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MicroXRF tomographic visualization of zinc and
iron in the zebrafish embryo at the onset of the
hatching period†
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Christoph J. Fahrni*a

Transition metals such as zinc, copper, and iron play key roles in cellular proliferation, cell differentiation,

growth, and development. Over the past decade, advances in synchrotron X-ray fluorescence instrumentation

presented new opportunities for the three-dimensional mapping of trace metal distributions within

intact specimens. Taking advantage of microXRF tomography, we visualized the 3D distribution of zinc

and iron in a zebrafish embryo at the onset of the hatching period. The reconstructed volumetric data

revealed distinct differences in the elemental distributions, with zinc predominantly localized to the yolk

and yolk extension, and iron to various regions of the brain as well as the myotome extending along the

dorsal side of the embryo. The data set complements an earlier tomographic study of an embryo at the

pharyngula stage (24 hpf), thus offering new insights into the trace metal distribution at key stages of

embryonic development.

Significance to metallomics
A detailed knowledge of the spatial organization of trace metals in cells and tissues is of critical importance for understanding their role during early embryonic
development where morphological changes occur with rapid succession. Such a three-dimensional atlas also offers a valuable framework for the correlation
with other experimental data such as the spatio-temporal dynamics of gene expression during development. Taking advantage of microXRF tomography,
the present study offers new insights into the trace metal distribution during the hatching period, a key stage in zebrafish embryogenesis where the heart, liver,
and distinct features of the lens and retina are taking shape.

Introduction

Zinc, copper, and iron are vital trace nutrients for most forms of
life. As components of enzymes and proteins, they are essential
to many primary biological functions and play critical roles in
cellular proliferation, differentiation, and embryonic develop-
ment. For example, zinc is essential for the mitotic and meiotic
cell cycle progression1 and plays an important role for proper
development of the fetus and neonate.2 Similarly, copper and iron
are critical during pregnancy where an inadequate nutritional supply
could have damaging effects on fetal and neonatal development.3

While zinc, copper, and iron are key constituents for the
maintenance of primary biological functions in all cells, some
organs and tissues pose an increased demand for one or more
of these trace nutrients in order to fulfill their specialized
roles.4 A developing embryo is therefore not only required to
guarantee a sufficient dietary intake but also to redistribute trace
nutrients in order to satisfy specialized biochemical demands in
the course of development. Despite the established importance of
transition metals during development, mechanisms responsible
for their redistribution remain elusive.

Zebrafish (Danio rerio) represent an ideal model system to
study the trace metal distribution during early embryogenesis.
As a lecithotrophic organism, the zebrafish relies only on the
nutrition of the yolk during the early stages of development,5

and the embryo can survive on this nutrition source for the first
3 to 4 days before requiring exogenous feeding.6 Starting out
as a single-cell zygote, the embryo transitions through various
developmental stages characterized by distinct morphologies,
including the cleavage, blastula, gastrula, segmentation, pharyngula,
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and hatching periods.7 Throughout this process, nutrients
stored in the yolk must be redistributed to meet the varying
demands of the developing organs and tissues.

Synchrotron X-ray fluorescence (SXRF) microscopy is a
powerful technique to visualize trace metal distributions in
biological specimens with submicron resolution.8 Recent progress
in X-ray imaging technology, notably fly-scan data acquisition and
improved detector sensitivity, significantly reduced data collection
times and paved the way towards visualizing 3-dimensional
elemental distributions based on tomographic approaches.9

We recently employed SXRF microtomography to image the
3D elemental distribution of zinc, iron, and copper in a zebrafish
embryo at the pharyngula stage 24 hours post fertilization (hpf).10

In order to preserve the native elemental composition, the embryo
was embedded at cryo-temperature in a methacrylate-based resin.
Beam attenuation by the resin matrix was minimized by excising
the specimen through femtosecond laser sectioning prior to
mounting on the tomographic sample stage. Based on 60
tomographic projections acquired over 100 hours of beam time,
we were able to reconstruct the corresponding 3D elemental
volumes using a maximum likelihood expectation maximization
(MLEM) algorithm. Encouraged by this study, we sought to
expand the tomographic visualization of trace elements to other
key stages of embryonic development.11 In this report, we studied
embryos at 48 hpf, the onset of the hatching period where the
morphogenesis of the primary organ system, such as the liver
and heart, as well as distinct features of the lens and retina can
be observed.7 Compared to the pharyngula stage at 24 hpf, the
head appears larger while the yolk sac and yolk extension are
being depleted, the pericardial cavity and the developing atrium
of the heart become visible,12 and the eyes are rendered more
prominent as the lens is detached from the retina.13

