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a  b  s  t  r  a  c  t

The  scarcity  of  native  frozen  pathological  and  healthy  human  brain  tissue  is  actually  one  of  the  major
bottlenecks  concerning  the  investigation  of  neuropsychiatric  diseases.  Therefore  it  is  of  some  interest
to make  formalin  fixed tissue  specimens  accessible  to  mass  spectrometric  analytical  techniques.  Laser
ablation  inductively  coupled  plasma  mass  spectrometry  (LA-ICP-MS)  and matrix  matched  standards  were
employed  to  generate  quantitative  element  maps  of  human  mesencephalon  slices  that  had  been  stored
in  formalin  for  more  than 10  years  of  a  single  subject.  The  characteristic  distribution  patterns  of  Cu  and
Zn were  completely  blunted  but  Fe  was  clearly  enriched  in  the  substantia  nigra  (SN)  –  especially  in the
matrix  of  the  pars  compacta  – and the  nucleus  ruber  (NR)  at concentrations  of  179  �g  g−1,  231  �g g−1

−1

etal imaging
uantitative distribution analysis
ubstantia nigra

and  187  �g  g (wet  weight),  respectively,  very  similar  to  literature  values  obtained  from  homogenates
of  fresh  tissue.  Mn  and  Ca  congruently  reflected  the  distribution  of  melanised  SN  neurons.  Interestingly,
the  distribution  of Pb  was  congruent  to that  of  Fe  reaching  0.8  �g  g−1 in  the  SN,  1.1  �g  g−1 in the  matrix
and 0.9  �g  g−1 in the  NR.  Images  of  C and  P  reflected  the  gray  matter-white  matter  partition  of  the  tissue.
These  results  suggest  that a meaningful  quantitative  assessment  of  Fe,  Mn  and  Pb  is  possible  in  tissue
samples  which  have  previously  been  stored  in buffered  formalin  solution.
. Introduction

Storage of tissue specimens in (most commonly 4% buffered)
ormalin solution implicates the cross linkage of macromolecules
nd a wash-out and homogenous distribution of soluble species
uch as Zn2+, Na+ and Mg2+. This restricts the suitability of forma-
in fixed samples for chemical analysis. However, the systematic
cquisition and collection of cryo-preserved material in the realm of
rain banks is an ongoing process. Notwithstanding, formalin fixed
rain specimens of series of tens to several hundreds of cases of
europsychiatric diseases are available in neuro-pathological col-

ections. Therefore, some efforts have been undertaken to adapt
ass spectrometric imaging and “omics” techniques to formalin

xed samples and to assess the feasibility and validity of these
eterminations [1].

Metal concentrations in the human mesencephalon have so
ar been measured in acidic digests of tissue homogenates. Non-
r semi-quantitative imaging studies on tissue stored in forma-

in used X-ray fluorescence [2] and Prussian blue stains for Fe
3] which does not detect heme-Fe or Fe in melanised neurons.
igh resolution techniques obtained quantitative images of sin-
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gle cells [4] but not average concentrations throughout regions of
several mm.

The SN consists of two  subdivisions, pars reticulata containing
fibers and loosely packed cells and pars compacta (SNpc) contain-
ing dense clusters of melanised cell bodies. In healthy subjects iron
was  shown to accumulate in the SNpc with growth and to main-
tain a stable concentration between 20 and 90 years of age [5].  In
Parkinson’s disease increased iron concentrations were observed
in the SNpc [6].

The relatively new technique of bioimaging LA-ICP-MS has been
described in detail in several previous publications [7–13] and is
also dealt with in some other articles in this special issue. The
aim of the present pilot and feasibility study on a single subject
was  to assess, which information can be gathered by LA-ICP-MS
bioimaging of formalin fixed human mesencephalic tissue.

2. Experimental

2.1. Sample and sample preparation

The present sample originates from a 72-year-old man, who  had

no neurological symptoms in his medical history and died because
of non-neurological pathology. The post mortem delay was <24 h
and the medication was not known. The brain was pre-fixed in 4%
formalin. Cryo-sections of 100 �m thickness were obtained from

dx.doi.org/10.1016/j.ijms.2011.03.006
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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Table 1
Element concentrations referred to wet  weight averaged over selected regions of
interest in two  neighbouring sections of a human mesencephalon stored in formalin.

