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ABSTRACT: Commonly used methods to visualize the biological
structure of brain tissues at subcellular resolution are confocal
microscopy and two-photon microscopy. Both require slicing the
sample into sections of a few tens of micrometers. The recent
developments in X-ray microtomography enable three-dimensional
imaging at sub-micrometer and isotropic resolution with larger
biological samples. In this work, we developed and compared original
microtomography methods and staining protocols to improve the
contrast for in vitro mouse neuron imaging. Using Golgi’s method to
stain neurons randomly, we imaged the whole set of mouse brain
structures. For specific and nonrandom neuron labeling, we
conjugated 20 nm gold nanoparticles to antibodies used in the
immunohistochemistry (IHC) method, using anti-NeuN to label
specifically neuronal nuclei. We applied an original subtraction dual-
energy method for microtomography in the vicinity of the Au L-III absorption edge and compared image reconstructions to
confocal microscopy images acquired on the same samples. The results show the possibility to characterize the 3D entire brain
structure of mice. They demonstrated a high contrast and neuron detection improvement by applying the dual-energy method
coupled to IHC staining.
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A challenging task in brain imaging is to integrate key
information about the brain, including multiscale anatomy
(macroscale, microscale, and nanoscale data collection).1 In
this Letter, we present new methods to address the challenge
of imaging the entire brain up to cellular and subcellular
resolution. Golgi’s method2,3 is a silver staining technique used
to visualize neurons. This method has the disadvantage that
neurons are randomly stained, but it shows suitable contrast
for X-ray microtomography (or micro-CT).4−7 X-ray micro-
CT has become a powerful technique to image biological soft
tissue.8,9 However, this technique has not been fully exploited
yet, specifically for nonrandom staining up to the subcellular
level in brain imaging. To determine the tissue distribution of
an antigen of interest, immunohistochemistry (IHC) is the
most used and well-known method. Albert H. Coon developed
in the early 1940s a method based on the principle of
antibodies binding specifically to antigens.10,11 Actually, there
are many ways to visualize an antibody−antigen interaction. In
light microscopy, an antibody is most commonly conjugated to
an enzyme, such as peroxidase, that can catalyze a color-
producing reaction. Alternatively, the antibody can also be
tagged to a fluorophore. With X-ray micro-CT, the antibody

has to be tagged with a metallic particle, to produce images
with sufficiently high contrast, due to photoelectric absorption.
The use of gold nanoparticles for contrast in X-ray tomography
has been developed during the past decade, mainly for
tumors12 and some works based on IHC-gold labeling
methods.13 The innovative approach presented in this paper
consists of applying X-ray micro-CT to image healthy brain
tissues, with an IHC-gold labeling method.
The first objective of this experimental work is to show the

possibility to characterize 3D whole brain structures using in
vitro brain samples of mice by synchrotron micro-CT, using
Golgi’s staining method. The second objective is to get the
distribution of one specific type of cell with the resolution of
micro-CT, using a state-of-the-art IHC protocol in sliced
samples. Commercially available kits for IHC are commonly
used in electron microscopy studies.14,15 Thanks to such a kit,
we conjugated gold nanoparticles to an antibody targeting
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neuronal nuclei (NeuN), to obtain a gold-labeled antibody
conjugate.

■ RESULTS AND DISCUSSION
Silver Labeling. X-ray micro-CT allows the full mouse

brain to be imaged, with microscopic resolution, using the
panoramic acquisition technique. The reconstructed images
acquired from control unstained samples did not present
contrast, as shown in Figure 1a. On the contrary, the images

from Golgi’s samples show that silver impregnated the entire
brain, from peripheral to deeper regions. General structures,
such as cortex, lateral ventricle, and blood vessels, appear on
the reconstructed images. Figure 1c shows the projection of a
3D image having a 444 μm thickness, corresponding to 600
reconstructed slices with a 0.74 μm slice thickness. We can
observe cellular bodies of neurons, but axons and dendrite
trees do not appear because of insufficient resolution and
signal-to-noise ratio. Furthermore, this method allows the
observation of the 3D structure of blood vessels, as shown in

Figure 1b and also in the volume of Figure 1d. These images
confirm the possibility of using X-ray micro-CT for whole
brain tissue imaging, with an isotropic spatial resolution
(isotropic voxel size of 0.74 μm). Nevertheless, as reported in
other studies,16 the Golgi method randomly stains a few
neurons, explaining the small amount of detected cellular
bodies of neurons in our images. To observe the distribution of
cells in a large sample and not only the morphology of a single
isolated neuron,16 it is necessary to consider other staining
methods, such as the IHC-gold method described in the next
section.