Experimental
Specimen preparation

Adult wild-type zebrafish were housed under standard laboratory
conditions. Fertilized embryos were harvested and kept at 28.5 1C
in an E3 salt medium (5 mM NaCl, 0.17 mM KCl, 0.4 mM CaCl2

and 0.16 mM MgSO4) without supplementation of transition
metals. At 48 hpf, embryos were anaesthetized in 0.02% tricaine
(Sigma, E10521), manually dechorionated, and fixed for 2 hours
with a 4% paraformaldehyde solution. The fixative was washed
away with a 0.1 M sodium phosphate buffer (PBS). Following the
previously developed approach for the preparation of X-ray
compatible soft tissue specimens,10 the embryos were embedded
in Lowicryl K4M resin at �35 1C following the progressive
lowering of temperature (PLT) method (ESI†).14 The specimens
were excised from the resin with a laser-based microtome
system (TissueSurgeon, LLS Rowiak, LaserLabSolutions GmbH,
Hannover, Germany), which allowed for contact-free three-
dimensional cutting with micrometer precision without affecting
the integrity of the specimens.10 To minimize attenuation of the
excitation beam and emitted photons, the resin block was trimmed
at a distance of 40–60 mm from the specimen, thus yielding a

cuboid with the dimensions of 0.5 � 0.8 � 2.8 mm. The integrity
of the specimen after laser cutting was confirmed through a series
of brightfield phase-contrast images.

Data acquisition

Tomographic X-ray fluorescence data were acquired at the
2-ID-E beam line of the Advanced Photon Source (Argonne
National Laboratory, USA). The microtomography instrument
is equipped with Fresnel zone plate optics, which focuses the
incident beam to a spot size of 0.5 � 0.6 mm2, and a 4-element
fluorescence detector positioned at a 90 degree angle to the
beam trajectory. A detailed description of the instrument has been
reported previously.10 A set of 60 tomographic X-ray fluorescence
projections were collected at room temperature with 3 degree
intervals through raster scanning of the specimen block through
the incident beam with excitation at 10 keV and a uniform
horizontal and vertical step size of 3.5 mm.

Data processing and tomographic reconstruction

Elemental maps were generated using the MAPS software
package15 utilizing Gaussian fitting of the averaged raw emission
spectra. The Gaussian peaks were matched to the characteristic
X-ray emission lines to determine the fluorescence signal for Zn,
Cu, and Fe. Calibration to elemental densities was performed by
comparing the fluorescence emission of the sample with that of
a thin film standard (AXO Dresden, Germany) relative to the
photon flux captured by two ion chambers positioned upstream
and downstream of the sample. The 3D elemental distributions
were reconstructed based on a MLEM algorithm implemented in
MATLAB16 and a linear attenuation correction was employed as
described in the Results and discussion section.

Data visualization

Volumetric renderings were generated with the Paraview software
package.17 For this purpose, the reconstructed volumetric data
were exported from MATLAB as 32-bit z-stacks, converted to
16-bit stacks using ImageJ,18 and then imported into Paraview
for 3D processing and visualization.