�g g−1 Region Section No

1 2

Fe

Precisiona ±2 ±6
Entire section 136 140
Substantia nigra (total) 171 188
SN  pars reticularis 103 119
SN  pars compacta 207 179
SNpc Matrix/anterior part 220 242
SNpc nigrosomes/posterior part 164 165
Nucleus ruber 186 188
Pedunculus cerebri 120 121
Central gray 134 111
Other tegmentum mesencephali 94 94

Mn

Precisiona ±0.2 ±0.4
Entire section 0.6 1.4
Substantia nigra (total) 0.6 1.7
SN  pars reticularis 0.6 1.4
SN  pars compacta 0.6 1.8
SNpc cell rich areas 0.7 2.1
SNpc cell poor areas 0.6 1.6
Nucleus ruber 0.6 1.6
Pedunculus cerebri 0.6 1.3
Other tegmentum mesencephali 0.6 1.4

Pb

Precisiona ±0.3 ±0.2
Entire section 0.6 0.6
Substantia nigra (total) 0.7 1.0
SN  pars reticularis 0.4 0.5
SN  pars compacta 0.8 1.2
SNpc Matrix/anterior part 0.9 1.3
SNpc nigrosomes/posterior part 0.6 0.9
Nucleus ruber 0.7 1.0
Other tegmentum mesencephali 0.5 0.4

Cd Precisionb ±0.01 ±0.01
Entire section 0.1 0.1

a The precisions was  obtained from the respective calibration curves of matrix
matched standards and corresponds to 7 mm2 of ablated tissue section equalling
A. Matusch et al. / International Journa

elected regions and stored in buffered formalin solution. Upon
acro- and micropathological criteria including advanced silver

tains for neurofibrillary tangles and amyloid using the methods of
allyas and Campbell [14] and immuno-histochemical stains using
ntibodies against alpha synuclein [15], the brain had been catego-
ized at stage III with respect to neurofibrillary tangles of Alzheimer
ype (stages I–VI) [14] and normal (zero) with respect to A�- [14]
nd Lewy [15] pathology (stages A–C and 1–6, respectively).

100 �m thick formalin fixed sections were mounted onto glass
lides without additional adhesive measures and photomicro-
raphs were taken. A line by line laser ablation of the tissue was
mpossible as it fissured and fragmented into fine pieces detaching
rom the glass surface. This occurred despite the use of StarFrost®

dhesive slides which, out of a series of commercial slide prod-
cts, enable the strongest adhesion. It was therefore necessary to
lue the tissue onto the slide. For this purpose, the tissue was dehy-
rated in a series of isopropanol bathes of increasing concentrations
70%, 95% and 100%) followed by xylene bathes (at least 3 h each)
nd finally immersed for 1 day in a viscous 30% dilution of DePeX
a neutral solution of polystyrene and plasticizers in xylene from
erva, Heidelberg, Germany) in xylene. A drop of DePeX was placed
nto a slide, then the section was spread using a brush of semi rigid
ynthetic fibers (DaVinci Nova Synthetics Series 1570, size 3 from
efet, Nürnberg, Germany). During the drying and curing process

he section was once again wetted with the 30% DePeX dilution. The
lain of the two neighbouring sections of a piece of mesencephalon
nd its localization is indicated in Fig. 1.

Matrix matched standards were obtained by homogenization
f pieces of the frontal lobe of the same brain, stored in the same
ormalin solution, addition of 0, 5, 11, 53, 78 and 105 �g g−1 of Fe
10.000 �g g−1 standard solution, NBS) and by a factor of ten lower
mounts of Al, Mn,  Cu, Zn, Cd, Hg and Pb (1000 �g g−1 standard
olution, Merck), thorough mixing, freezing in a mould and cutting
f 100 �m thick cryo-sections.