Gold Labeling. Dual-Energy Subtraction. We labeled
samples of mouse brain with NeuN antibodies conjugated to
gold nanoparticles and imaged them by X-ray micro-CT and
confocal microscopy. The samples are blocks of 500 μm
thickness. To demonstrate that the contrast is due to the gold
nanoparticles, we prepared control samples with the same
protocol but without conjugation to gold nanoparticles. On the
high energy image of the control sample (Figure 2A), some
patterns are visible but completely disappear after image
subtraction (Figure 2B). This effect suggests the presence of a
nonspecific contrast agent, reinforcing the interest of
subtraction dual energy tomography for better structure
visualization. The most probable element would be sulfur,
which is part of the dimethyl sulfoxide molecule used in the
postfixation process.17 It is likely that sulfur precipitates
(accumulates) nonspecifically throughout the whole tissue,
contributing to attenuation of the X-rays. It could also be a
result of the phase contrast effect, due to sub-microscopic
cracks, potentially present in dry samples. In the high energy
image of the IHC sample, some structures stained by gold
nanoparticles are visible (Figure 2C). Thanks to image
subtraction, we can observe the contrast specifically created
by the gold nanoparticles (Figure 2D).

Comparison with Microscopy. In IHC-gold samples, some
structures are visible to the naked eye. It is, therefore, possible
to identify structures and groups of cells from these samples in
Figure 3. In the high energy micro-CT image presented in
Figure 3A, at Bregma −4.8,18 different structures are clearly
visible, such as the cerebral cortex and the hippocampus. The
high energy image contains the phase contrast effect, helping
to identify some structures.19 Future works could focus on
taking advantage of this phenomenon to improve structure
identification. We imaged the same sample with confocal
microscopy, confirming the structure identification in Figure
3B. Actually, the structures suffered separation and deforma-
tion during the drying by the critical point of CO2; also slight
differences can be observed between X-ray μCT and confocal
image due to slice mounting. We demonstrated the possibility
to observe individual neurons by X-ray micro-CT, as shown in
Figure 3C. This identification is confirmed by the confocal
microscopy observation (Figure 3D). Since the X-ray
absorption is proportional to the number of gold nanoparticles,
the study of isolated neurons may inform about the number of
particles that stained each neuron. On the basis of this first
quantification, the number of neurons could be estimated with
other methods. As the method may be used with any antibody,
it may permit the quantification of other types of proteins in
any volume of biological tissue. The proposed protocol for X-
ray microtomography is promising; however, the micrometric
spatial resolution is still below acceptable for cellular and
subcellular analyses, especially when evaluating unknown
anatomical changes. This aspect could be improved by

Figure 1. Golgi’s micro-CT images: Single slice reconstruction of a
control sample (a) (scale bar = 500 μm). Golgi’s images: 3D
visualization of vessels (b) (scale bar = 60 μm), projection of 600
slices in a coronal view (c) (scale bar = 500 μm), and 3D visualization
of a subvolume of the same sample, with external box dimensions of
7.1 mm by 4.4 mm by 1.5 mm (d) (scale bar = 500 μm).
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combining the presented technique with phase contrast X-ray
imaging (PCXI),19 for example. Finally, the reconstruction
quality demonstrates the spatial stability of the samples during
the data acquisition, with sub-micrometric changes. This
stability is certainly promoted by the critical point of CO2

drying method, ensuring the absence of water evaporation.
This aspect is associated with very low sample destruction
during image acquisition, to offer an alternative to confocal
microscopy with the use of specific antibodies. Future works
could focus on accurately quantifying tissue and cellular
structural changes after multiple beam exposures.

■ CONCLUSION

In this work, we demonstrate the possibility to observe neural
tissue, up to the cellular resolution, without the necessity of
slicing thinly. We applied two main staining techniques, based
on the Golgi and IHC-gold methods. This initial work shows
the significant potential of these techniques for anatomical
studies of the entire brain. Results obtained with Golgi’s
staining offer an interesting view of the entire brain, but the
nonspecific and random aspects of cell targeting by this
method prevent its use for quantitative applications, such as
cell counting. Our original approach consists of combining
methods of IHC conjugated to nanoparticles of gold with

Figure 2. Effect of dual-energy subtraction. (A) Control sample high energy image, (B) control sample after dual-energy subtraction, (C) IHC-gold
sample high energy image, (D) IHC-gold sample after dual-energy subtraction, scale bar = 300 μm.