Results and discussion

For accurate tomographic reconstruction, the structural integrity
of the specimen must be maintained during the entire data
acquisition period for several days. Among various preservation
protocols, cryo-fixation would be the preferred choice to retain
the native distribution of trace metals;19 however, initial attempts
to cryopreserve the embryos through high-pressure freezing20 led
to fragmentation, likely due to insufficient cooling rates for
this size of specimen. We therefore employed the progressive
lowering of temperature (PLT) method for cryo-embedding in
Lowicryl K4M, a low-viscosity polar resin that can be polymerized
at subzero temperatures by long-wave UV irradiation. Introduced
by Carlemalm et al. in 1982,14 this embedding method retains
the molecular order of protein crystals within 0.6 to 0.8 nm and
preserves their antigenicity for immunocytochemical labeling.
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By subjecting the aldehyde-fixed specimen to increasing concen-
trations of ethanol while progressively lowering the temperature,
the formation of damaging ice crystals is avoided. Subsequent
infiltration with Lowicryl resin and UV-mediated polymerization
at �35 1C does not remove the hydration shell of proteins and
thus preserves the specimen in a more natural state compared to
room temperature embedding protocols. Although we would
expect that the spatial organization of protein-bound trace metal
ions such as Zn, Fe, or Cu are retained during the embedding
process, we also do not exclude the possibility of artifacts caused
by leaching or redistribution of a labile subpool. At present,
there are no data available to gauge the effect of low-temperature
embedding on the metal ion content in zebrafish embryos.
A recent comparison of various sample preparation methods
showed that mild chemical fixation with paraformaldehyde of
cells and tissues yielded good reproducibility for the Zn, Fe, and
Cu contents,19,21 thus offering some confidence that PLT cryo-
embedding in Lowicryl may preserve the original distribution of
non-labile trace metal ions in the specimen.

To minimize signal attenuation by the resin matrix, the
specimens were excised from the resin block using a femtosecond
laser-based microtome,10 and glued along the axial direction to
an aluminum stick for mounting on the kinematic stage of the
microtomography instrument. X-ray fluorescence tomographic
projections were acquired at room temperature over an angular
space of 180 degrees at 3 degrees intervals and a raster-scan
resolution of 3.5 mm, resulting in a total of 60 projections
collected during 110 hours of beam time. Although the Fresnel
zone plate optics of the instrument would offer, in principle,
a 40-fold finer raster-scan grid, the resulting data acquisition
time would have been prohibitively long. Given the large size of
the specimen, the spatial resolution of the current data set was
therefore not limited by the X-ray optics but rather determined
by the available beam time and the minimum signal-to-noise
ratio required for a reliable reconstruction of the 3D elemental
distribution. Judging from the integrated photon count, which
remained stable for each trace element throughout the data
acquisition period, the radiation damage of inorganic material
appeared negligible.

Due to attenuation of the excitation and fluorescence emis-
sion by the Lowicryl resin, the actual elemental content is under-
estimated by the detected photon counts when referenced to a
thin film standard. For this reason, we applied element-specific
linear attenuation corrections to approximate the actual metal
ion concentrations (see ESI†). Despite its simplicity, previous
attenuation simulations indicate that the corrected concentra-
tions of Zn, Cu, and Fe should be accurate within an error margin
of 20% or better for this size of specimens.10 The linear attenua-
tion coefficient mex for excitation at 10 keV and the average path
length of the matrix were determined based on the difference of
the photon flux before and after passing through the specimen.
As illustrated with Fig. 1, the intensity of the incident beam drops
by approximately 20% if the resin block is positioned at 01 or
1801 relative to the incoming beam, and by approximately 30%
at an angle of 901. On the basis of these data, we determined
an average attenuation coefficient mex (10 keV) for Lowicryl of

4.07 � 0.09 cm�1, a value that is in good agreement with
previous measurements.10 The attenuation coefficients for the
element-specific Ka emissions of Zn, Cu, and Fe were calculated
with the software WinXCOM based on the density and elemental
composition of Lowicryl reported by Reichelt et al. (r = 1.24 g cm�3;
weight fractions C 59.2%, O 32.3%, H 8.43%)22 to yield the values
mZnKa = 6.41 cm�1, mCuKa = 7.91 cm�1, and mFeKa = 15.75 cm�1,
respectively.

Fig. 2 illustrates the energy-dependent attenuations of the
excitation beam and the Ka emissions of Zn, Cu, and Fe as a
function of the path length through the matrix based on the
estimated attenuation coefficients. The corresponding attenuation
length, defined as the depth into a material where the X-ray
intensity falls to 1/e of the initial value (37%), decreases from
2.5 mm for the incident beam to 0.67 mm for the Ka emission
of Fe. Altogether, these data demonstrate that Lowicryl is quite
well-suited as an X-ray compatible matrix material for imaging
the biologically relevant first-row transition elements in specimens
of up to approximately 1 mm of thickness.

