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Abstract 
The most common form of epilepsy among adults is mesial temporal lobe epilepsy (mTLE), with seizures often originating in the hippocampus due 
to abnormal electrical activity. The gold standard for the histopathological analysis of mTLE is histology, which is a two-dimensional technique. To 
fill this gap, we propose complementary three-dimensional (3D) X-ray histology. Herein, we used synchrotron radiation-based phase-contrast 
microtomography with 1.6 μm-wide voxels for the post mortem visualization of tissue microstructure in an intrahippocampal-kainate mouse 
model for mTLE. We demonstrated that the 3D X-ray histology of unstained, unsectioned, paraffin-embedded brain hemispheres can identify 
hippocampal sclerosis through the loss of pyramidal neurons in the first and third regions of the Cornu ammonis as well as granule cell 
dispersion within the dentate gyrus. Morphology and density changes during epileptogenesis were quantified by segmentations from a deep 
convolutional neural network. Compared to control mice, the total dentate gyrus volume doubled and the granular layer volume quadrupled 21 
days after injecting kainate. Subsequent sectioning of the same mouse brains allowed for benchmarking 3D X-ray histology against well- 
established histochemical and immunofluorescence stainings. Thus, 3D X-ray histology is a complementary neuroimaging tool to unlock the 
third dimension for the cellular-resolution histopathological analysis of mTLE. 
Key words: deep convolutional neural networks, epileptogenesis, granule cell dispersion, kainate, X-ray microtomography 

Introduction 
Epilepsy is one of the most common neurological disorders 
with a prevalence of about 1% worldwide. The most frequent 
form of human epilepsy is mesial temporal lobe epilepsy 
(mTLE) (Engel, 2001), with seizures often originating in the 
hippocampus as a result of abnormal electrical activity 
(Meldrum et al., 1973). Brain insults that lead to aberrant 
neuronal wiring, for example in the hippocampus or entorhi-
nal cortex, may cause mTLE, albeit it is still unclear in which 
cases insults induce epileptogenesis—and when this then clin-
ically manifests as mTLE (Engel, 2001, 2006). mTLE is com-
monly associated with hippocampal sclerosis, characterized 
by glial scarring, the loss of pyramidal neurons in the first 
and third regions of the Cornu ammonis (CA1 and CA3), 
and granule cell dispersion (GCD) within the dentate gyrus 
(DG) (Thom, 2014; Walker, 2015). Unfortunately, it can be 
resistant to pharmacological treatment, thereby requiring sur-
gery to remove epileptic lesions (Engel, 2001), although this 
course of action does not always ensure lifelong freedom 
from seizures (Ryvlin & Kahane, 2005). 

Neuroimaging plays an important role in diagnosing and 
understanding epilepsy. For example, determining epilepsy 

biomarkers for in vivo magnetic resonance imaging (MRI) is 
an active area of research (Sierra et al., 2015), where valid-
ation with post mortem cellular-resolution imaging is critical 
(Janz et al., 2017b). Conventional histology with well- 
established immunohistochemistry is the gold standard for 
the histopathological investigation of mTLE (Shalaby et al., 
2022). Detailed information about cellular changes associated 
with mTLE can be drawn from cell-type-specific immunohis-
tochemistry. In experimental models, this is important as the 
loss of neurons and the subsequent activation of astrocytes 
as well as microglia show distinct spatiotemporal patterns 
during disease progression, indicating specific roles in remod-
eling of the epileptic hippocampal network. Moreover, in 
mTLE patients hippocampal sclerosis comes in different fla-
vors: neuronal loss can be partial or nonexistent, while gliosis 
is present. In fact, hippocampal sclerosis with only gliosis has a 
particularly bad postsurgical prognosis (Grote et al., 2023), 
which renders detailed histological analysis of resected hippo-
campi in mTLE important for patients and their families. 
While these aspects highlight the biological relevance of immu-
nohistochemical analysis in mTLE, the present study leverages 
immunohistochemistry to demonstrate the strengths and limi-
tations of the microtomography’s electron-density-based 

Received: March 14, 2023. Revised: June 29, 2023. Accepted: July 28, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of the Microscopy Society of America. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.  

Microscopy and Microanalysis, 2023, 00, 1–16 
https://doi.org/10.1093/micmic/ozad082                                                                                                                                                                

Original Article 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

am
/advance-article/doi/10.1093/m

icm
ic/ozad082/7243086 by U

niversity of Basel user on 05 Septem
ber 2023

mailto:christine.tanner@unibas.ch
https://orcid.org/0000-0003-0814-8467
https://orcid.org/0000-0001-9620-8700
https://orcid.org/0000-0002-6472-2956
https://orcid.org/0000-0001-6541-2629
https://orcid.org/0000-0001-9598-6295
https://orcid.org/0000-0002-7022-4136
https://orcid.org/0000-0003-4078-9109
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/micmic/ozad082


contrast, to visualize individual cellular elements. However, this 
approach has limited out-of-plane resolution and suffers from 
artifacts during staining and sectioning (Pichat et al., 2018). 
As a result, any correlation with MRI can involve complex 
slice-to-volume registration (Ferrante & Paragios, 2017). 
Visualizing the three-dimensional arrangement of hippocampal 
cells is important for understanding the progression of mTLE 
(Kowalski et al., 2010; Häussler et al., 2012; Marx et al., 
2013), but MRI is suboptimal for this task due to its relatively 
low spatial resolution. Even magnetic resonance microscopy 
lacks spatial resolution, with post mortem resolution of the or-
der of tens of μm down to about 10 μm in special cases (Flint 
et al., 2009; von Bohlen und Halbach et al., 2014; Lee et al., 
2015). Therefore, a label- and slicing-free volumetric imaging 
approach with micrometer resolution is highly desirable, in 
that compatibility with both MRI and conventional histology 
workflows would allow for correlation and validation. 

Hard X-ray micro- and nanotomography are attractive op-
tions for this role, as X-ray imaging can bypass sectioning or 
tissue clearing and provides spatial resolution below the limits 
of optical microscopy (Khimchenko et al., 2018; Kuan et al., 
2020). Soft tissues are characterized by minute differences in 
X-ray absorption. Therefore, for microstructure analysis be-
yond hard tissues such as bone, X-ray microscopy has trad-
itionally relied on contrast agents and/or corrosion casts 
(Wagner et al., 2011; Vasquez et al., 213). These approaches 
have significant advantages over light microscopy approaches: 
recent staining protocols enabled volumetric imaging and quan-
tification of the entire vascular and tubular system of a mouse 
kidney, avoiding artifacts from optical distortion or morph-
ology changes during tissue clearing (Kuo et al., 2020). 
Further, recent advances in X-ray source brilliance and phase 
contrast imaging have increased spatial and density resolution 
to allow imaging of unstained brain tissue with micrometer 
(Hieber et al., 2016; Töpperwien et al., 2018, 2020) or even 
nanometer (Khimchenko et al., 2018) resolution. X-ray micro-
tomography as an intermediary step in standard histopatho-
logical preparation has allowed for extending conventional 
histology to the third dimension (Khimchenko et al., 2016), 
and it also provides enhanced X-ray contrast (Töpperwien 
et al., 2019; Rodgers et al., 2021, 2022a). Thanks to this mat-
uration in the use X-ray microtomography for histopathologic-
al analysis, this family of techniques is often referred to as three- 
dimensional (3D) X-ray histology. 