.2. Instrumentation, image generation and image analysis

Standards and samples were placed together in the ablation
hamber of a commercial laser ablation (LA) system (New Wave
P 266, Fremont, CA, USA) coupled to a quadrupole inductively
oupled plasma mass spectrometer (XSeries2, Thermo Fisher Sci-
ntific, Germany). The laser ablation system was operated with a
requency-quadrupled Nd:YAG laser at a wavelength of 266 nm,  a
epetition frequency of 20 Hz and a laser spot diameter of 120 �m.
he samples were ablated line by line (scanning mode) at laser
nergy of 0.08 mJ,  20 Hz repetition frequency, 60 �m s−1 scan speed
nd 2.65 s acquisition time per data point corresponding to 160 �m
-distance. The distance between two ablated lines was 170 �m
centre to centre). Thus, in this experiments no oversampling was
sed [16]. Argon was used as carrier gas that transported the
blated material into the inductively coupled plasma source (ICP).
he ions formed in the ICP were extracted into a quadrupole-based
ass spectrometer and separated according to their mass-to-

harge ratio. The maximum ion intensity of analytes was  observed
t a carrier gas flow rate of 0.86 L min−1. The ICP was operated with
n Rf power of 1500 W.

Images were reconstructed by alignment of the continuous list
f raw pixel data into lines using in-house written software (LA-
CP-MS-ImageGeneration, v5). Element images were coregistered
o photomicrographs and calibrated using Pmod 3.0 (Pmod, Zürich,
witzerland). With the same software average concentrations in
ree hand drawn regions of interest (ROIs) were read out. The pro-

edure of quantitative bioimaging of elements using LA-ICP-MS in
ative tissue with emphasize on brain samples has been described

n previous publications [7,9–11,13] and was refined and adapted
o the particular type of sample here.
the  smallest region.
b Precision for 143 mm2 corresponding to the entire area.

3. Results and discussion

3.1. Element distribution patterns

Anatomically informative distribution patterns of C, P, S, Ca, Mn,
Fe, Ni and Pb were obtained. The images of the isotopes measured
of a given element were almost identical, such as of 24Mg and 25Mg;
56Fe and 57Fe; 63Cu and 65Cu; 64Zn and 66Zn, respectively. The iso-
topes 44Ca, 56Fe, 63Cu, 64Zn, 60Ni, 111Cd and 208Pb were selected
for calibration or illustration. Calibration curves with R > 0.99 were
obtained from all elements added to the standard homogenates
in both of two measurements except for one of the two Zn mea-
surements were it was  0.987. Fig. 2 shows a photomicrograph, the
element images obtained from the neighbouring sections 1 and 2
each with the set of ROIs superimposed and overlays of photomi-
crograph and element maps. Regional element concentrations are
given in Table 1. All concentrations given in this article refer to wet
weight of tissue. Cu and Zn distributions which display distinct gray
matter-white matter partition in native tissue were completely
blunted from the present tissue specimen.

3.2. Metal concentrations—comparison to previous data and
persistence
The average Fe concentration of 179 �g g−1 in SN (total, SNpc
and SNpr) measured by LA-ICP-MS was  very similar to those con-
centrations published for acidic digests of homogenates of fresh
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Fig. 1. Plain and position of the two present mesencephalon sections are outlined on a magnetic resonance image (T1 weighted MPRAGE sequence).

Fig. 2. (A; left to right) Photomicrograph of the unstained section 1 of human mesencephalon; overlay with the concentration map of Fe and subdivision according to [19];
overlay with the concentration map  of Fe and approximate subdivision according to [20]; calbindin binding in a corresponding plain adapted from [20] for illustration; overlay
with  the concentration map of Mn.  In the electronic version clusters of melanised cells (imposing as brown and black dots) and their congruence with the distribution of Mn
but  without congruence with the distribution of Fe can be distinguished at higher magnification. The concentration colour scales are the same as in (B). (B and C) Element
images  of sections 1 and 2 with contours overlaid as explained in (A). The images were obtained from the ion images of 56Fe+, 208Pb+, 111Cd+, 60Ni+, 44Ca+ and 13C+.
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ative tissue such as 109–199 �g g−1 determined by instrumen-
al neutron activation analysis (INAA) in 17 subjects of 17–90
ears of age [5],  179 �g g−1 determined by total reflection X-ray
uorescence spectrometry (TRXRF) in a 65-year-old subject [17],
35 ± 12 �g g−1 in formalin fixed tissue of 12 subjects (average age
0 years) determined by atomic absorption spectrometry [18] and
63 ± 18 �g g−1 in n = 3 by ICP-AES [6].  In white matter we mea-
ured 120 �g g−1 which is in good accordance with literature values
f 127 �g g−1 [17]. The distribution pattern of Fe determined by LA-
CP-MS imaging was congruent to that observed by Popescu et al.
2] using synchrotron X-ray fluorescence.