Tomographic reconstruction

Compared to absorption-based X-ray computed tomography
(CT), the signal-to-noise ratio of fluorescence tomography data
is inherently much lower. For this reason, we utilized a standard
iterative maximum likelihood expectation maximization (MLEM)
algorithm for the reconstruction of the 3D elemental distribu-
tions. Originally developed for the analysis of positron emission
tomography (PET) data, this algorithm assumes a Poisson distri-
bution of the photon statistics and is significantly more noise-
tolerant compared to filtered back projection (FBP) routinely

Fig. 1 Attenuation of the incident X-ray beam (10 keV) by the Lowicryl
resin matrix. (A) Absorption contrast images of the resin block at 01, 901,
and 1801 orientations relative to the incident beam. Scale bar: 200 mm.
(B) Transmission profiles across the image coordinate marked with a dashed
line in panel (A). Note that attenuation by the zebrafish embryo is negligible
compared to the matrix material.
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used in X-ray CT. Although the MLEM algorithm approaches
convergence with increasing iteration numbers, there is also a
concomitant increase of the noise amplitude. For this reason, the
optimal iteration number differs depending on the noise level
of the raw sinogram and must be determined empirically. As
illustrated with Fig. 3, MLEM reconstruction of a line-sinogram
of the Zn Ka emission in the yolk region of the zebrafish
embryo yielded after a few iterations (n = 5) a density plot with
rather soft contours, which significantly sharpened at higher
iteration numbers. Based on the reconstructed density plots,

we determined that a total of 15 iterations yielded the best
compromise between sharpness and noise level. Due to the
lower signal-to-noise ratio of the Fe Ka emission sinogram, the
optimal MLEM iteration number of n = 7 was found to be
smaller compared to the Zn data set. As the total amount of
Cu in most organisms is approximately by one order of magnitude
lower compared to Zn and Fe, it is not surprising that the
signal-to-noise ratio of the Cu Ka emission sinogram is much
lower compared to the Fe and Zn data. Concluding from the
MLEM reconstructions shown in Fig. 3, the number of photons
collected within the Cu Ka spectral region was insufficient
to arrive at meaningful elemental densities, regardless of the
number of iterations. By comparison, filtered back projection
of the same set of sinograms resulted in reconstructed densities
with much higher noise amplitudes, to the extent that the noise
partially or completely obscured the elemental density distributions
in the reconstructed images (Fig. 3).

After identifying the optimal number of iterations, we applied
the MLEM algorithm to each of the 815 line-sinograms to generate
complete 3D elemental distributions for Zn and Fe (Fig. 4).
To arrive at actual elemental concentrations, the raw photon
counts were compared with the emission intensity of a thin
film standard containing known amounts of Zn, Cu, and Fe.
Furthermore, we applied the corresponding linear scaling factors
as described in the previous paragraph to compensate for signal
attenuation by the Lowicryl resin. Based on the calibrated
volumetric data, which entail over 63 million voxels with the
dimension of 3.5 � 3.5 � 3.5 mm3, we determined a total Zn
content of B8.2 ng. This value is in good agreement with the

Fig. 2 Energy-dependent attenuation of photons passing through a PMMA
matrix as a function of path length, calculated according to eqn (S1) (see ESI†).
The following attenuation coefficients were used for the plot: m10keV =
4.07 cm�1, mZnKa = 6.41 cm�1, mCuKa = 7.91 cm�1, and mFeKa = 15.75 cm�1.
The dashed line indicates the average path length of the resin matrix
(l = 760 mm).

Fig. 3 Tomographic reconstruction of the elemental densities of Zn, Fe, and Cu based on a single-line sinogram using an iterative MLEM algorithm.
(A) Comparison of the reprojected elemental densities based on filtered back projection with Ramachandran–Lakshminarayanan (‘‘Ram–Lak’’) ramp-filter
and the MLEM algorithm. The latter leads to significantly improved reconstructions for noisy data sets. (B) Density profiles of the reconstructed images
shown in (A) along the white dashed line. The fluorescence detector was positioned on the left side relative to the reconstructed images in panel (A).
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average Zn content reported in the literature for an embryo at
this stage of development.23 A comparison with the raw data
acquired at the same projection angle revealed overall small
deviations as evident from the corresponding difference images.
As illustrated by the intensity profile shown in Fig. 5B, the
error was dominated by the increased noise-amplitude of the
unprocessed data rather than a systematic deviation due to
reconstruction artifacts.