The present study evaluates 3D X-ray histology with syn-
chrotron radiation-based X-ray microtomography to track 
the histopathological progression of mTLE in a mouse model. 
A kainate (KA) mTLE model is used, whereby a stereotactic 
KA injection into the hippocampus induces a pathological 
phenotype resembling that of humans (Lévesque & Avoli, 
2013). Specifically, injection is followed by hippocampal scler-
osis including the loss of pyramidal cells and interneurons as 
well as GCD and gliosis (Riban et al., 2002; Arabadzisz 
et al., 2005; Lévesque & Avoli, 2013; Rusina et al., 2021). 
This is closely linked to the emergence of epileptic discharges 
(Janz et al., 2017b, 2018). Label-free 3D X-ray histology 
with 1.6 μm-wide voxels was used to image paraffin-embedded 
brain hemispheres from mice sacrificed 1, 7, 14, and 21 days 
after KA injection, i.e., time points representing distinct phases 
during epileptogenesis (Janz et al., 2018). The onset of hippo-
campal sclerosis, namely GCD and pyramidal neuron loss, was 
identified with 3D X-ray histology. 3D X-ray histology data 
were benchmarked against corresponding sections in 

conventional histology. Finally, the automatic segmentation 
of the molecular, granular, and polymorph layers of the DG 
with a deep convolutional neural network enabled us to three- 
dimensionally quantify electron density and morphology 
changes during epileptogenesis. 

Materials and Methods 
Animals and Kainate Injection 
Fifteen 9- to 12-week-old male C57BL/6N wildtype mice 
(Charles River, Sulzfeld, Germany) were used for this experi-
ment. The mice were housed at room temperature in a 
12-h light/dark cycle and were provided with food and water 
ad libitum. Animal procedures were in accordance with guide-
lines set out in the European Community’s Council Directive of 
22 September 2010 (2010/63/EU) and were approved by the 
regional council (35-9185.81/G-16/38, Regierungspräsidium 
Freiburg, Germany). 

The intrahippocampal KA mouse model has been extensively 
studied and validated as a model for mTLE (Riban et al., 2002;  
Arabadzisz et al., 2005; Lévesque & Avoli, 2013; Rusina et al., 
2021). Note that hippocampal sclerosis is closely linked to the 
emergence of epileptic discharges (Janz et al., 2017b, 2018). 
The 15 mice formed five groups of three replicates. The timeline 
is summarized in Figure 1. On Day 0, Group 1 were injected 
with saline and Groups 2–5 were injected with kainate. On 
Day 1, Group 2 were sacrificed. On Day 7, Groups 1 and 3 
were sacrificed. On Day 14, Group 4 were sacrificed. On Day 
21, Group 5 were sacrificed. The injection procedure is de-
scribed in the following references (Heinrich et al., 2006;  
Häussler et al., 2012; Janz et al., 2017a). In short, anesthetized 
mice were sterotactically injected with 50 nL of either 0.9% sa-
line solution (Group 1) or 20 mM kainate solution (Tocris, 
Bristol, UK) in 0.9% saline (Groups 2–4) into the right dorsal 
hippocampus. One of the mice from Group 3 died before reach-
ing the sacrifice time point. Due to the limited available beam-
time at the beamline ID19 of the European Synchrotron 
Radiation Facility (Grenoble, France), a total of 22 of the 28 
available brain hemispheres were measured with hard X-ray 
tomography, see summary in Supplementary Table 1. 
According to our priority list, all 14 ipsilateral hemispheres 

Fig. 1. Study design. Fifteen mice formed five groups of three replicates. 
On Day 0, Group 1 were injected with saline and Groups 2–5 were 
injected with kainate. On Day 1, Group 2 was sacrificed, followed by 
Groups 1 and 3 on Day 7, Group 4 on Day 14, and Group 5 on Day 21. The 
brains were extracted, fixed in paraformaldehyde, and embedded in 
paraffin. 3D X-ray histology was then performed prior to standard 
histology.   
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were acquired to quantify hippocampal sclerosis. Eight add-
itional contralateral hemispheres could also be measured in 
the allotted time. Contralateral hemispheres were mainly in-
cluded to rule out histological changes such as CA1 cell death. 

Tissue Preparation 
The mice were anesthetized and transcardially perfused with 
0.9% saline followed by 4% paraformaldehyde in 0.1 M 
phosphate buffer for 5 min, then sacrificed. Brains were ex-
tracted and postfixed in 4% paraformaldehyde with 0.1 M 
phosphate buffer overnight at a temperature of 4◦C. After fix-
ation, a scalpel was used to separate the brain hemispheres and 
remove the cerebellum and olfactory bulbs. Brain hemispheres 
were embedded in paraffin following the standard procedure 
in histopathology: the tissue was dehydrated in ascending 
ethanol solutions, cleared in xylene, and embedded in liquid 
paraffin wax (Surgipath Paraplast®, Leica Biosystems, 
Wetzlar, Germany) before cooling to form a solid block 
(Bancroft, 2008). The paraffin-embedded samples were im-
aged with a nanotom m® (GE Sensing and Inspection 
Technologies GmbH, Hürth, Germany) laboratory microto-
mography system to identify defects such as cracks, highly ab-
sorbent debris, or trapped air. Samples with defects were 
melted and re-embedded in paraffin. A tissue punch with an 
inner diameter of 6 mm was used to extract cylindrical sam-
ples containing an entire brain hemisphere and minimal excess 
paraffin. 

Synchrotron Radiation-based Microtomography 
X-ray microtomography of the mouse brain hemispheres was 
performed at the European Synchrotron Radiation Facility’s 
(Grenoble, France) ID19 beamline. A “pink beam” (Rau 
et al., 2001) with a mean photon energy of 19 keV was used. 
A detector based on a 100 μm-thick Ce:LuAG scintillator, 
coupled via a 4× magnifying objective to a scientific CMOS 
camera (pco.edge 5.5, 2560 × 2160 pixel array, 6.5 μm phys-
ical pixel size) was used to achieve an effective pixel size of 
1.625 μm. The resulting detector’s field of view was 
4.16 mm × 3.51 mm. A propagation distance of 280 mm was 
selected to allow for propagation-based phase contrast. Each 
brain was scanned with 4,000 projections around 360◦ with 
an exposure time of 100 ms per projection. Three or four 
height steps were acquired to cover the entire brain hemi-
spheres. Including sample changes and alignment, acquisition 
time was about 45 min per hemisphere, i.e., 16.5 h for 22 
hemispheres. Considering setup and potential beam loss or 
technical issues, a similar imaging experiment would require 
a successful application for three 8-h shifts. 

Prior to reconstruction, projections were phase retrieved by 
using Paganin’s filter (Paganin et al., 2002) with δ/β = 1500, 
whilst ring artifacts were reduced via the method described 
by Thalmann et al. (2017). Tomographic reconstruction was 
performed in MATLAB (release 2016a, The MathWorks, Inc., 
Natick, MA, USA) using a filtered back-projection algorithm 
with the standard Ram-Lak filter (Kak & Slaney, 2001). 
Any overlap between height steps was determined using the 
Open Source registration toolbox elastix (version 4.9) 
(Klein et al., 2010; Shamonin et al., 2014), and a translation 
transform was used with a normalized correlation coefficient 
as a similarity metric. Height steps were combined with linear 
blending within the overlapping regions. 