Figure 3. Mouse brain stained with the IHC-gold method. (A) X-ray micro-CT reconstruction at Bregma −4.8, with structure identification. (B)
Confocal imaging of the same sample at Bregma −4.8, with structure identification. (A, B: White bar = 150 μm.) (C) Zoom into the cortical region
from X-ray micro-CT. (D) Zoom into the cortical region from the confocal microscopy image. (C, D: White bar = 20 μm.)
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synchrotron-based X-ray dual-energy subtraction micro-CT.
NeuN antibodies were used to express specific target genes in
neuron nuclei. Gold nanoparticles of 20 nm offer a sufficient
contrast to neuron identification, proving that this type of
particle is well suited to this imaging technique. Furthermore,
image subtractions from two X-ray acquisitions at different
energies allowed the specific contrast due to gold to be seen,
demonstrating the possibility to visualize the distribution of
specific proteins in biological tissues. This innovative approach
presents a great interest over classical methods such as X-ray
fluorescence and associated complexity for geometrical
calibration.

■ METHODS
Sample Preparation. With the approval of the ethics committee

of Federal University of Saõ Paulo (approval numbers 5527120816
and 9656090218), two different protocols were applied:
Golgi Samples. Three male adult mice were anesthetized with

ketamine (90 mg/kg) and xylazine (10 mg/kg) and perfused with a
solution of paraformaldehyde 4% (PFA). Brains were removed and
placed for 24 h in a solution of PFA 4%. Two brains had hemispheres
separated with a razor blade. We kept one hemisphere of two brains as
control samples. An entire brain and the two other hemispheres were
stained with the Golgi method. Then, alternations of 3 days of
immersion in a solution of 3.5% of potassium dichromate in distilled
water and 3 days of immersion in a solution of 0.75% of silver nitrate
in distilled water, for a total of 12 days, permit the Golgi staining.
Between two immersions, we washed samples in water current for 1 h.
IHC-Gold Samples. Two male adult mice were anesthetized with

ketamine (90 mg/kg) and xylazine (10 mg/kg), and brains were
removed and cut, in mouse brain matrixes with a razor blade, in
coronal slices of 500 and 700 μm, to be stained by IHC methods. For
that, we applied the protocol from the work of Kim et al.17 to
selectively stain neurons with NeuN (dilution 1:50). NeuN antibodies
(from Milllipore company, reference MAB377) were previously
conjugated to gold nanoparticles thanks to commercial conjugation
kits (from abcam company, catalog reference 188215).
Dehydration and Drying. Finally, we dehydrated all samples

(Golgi’s and IHC-gold) by immersion in ethanol solutions with the
successive concentrations 50, 60, 70, 80, 90, 95, and 100% for, at least,
1 h in each solution. Finally, we dried all samples with the CO2 critical
point drying (CCPD) method.20 Figure 4A is an overview of the
method described in this work.
X-ray Microtomography. Measurements were performed at the

IMX beamline (LNLS/CNPEM), with an electron source size of 391
μm by 97 μm and beam divergence of 808 μrad by 26 μrad, extracted
from a 1.67 T bending magnet. For each brain sample, we performed
three tomographic acquisitions: one with a pink beam (5−25 keV,
critical energy of 7.5 keV) and two with a monochromatic beam
around the L-III absorption edge of gold (11.9187 keV) at 11.85 (low
energy) and 12.95 keV (high energy), using a multilayer Ru/B4C

monochromator. The beamline has an indirect detector for X-ray
imaging, using a 50 μm thickness LuAg scintillator and a microscope
coupled with a PCO 2000 camera (2048 by 2048 pixels).
Measurements used a 10× magnification objective, resulting in a
pixel size of 0.74 μm by 0.74 μm. The irradiation geometry is almost
parallel, resulting in a 0.74 μm3 voxel size. To image samples with
horizontal dimension until twice the field of view (1.52 mm), we
performed acquisition on 360° for each sample, corresponding to
2048 projections with a 500 ms acquisition time for each projection. A
schematic description is presented in Figure 4B. The panoramic frame
is determined by a set of M imaging cameras ( f rames or projections,
having a size n × n with n = 2048) with a minimum overlapping area,
as illustrated in Figure 4C with M = 5. A panoramic measurement
consists of moving the sample in the x direction after a prior
certification that each overlapping set Oij is nonempty. We also note
that, for a numerical absence of pitch/roll deviations, there is no need
to rotate each frame for a complete data stitching. In order to
maximize the signal-to-noise ratio, image reconstructions were
performed using the expectation maximization (EM) iterative
algorithm (40 iterations).
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