3D elemental distribution

The reconstructed volumetric data shown in Fig. 4 reveal distinct
differences in the Zn and Fe distributions, most notably regions
of elevated concentrations appear mutually exclusive. While
the highest levels of zinc are found in the yolk sac and yolk
extension, the iron concentration in both regions remains low.
Conversely, areas with increased iron levels, including the
myotome, extending along the dorsal side, or various regions
of the brain, are consistently low in zinc. To provide a more
detailed picture of the elemental localizations and how these
regions relate to specific anatomical features,11 Fig. 6 and 7
reveal a series of virtual sagittal, coronal, and transverse sec-
tions of the embryo. The 3D renderings in column A represent
isodensity surfaces of Zn to illustrate the position of each section
corresponding to the 2D elemental maps arranged in column B.
The yolk and yolk extension constitute approximately 83% of the
total Zn content in the embryo at this stage of development.
High levels of Zn, which range between 0.5 and 1.5 mM, are
evident in both the sagittal and coronal sections depicted in
Fig. 6. Throughout the yolk, blood vessels can be readily located
based on regions with markedly lower Zn levels averaging around
0.3–0.4 mM (Fig. 6). Contrary to expectations, blood vessels do not
appear in the Fe map as distinct features. Rather, a concentration

profile across the yolk reveals uniform and low levels around
50 mM (Fig. S1, ESI†), a value that is close to the threshold of
detection. At present, it is unclear whether yolk Fe levels are
inherently low at this stage of development or whether the PLT
cryo-embedding protocol might have resulted in a significant
loss. In zebrafish, primitive hematopoietic cells begin to appear
in the intermediate cell mass (IMS) already between 12 to 24 hpf,
heme synthesis is initiated around 22 hpf, and immature blood
cells start to circulate through the yolk at about 24 hpf.24 Based
on these data, the density of erythrocytes is expected to be lower
compared to an adult fish; however, it remains surprising that
the resulting Fe levels in the yolk reside at the limit of detection.
In contrast, the yolk syncytial layer (YSL) exhibits a higher
concentration of Fe, likely due to enhanced expression of the
Fe transporters ferroportin1 and transferrin in the YSL.25

A blue-green false-color overlay indicates strong anti-correlation
between the Fe (blue) and Zn (green) levels throughout this
region of the embryo (Fig. 6B, right panel), an observation that
is similar to the elemental distribution found at 24 hpf.10

Anterior to the yolk sac, the pericardial cavity is notably void
of both Zn and Fe. This cavity is filled with pericardial fluid,
which is composed primarily of lactate dehydrogenase and other
non-metalloproteins.26 Additionally, transverse sectioning of the
elemental reconstructions in Fig. 7 reveals the single atrium of
the heart. Based on the overlay image of both Zn and Fe, the
atrium is rich in Zn. Moreover, the liver appears as a prominent,
Fe-rich anatomical feature of the 48 hpf embryo. At this stage of
embryogenesis, liver morphogenesis is well underway and is
characterized by visible liver rudiments, continued budding,

Fig. 4 Zinc and iron distribution within the zebrafish embryo at 48 hpf,
reconstructed on the basis of 60 tomographic projections using an iterative
MLEM algorithm. The false-color calibration bar reflects a dynamic range
from 0–2 mM for Zn and 0–1 mM for Fe. For comparison, the phase image
(top) shows the resin-embedded embryo along the same projection axis.

