores or else

maps of the distribution of particular atoms within the

cores with a spatial resolution of about 1 nm.

2.2.2. Biochemical analysis

Electrophoresis was carried out as previously de-

scribed (Garc�ıa de Ancos, 1993) on 1-mm-thick 10%

polyacrylamide slab gels. Immunoblot analysis was also

done as previously described.

2.3. Instruments

An HRTEM 200-kV Hitachi HF2000-FEG was used

to obtain high-resolution images at high magnification

(G ¼ 7� 105 and 1� 106). The limiting point resolution

obtained with this microscope is 0.13 nm. This micro-

scope is equipped with a CCD Camera (MSC 794 Ga-

tan). Electron nanodiffraction patterns were obtained

with a dedicated scanning transmission electron micro-

scope, the HB-5 from VG microscopes, specially modi-
fied for the observation and recording of electron

nanodiffraction patterns and equipped with TV-VCR

and CCD recording systems. EELS analysis of the

particles in some specimens was performed with an HB-

501 STEM instrument from VG Microscopes.

2.4. Experimental conditions

High-resolution images were digitally acquired with

the CCD Camera at 1024� 1024 or 512� 512 pixels 2�
bytes, using either an objective aperture of 160 lm, or

without an aperture. The FT was computed with Digital

Micrograph software version 2.5 on a PowerMac or with

CRISP software on a PC after conversion to one byte.

Calibrations of FT at several magnifications were made

on high-resolution images using an Al sample. Pixel sizes
were 0.0265 nm for G ¼ 7� 105 and 0.0210 nm for

G ¼ 1� 106. Filtered images (inverse FT) were per-

formed with CRISP software. The indexing of the power

spectrum (PS) (square of the modulus) of the FT inten-

sities (digital diffractogram) and the computation of dif-

fracted intensities for each structural model of Fh were

performed with the aid of Electron Diffraction software

version 6.8 (Mornirolli, University of Lille) for PC.

2.4.1. Changes of structure induced by electron irradiation

For most biological and organic materials, and for

some inorganic materials, irradiation by the incident

electron beam in an electron microscope can change

the structure, sometimes rendering crystalline material

amorphous or, in other cases, changing the composition
and crystalline structure. It is therefore of primary
concern to determine whether any such changes are

occurring for the system studied.

For the iron oxide phases in ferrihydrite samples and

ferritin cores, no changes of structure have been observed

for any level of electron irradiation. The most intense ir-

radiation of local specimen regions is given by the focused

beamused for nanodiffraction.With such beams, changes

in the diffraction pattern have been observed to take place
within the first fraction of a second of irradiation for some

minerals (e.g., clay minerals, silica) and over a period of

several seconds for other inorganics. But for the iron

oxide/hydroxide phases in ferritin cores, or in ferrihydrite

samples, no changes are visible during continued irradi-

ation for several minutes.

2.4.2. Contamination of samples with copper particles

For some ferritin samples, mounted on thin carbon

films held on the copper grids commonly used for elec-

tron microscopy, there were regions containing many

small particles of uniform size (5–6 nm) and shape which

could readily be mistaken for ferritin cores. Electron

nanodiffraction from these particles showed them to

have a fcc structure with cell dimensions of about

0.365 nm (equal to those for copper or fcc iron). A small
fraction of these particles showed a structure which

appeared to be body-centered cubic (bcc) with cell di-

mensions about 0.28 nm (equal to that for bcc iron or

for a bcc modification of copper). EELS analysis of

these particles showed them to be copper.

Experiments with copper grids and thin carbon films

in the absence of ferritin preparations, showed that

distributions of small copper metal particles may occur,
especially in the presence of protein or other organic

material, presumably as a result of diffusion of copper

from the grid wires. For one sample mounted on a gold

grid it was found that some copper impurity had seg-

regated to the surface of the gold and produced some

small copper particles. One sample of ferritin mounted

on a nickel grid showed a distribution of small metallic

nickel particles, 2–3 nm in diameter. Preparations of
ferritin mounted on titanium grids showed no evidence

of any such particles or for any objects attributable to

titanium or its compounds.
3. Results

3.1. Core nanocrystals of physiological ferritins

3.1.1. Horse spleen ferritin

To get a more extended analysis of horse spleen fer-

ritin we analyzed HRTEM images of molecules from

two different commercial sources (Calbiochem and Sig-

ma). No significant differences were observed between

the two types of preparations.