Single-distance phase retrieval from pink beam microto-
mography provides semi-quantitative gray values related to 
the decrement of the real part of the index of refraction δ. 
For X-ray energies far from absorption edges, δ is proportion-
al to the electron density ρe. This condition is held for physic-
ally soft tissue and photon energy at around 20 keV. 

A single scientist manually aligned the tomography data to the 
Allen Mouse Brain Common Coordinate Framework (Lein et al., 
2007; Wang et al., 2020) with a rigid transformation using the 
Open Source tools ITK-SNAP (version 3.8.0) (Yushkevich 
et al., 2006) and transformix (version 4.9) (Klein et al., 
2010; Shamonin et al., 2014). This facilitated comparison of ana-
tomical features across mice. Note that a rigid transformation 
was employed to avoid changing volume measurements. 
Downsampled datasets (4 × 4 × 4 binned) were used to find 
this rigid transformation, requiring only a few minutes per 
hemisphere. 

Volume renderings were generated in VGStudio MAX 2.1 
(Volume Graphics, Heidelberg, Germany). 

Immunohistochemistry and Histology 
Subsequent to tomographic imaging, paraffin-embedded brain 
hemispheres were immersed in xylene, descending ethanol sol-
utions, and, finally, in 4% paraformaldehyde with 0.1 M 
phosphate buffer. Next, 50 μm-thick coronal sections of the 
brain hemispheres were produced on a vibratome 
(VT1000S, Leica, Bensheim, Germany). Consecutive sections 
were stained with hematoxylin and eosin (H&E), cresyl violet 
(Nissl), antibodies against hexaribonucleotide binding 
protein-3 and ionized calcium-binding adapter molecule 1 
(NeuN-Iba1), and glial fibrillary acidic protein (GFAP). For 
Nissl or H&E staining, sections were stained in a cresyl violet 
or H&E solution for 10 min and briefly rinsed with distilled 
water. Tissue sections were mounted with DPX medium on 
Superfrost glass slides (Art. No. H867.1; Carl Roth GmbH, 
Karlsruhe, Germany). For immunofluorescence staining, sec-
tions were treated with 0.25% TritonX-100 in 1% bovine se-
rum albumin for 1 h, then incubated at a temperature of 4◦C 
for 24 h with Guinea pig anti-NeuN (1:500, Synaptic Systems, 
Göttingen, Germany), rabbit anti-Iba-1 (1:1000, Wako 
Chemicals, Neuss, Germany), or rabbit anti-GFAP (1:500, 
Dako, Hamburg, Germany). For detection purposes, Cy2-, 
Cy3-, or Cy5-conjugated secondary donkey anti-guinea pig or 
goat anti-rabbit antibodies (1:200, Jackson ImmunoResearch 
Laboratories Inc., West Grove, PA, USA) were applied for three 
hours at room temperature, followed by rinsing in 0.1 M PB six 
times for 15 min. Sections were then counter-stained with DAPI 
(4′,6-diamidino-2-phenylindole; 1:10,000, Roche Diagnostics 
GmbH, Mannheim, Germany), after which the free-floating sec-
tions were mounted on glass slides and cover-slipped with 
ProLong Gold (Molecular Probes, Invitrogen, Carlsbad, CA, 
USA). 

Histological slides were scanned using an AxioImager2 
microscope (Zeiss, Göttingen, Germany). A 10× objective 
(Plan-APOCHROMAT, Zeiss, Göttingen, Germany) and a 
digital camera (MR605, Zeiss, Göttingen, Germany) were 
used to acquire composite immunofluorescent-stained sec-
tions. These composites were then processed with the Zen 
(Zeiss, Göttingen, Germany) software package. 

Several histology slices suffered from artifacts, including 
thickness variations, folds, tears, and cracks. The most 
artifact-free sections were selected for comparison with 3D  
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X-ray histology. Approximate locations of the histology sec-
tions were manually found within the tomography datasets 
by defining a rigid transformation with three angles of rotation 
and three translations. 

Deep Convolutional Neural Network-based 
Segmentation 
Deep convolutional neural networks are not invariant to rota-
tions of the input. Hence we manually rigidly aligned the tom-
ography data to the Allen Mouse Brain Common Coordinate 
Framework (Lein et al., 2007; Wang et al., 2020). Thanks to 
this coarse prealignment, augmentation of the training data 
can be restricted to a smaller transformation range and hence 
training times are reduced. 

The molecular, granular, and polymorphic layers of the DG 
were manually segmented from the tomography data. Manual 
segmentations were guided by the Allen Mouse Brain Atlas 
(Lein et al., 2007), and segmentation was performed in 
Amira 6.2.0 (Thermo Fisher Scientific Inc., Waltham, 
MA, USA). The 4 × 4 × 4 binned tomography data were 
used, whilst blow (tolerance 15, Gauss width 3) and paint 
brush tools were employed to manually segment virtual cor-
onal slices. 

Manual labeling of an entire volumetric dataset is time- 
consuming and infeasible for all 22 measured brain hemispheres; 
for example, manually labeling a single slice takes up to three mi-
nutes, depending on the disease state. Therefore, labeling the 514 
slices of a brain hemisphere dataset, i.e., at 4× binning, would re-
quire 9–26 h. Thus, a machine-learning approach was used, 
which was trained on a limited number of manually labeled slices 
from all five mouse groups. The well-known U-Net architecture 
was selected (Ronneberger et al., 2015). This deep convolutional 
neural network (DCNN) was built using PyTorch (version 
1.11.0) and Python 3 (version 3.10.4), based on publicly avail-
able code (Danka, 2020). 

Values selected for the main U-Net-based segmentation pa-
rameters are listed in Table 1. In total, 466 manually labeled 
slices from 18 datasets were used. Intensity values for the slices 
814 × 646 in size, i.e. 4× binned, were reduced to 8-bit depth 
with the same range for all slices and hemispheres. Manually 
labeled slices were split into training, validation, and test at 
a ratio of 0.69, 0.14, and 0.17, respectively. This ratio was 
the result of a targeted 0.7/0.15/0.15 ratio with the constraint 

that at least one slice from every manually labeled brain hemi-
sphere was present in the test set. For training, the median 
number of manually labeled slices per brain hemisphere was 
20. The main parameters were selected based on an ablation 
study. The selected DCNN used a depth of 5 and width of 
32, corresponding to 7.8 million learned parameters. The net-
work was trained for 400 epochs, with cross-entropy as the 
loss function and ADAM as the optimizer (Kingma & Ba, 
2017). Final network weights were selected from the training 
epoch, thus minimizing the loss function on the validation set. 
Training was performed at the scientific computing center 
sciCORE (https://scicore.unibas.ch/), University of Basel, us-
ing an NVIDIA RTX8000 GPU. Three-dimensional segmenta-
tions were produced through the slice-by-slice segmentation of 
virtual coronal slices. 

Results 
Visualizing Histopathological Changes Associated 
with Epilepsy 
Volumetric datasets from 3D X-ray histology allowed for 
three-dimensional navigation within the mouse brain’s anat-
omy. Virtual sectioning visualized the injection site of saline 
or KA as well as the relevant features of the hippocampal for-
mation, namely the Cornu ammonis and DG, see Figure 2. To 
enable a comparison of the healthy and epileptic brains, all 
measured hemispheres were coarsely aligned with the coordin-
ate system of the Allen Mouse Brain Reference Atlas (Lein 
et al., 2007). 

