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Zinc (Zn) is involved in regulating mental and motor functions of the brain. Previous approaches have
determined Zn content in the brain using semi-quantitative histological methods. We present here an
alternative approach to map and quantify Zn levels in the synapses from mossy fibers to CA3 region
of the hippocampus. Based on the use of nuclear microscopy, which is a combination of imaging and
analysis techniques encompassing scanning transmission ion microscopy (STIM), Rutherford backscat-
tering spectrometry (RBS), and particle induced X-ray emission (PIXE), it enables quantitative elemental
mapping down to the parts per million (j.g/g dry weight) levels of zinc in rat hippocampal mossy fibers.
Our results indicate a laminar-specific Zn concentration of 240 +9 pM in wet weight level (135 +5 pg/g
dry weight) in the stratum lucidum (SL) compared to 144 +6 uM in wet weight level (81 +3 pg/g dry
weight) in the stratum pyramidale (SP) and 78 +£ 10 uM in wet weight level (44 + 5 g/g dry weight) in
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PIXE the stratum oriens (SO) of the hippocampus. The mossy fibers terminals in CA3 are mainly located in the
STIM SL. Hence the Zn concentration is suggested to be within this axonal presynaptic terminal system.
RBS © 2012 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

Zn is an essential element for sustaining life. It is the second
most abundant trace metal after iron (Fe) in the mammalian tis-
sues (Vallee and Falchuk, 1993; Lippard and Berg, 1994). It has
been reported that Zn constitutes as essential structural compo-
nent of DNA, RNA and ribosome (MacDonald, 2000). In addition to
acting as a cofactor, it stabilizes several hundreds of enzymes and
other proteins (Vallee and Falchuk, 1993; Tupler et al., 2001). In
the human genome, Zn-binding proteins participate in transcrip-
tion regulation (Tupler et al., 2001). Zn thus regulates numerous
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processes involved in cellular metabolism, gene expression, nucleic
acid repair, cell replication, tissue repair and growth, and develop-
ment (Fujii, 1954; Fujii et al., 1955; Prasad et al., 1961; Vallee and
Auld, 1993a,b; O’'Halloran, 1993; Prasad, 1996; Berg and Shi, 1996;
Coleman, 1998; Wood, 2000; Daiyasu et al., 2001; Truong-Tran
et al,, 2001; Ho and Ames, 2002; Brown et al., 2002).

The mammalian central nervous system (CNS) contains an abun-
dance of Zn. There are three main sources of Zn (total zinc) in
the brain, which are (1) vesicular pool in the synaptic vesicle; (2)
membrane-bound, metalloprotein, or protein-metal complex pool;
and (3) ionic pool of free or loosely bound ions in the cytoplasm
(Frederickson, 1989). Among these, the metallocomplex pools of
Zn, which are involved in both metabolic reactions and struc-
tural support for biomembranes and protein folds, could not be
detected by histochemical staining method (i.e. Timm’s stain) due
to its strong complexation with proteins and location of Zn deep
within the protein structures. In addition, there exist very low con-
centrations of an intracellular ionic Zn because of a number of
zinc-binding proteins in brain tissues. Therefore, the vesicular Zn
pool is quantitatively the most significant through histochemical
detection.

Histochemical studies have revealed that accumulations of
reactive or free zinc (Zn%*) in the brain are mostly sequestered
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within the vesicles of glutamatergic synapses (Frederickson, 1989;
Frederickson and Moncrieff, 1994; Frederickson et al., 2000;
Paoletti et al., 2009). These Zn%*-containing vesicles are particu-
larly numerous in mossy fiber (MF) synapses in the CA3 region in
hippocampus and a variety of forebrain areas. It has been shown
that Zn%* is co-released with glutamate from MFs terminals in the
same manner as neurotransmitters, and is necessary for the induc-
tion of long-term potentiation (LTP) at hippocampal mossy fibers
to CA3 pathway (Li et al., 2001; Huang et al., 2008). Furthermore,
Zn?* is known to interact with the protein kinases thereby trigger-
ing intracellular signal transduction pathways that affect changes
in the gene expression (Brewer et al., 1979; Hubbard et al., 1991;
Weinberger and Rostas, 1991; Quest et al., 1992; Maret et al., 1999;
Park and Koh, 1999; Lengyel et al., 2000; Besser et al., 2009).