Fig. 1. Distribution of lattice spacing in nanocrystals. (A) Histogram

corresponding to 141 values measured in horse spleen ferritin cores.

(B) Schematic distribution of lattice spacing in ferrihydrite derived

from X-ray diffraction data.

170 C. Quintana et al. / Journal of Structural Biology 147 (2004) 166–178
The average size of the nanocrystals was 5 nm. In these

crystals, the distribution of the measured lattice spacing,

d, (over a total of 141 values corresponding to 46 different

cores) is shown in Fig. 1A. The distribution exhibits peaks

at values of d ¼ 0:254, 0.224, 0.204, and 0.174� 0.005 nm
identified as {1 1 0}, {1 1 2}, {1 1 3}, and {1 1 4} planes of

Fhwith lattice parameters a ¼ 0:508 nmand c ¼ 0:94 nm,

or as {0 1 0}, {0 1 2}, {0 1 3}, and {0 1 4} planes if the a-

axis is taken as 0.296 nm. Other lattice spacing at 0.361–

0.374, 0.269, and 0.184–0.189 nm can be identified as the

lattice spacing corresponding to {0 1 2}, {0 1 4}, and
Table 1

Phases in nanodiffraction patterns identified for various ferritin sources (%)

Phase PSP patients AD patients

6LFh hexagonal 17 15

Magnetite-like 30 30

fcc, a ¼ 0:43 nm 38 50

Hematite 3 0

Minor phases 10 5

Note. The minor phases include goethite, lepidocrocite, an unknown hex

a ¼ 0:32 nm.
{0 2 4} planes of hematite. There are some values around
0.3 nm that may correspond to {2 2 0} planes of magne-

tite/maghemite.

3.1.2. Human liver ferritin

HRTEM images of commercial Calbiochem human

liver ferritin were acquired and analyzed. The average

size of the cores (about 6 nm in diameter) is bigger than

that of horse spleen ferritin. As for horse spleen ferritin,
the values of d ¼ 0:254, 0.223, and 0.198� 0.005 nm

(over a total of 91 values corresponding to 31 different

cores) are the most common and they allow the phase

identification as Fh. Other lattice spacing greater than

0.254 as 0.274 and 0.361�A can be considered close to the

lattice spacing of maghemite and hematite. These results

show that, as in the horse spleen ferritin, cores of human

liver ferritin are composed of three phases.
Of the 60 or so nanodiffraction patterns recorded from

the sample of human liver ferritin, 41 could be attributed

to known phases, as follows: 21 from the hexagonal

phase of ferrihydrite, 10 from magnetite/maghemite, 3

from hematite, 2 from a fcc phase with a ¼ 0:43 nm,

showing evidence of considerable stacking disorder, and

2 each from a cubic phase with a ¼ 0:56 nm (possibly

NaCl) and an unknown hexagonal phase with
a ¼ 0:35 nm, which could possibly be the pseudo-hex-

agonal phase in 2-line ferrihydrite (Janney et al., 2000a).

The relative proportions of these phases are very close to

those previously observed (Cowley et al., 2000) for horse

spleen ferritin. These results show that there are no sig-

nificant differences between the composition of ferritin

cores in horse spleen and human liver. The percentage of

each phase is represented in Table 1.
Fig. 2 shows three examples of nanocrystals oriented

near a zone axis together with their digital diffractogram

and the theoretical diffraction patterns. Fig. 2A shows

the most frequently found orientation corresponding to

the [00.1] zone axis of the Fh. Fig. 2D shows one

nanocrystal of Fh oriented along the [)11.0] axis and

Fig. 2G shows one hematite nanocrystal oriented along

[48.)1] zone axis.

3.1.3. Human brain ferritin

Lightly stained sections of cerebral cortex of the aged

brain control from a healthy subject were observed in a
Horse spleen and human liver Aged human brain

53 49

30 20

5 29

5 0

8 2

agonal phase, possibly that in 2-line ferrihydrite, and a bcc phase with



Fig. 2. Horse spleen and human liver ferritin. (A, D, and G) High-resolution TEM images of nanocrystal cores. (B, E, and H) Digital diffractogram

obtained from numerical Fourier transform of the nanocrystals. (C, F, and I) Theoretical diffraction patterns.
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conventional transmission electron microscope (CTEM)

(Figs. 3A and B). Ferritin molecules are present in cy-
toplasm of cells and near to myelinic structures. Nano-

diffraction patterns from ferritin cores performed on

unstained sections showed that, as for the ferritin cores

of horse spleen and human liver, the major phase is

constituted by Fh. Magnetite/maghemite is also present

and we found a greater proportion of the fcc phase with

a ¼ 0:43 nm.