Virtual coronal slices through the 3D X-ray histology of the 
KA-injected brains revealed well-described histopathological 
changes associated with the progression of mTLE, as illus-
trated in Figure 3. Despite the label-free approach, hippocam-
pal sclerosis was evidenced by GCD as well as the loss of 
neurons in the pyramidal layers of the CA1 and CA3 regions. 
The extent of hippocampal sclerosis increased over time, from 
the point of injection through sacrifice. In corresponding 
contralateral hemispheres, the pyramidal layers of the CA1 
and CA3 regions were identifiable by a continuous cell layer 
of increased density for all mice imaged at the selected time 
points. The loss of pyramidal neurons in these regions was 
characterized by an initial increase in individual cell density 
(see Day 1 postinjection, right side), followed by a widening 
of the pyramidal layer, a decrease in density, and the loss of 
the layers’ contrast relative to the surrounding strata. 
Pyramidal neuron loss in the CA1 field was identified for 
mice sacrificed on Day 7 after the KA injection, while neuron 
loss in the CA3 field was first observed at Day 14 after the KA 
injection. 

The GCL appeared as a cell-rich band of relatively high 
density: on average, the GCL had 9% higher intensity than 
the molecular layer. GCD was identified via an increasing 
thickness and decreasing mean density of the GCL. The degree 
of GCD, i.e., GCL thickness, increased over time, following on 
from the injection. GCL volume in the ipsilateral hemisphere 
for one Day 7 mouse was already 65% larger relative to the 
contralateral hemisphere—an effect visible in the virtual slices 
of the 3D X-ray histology. By Day 21, the GCL of the ipsilat-
eral hemispheres had an average increase in intensity of 19% 
and a decrease in volume of 180% compared to the contralat-
eral hemispheres. 

It should be noted that compared with other time points, in-
creased contrast between the polymorphic and molecular 

Table 1. List of the Main Parameters Used for the U-Net-based 
Segmentation. Hyperparameters were Selected by Means of an Ablation 
Study. 

Type Parameter Value  

Input # channels 1   
Bit depth 8   
Image size 814 × 646 

Output # channels 4   
Image size 814 × 646 

Ground truth data # labeled slices 466   
Train/val/test 0.69/0.14/0.17 

Hyperparameters Loss function Cross-entropy   
Optimizer ADAM   
Epochs 400   
Learning rate 0.001   
Depth 5   
Width 32   
# learned weights 7.8 million   
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layers of the DG was observed for both hemispheres of the 
mice sacrificed on Day 1 after KA injection (Fig. 3, top row). 
For Day 1 KA-injected mice, the mean intensity of the poly-
morphic layer was 22 and 13% smaller than that of the mo-
lecular layer for the ipsi- and contralateral hemispheres, 
respectively. For all other groups, polymorphic layer intensity 
was on average 3 and 1% smaller than that of the molecular 
layer for the ipsi- and contralateral hemispheres, respectively. 

Control mice sacrificed on Day 7 after saline injection were 
also imaged, as illustrated in Figure 4. No pathology was iden-
tified in the control mice, with the ipsilateral hemisphere of the 
saline-injected mouse resembling the contralateral hemisphere 
of the KA-injected mice. For example, the CA1 and CA3 regions 
remained intact and no signs of GCD were detected, cf. the Day 7 
post-KA injection mouse in Figure 4. The injection site was iden-
tified in the 3D datasets, as shown in Figure 2, where increased 
tissue density was observed but no further histopathological 
signs were identified. For the Day 7 postsaline-injected mouse 
shown in Figure 2, the intensity of the injection site was 239% 
greater than the surrounding tissue. 

Benchmarking 3D X-ray Histology Against 
Histology and Immunohistochemistry 
This work represents perhaps the first observation of mTLE 
pathology with 3D X-ray histology, so validation with gold- 
standard conventional histology is therefore essential. 
Immunofluorescent staining subsequent to 3D X-ray histology 
allowed for the structural confirmation of hippocampal scler-
osis, as indicated in Figure 5. NeuN-Iba1 double- 

immunostained sections confirmed pyramidal neuron loss in 
the Cornu ammonis and microglia proliferation, indicated 
with asterisks (*). GCD was confirmed through increasing 
thickness of the GCL and a diluted NeuN. Within the GCL, 
electron density (or δ) observed in the 3D X-ray histology cor-
related well with the intensity of the NeuN signal.  
Supplementary Figure 1 shows further slices, where the speci-
ficity of the immunostaining helped identify pyramidal neuron 
loss in the CA3 region at Day 7 following the injection. This 
was also observable through increased density (high intensity) 
in the label-free 3D X-ray histology. 

The electron-density-based contrast of label-free 3D X-ray 
histology was benchmarked against common histological 
and immunofluorescent stains. Figure 6 compares the 3D 
X-ray histology of a KA-injected mouse 14 days postinjection 
with photomicrographs of the same brain hemisphere after 
subsequent sectioning and staining with hematoxylin and eo-
sin (H&E), Nissl, NeuN-Iba1-DAPI, or GFAP-DAPI. In terms 
of the histochemical stains, hematoxylin stains cell nuclei, eo-
sin stains extracellular matrices and cytoplasms, and Nissl 
stains cell bodies. For the immunofluorescent stains, NeuN la-
bels neurons, Iba1 labels microglia, GFAP labels astrocytes, 
and DAPI labels DNA. The density-related contrast of 3D 
X-ray histology shows correlation with some of the stains; 
for example, the 3D X-ray histology with inverted look-up ta-
ble resembles Nissl staining. The increased intensity of the 
GCL and CA3 layers within the 3D X-ray histology also cor-
relates with NeuN intensity. As histological sections were 50  
μm in thickness, an average of 30 consecutive, 1.625 μm-thick 
slices from the 3D X-ray histology data is also given. This 

Fig. 2. 3D X-ray histology of a saline-injected mouse brain hemisphere. Volume renderings show the ipsilateral hemisphere (top right) of a mouse from 
Group 1 sacrificed on Day 7 after saline injection. Virtual sectioning of the brain helps identify the injection site in the right dorsal hippocampus (bottom 
right). The pyramidal layers of the first and third fields of the Cornu ammonis (CA1 and CA3), as well as the dentate gyrus (DG) layers, are visible in the 
magnified view (left).   
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increases the contrast-to-noise ratio of the 3D X-ray histology 
and makes the appearance more comparable with histology. It 
should also be noted that strain during sectioning and prepar-
ation of histological slides introduced artifacts; for example, a 
gap opened between the granular and polymorphic layers of 
the DG as well as between the DG and thalamus. 

Convolutional Neural Network-based 
Segmentation of the Dentate Gyrus 
X-ray microtomography generates inherently three-dimensional 
datasets, thereby providing a unique opportunity to study mor-
phological changes associated with mTLE. Though the anatomy 
is identifiable in the 3D X-ray histology, fully automatic 

segmentation of the hippocampal formation, based on the 
density-related contrast, is impossible. The isotropic, high- 
resolution nature of 3D X-ray histology presents an additional 
challenge, as segmenting about 2000 of the 1.625 μm-thick virtual 
sections per brain hemisphere is prohibitively time-consuming. 
Here, 4 × 4 × 4 binned datasets, i.e., (6.5 μm)3 voxels, were 
used, as individual cell identification was not needed and binning- 
related contrast gains (Thurner et al., 2004; Rodgers et al., 2020) 
accelerated manual segmentation. The manual segmentation of a 
limited number of two-dimensional virtual coronal slices was feas-
ible, and in this case the three layers of the DG were labeled in up to 
3 min for a single virtual slice. However, with 22 measured brain 
hemispheres consisting of 514 binned slices each, a semi-automatic 
approach was highly desirable. 