Due to the critical biological functions of Zn?* in the brain, the
regulation of Zn?* concentration is very important for brain health
and its performance. Indeed, the redistribution of Zn%*-containing
MFs has been strongly linked to the formation of long-lasting
memory (Routtenberg, 2010). Localization of Zn?* and observa-
tion of cellular Zn2* levels become necessary for investigations
on the Zn associated neurological dysfunctions and diseases. In
previous studies, Zn was detected using techniques such as histo-
chemical staining (Timm'’s staining) methods, fluorescence labeling
methods (Frederickson et al., 1989) and stable-isotope dilution.
The Timm’s sulfide/silver staining technique detects free Zn (Zn2*)
in mammalian brain, which is highly concentrated in the hip-
pocampal mossy fibers terminals (Danscher, 1981, 1996; Danscher
et al., 1985). Histochemical studies are ideal for assessing chem-
ical spatial profiles, but in general are not quantitative. Studies
using stable-isotope dilution mass spectrometry Frederickson et al.,
1983) have shown that the hippocampal Zn concentrations were in
arange of 77.2 to 92.7 ppm, and the amount of Zn directly associ-
ated with MFs vesicles was estimated to be approximately 8% of the
total zinc in the hippocampus. The Zn concentration in the vesicles
of the MFs can therefore be estimated at 220-300 wM. Although
stable-isotope dilution mass spectrometry is currently considered
the most accurate and precise method for quantitative elemental
concentrations, it is essentially a bulk analysis technique and accu-
rate sampling of the required area is difficult. The use of nuclear
microscopy, with its elemental and structural mapping capability,
is able to image specific areas of tissue sections with high quanti-
tative and spatial accuracy, but is unable to differentiate between
the chemical states of the elements detected, i.e. the total amounts
of Zn, including both free (Zn2*) and co-factor bond form of Zn to
proteins, are measured.

Nuclear microscopy is a technique relying on the interaction
between a focused beam of MeV protons and the specimen. It
is composed of three ion beam related techniques, i.e. particle
induced X-ray emission (PIXE) for trace elemental analysis, Ruther-
ford backscattering spectrometry (RBS) (Watt, 1995 and Watt et al.,
2006) for matrix characterization and scanning transmission ion
microscopy (STIM) for structural identification. PIXE is a technique
where incoming MeV protons collide with inner shell electrons of
the target atom, and any resulting electronic vacancies are filled by
outer shell electrons. The re-arrangement of the atomic electronic
structure results in the emission of a characteristic X-ray photon,
the energy of which is unique to the parent atom. By measuring
the energy of the X-ray photon the parent atom can be identi-
fied. STIM is a technique based on mapping of the energy loss of
transmitted protons, which depends on the density of samples.
It is used for the structural imaging and fast positioning of the
samples without chemical fixing and staining. The trace elemen-
tal mapping was carried out by the nondestructive technique PIXE
(Johansson et al., 1995), which can perform simultaneous detection
of multiple elements with high quantitative accuracy and with a
sensitivity of down to 1 pg/g dry weight. PIXE is similar in principle

to electron induced X-ray emission (e.g. EDX), except that in EDX
the bremsstrahlung background radiation prevalent when primary
electrons are used limits the elemental sensitivity to around 1 part
in 104, thus precluding the use of this technique for trace elemen-
tal studies. RBS is a technique where the incoming protons are
backscattered from atomic nuclei, and is efficient in the measure-
ment of light elements such as those found in the organic tissue
matrix i.e. carbon, nitrogen, and oxygen. Therefore, RBS is used to
provide information on the thickness and matrix composition, area
density of the sample, as well as calculating the charge collected
during each measurement.