3.2. Core nanocrystals of pathological ferritins

3.2.1. Human brain ferritin

The cores of brain ferritin in PSP and AD patients

were studied by HRTEM and END. Low-resolution

TEM images of unstained preparations obtained by

following the procedure of Perez et al. (1998) shows

ferritin molecules bound to Tau-filaments in PSP
(Fig. 4A) and PHF in AD (Fig. 4B) and the presence of

a number of unbound ferritin molecules.

Lightly stained thin sections of fragments of caudata

nucleus from a PSP patient were observed in a CTEM
(Figs. 3C–E). In a preceding work (Perez et al., 1998) we

have shown, at the histological level, that ferritin and
Tau protein are co-localized in glial and neurones cells

of caudate nucleus in PSP patients. Although the ul-

trastructure of brain tissues after autopsy is, generally

not well preserved, the principal cellular constituents

can be easily recognized. Ferritin is present in the cy-

toplasm and in the nucleus of neurons, principally in the

nucleoplasm (Fig. 3D). In heterogeneous lysosomes of

glial cells, ferritin, and cluster of hemosiderin are ob-
served (Fig. 3E).

Ferritin cores in PSP were analyzed by HRTEM and

END while ferritin cores in AD were analyzed only by

END. The number of cores analyzed by HRTEM was

47 (210 measures of d) and 123 by END in PSP and 38

by END in AD.

For the 400 or more electron nanodiffraction patterns

from PSP and AD samples which could be interpreted as
coming from identifiable phases, more than one half

were attributed to the fcc structure with a ¼ 0:37 nm,

approximately, or else the equivalent bcc structure with

a ¼ 0:29 nm, and these patterns were shown to come



Fig. 3. TEM images of human brain ferritin. (A,B) Cerebral cortex of a healthy subject. (A) Stained section showing one well-conserved nucleus. (B)

Other region at higher magnification showing some ferritin molecules near to myelinic structures. (C–E) Caudata nucleus of a PSP patient. (C)

Stained section showing one well-conserved neuron nucleus. (D) Detail at higher magnification showing ferritin molecules in nucleoplasm. (E)

Lysosome containing ferritin and hemosiderine in a glial cell.
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from the contamination of the samples by copper par-

ticles from the copper grids used to support the speci-

mens. Of the remainder of the patterns, it was evident

that two-thirds or more came from either the fcc phase

with a ¼ 0:43 nm or else from the magnetite/maghemite
structure. The hexagonal ferrihydrite phase was present

in less than 20%. Minor phases, present in less than
about 5%, included hematite and goethite and there

were a few patterns from unknown phases.

The relative percentages of their occurrence for

specimens of ferritin from PSP and AD patients are

listed in Table 1. There is a very clear difference from the
relative occurrences of the phases in the ‘‘normal’’

ferritins from horse and human liver. The proportions



Fig. 4. Human brain ferritin extracted from patients with PSP and AD.

(A) PSP ferritin associated to aberrant Tau filaments, unstained

preparation (B) AD ferritin associated to PHF, unstained preparation.
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of the hexagonal, 6LFh phase are much less than for the

normal ferritins and the cubic, a ¼ 0:43 nm phase is

much more prominent, approaching 50%. Nanodiffrac-

tion patterns from the magnetite/maghemite phase and
the fcc phase with a ¼ 0:43 nm for various orientations

are reproduced in Fig. 5. The continuous lines between

the (1 1 1) and (2 0 0)-type spots, containing extra diffuse

spots, in Fig. 5F are evidence for a high density of

stacking faults on (1 1 1)-type planes.