Fig. 3. 3D X-ray histology reveals histopathological changes in mTLE. Indications of hippocampal sclerosis are observed with increasing time following 
the KA injection (top to bottom) in virtual coronal slices from selected mice. Neuron loss in the pyramidal layer of the CA1 region (arrow: intact, star: 
neuronal loss) is observed on Day 7 after the KA injection (d). Neuronal loss in the CA3 field is observed on Day 14 postinjection (f). Granule cell dispersion, 
characterized by an increased thickness in the granular cell layer (GCL, dashed line), is more prominent for Days 14 and 21 postinjection (f and h). 
Hippocampal sclerosis is not observed in the contralateral brain hemispheres (a, c, e, and g), which reveal only normal brain anatomical variations across 
the population. All images are displayed with an index of refraction δ ∈ (3.75, 5.1) × 10−7 mapped to intensity values (0, 255), see grayscale range on the 
right.   
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A U-Net-based approach was applied to virtual coronal slices 
from the 3D X-ray histology, with three-dimensional segmenta-
tions produced through slice-by-slice segmentation of stacks, as 
shown in Figure 7. The accuracy of the two-dimensional 
U-Net-based segmentation was assessed with the Dice similarity 
coefficient (DSC) of the test set, consisting of 81 slices from 18 brain 
hemispheres, as illustrated in Table 2. To determine the gold- 
standard performance, 14 coronal slices of the ipsilateral 

hemisphere from a Group 1 mouse were manually relabeled. 
The DSC with the original manually labeled slices is also given in  
Table 2. The performance of the U-Net matched that of manual re-
labeling, and so the two-dimensional performance of the U-Net 
was deemed satisfactory. 

Visual inspection indicated that the resulting volumes from 
slice-wise segmentation were reasonable—see e.g. Figure 7. 
To ensure the consistency of the three-dimensional 

Fig. 4. Comparing KA and saline injections. Virtual coronal slices through the 3D X-ray histology of the ipsilateral hemispheres of a mouse sacrificed on 
Day 7 following KA injection (a) compared with the ipsilateral hemisphere of a mouse sacrificed on Day 7 after saline injection (b). Hippocampal sclerosis is 
not found in the saline-injected ipsilateral virtual slice (b); however, signs of pyramidal neuron loss in the CA1 region, as well as early signs of granule cell 
dispersion, are observed for the ipsilateral hemisphere of the KA-injected mouse (a). Note that increased intensity in the Day 7 saline-injected image is 
related to the injection site (b, below annotation for CA1). Images are displayed with an index of refraction δ ∈ (3.75, 5.1) × 10−7, as in Figure 3.  

Fig. 5. Comparison of 3D X-ray histopathological findings with histology and immunohistochemistry. Optical micrographs of subsequent NeuN-Iba1-DAPI 
(green-red-blue) immunostained sections (a–d) and virtual slices through the microtomography data (e–h) from a comparable position within the 
corresponding mouse brain are shown. The fluorescent-labeled sections confirm neuronal loss (diminished green NeuN signal) and indicate microglia 
activation (increased red Iba1 signal) in the CA1 region, see upper asterisks in b–d, f–h. GCD is indicated by the increased thickness and reduced 
fluorescence signal (diminished green NeuN signal) of the granular cell layer (GCL, dashed lines). Microglia activation is also confirmed in the polymorph 
layer of the dentate gyrus. Grayscale for the 3D X-ray histology images is displayed with the index of refraction δ ∈ (3.75, 5.1) × 10−7, as in Figure 3.   
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segmentations, accuracy was measured by the DSC with gold- 
standard segmentations of 14 sagittal slices of the ipsilateral 
hemisphere from a Group 1 mouse. We benchmarked these re-
sults against a three-dimensional interpolation of equally 
spaced two-dimensional coronal segmentations based on 
Amira’s wrap function. We additionally compared the effect 
of training the U-Net with zero and every 5th ground truth vir-
tual coronal slice. Segmentation of every 5th, 10th, 20th, and 
40th slice corresponded to 56, 28, 14, and 7 slices, respective-
ly. The results are provided in Table 3. As expected, the man-
ual + wrap approach increased in quality as more slices were 
labeled, though it provided diminishing returns for segmenting 
more than every 10th slice. On the other hand, the U-Net ap-
proach only slightly improved with more training slices from 
the brain hemisphere in question, though it should be noted 
that the U-Net’s training set also contained 277 coronal slices 
of 17 hemispheres from other mice (median of 20 slices per 
brain hemisphere). The U-Net outperformed the manual + 
wrap approach in all cases. Therefore, the three-dimensional 
segmentations produced by two-dimensional U-Net segmenta-
tions were considered accurate. 

Surprisingly, the U-Net performed well even when no slices 
from the mouse in question were used in training, cf. Table 3 
row “U-Net none.” Thus, at least for the pathology-free 
Group 1 mice, generalizability of the U-Net was satisfactory. 
This indicates that the U-Net-based approach scales well to 
larger sample sizes. 

DSC scores give an indication of an overlap between U-Net 
predictions and gold-standard manual segmentations, but 
high DSC scores do not necessarily ensure that measured vol-
umes and intensities are equivalent. Therefore, Table 4 pro-
vides the median (25th and 75th percentiles) errors as a 
percentage of the measured volume, mean intensity, and 
standard deviation of intensity. For each of the 18 samples 
present in the 81-slice test set, slices were pooled and errors as-
sessed as a percentage of the gold standard, i.e., 100% × 
(U − Net predicted − Manually labeled)/ (Manually labeled). 

MTLE-induced Volume and Density Changes 
Volume changes within the three DG layers post-KA injection 
were assessed based on the three-dimensional segmentations.  
Figure 8 shows the volume of the polymorphic, granular, and 
molecular layers of the DG as well as the total of the three for 
both ipsilateral and contralateral hemispheres. Note that in 
accordance with Janz et al. (2017b), positions from z = 0 to 
1820 μm along the rostro-caudal hippocampal axis were consid-
ered for volume calculations. This represents the extent of the re-
gion where GCD was observed after the KA injection and was 
consistent in all datasets. The three regions showed increased 
volumes in the ipsilateral hemisphere, from the time of the KA 
injection through to sacrifice. As expected from the observed 
GCD (see Fig. 3), the volume of the granular layer substantially 
increased as mTLE progressed. It should be noted that the 

Fig. 6. Benchmarking label-free 3D X-ray histology against histological and immunofluorescent stainings. Following X-ray imaging, brain hemispheres were 
sectioned and sequentially stained with H&E (a), Nissl (e), NeuN-Iba1-DAPI (d), and GFAP-DAPI (f). Optical micrographs of stained sections (50 μm) are 
compared with virtual coronal sections in a similar position from the 3D X-ray histology from the ipsilateral hemisphere of a mouse on Day 14 after KA injection 
(b). The z-average of a 49 μm-thick virtual section (30 × 1.625 μm slices) (c) and intensity-inverted images are also given for the microtomography dataset (f and g, 
respectively). Arrows indicate the granular cell layer (upper) and microglial-rich regions (lower), both of which have high intensity in the microtomography dataset 
(b). Grayscale ranges for the 3D X-ray histology images are displayed with the index of refraction δ ∈ (3.75, 5.1) × 10−7, as in Figure 3.   
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Fig. 7. Segmentation of the dentate gyrus, including molecular, granular, and polymorphic layers. Deep convolutional neural network-based 
segmentation was performed on virtual coronal sections, here demonstrated on the ipsilateral hemisphere of a mouse 7 days after saline injection (left). 
Stacks of virtual coronal sections were segmented (center) to produce a three-dimensional segmentation (represented with volume rendering, right).  