With respect to Fe speciation, Mössbauer spectrometry stud-
es on frozen human SN pointed to the majority of Fe being present
s Fe(III) complexes in octahedral configuration within ferritin-like
e-oxyhydroxyde clusters. This structure is contained in the species
euromelanin, ferritin and hemosiderin. The combination with

nstrumental neutron activation analysis, enzyme linked immuno-
orbent assays (ELISAs) and proteolytic fractionation studies on
omogenates of human SN revealed that 10–20% of Fe was present
s NM mostly in neurons, and the rest as ferritin and hemosiderin,
ostly in glia [5].  Apparently, only a minimal fraction of Fe was

resent as heme complexes. All these Fe complexes have in com-
on  an extremely low solubility in pH-neutral solutions.
In view of these considerations, it is very plausible that the Fe

oncentrations measured here are close to the initial natural values.
owever, a potential wash-out of Ca, Fe, Mn  or Pb has to be verified
y comparative LA-ICP-MS measurements of native sections and
ections stored in formalin from the same tissue block.

From previous studies we know that (i) heavy metals to which
rain tissue had been exposed post mortem tend to bind pref-
rentially to white matter [8],  a phenomenon which is also well
nown from Os and U counterstains frequently used in electron
icroscopy and (ii) Pb is enriched in gray matter in native cryo-

reserved human brain [12]. Therefore it seems impossible that
b which is specifically present in the SN and the NR results from
xternal contamination. Concentrations of 3.0 ± 0.4 �g g−1 were
eported 1989 in the SN of an urban population of n = 9 compared
o 0.8 �g g−1 measured here.

Mn  imaging showed some deviation of the concentrations in
he two measurements – amounting to 0.6 and 1.7 �g g−1 in SN –
ue to lower count rates and higher background in section 1 but
ielded the same distribution pattern. In the SN Mn  concentrations
f 0.7 ± 0.2 �g g−1 (n = 12) [18] and 0.4 ± 0.1 �g g−1 (n = 9) [6] were
eported in the literature.

.3. Anatomical architecture of element distributions

To further anatomically parcel out the SNpc into subregions, cri-
eria have been established based onto the pattern of melanised
eurons as appearing in light microscopy of unstained sections. The
omenclature proposed by Braak and Braak differentiated a pos-
erolateral, a posteromedial, a posterosuperior and a magnocellular
ubnucleus (pl, pm, mg,  ps) [19].

A scheme based on immunohistochemical stainig for the protein
albindin has been proposed by Damier et al. promising inde-
endence of degenerative neuronal demise. From a calbindin-rich
atrix five calbindin-poor pockets termed nigrosomes were dis-

riminated [20].
These subdivisions are of pathophysiological relevance as (e.g.,

n Parkinson’s disease stages 3–6) several studies point to a specific
ime course of nigral degeneration starting in the posterior inferior

egions and proceeding to the more anterior and dorsal areas of the
Npc.

Both types of subdivisions – which are not congruent – were
pplied to the present sample as illustrated in Fig. 2 and reported

[
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in Table 1. As no calbindin immunocytochemistry was performed
in this study, a picture of a corresponding plane was  adapted from
[20] for illustrative purpose and the contours overlaid onto a Fe
map. Nigrosome 5 was  localized in a more superior plain and was
not crossed in the present section.

The distribution of Ca and Mn  (Fig. 2B and C) was highly con-
gruent to that of melanised neurons reflecting the partition into
subnuclei with similar concentrations throughout subnuclei. In this
context it is of interest, whether Ca and Mn  are subdued to degener-
ative processes similar to Fe or can serve as landmarks independent
from degeneration.

In contrast, Fe and Pb rather reflected the matrix-nigrosome
partition with clearly higher concentrations in the calbindin-rich
matrix essentially located in the anterior part of the SNpc in the
plains examined, congruent with [2].  Studies such as [2] also sug-
gest that the increase in Fe in Parkinson’s disease essentially takes
place in the posterior rather nigrosomal compartment.

4. Conclusion

In conclusion, specific distribution patterns of Fe, Pb, Mn  and
Ca were preserved after more then 10 years of storage in forma-
lin solution. Our data suggest that a meaningful anatomical and
quantitative assessment of Fe, Mn  and Pb is possible in this type of
samples using LA-ICP-MS imaging. Fresh tissue is necessary for Zn
and Cu determinations.
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