The strength of nuclear microscopy lies in its capability of ele-
mental mapping at pg/g dry weight level, which is equivalent to
measuring Zn concentrations down to 1.8 wM in wet tissues in
the current study, and the ability to measure the concentrations
of trace elements with high quantitative accuracy independent of
the chemical state of the element. Therefore, nuclear microscopy is
ideally suited for imaging the morphology of tissues and mapping
the trace elements such as Fe, Ca, Zn and Cu (Ren et al., 2003, 2006;
Rajendran et al., 2009; Watt et al., 2006).

Previous studies have been performed for trace elemental anal-
ysis of Zn in rat hippocampus using nuclear microscopy through
the technique of proton induced X-ray emission (PIXE). It has
been shown that the mean concentration of Zn was detected
at 120 ppm (dry weight) in non-fixed hippocampus (Kemp and
Danscher, 1979). Furthermore, the maximum MFs Zn level was cal-
culated using PIXE by Wensink and his colleagues in 1987. With
the proton micro beam focused to 60 pm x 60 m, 2 mm line scans
were made across the hippocampal hilar region to extract the value
of 136 ppm (dry weight) of Zn level in the MFs located in the hilar
area. However, evidences on absolute Zn concentrations in the
laminar structure of MF terminals are still vacant. Because of the
critical function of Zn as neurotransmitters in the MFs terminals, it
is essential to quantify Zn in synapses of the MFs to CA3 neurons.
Hippocampal CA3 is composed of three layers, which are defined
as stratum lucidum (SL), stratum pyramidale (SP) and stratum oriens
(SO)respectively. SO is the second superficial layer, where the basal
dendrites of CA3 pyramidal neurons locate. SP is the pyramidal neu-
rons layer, containing synapses from the mossy fibers which course
through SL. SL is the inner layer next to SP in CA3, where mossy
fibers from granule cells of the dentate gyrus course through and
terminate with synapses to the CA3 pyramidal neurons in SP. It has
been demonstrated that most of the Zn?* is sequestered within the
vesicles of mossy fiber glutamatergic synapses (Frederickson, 1989;
Frederickson and Moncrieff, 1994; Frederickson et al., 2000). There-
fore, there may be laminar difference of Zn concentrations between
the three layers in CA3. However, no studies on laminar-specific
concentration of Zn in CA3 have been reported so far.

In this study, nuclear microscopy based imaging techniques
were employed in order to accurately identify and quantify Zn in
the brain, especially in the synapses from mossy fibers to CA3 in
the hippocampus. In addition, high resolution nuclear microscopy
that focuses to a 1 wm spot size was applied to provide structural
and elemental images of the hippocampus, in order to measure the
concentrations of total Zn in the SL, the layer containing the most
synapses of hippocampal mossy fibers in CA3 region, and the two
adjacent layers: the SP and SO.

2. Materials and methods
2.1. Animals and tissue preparations

Seven adult male Sprague-Dawley rats, aged 6-7 weeks, were
used. All protocols including animal handling and tissue collections
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Fig. 1. Brain atlas at —3.12 mm from bregma considered as the position reference (This map is taken and referred from Paxinos and Watson, 6th edition with permission).
Black rectangle area containing the hippocampus was scanned for PIXE analysis and red rectangle area was selected for further elemental analysis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

were approved by the Institutional Animal Care and Use Committee
(IACUC) of National University of Singapore.

Animals were sacrificed by intraperitoneal injection of a mixture
composed of ketamine (70 mg/kg) and xylazine (8 mg/kg). Brains
were quickly extracted, and blocks containing the hippocampus
were removed. Blocks were covered with the embedding mate-
rial Jung Tissue-Freezing Medium (Leica Instruments, Germany)
and frozen immediately with liquid nitrogen within minutes of
removal. The samples were transported on dry ice whenever
required and stored at —80°C. 20 pm thick slices of the dorsal hip-
pocampus were sectioned coronally using a cryostat (Jung Frigocut
2800E, Leica, Nussloch, Germany) at —16°C. The positions of the
coronal sections were around —3 to —3.2 mm from bregma with the
reference brain atlas shown in Fig. 1 (Paxinos and Watson, 2007).
These sections were picked up on freshly prepared submicron
pioloform films, which were mounted on the nuclear microscope
target holders and freeze—dried at —20 °C. Adjacent sections were
then mounted on the polylysine-coated glass slides (Polyscience,
Inc., USA.) for Timm’s staining.