It is remarkable that the values of lattice spacing

111(0.248 nm), 200(0.215 nm), and 220(0.152 nm) corre-

sponding to the cubic, a ¼ 0:43 nm phase are very near
to the lattice parameters present in electron diffraction
patters (0.249, 0.212, and 0.153 nm) from samples of

hemosiderin obtained from liver of patients suffering

primary hemochromatosis (Dickson et al., 1988; Mann

et al., 1988). To test the presence of hemosiderin in our

preparations, we studied the morphology and the pep-

tide composition of the protein shell in the pathological

ferritin brain extracted samples. Negatively stained

preparations (Figs. 6A and B) show that some ferritin
molecules have an irregular and/or incomplete shell

around the cores. A biochemical characterization of

human healthy (control) and PSP brain extracts was

carried out. The presence of ferritin was confirmed by

running a sample of each extract on electrophoresis gel

and performing a Western blot analysis with the specific

antibody. This analysis showed the presence of the

major band at 20 kDa corresponding to ferritin in the
control preparation and two bands at 20 and 15 kDa in

the PSP patient; this band at 15 kDa can correspond to

hemosiderin (Ward et al., 1994; Weir et al., 1984a) (re-

sults not shown)
4. Discussion

The earlier suggestion that ferritin cores from path-

ological origin could be structurally different from nor-

mal ferritin (Quintana et al., 2000) prompted us to make

a more systematic analysis, using ferritins of different

origin. We have used high-resolution TEM and electron

nanodiffraction methods well known in Materials Sci-

ence but little known in Life Science. These methods

allows the analysis of the individual nanocrystals that
compose the ferritin cores.

Our previous analysis of control physiological ferritin

(Cowley et al., 2000; Quintana et al., 2000) was extended

using two new commercial sources of horse spleen fer-

ritin. We have also studied human ferritin; commercial

liver and brain ferritin from a healthy subject.

The pathological ferritin cores extracted from the

brains of patients suffering neurodegenerative diseases,
come from the same patients previously studied (three

PSP patients and four AD patients), (Quintana et al.,

2000) and from a new PSP patient (Netherlands Hersen

Bank). The number of measured cores has been signifi-

cantly increased. We have also analyzed cores of ferritin

present in the sections of caudate nucleus fragments,

embedded in Epon, of the last new patient.

The results presented in this work show the similarity
of the distribution of phases in the horse spleen and in

the human liver ferritin. As in the case of natural min-

eral or synthetic ferrihydrite, the cores are built up by

crystals of different structures. The main phase corre-

sponds to an hexagonal structure with parameters

a ¼ 0:296 (or 0.51 nm) and c ¼ 0:94 nm. These values

are similar to the main phase of the ferrihydrite.



Fig. 5. Human brain ferritin extracted from patients with PSP and AD. (A) HRTEM images of a nanocrystal core. (B) Digital diffractogram of the

nanocrystals. (C–F) Electron nanodiffraction patterns from the cubic phases in ferritin from PSP or PHF patients. (C) Magnitite-like phase in [1 0 0]

orientation. (D) Magnetite-like phase in [1 1 2] orientation. (E) fcc, a ¼ 0:43 nm, phase in [1 0 0] orientation. (F) fcc, a ¼ 0:43 nm, phase in [1 1 0]

orientation showing continuous lines due to faults on (1 1 1) planes.
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Hematite and two cubic phases, one magnetite/maghe-

mite phase and one minor fcc with a ¼ 0:43 nm phase,

are also present. Ferritin cores normally contain one

monocrystal and, consequently, the different structures
do not coexist within the same core.
The polyphasic origin of ferritin cores is unknown. It

has been suggested, Cowley et al. (2000), that ‘‘the

mineral phase can be determined by the chemical envi-

ronment or by the specific form and function of the
nucleation sites. The chemical environment seems the



Fig. 6. Human brain ferritin extracted from patients with PSP and AD. (A) PSP ferritin associated to aberrant Tau filaments. Negative stained

preparation showing the irregular and incomplete shape of some molecules (hemosiderine). (B) AD ferritin associated to PHF. Negative stained

preparation showing the irregular and incomplete shape of some molecules (hemosiderine).
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main determinant since it is possible to grow the mag-
netite phase inside the apoferritin, derived from physi-

ological ferritin molecules, under laboratory controlled

conditions (Meldrum et al., 1992).’’ Under natural

conditions ferrihydrite typically forms where oxidation

of Fe2þ is rapid, in soils containing organic materials

that inhibit the formation of more crystalline iron oxides

and in soils that are subject to periodic reduction and

oxidation (Jambor and Dutrizac, 1998). The mineral is
unstable and given time it will convert to more stable

iron oxides, namely goethite and hematite (Schwert-

mann et al., 1999). The transformation can be retarded

by adsorption of various species, both inorganic and

organic. The existence of several iron oxides in normal

ferritin could represent different forms of iron storage:

One more labile form, the ferrihydrite, allowing a rapid

release of the iron, and an other more stable form rep-
resented by the hematite. The cubic forms that are

present could be intermediate phases (Campbell et al.,

1997).