Fig. 5 Comparison of the experimental and reconstructed elemental
densities at a projection angle of 0 degree. (A) The volumetric distribution
of each element was reconstructed using an iterative MLEM algorithm, and
the volumetric data were reprojected at the same angle as the measured
data set (2nd column). The 3rd column illustrates the unsigned error in the
form of difference images. The panels for each element are based on
different density scales as indicated by the calibration bars on the left.
(B) Intensity profiles of the experimental (black) and reconstructed data
(red) across the dashed line indicated in the projection images. The graph
below each profile illustrates the signed difference between the experimental
and reconstructed profiles.
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and the early formation of the hepatic duct.27 As a major storage
site of ferritin,28 the primary protein responsible for intracellular
Fe storage and release,29 this organ is readily identified in the
Fe distribution map. In contrast, at 24 hpf the zebrafish liver is
described as a rudimentary endodermal rod in the pharyngeal
region and cannot be readily recognized within the elemental
distributions previously reported for this stage of development.10

The development of the lens and the retina also give rise to
distinct differences in the elemental maps at 24 hpf compared
to 48 hpf. In the embryo at 48 hpf, the lens has detached from
the overlying ectoderm and developed into a large spherical
structure separate from the retina.30 These structures are easily
distinguished in the reconstructions due to the elevated con-
centrations of Zn and Fe. Notably, the Zn distribution map
indicates higher levels of Zn in the outer layers of the retina
with concentrations ranging between 1 and 1.5 mM. Consistent
with this observation, in situ hybridization imaging studies also
revealed high levels of metallothionein transcripts in the retina
of zebrafish embryos at 48 hpf.31 The critical role of Zn and

Fe in the normal function of the lens and retina is well
established.32 For example, high concentrations of histochemically
reactive Zn have been identified in the mouse and rat retina,
with the highest levels localized to the retinal pigment epithelium
and the inner segment of the photo receptors.33,34 These areas
also coincide with increased expressions of the Zn transporters
ZnT-3 and ZnT-7,34,35 thus underscoring the importance of
retinal zinc homeostasis, not only for the metallation of
Zn-dependent proteins critical to vision,36 but likely also for
supporting the role of Zn as a neuromodulator.37 SXRF micros-
copy studies on 30 mm-thick freeze-dried cryosections of rat
retina indicated a similar distribution with increased Zn con-
centrations in the retinal pigment epithelium as well as the
photoreceptor inner segment and outer limiting membrane.38

Although these studies also revealed increased levels of Fe in
the outer layers, our results show a more uniform distribution
throughout this region. Similarly, high levels of Fe in the
retinal epithelium are consistent with the presence of several
Fe-dependent enzymes critical for cellular function, most notably
the retinoid isomerohydrolase RPE65, an iron-dependent micro-
somal enzyme responsible for converting trans-retinyl ester to 11-cis
retinol during the visual cycle.39

Dorsal to the lens and retina, high concentrations of both
Zn and Fe define the grey and white matter of the brain, a region
that contrasts the low trace metal concentrations found in the
ventricles. The medulla oblongata, hypothalamus, myelencephalon,
and mesencephalon including the cerebellum as well as
the third and fourth ventricle can all be distinguished in both
elemental maps. Similar to studies performed on human brain
tissue,40 the concentrations of Zn and Fe show variability as they
are heterogeneously distributed throughout different regions of
the brain. As a major metal repository and one of the brain
structures richest in Fe and Zn40,41 it is not surprising that the

Fig. 6 Visualization of the elemental distribution in a zebrafish embryo
(48 hpf) by X-ray fluorescence tomography using MLEM reconstruction.
(A) 3D-rendering of the embryo indicating the spatial orientation of the
virtual slices that are displayed in panel (B). Slices include a sagittal section
(top) and a coronal section (bottom). (B) Elemental distributions of Zn and
Fe for each of the 2 slices. Individual concentration scales for each element
are displayed at the bottom of each column. Abbreviations: mesencephalon
(mc), retina (rt), third ventricle (tv), cerebellum (cb), fourth ventricle (fv),
pericardial cavity (pc), yolk (yo), yolk extension (ye), yolk syncytial layer (ysl),
medulla oblongata (mo), liver (lv), notochord (nc), myotome (mt), and
lens (le). The third column contains false-color overlays of the elemental
distributions of Zn and Fe indicating regions of colocalization. The con-
centration scales of each element were normalized and color-coded as
Zn (green) and Fe (blue). Areas of colocalization appear in the corresponding
mixed hue.