Table 2. Assessing the Performance of U-Net-based Segmentation.   

Polymorph Layer Granular Layer Molecular Layer Dentate Gyrus  

U-Net             
Median 0.92 0.94 0.96 0.97   

(25th, 75th) (0.88, 0.95) (0.91, 0.95) (0.94, 0.97) (0.96, 0.98) 
Manual relabel             

Median 0.91 0.94 0.96 0.96   
(25th, 75th) (0.82, 0.94) (0.90, 0.95) (0.95, 0.97) (0.91, 0.98) 

Median (25th, 75th percentile) of the Dice similarity coefficient are given for the test set, consisting of 81 virtual coronal slices across 18 hemispheres. To 
establish a benchmark, 14 virtual coronal slices from a single mouse (saline injection, ipsilateral hemisphere) were manually relabeled, and the corresponding 
Dice similarity coefficients are given.  

Table 3. Comparing Manual + Wrap with U-Net-based Segmentation.   

Polymorph Layer Granular Layer Molecular Layer Dentate Gyrus  

U-Net             
5th 0.87 0.92 0.95 0.96     

(0.84, 0.90) (0.91, 0.93) (0.94, 0.96) (0.95, 0.97)   
None 0.85 0.91 0.95 0.96     

(0.81, 0.90) (0.86, 0.92) (0.94, 0.96) (0.95, 0.97) 
Manual + wrap             

5th 0.80 0.88 0.94 0.95     
(0.79, 0.85) (0.83, 0.89) (0.92, 0.95) (0.94, 0.96)   

10th 0.81 0.87 0.93 0.95     
(0.78, 0.84) (0.84, 0.88) (0.91, 0.94) (0.94, 0.96)   

20th 0.78 0.81 0.93 0.93     
(0.77, 0.81) (0.79, 0.83) (0.91, 0.94) (0.93, 0.95)   

40th 0.66 0.51 0.88 0.89     
(0.58, 0.73) (0.43, 0.59) (0.87, 0.89) (0.86, 0.90) 

Medians (25th and 75th percentiles) of the Dice similarity coefficient are provided for 14 manually labeled sagittal slices from a single mouse (saline injection, 
ipsilateral hemisphere). Scores are given for a U-Net trained with zero and every 5th coronal slice from the same mouse in addition to 277 coronal slices from 17 
other hemispheres. U-Net performance is compared with interpolation of the same number of manually labeled slices with the wrap function in Amira 6.2.0 
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Segmentation of every 5th, 10th, 20th, and 40th slice corresponds to 56, 28, 14, and 7 slices, respectively.   
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volumes of the polymorphic and molecular layers also increased. 
The result was a doubling of ipsilateral DG volume for the Day 
21 post-KA injection mice compared to both the Day 7 postsa-
line injection and the Day 1 post-KA injection mice. 

The volume difference between the ipsilateral and contralat-
eral hemispheres is shown in Figures 9a–9d for mice where 
both hemispheres were measured. The results indicate that 
the ipsilateral volume of the three DG layers increased over 
time following the injection. The volume of the granular cell 
layer in the ipsilateral hemisphere doubled with respect to 
the contralateral hemisphere for mice at Days 14 and 21 post-
injection. Image intensity values within the three segmented 
regions of the DG were also assessed as a proxy for tissue dens-
ity. Note that the measurements are directly comparable be-
cause they were taken at the same beamline with the same 
measurement parameters, i.e., the same detector, photon sta-
tistics, etc. The middle (e–g) and bottom rows (i–l) of  
Figure 9 plot the difference in the mean and standard deviation 
of the intensity values between the ipsilateral and contralateral 
hemispheres for the polymorphic, granular, and molecular 
layers as well as the full DG (left to right). Mean intensity within 
the DG layers decreased on the ipsilateral side over time, from 
injecting the KA through to sacrifice. This is particularly evident 
within the granular layer, which is consistent with GCD and 
correlates with the decreased NeuN fluorescent signal intensity 
observed in the GCL, cf. Figure 5. It should be noted that the 
mean and standard deviation of the intensity values reveal large 
variability in the mice sacrificed on Day 1 after the KA injection. 
Decreasing mean and standard deviations of gray values within 
the ipsilateral relative to the contralateral hemisphere are ob-
served more clearly in the mice sacrificed on Days 7, 14, and 
21 after the KA injection. The standard deviations of the inten-
sity values were elevated on the ipsilateral side on Day 1 after 
injection, with the effect disappearing 21 days thereafter. The 
increased standard deviation in the Day 1 post-KA injection 
mice is likely related to cell death. 

Discussion 
The KA mouse model for mTLE has been extensively validated 
(Riban et al., 2002; Arabadzisz et al., 2005; Lévesque & Avoli, 
2013; Janz et al., 2017b, 2018; Rusina et al., 2021), therefore 
in this study the histopathological changes are surrogate 
markers for the development of mTLE. 

Counting structures such as cells in histological slices has 
been shown to be prone to a number of errors originating 
from diverse sources (Guillery, 2002). Consequently, two- 

dimensional morphometry e.g. cell counting, based on histo-
logical or immunohistochemical slices does not correlate to 
the more accurate three-dimensional stereological microscop-
ic morphometry, which has been widely developed only in the 

Table 4. Error in Percentage of Volume V, Mean Intensity μI , and Standard 
Deviation σI of Intensity between the U-Net-predicted and Gold-standard 
Manual Segmentations for the 81-slice Test Set from 18 Brain 
Hemispheres.  

Polymorph 
Layer 

Granular 
Layer 

Molecular 
Layer Dentate Gyrus  

V −5.71 1.53 −3.15 −2.74   
(−7.94, −0.28) (−2.59, 2.63) (−5.12, −1.99) (−5.12, −1.44) 

μI −0.01 −0.51 −4.72 −2.31   
(−1.30, 1.06) (−2.44, 0.78) (−5.55, −3.68) (−2.73, −1.26) 

σI −0.03 0.17 0.12 0.16   
(−0.34, 0.08) (−0.10, 0.58) (−0.06, 0.26) (0.08, 0.26) 

Slices were pooled by sample, and the presented values correspond to the 
median (25th and 75th percentiles) across the 18 samples.  