2.2. Histology analysis

2.2.1. Timm'’s staining

Firstly, the tissues were submerged initially in 1% sodium sulfide
(NayS) for 10 min and then in 3% glutaraldehyde/4% paraformalde-
hyde/0.1 M PBS, pH 7.4 for 10 min. After that, they were developed
in a Timm’s stain solution composed of 50% (w/v) Arabic gum
(120 mL), 5% (w/v) hydroquinone (60 mL), citric acid (20 mL) and
silver nitrate (500 L) at 30°C for 90 min in absolutely dark. Then
tissues were rinsed in deionized water (DIW) for 10 min and coun-
terstained with cresyl violet.

2.2.2. Nissl staining

The sections were stained with 0.1% cresyl violet for 15 min and
consequently rinsed three times with 90% (v/v) ethanol followed by
rinsing three times with xylene to dehydrate. Finally, the sections
were mounted and observed by optical microscopy.

2.3. Mapping and quantifying Zn: nuclear microscopy

The samples were scanned using the nuclear microscope at
the Center for Ion Beam Applications (CIBA), Department of
Physics, National University of Singapore (Watt, 1995). The nuclear
microscopy was carried out using a 2-MeV proton beam focused to
a1 pmspotsize (Wattetal., 1994). The complementary techniques
of PIXE, RBS, and STIM were simultaneously used in the analysis.
Nuclear microscopy measurements were carried out to observe the
overall distribution of the elements in the hippocampus. To exam-
ine the spatial distribution of Zn in the areas of interest, different
scan sizes ranging from 4 mm to 600 wm were measured. The spa-
tial resolution was concerned during the measurement. When large
area imaging (e.g. 2-4 mm) was carried out, the spatial resolution
was about 3-4 pm in order to have more beam and when small
region (e.g. 200-600 p.m) measurement was carried out, the spa-
tial resolution was about 1 wm. Each measurement was multiple
scans over the same area of interest for about 45 min with a beam
current of about 100 pA. The data from all these three techniques
was recorded using the data acquisition system OMDAQ (Oxford
Microbeams Data Acquisition System, Oxford Microbeams Ltd.,
Oxford) (Grime and Dawson, 1994). The trace elemental concen-
trations in pg/g dry weights level were extracted from the region
of interest and analyzed.
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Fig. 2. PIXE energy spectrum of the hippocampus showing characteristic X-ray peaks: Plotted as a log plot. The figure on the RHS is a linear plot of the PIXE spectrum in the

energy range 5.5-11 keV, showing the peaks corresponding to Fe, Cu and Zn.

3. Results
3.1. Elemental mapping of hippocampus

The hippocampus tissue sections were scanned using a 2 MeV
proton beam. The proton induced emission of X-rays of different
elements were measured simultaneously using an energy disper-
sive X-ray detector, which was fitted with a filter designed as
300 wm thickness perspex with a central hole of 1mm in diam-
eter for optimal detection of trace elements above calcium in the
periodic table. For a multiple-element sample, the PIXE spectrum
consists of a number of peaks which correspond to the character-
istic emission X-rays from the elements in the sample. As shown
in Fig. 2, multiple elemental peaks extracted from the large area
scan can be observed. The peak at 8.6 keV corresponds to the Zn
Ko X-ray line. Fig. 2 also shows the peaks corresponding to copper
(Cu) and iron (Fe), trace metals not easily quantified using other
techniques.

STIM was used to facilitate positioning of the samples to regions
of interest. STIM provides information on mass density distribution
of the sample by analyzing the transmitted proton energy using a
silicon surface barrier detector placed behind the target sample in
an off-axis position. STIM mapping enables the mass density of the
whole hippocampus (Fig. 3B) to be imaged. Timm’s stain images of
the adjacent sections showed the Zn2* distribution in hippocam-
pus (Fig. 3A), thus providing reference points in the identification
of substructures in the hippocampus. In the current study, detec-
tion of the distribution and concentration of Zn was focused on the
hippocampal CA3 area. A reduced area scan of 2 mm was therefore
carried out in the region of interest (ROI), and the corresponding
STIM image is shown in Fig. 3C.