Fig. 7 Visualization of the elemental distribution in a zebrafish embryo
(48 hpf) by X-ray fluorescence tomography using MLEM reconstruction.
(A) 3D-rendering of the embryo indicating the spatial orientation of the
two virtual transverse slices that are displayed in panel (B). (B) Elemental
distributions of Zn and Fe for each of the 2 slices. Individual concentration
scales for each element are displayed at the bottom of each column.
Abbreviations: fourth ventricle (fv), mesencephalon (mc), retina (rt), cerebellum
(cb), hypothalamus (hy), pericardial cavity (pc), atrium (at), and myelencephalon
(my). The third column contains false-color overlays of the elemental distri-
butions of Zn and Fe indicating regions of colocalization. The concentration
scales of each element were normalized and color-coded as Zn (green) and
Fe (blue). Areas of colocalization appear in the corresponding mixed hue.
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cerebellum stands out in both sagittal and transverse sections of
the elemental maps. Additionally, intracellular concentrations of
Zn and Fe are critical for the normal function of the brain,42,43

and are tightly regulated by a number of importers, exporters, and
storage proteins. For example, iron regulatory proteins, ferritin
and transferrin are found in the grey and white matter of the
brain.43,44 Although Fe uptake into the brain remains essential
throughout life, it peaks during embryogenesis as demonstrated
in rat by the rapid growth and development of this organ.45

Furthermore, studies of the central nervous system in adult
zebrafish revealed high levels of histochemically reactive Zn in
the midbrain and hindbrain regions.46

Lastly, the posterior body of the embryo is largely defined by
the tail and notochord. The notably low metal content in the
notochord is an intriguing observation for a structure often
characterized as an essential organ in development.47 This
finding also parallels the low trace metal concentration found
in the elemental reconstructions of the embryo at 24 hpf.10 In
contrast to the notochord, the myotome appears to be Fe-rich
and a distinct accumulation of Zn is found at the tip of the tail.
Both features are in agreement with the previously reported
elemental distributions of the 24 hpf embryo at the onset of the
pharyngula period.10

Conclusions

Zebrafish embryogenesis is characterized by a succession of
complex morphological changes that are accompanied by a
dynamic reorganization of the trace metal distribution. With
the goal of mapping out the 3-dimensional organization of Zn,
Fe, and Cu at key stages of embryonic development, the current
data set complements our previously reported tomographic
elemental analysis at 24 hpf,10 and offers first insights into
the distribution of Zn and Fe at the onset of the hatching period
at 48 hpf. Notably, the volumetric data set revealed increased
concentrations of Zn throughout yolk and the tip of the tail,
thus mirroring the distribution at 24 hpf. In addition, both
developmental stages showed increased levels of Fe throughout the
brain and along the posterior body. In contrast to the preceding
pharyngula period, regions of the brain as well as the liver and
heart are now well delineated.

Future work is required to gauge the effect of chemical
fixation and low-temperature embedding on altering the trace
metal content in zebrafish. The low Fe levels in the yolk certainly
raise the question to what extent the employed embedding
protocol might alter the trace metal contents, especially with
regard to extracellular fluids. While cryo-fixation and data
acquisition at liquid nitrogen temperature would be the method
of choice to preserve the native trace metal composition, this
approach poses significant technical difficulties when employed
for this size of specimen. Furthermore, tomographic mapping
of the Cu distribution remains challenging due to the low
signal-to-noise ratio achieved for this element. In most organisms,
the total Cu content is at least one order of magnitude lower
compared to Fe and Zn, thus posing higher demands on the

instrument sensitivity. Although the Fresnel zone plate optics
of the current instrument is capable of focusing the beam to a
submicron-sized spot, there is currently no benefit for such
high spatial resolution with specimens as large as a zebrafish
embryo due to prohibitively long data acquisition times.

In summary, X-ray fluorescence microtomography is well suited
to visualize trace metal distributions in embedded specimens of
the size of a zebrafish embryo. By expanding 3D elemental imaging
studies to other key stages of embryonic development, we antici-
pate to unravel the complex dynamics of trace metal redistribu-
tion in the course of organ development during the first 3 days of
embryogenesis in a comprehensive fashion.
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