The ferritin cores from the brain of the aged healthy

subject, ‘‘in situ’’ analyzed, differ from the physiological

ferritin cores of horse spleen and human liver. Although

the ferrihydrite is the major phase, there is a higher

proportion of the fcc structure with a ¼ 0:43 nm.
The ferritin cores from the brains of patients suffering

neurodegenerative diseases differ significantly from the

physiological ferritin cores obtained from different

sources. The main differences observed are: ferrihydrite

is now a minor component and the main component is

the fcc structure with a ¼ 0:43 nm; the magnetite/ma-

ghemite phase is present in similar proportion in all the

analyzed ferritin cores.
The fcc phase with a ¼ 0:43 nm has a structure which

appears to be similar to that of w€ustite, Fe1�xO, the

mineral in which, as in magnetite, iron is found in two

valence states Fe3þ and Fe2þ. Definite identification
with w€ustite is avoided because no clear evidence for the
composition, FeO, can be found. It is not possible, with

present instrumentation, to obtain both electron nano-

diffraction patterns and accurate microanalysis from

individual ferritin cores. Many of the cores giving pat-

terns from this structure in the [1 1 0] orientation, show

strong continuous streaks between the (1 1 1) and (2 0 0)-

type spots, often with diffuse intermediate intensity

maxima along the streaks, as seen in Fig. 5F. This is
clear evidence for a high density of stacking faults on

(1 1 1)-type planes. Also, the main spots in the diffrac-

tion patterns are often rather diffuse, denoting further

disorder in the structure. It is possible that the faults in

the structure are associated with chemical inhomoge-

neities, such as the occurrence of OH ions. The fact that

the unit-cell dimension shows wide variation, from

about 0.41 nm to 0.45 nm, is also suggestive of compo-
sitional variations. The possibility that this phase may

actually be cuprous oxide, which is fcc with a ¼ 0:42 nm,

produced by oxidation of the contaminating copper

particles, is discounted because the occurrence of this

structure in the various samples shows no correlation

with the occurrence of the copper particles, and because

the relative intensities of the spots are sufficiently dif-

ferent from those of a FeO-type structure to allow the
distinction to be made in most cases.

The magnetite-like phase generally showed clear dif-

fraction patterns with very little evidence of disorder.

The electron nanodiffraction studies showed no evidence

for differences of structure at the surfaces of the cores.

This suggests that any major modifications of the

structure at the surfaces must be confined to a layer less

than about 1 nm thick or else involve highly disordered
or near-amorphous structures.

Furthermore, in addition to the differences found

among cores, we have found variations in the protein

shell of ferritin of the PSP and AD patients, both at the
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level of shape and peptide composition (PSP patients)
suggesting that, beside ferritin, a form of hemosiderin

can be present in these patients. Additionally, hemo-

siderin is ‘‘in situ’’ observed in lysosomes of glial cells in

caudata nucleus sections in a PSP patient.

Hemosiderin that is considered as a partial proteo-

lytic product of the ferritin (Weir et al., 1984a) is the

second iron storage molecule. It is present in patholog-

ical iron overload (Hirsh et al., 2002; Selden et al., 1980),
mainly in liver primary hemochromatosis (PH) and

spleen or liver secondary hemochromatosis (SH) and in

the central nervous system (CNS) in superficial siderosis

disease (Durieux et al., 1999), in neuroblastoma cells

(Iancu, 1989) and in cerebral cavernous angioma (Vy-

mazal et al., 2000). The hemosiderin cores present in

human liver of PH patients are formed by a mixture of

two phases: a minor ferrihydrite phase (about 20%) and
a major, poorly crystallized phase (Dickson et al., 1988;

Mann et al., 1988) with reticular distances at 0.249,

0.212, and 0.153 nm very near to d111 (0.248 nm), d200
(0.215 nm), and d220 (0.152 nm) of the fcc structure with

a ¼ 0:43 nm. The hemosiderin shell is thinner than the

ferritin shell, irregular and often incomplete (Weir et al.,

1984b, 1985). Analysis of peptides present in hemosid-

erin molecules shows bands between 12.9 and 17.8 kDa
significantly smaller than ferritin (20 kDa) (Ward et al.,

1994; Weir et al., 1984b).