Fig. 8. Volume changes within the dentate gyrus (DG) after KA injection. 
Volumes of the segmented polymorphic (a), granular cell (b), and 
molecular layers (c) as well as the full DG (d) are plotted for Day 7 after the 
saline injection as well as Days 1, 7, 14, and 21 after the KA injection (left 
to right). Light filled circles (dark rings) correspond to the contralateral 
(ipsilateral) hemisphere.   
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last 20 years (Carroll et al., 2006; Bratu et al., 2014). 
Depending on the biological or medical question at hand, as 
few as three-to-five to as many as 30–50 two-dimensional 
histological slices of a tissue must be prepared and analyzed 
to reach acceptable precision for the three-dimensional esti-
mates (Sullivan et al., 1998; Carroll et al., 2006). Combined 
with multiple histological or immunohistochemical staining 
required for studies, cf. Janz et al. (2017b), tens or hundreds 
of histological sections may be needed. This affects not only 
model animal studies but also leads to important clinical im-
plications and has been a subject of rigorous debate in clinical 
cases where histopathology plays a pivotal role in diagnosis 
and therapy planning (Hsia et al., 2010). Thus, quantification 
of anatomical structures of interest down to the cellular and 
even subcellular level (Hieber et al., 2016; Khimchenko et al., 
2016; Töpperwien et al., 2018, 2020) could be enhanced by 
the inherent three-dimensional nature of X-ray microtomogra-
phy. 3D X-ray histology can be performed at an intermediate 
step of the histological preparation before physical slicing, thus 
it has been used to guide selection of slicing planes for histological 
investigation (Stalder et al., 2014). X-ray microtomography may 
also allow for “virtual staining” of three-dimensional volumes 
with common histological stains (Khimchenko et al., 2016). 

3D X-ray histology is an inherently three-dimensional im-
aging modality, allowing for the quantification of morphologic-
al changes in the DG as a result of mTLE. Measurements can be 

done at any stage of tissue preparation (Rodgers et al., 2022a) 
and without the need for physical sectioning to micrometer 
thickness including the related slice distortions (Pichat et al., 
2018). Note that both histology and 3D X-ray histology suffer 
from deformations due to paraffin embedding, see Rodgers 
et al. (2021, 2022a). The volumetric datasets from 3D X-ray 
histology are advantageous in preclinical studies, as they can 
be oriented arbitrarily in three-dimensional space e.g. for 
alignment with brain atlases, visualization of the injection site 
(see Fig. 2), or for precisely locating electrode positions. 
Quantifying the degree of hippocampal sclerosis in resected 
hippocampus from human patients plays an important role in 
outcome prognosis, but variations along the hippocampal 
axis complicate any evaluation with limited sections from con-
ventional histology. Thus, volumetric metrics of the degree of 
hippocampal sclerosis should prove more robust. For future 
studies, three-dimensional, nonrigid registration should allow 
for correcting tissue deformations while extracting the skull 
(Schulz et al., 2012), as well as tissue fixation (Schulz et al., 
2011) and embedding (Rodgers et al., 2021, 2022a). 
Eventually, correspondence between 3D X-ray histology and 
the in vivo state could be achieved with multi-modal registra-
tion to comparatively lower spatial resolution imaging techni-
ques, including MRI with spatial resolution down to 10 μm 
resolution (Flint et al., 2009; von Bohlen und Halbach et al., 
2014; Lee et al., 2015). 

Fig. 9. Volume and density changes within the dentate gyrus (DG) after KA injection. The difference in volume ΔV (a–d), mean intensity ΔμI (e–h), and 
standard deviation of intensity ΔσI (i–l) between the ipsilateral and contralateral hemispheres are plotted for the segmented polymorphic, granular, and 
molecular layers as well as the full DG (left to right). Values are given in percentages, i.e., 100% × (ipsilateral − contralateral)/contralateral. Note that, in 
general, inter-animal variability has a substantially larger effect on these metrics than segmentation errors, cf. Table 4.   
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We employed single-distance propagation-based phase con-
trast with Paganin’s filter (Paganin et al., 2002). The resulting 
contrast is related to electron density through the real part of 
the index of refraction, as opposed to highly specific histo-
chemical or immunofluorescent stainings that target proteins. 
In line with previous studies (Janz et al., 2017b), immunohis-
tochemistry for different cell types revealed characteristic 
spatiotemporal patterns during disease progression, including 
an early neuronal loss in CA1 concomitant to dense microglial 
scaring and later more widespread reactive astrogliosis and 
pronounced granule cell dispersion. While X-ray microtomog-
raphy did not allow detecting cell-type-specific microstructur-
al alterations, histopathological changes such as hippocampal 
sclerosis could be identified on the basis of the electron density 
contrast, as illustrated in Figure 3. Electron density correlates 
with the presence of cells, which is supported by the compari-
son of the 3D X-ray histology with common stainings, as 
shown in Figure 6. For example, a decrease in the mean inten-
sity of the GCL, as noted Figure 9 (middle row), can serve as an 
indication of GCD, which is analogous to a decrease in the 
NeuN fluorescence signal. Also, an increase in the standard de-
viation of intensities in the ipsilateral hemisphere on Day 1 
postinjection may be linked to cell death. The microanatomi-
cal basis for the overall decrease in DG density over time fol-
lowing the injection should be further investigated. This 
substantial change within the entire DG should be correlated 
with future magnetic resonance studies. Despite these observ-
able changes, unstained 3D X-ray histology alone was insuffi-
cient to identify definitively astrocytes (labeled with GFAP) or 
differentiate between neurons (NeuN) and microglia (Iba1) 
(Janz et al., 2017b). While the development of X-ray contrast 
agents may help these shortcomings, label-free imaging of 
paraffin-embedded tissue offers consistent and easily repeat-
able results, which is an advantage over sectioning and stain-
ing, where variations in section thickness or staining intensity 
lead to challenges for automated analysis (Farhoodi et al., 
2019; Milligan et al., 2019). As demonstrated in this study, 
more specific conventional histology can be subsequently 
added to 3D X-ray histology for benchmarking against a 
wide range of well-established stains. 

Slice-to-volume registration between histological sections 
and volumetric images, which is the process of finding dense 
spatial correspondences between the two modalities, is a chal-
lenging task due to the large search space, limited two- 
dimensional data, appearance differences due to multi- 
modality, and topology changes (e.g. cracks) (Ferrante & 
Paragios, 2017). Here, histology-to-3D X-ray histology 
matching may prove simpler than histology-to-MRI matching, 
thanks to the comparable resolution and more similar appear-
ance between label-free 3D X-ray histology and common 
stains, cf. Figure 6. In this study, correspondence was only 
found approximately through the manual rotation and trans-
lation of 3D X-ray histology datasets. Furthermore, even after 
the coarse alignment of 3D X-ray histology with the atlas co-
ordinate frame, several rotations were necessary for approxi-
mate alignment with coronally sectioned histology slices. 
The development of automatic or semi-automatic 
slice-to-volume registration is therefore desirable, as it would 
unlock the possibility of virtual staining (Rivenson et al., 
2019) of label-free, 3D X-ray histology. 

Morphological analysis with sparse, artifact-containing 
two-dimensional histology slices only allows for approximat-
ing the volumes and surface areas of cell layers. These 

approximations can be refined with 3D X-ray histology, cf.  
Figure 8 and reference (Janz et al., 2017b), Figure 1c. 
Additionally, measured areas in histological sections e.g. the 
GCL area for quantifying GCD, depend on the angle of sec-
tioning. Volume measurements may therefore provide more 
robust outcomes, albeit a detailed comparison is needed 
with precise correspondence of histological slice and 3D 
X-ray histology volume, as well as the quantification of seg-
mentation errors for both modalities. In the present study, dif-
ferences in measured volumes and intensities between ground 
truth and U-Net-based segmentations were of the order of a 
few percentage points. For reference, the changes seen in  
Figure 9 were at least an order of magnitude larger. The three- 
dimensional nature of 3D X-ray histology should also allow 
for the introduction of further morphological metrics for 
quantifying hippocampal sclerosis. 