3.2. Zn profile by line scan in CA3

In order to verify the distribution of Zn throughout the pro-
jection zone of mossy fibers to CA3, a line scan was carried out.
The structural STIM maps of the areas chosen for high-resolution
studies are shown in Fig. 4A and B. Given that the decreasing con-
centration of Zn from SL to SP and SO in CA3, the line scan across
the CA3 layers as depicted by the dotted black line in Fig. 4B was
performed. The line scan plot of Zn profile, indicated by the num-
ber of Zn X-ray photons detected along the line scan versus marked
line scan distance, showed the highest concentration in SL followed
by SP and SO (Fig. 4C), and is consistent with the Timm’s stained

adjacent section (Fig. 3A). The line scans across the layers of CA3
provide an estimation of Zn present in the various structural layers.

3.3. Quantitative analysis of Zn

To further elucidate the distribution throughout the layers of
CA3, higher resolution studies were carried out. On the basis of Zn
profile in layers of CA3 extracted by line scan in Fig. 4, a reduced
scan of 600 wm over a selective region of CA3 covering SL-SP-SO
was chosen. The section analyzed was unstained and therefore free
from contaminants. The structural STIM image and the PIXE zinc
map of the area chosen for high-resolution studies are shown in
Fig. 5A and B. Strata of SL and SP and SO were indentified based
on the STIM density and the correlations with Timm'’s staining of
adjacent sections. The higher-resolution studies showed that the
highest accumulation of zinc was in SL among the 3 layers of CA3
(Fig. 5B). A broad line scan was then carried out crossing the strata
from SL down to SO and the outer region, as depicted by the dotted
red down arrow (Fig. 5B). The plot of X-ray counts of Zn versus
marked line scan distance showed pronounced changes in the Zn
level among the various layers of CA3 (Fig. 5C).

The concentration of Zn, as well as Fe and Cu, in each layer of
CA3 was given based on the information extracted from the whole
area as indicated in Fig. 5A. The averages were made among seven
sections of seven rats, and the standard error of mean was given.
Based on quantitative results from the nuclear microscopy mea-
surements indicated in Table 1, a significant higher concentration
of Zn was observed for the SL (135 +5 p.g/g dry weight) compared
with the SP (81 + 3 pg/g dry weight; Student’s t-test, **p <0.0001)
and the SO (44 + 5 ng/g dry weight; Student’s t-test, **p <0.0001),
which were in accordance with the maximum Zn value of 136 ppm
in the MFs in the hilar (Wensink et al., 1987). In comparison to Zn,
the average concentrations of Fe from SL and SP were extracted at
similar lower levels of 53 +£2.4 ug/g dry weight and 50+ 2.0 pug/g
dry weight respectively (Student’s t-test, p=0.51). In addition, it
appeared much lower value in SO (36 + 2.4 n.g/g dry weight) com-

Table 1
Average concentrations and standard errors of Fe Cu and Zn in different layers and
background levels, based on seven sections from seven rats.

Layer Zn (p.g/g) Fe (ng/g) Cu(pg/g)
SL 135 +53 53 +24 8.0+ 2.1
SP 81 +33 50 + 2.0 80+ 1.7
SO 44 + 54 36 +24 9.0+ 2.0
Background 20 + 1.5 16 £ 1.0 5.0 £ 0.9
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stratum pyramidale; SL: stratum lucidum). The intensity of color scale indicates changes of the area density from low to high. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of the article.)