The structural differences of the pathological ferritin

cores suggest that mineralization is altered. Moreover,

an important number of crystals present defects. This

could mean that the mineralization process can be per-

turbed not only by modifications in the chemical nature

or geometry of the environment, but also by dysfunction

of some steps during the crystal nucleation or growth.

Accordingly, the presence of mineral cubic phases

magnetite-like and w€ustite in which ferric and ferrous

iron ions are both present would indicate that the en-

zymatic oxidation of iron inside ferritin was faulty

(Quintana et al., 2000). The absence of Hm (that is

highly stable), its replacement by a magnetite-like and

w€ustite phases are consistent with an easier mobilization
of Fe in these abnormal ferritins. Increase of unbound

ferrous ions in cytoplasm may contribute to the pro-

duction of free hydroxyl radicals and thus to cell neu-

rodegeneration through the damage induced in nucleic

acids, lipids and proteins.

Consequently, in spite of the limited number of pa-

tients analyzed, our results point to a dysfunction of the

ferritin (eventually including degradation to hemosid-
erin) associated to PSP and AD degenerative diseases.

Ferritin dysfunctions in neurodegenerative diseases

has been previously reported. Connor et al. (1995),

found that the balance of H/L isoferritins was influenced

by age, brain region and disease state in Parkinson and

Alzheimer diseases: in frontal cortex in AD the H/L ratio

is fivefold increased. Mutations in the gene that encode
L ferritin subunit polypeptide have been found associ-
ated to neuroferritinopathy (Curtis, 2001). Patients with

this neuronal disorder have abnormal aggregates of iron

and ferritin in the brain. It has been suggested that in-

corporation of mutant L subunit into ferritin hetero-

polymers could compromise the structure and function

of ferritin leading to the spontaneous release of highly

toxic iron in the neurones and hence oxidative stress and

neuronal cell death (Curtis, 2001; Ke and Qian, 2003).
Also, Dobson (2001) suggests that ‘‘the magnetite inside

the ferritin protein cage may act as a precursor for the

formation of biogenic magnetite in humans, perhaps

through excesss loading of iron in the core and the

breakdown of normal protein function.’’ The biogenic

magnetite observed in tissues of brain by Dobson�s
group has a wide range of size of particles, between

200 nm and a few tens of nanometers; the larger particles
have only been observed in tissues extracts but 5–10 lm
cluster of finer opaque particles have been observed by

optical microscopy in slices, (Dunn et al., 1995). We

have not observed magnetite/maghemite particles of

micron dimension in our thin sections. Nevertheless, the

clusters of hemosiderin that we have found in lysosomes

of glial cells can attain 0.5 lm and it is not excluded that

they could be related to the finer particles observed in
slices by Dunn et al. (1995), showing magnetic proprie-

ties. If this were the case and as hemosiderin is a partial

proteolytic product of the ferritin, our results would

appear as a preliminary confirmation of the hypothesis

put forward by Dobson (2001).

The use of new high-sensitivity, analytical methods,

such as electron nanodiffraction, HRTEM, and different

spectroscopies, including nuclear magnetic resonance,
magnetrometry, etc., can open new avenues when ap-

plied either alone or in combination, to study iron brain

metabolism for the early diagnosis of neurodegenerative

diseases. Vymazal et al. (2000) indeed, have reported

that ‘‘it appears that it is possible to separate the ferritin,

from hemosiderin, containing tissues using in vivo

magnetic resonance images (MRI).’’ These authors

‘‘believe that ferritin form of iron is mainly present
under normal conditions and that hemosiderin appears

more often in disease.’’ Our results on PSP and AD

patients seem to confirm this finding. Hautot et al.

(2003) using highly sensitive superconducting quantum

interference device (SQUID) magnetometry, have re-

cently reported that the concentration of magnetite is

significantly higher in three samples of AD tissues than

in aged tissues brain controls.
In conclusion, we believe that our results provide new

arguments to support the hypothesis that the disruption

expression of iron metabolism proteins, in particular the

main iron storage protein, ferritin, induced by genetic or

non-genetic factors in neurodegeneratve diseases, can be

a cause of the increased concentration of brain ferrous

toxic iron.
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