In this study, we calculated the volume of the three DG 
layers based on segmentation. Simple automated approaches 
to segmenting unstained 3D X-ray histology data were sub-
optimal due to a lack of specificity. Anatomical borders are 
often based on connectivity or cell type in a given region, 
which were inaccessible in the present 3D X-ray histology 
data; thus, manual segmentation was needed. It should be 
kept in mind that even manual segmentation produced vari-
ability, as demonstrated by the DSC for manually relabeled sli-
ces. In addition, a complete manual segmentation of the 3D 
X-ray histology data would be extremely time-consuming, 
so a machine learning-based approach was employed based 
on a U-Net architecture (Ronneberger et al., 2015) and a train-
ing set of a limited number of manually segmented two- 
dimensional virtual slices. This approach produced accurate 
segmentations with less than a tenth of the volume used for 
training. Furthermore, it revealed a promising degree of gener-
alizability, as evidenced by Table 3, which is critical for future 
studies with larger sample sizes. Thus, off-the-shelf networks 
can accelerate the segmentation of 3D X-ray histology data, 
and a more tailored network would likely allow for even fewer 
manually labeled slices, albeit at the expense of development 
time and computational resources. Based on visual inspection, 
ring artifacts present in the tomography datasets had only mi-
nor effects on segmentation quality, see the examples in  
Supplementary Figure 2. Note that also the manually labeled 
training data included slices with such artifacts. Due to their 
relative infrequency within the volumetric data and independ-
ence from dentate gyrus region, hemisphere, and group, ring 
artifacts are not expected to introduce bias but may somewhat 
increase variance of measured quantities. Thus, errors in the 
mean or standard deviation of intensity values are expected 
to be smaller than those due to segmentation errors reported 
in Table 4. Volume errors due to ring artifacts are encom-
passed in the values of Table 4 because manual gold-standard 
labels did not suffer from segmentation errors in these regions. 

In the present study, both the morphology and density of 
the DG layers showed changes during epileptogenesis. 
Future studies with higher resolution will uncover subcellu-
lar features, which will not only help improve segmentation 
(LaGrow et al., 2018; Balwani et al., 2021) but also allow 
for a more detailed understanding of the pathological pro-
gression. Segmentation of individual cells (Hieber et al., 
2016; Töpperwien et al., 2018; Prasad et al., 2020) will al-
low for testing the hypothesis that an increased standard de-
viation of the signal intensity from Day 1 mice is related to 
cell death.  
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A drawback of the present synchrotron radiation-based ap-
proach is the lack of accessibility. Due to limitations in beam-
time, both ipsi- and contralateral hemispheres could be 
measured for only eight of the 14 mice. Laboratory-based mi-
crotomography may bridge this gap, with impressive results 
using conventional absorption contrast (Khimchenko et al., 
2016) and more recently phase contrast (Töpperwien et al., 
2018, 2020). As more of these systems enter the market 
(Migga et al., 2022), 3D X-ray histology can be integrated 
into the existing workflow of histopathology (Twengström 
et al., 2022). A major practical barrier for these laboratory 
systems in a clinical setting is long scan times e.g. more than 
10 h for true micrometer resolution. Future studies should 
examine how far the increased flux from advanced X-ray sour-
ces, such as liquid metal jet systems, can address this issue. 

For future mTLE studies, three-dimensional information 
from 3D X-ray histology will allow for assessing the spatial 
extent of tissue damage and scarring at the kainate injection 
site, thus guiding a limited number of histological sections in 
the most relevant regions. Further, precise structural informa-
tion is crucial for interpretation of electrophysiological sig-
nals. Thus, microanatomical information from 3D X-ray 
histology could aid EEG studies with planning electrode posi-
tioning or precise retrospective determination of electrode 
locations. 

MRI plays an essential role in investigations of mTLE, par-
ticularly since it is the gold standard for in vivo imaging. It pro-
vides structural and functional information through 
techniques like functional MRI or diffusion tensor imaging, 
while also offering the potential for multi-parametric imaging 
to combine anatomical, functional, and metabolic informa-
tion in a single scanning session. While variations of MRI 
can achieve spatial resolutions on the order of tens of micro-
meters, post mortem X-ray microtomography with true mi-
crometer resolution provides higher resolution by an order 
of magnitude higher in all three spatial dimensions, i.e., voxels 
more than 103 times smaller. 3D X-ray histology provides 
structural imaging of length scales from cellular-level, includ-
ing neuronal morphology, for macroscopic brain regions or 
even entire brains (Rodgers et al., 2022b). 3D X-ray histology 
is therefore uniquely positioned to bridge the gap between 
nondestructive, including in vivo three-dimensional MRI 
and two-dimensional histological analysis at the cellular level 
(Schulz et al., 2012). Future studies should include a quantita-
tive comparison of MRI and 3D X-ray histology, focusing on 
whether the higher resolution of the latter improves quantifi-
cation of three-dimensional structures. Notably, although pre-
vious high-resolution MRI in the intrahippocampal mouse 
model for mTLE successfully tracked the progression of histo-
logical changes primarily associated with granule cell disper-
sion (Janz et al., 2017b), it lacked clear cellular resolution. 
However, the ability to deduce cell densities in hippocampal 
subfields holds great significance for mTLE research, consider-
ing the distinct functions of cell subtypes, such as pyramidal 
cells in the Cornu ammonis, dentate granule cells, and hilar 
mossy cells. This cellular information could assist researchers 
in unraveling how the loss of neurons in these specific subfields 
contributes to the occurrence of epileptiform discharges and 
their distinctive characteristics. 

For treatment of mTLE in a clinical setting, MRI plays a cru-
cial role in epilepsy surgery planning, while histology is vital 
for postoperative analysis of hippocampal sclerosis to assess 
the long-term prognosis of seizure freedom. Interestingly, 

microstructural features that may be inaccessible with MRI 
appear to yield predictive value for postsurgical outcome 
(Deleo et al., 2016; Johnson et al., 2016; Sala-Padro et al., 
2020; Grote et al., 2023). Still, variations along the hippocam-
pal axis hinder the quantification of the degree of hippocampal 
sclerosis and complicate any evaluation with limited sections 
from conventional histology. 

Conclusions 
We have demonstrated the utility of post mortem 3D X-ray 
histology for studying epileptogenesis in a mouse model. 
Histopathological progression was identified via the electron 
density-based contrast of label-free X-ray microtomography, 
and three-dimensional morphology was assessed without 
physical sectioning. Importantly, 3D X-ray histology was 
benchmarked against gold-standard histopathological ana-
lysis based on optical microscopy. Analysis of the volumetric 
data requires distinct tools compared to conventional hist-
ology, though it is possible to take advantage of developments 
from medical imaging and other microscopy disciplines e.g. 
three-dimensional electron microscopy. For example, the use 
of deep convolutional neural networks has enabled micro-
structural analysis without exhaustive manual labeling. 
Thus, 3D X-ray histology complements conventional histo-
pathological analysis and unlocks the third dimension. This 
X-ray microscopy technique will find increasing application 
in epilepsy research and beyond. 

Availability of Data 
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