paring to SL (Student’s t-test, *p<0.05) and SP (Student’s t-test,
*p<0.05). It has been reported that the highest concentrations of
iron in the hippocampus were observed in dentate gyrus (Drayer
et al,, 1986; Schenck, 2003; Jackson et al., 2006). Therefore, it is in
accordance that higher Fe concentration was detected in SL and SP
than SO. As shown in the PIXE spectrum of the whole hippocampus,
higher peaks corresponding to Fe than Zn were obtained (Fig. 2).
In contrast, the Fe contents in CA3 were detected much lower
than those of Zn, suggesting an uncorrelated distribution patterns
between Fe and Zn in rat CA3 layers of the hippocampus. Regard-
ing the levels of Cu, values in the three layers of CA3 were very
close (8.0+2.1 pg/g dry weight in SL; 8.0 +£ 1.7 pg/g dry weight in
SP; and 9.0 +£2.0 pg/g dry weight in SO (Student’s t-test, p >0.05).
Previous study has reported that Cu is distributed throughout most
regions of the rat brain and is most abundant in the medial genicu-
late nucleus, part of the superior colliculus, and the periaqueductal
grey (Jackson et al., 2006; Lutsenko et al., 2010). However, Cu levels
in the hippocampus are moderate, indicating a uniform distribution
of Cu in the MFs terminal to CA3. Since the original tissue sections
were cut 20 wm thick, based on the mean matrix mass area density
of the scanning areas, then the Zn concentration in dry weight con-
verts to 240 + 9 wM in the SL compared to 144 + 6 wM in the SP and
78 £10 uM in the SO in wet tissues. This result is consistent with
previous determinations of the Zn%* concentration in the vesicles
of the mossy fibers of between 220 uM and 300 wM (Frederickson
et al., 1983). Since nuclear microscopy detects the total amounts of
Zn in targeted area, including both free (Zn2*) and co-factor bond
form of Zn to proteins, the concentration of co-factor bond Zn in
the area outside of the MFs was considered as the mean back-
ground Zn level. The mean background Zn level was calculated at
35.5+2.7 wM (20 + 1.5 pg/g dry weight). Hence, the Zn level in SL
was as high as 6 times of that in the background. The ratios of mean
MFs Zn content in SL to mean background Zn content may express
the availability of Zn2* to the MFs synapses, suggesting the role of
Zn2* in the MFs to CA3 pathway. The intracellular Zn?* concentra-
tion is tightly controlled by the zinc transporter 3 (ZnT3; Palmiter
et al,, 1996), which is found in high abundance in MFs. ZnT3 facili-
tates the accumulation of Zn2* in MFs synaptic vesicles. Evidences
have shown that Zn?* is released in the same manner as neuro-
transmitters by excitation of MFs (Li et al., 2001; Huang et al., 2008),
indicating its role for synaptic neurotransmission. Therefore, regu-
lation on intracellular Zn2* concentration in MFs is critical for the
brain health and function.

Our results confirm the observation that the unbound Zn2* in
the brain are mostly sequestered in the mossy fiber synapses at
SL and SP layers of the CA3 regions in hippocampus (Frederickson,
1989; Frederickson and Moncrieff, 1994; Frederickson et al., 2000).
In addition, we have shown that nuclear microscopy is a useful

approach in measuring the total Zn concentration in different lay-
ers of hippocampal CA3. Moreover, the present findings provide
a precise estimate of Zn concentrations in MFs and pave the way
for analysis of changes in free and bound Zn consequent to the
establishment of behavioral plasticity such as memory which is an
important function of the MF system.

4. Discussion and conclusion

Nuclear microscopy based approaches have previously been
employed in visualizing the morphology of tissues, and analyzing
the trace elemental composition and concentrations in mammalian
brain. For example, the nuclear microscopic study showed an
increase in calcium concentration in the rat hippocampus after
kainate-induced neuronal injury (Ong et al.,, 1999). It was also
reported that both Fe and Zn concentrations were elevated in the
amyloid deposits in the brains of Alzheimer’s disease transgenic
mice (Rajendran et al., 2005, 2009). Recently, Barapatre et al., 2010
demonstrated the trace element mapping in Parkinsonian brain
by quantitative ion beam microscopy. Hence, nuclear microscopy
has become a mature and useful technique, which is capable of
elemental analysis in brain samples.

It is well established that Zn works as a critical player in the CNS
especially in the mossy MFs to CA3 region. In particular, synap-
tically released Zn has been indicated as an essential secondary
messenger for the induction of LTP (long term potentiation) at the
MFs to CA3 synapses of hippocampus (Li et al., 2001; Huang et al.,
2008). Therefore, alterations of the intracellular Zn concentration
in these areas of CNS could be one of the possible mechanisms
leading to memory loss and disorders such as Alzheimer’s dis-
ease. The content of Zn in the mammalian CNS has been mostly
investigated using histochemistry staining methods such as Timm’s
stain. For example, Timm’s staining on brain tissues showed the
accumulation of Zn%* in mossy fiber synapses of the hilar and
CA3 regions (SL, SP and SO) in hippocampus (Frederickson, 1989;
Frederickson and Moncrieff, 1994; Frederickson et al., 2000). How-
ever, since the focus of those previous works was to optimize the
conditions for the localizations of Zn in CNS, the simultaneous
trace elemental analysis of Zn was not carried out. Histochemi-
cal staining is a semi-quantitative method at best, and therefore
there is an obvious need to develop a new analytical strategy that
can precisely determine the Zn distribution and concentration in
the brain. In order to calculate the accurate concentration of Zn
in the brain, stable-isotope dilution mass spectrometry and fluo-
rescence labeling methods were employed in the previous reports
(Frederickson et al., 1983; Tomat and Lippard, 2010). Fluorescent
sensors are popular tools to map the spatial and temporal dis-
tribution of ZnZ* using living cells. Usually, the fluorescent Zn2*
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intensity profile. Line scan plot of the X-ray counts of Zn versus marked line scan distance. (SL: stratum oriens; SP: stratum pyramidale; SL: stratum lucidum). The intensity of
color scale indicates changes of the area density from low to high. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)

probes are microinjected into living cells and observed through
fluorescent imaging. However, the efficient conditions like the
stability of the labeling, sensitivity of observation as well as the
isotopic exchange reactions need to be considered while using
the conventional approaches. Moreover, although these fluorescent
probes are capable of imaging the intracellular Zn, they cannot pro-
vide accurate information about the quantitative changes in Zn%*
concentrations.

So far, quantitative elemental analysis of Zn in rat hippocam-
pus has been performed using the technique of PIXE spectroscopy
by a few groups. For example, the average concentration of Zn in
the rat hippocampus (Kemp and Danscher, 1979) and the maxi-
mum MFs Zn level in specific area of the hippocampal hilar were
obtained (Wensink et al., 1987) in different studies. Both of the
studies showed the X-ray spectrum of trace elements by PIXE,

however, without Zn mapping in sub-areas of the hippocampus.
In addition, Zn concentration was extracted from PIXE spectrum
only at ppm (dry weight) level without molar concentration data.
The information of Zn concentrations in wet tissues is less explored.
As widely accepted, there has been accumulating evidences on the
critical biological functions of Zn in maintaining the brain health
and its performance. For example, Zn functions as neurotransmit-
ters in the MFs terminals. Therefore, it is desirable to investigate
the total Zn concentrations in the synapses of the MFs terminals to
CA3 neurons in wet tissues.

To date, the present study serves as the first attempt to deter-
mine the Zn concentration in pg/g dry weight level as well as
molar concentration in wet weight level in the three strata (SL,
SO and SP) of hippocampal CA3 region in unstained tissue, pro-
viding data of using high resolution nuclear microscopy to identify
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of the article.)

specific features of the rat brain and to map and quantify Zn in
selected areas. With the ability to focus MeV ion beams down to
submicron spot sizes, and the combination of PIXE, RBS and STIM,
nuclear microscopy is able to image the morphology of biomed-
ical tissue, map trace elements like Zn and measure them down
to pg/g dry weights level, without any chemical treatment of the
samples. This approach may prove useful for future studies of
memory in which MF growth is induced after learning (Holahan
et al,, 2007; Rekart et al., 2007; Routtenberg, 2010) as well as
studies in which memory is dysfunctional such as Alzheimer’s dis-
ease as it will allow the quantitative monitoring of variations in
the Zn concentration in the CNS and its correlation with memory
disease.
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