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ABSTRACT: The 3D functional reconstruction of a whole organ or organism down to the single cell level and to the subcellular
components and molecules is a major future scientific challenge. The recent convergence of advanced imaging techniques with an
impressively increased computing power allowed early attempts to translate and combine 2D images and functional data to obtain in-silico
organ 3D models. This review first describes the experimental pipeline required for organ 3D reconstruction: from the collection of 2D se-
rial images obtained with light, confocal, light-sheet microscopy or tomography, followed by their registration, segmentation and
subsequent 3D rendering. Then, we summarise the results of investigations performed so far by applying these 3D image analyses to the
study of the female and male mammalian gonads. These studies highlight the importance of working towards a 3D in-silico model of
the ovary and testis as a tool to gain insights into their biology during the phases of differentiation or adulthood, in normal or pathological
conditions. Furthermore, the use of 3D imaging approaches opens to key technical improvements, ranging from image acquisition to
optimisation and development of new processing tools, and unfolds novel possibilities for multidisciplinary research.
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Introduction

The 3D functional reconstruction of an entire organ or organism
down to the single cell level and to the subcellular components and
molecules is a major future scientific challenge. Until a few years ago,
the possibility to reproduce in-silico a model of an organ, to map each
single cell and to integrate this spatial information with functional fea-
tures, such as differentiation trajectory, physiological status and gene
and protein expression profiles, was a visionary but yet unachievable
objective. In more recent years, the convergence of advanced imaging
techniques with an impressively increased computing power allowed
early attempts to translate and combine 2D images and functional data
to obtain organ 3D reconstruction.

Several network initiatives shared data collections obtained on organ
serial sections analysed with classical histology, immunohistochemistry
or in situ hybridisation alongside gene or protein expression datasets
from tissue disaggregates. The eMouseAtlas (www.emouseatlas.org),
an extraordinary example of community resource, originated from
“The Atlas of Mouse Development” (Kaufman and Kaufman, 1992),
gives the opportunity, thanks to an interactive anatomy browser, to
observe hundreds of anatomical, histological, immunohistochemical and
in situ hybridisation images ranging from the |-cell embryo to the adult.

Another initiative is ‘The Human cell atlas project’ (www.human
cellatlas.org), launched in 2017 (Regev et al., 2017) and aimed at
producing an interactive 3D atlas of each human cell type that could
be used for predictive modelling and interrogated to gain functional

© The Author(s) 2021. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.

For permissions, please email: journals.permissions@oup.com

120z ¥1snBny 10 uo 3senB Aq G9Z621.9/2000BED/E//Z/9191E/1US|0W/W0d dNo"olWapeoe)/:sdjy WoJ) POPEOJUMOQ


http://orcid.org/http://orcid.org/0000-0003-08032405
https://orcid.org/0000-0003-4648-0663
http://orcid.org/0000-0003-4648-0663
http://orcid.org/0000-0003-4648-0663
http://orcid.org/0000-0003-4648-0663
http://orcid.org/0000-0003-08032405
http://orcid.org/0000-0003-08032405
http://www.emouseatlas.org
http://www.humancellatlas.org
http://www.humancellatlas.org

Fiorentino et al.

and structural information from the organ scale to the single-cell
resolution. Ambitious as it is, this project still lacks reconstructed
3D models of each organ type, i.e. in-silico environments that incor-
porate the organ’s anatomical structures as well as form and iden-
tity of each single cell type together with its spatial position.
Comprehensibly, this step is, of the whole project, as difficult as try-
ing to characterise the specific molecular signature of each cell.

The work done so far on the brain, which remains the most investi-
gated organ, represents a leading example of procedures, instrumenta-
tion and technical advancements from which to derive important tips
and guidelines (Bjerke et al., 2018).

On the opposite side, the 3D modelling of gonads attempted so
far is still preparatory, and an aim of the present review is to in-
crease the awareness and stimulate interest to join forces towards
this objective. Our main scope is to summarise and highlight those
studies that, beginning with the collection of 2D serial images of the
whole gonad volume, and following with their registration, segmen-
tation and 3D rendering, contribute to the production of a digital
3D model. Although a large number of whole-mount in situ hybrid-
isation studies published during the last 20 years have improved our
understanding of gonad biology, particularly during sex determina-
tion and differentiation, a limit of this procedure is the production
of a single 2D picture of the whole organ/organism that cannot be
further elaborated to reach a 3D model. For these reasons, these
articles were not included.

Here, we will first describe the experimental pipeline that, by
combining basic imaging techniques with data processing tools, is
required for organ 3D reconstruction. Then, we will summarise the
results obtained so far by applying these 3D image analyses to the
study of female and male gonads. We performed a systematic bib-
liographical search, without temporal limits, using PubMed, Web of
Science and Scopus search engines employing the keywords ovary,
testis, folliculogenesis, oogenesis and spermatogenesis combined
with three-dimensional imaging, three-dimensional rendering, three-
dimensional modelling, volume reconstruction, organ clearing, con-
focal microscopy, light sheet microscopy, tomography, ultrasonog-
raphy, magnetic resonance imaging, micro-computed tomography,
synchrotron radiation computed tomography, and histology or
three-dimensional histology.

A great majority of the studies found were carried out on Mammals.

Finally, we will highlight how the study of mammalian gonads using
3D imaging approaches opens up novel possibilities for multidisciplinary
research.

Key tools for whole organ 3D
reconstruction

A 3D reconstruction pipeline infers the geometric 3D structure of an
object through four main steps, beginning with the collection of 2D se-
rial images, their registration, segmentation and ending with 3D ren-
dering (Fig. 1).

Image acquisition

Images are acquired either on histological serial sections or directly on
the entire organ using optical or tomographic sectioning.

With histological samples, digitalisation is an additional step re-
quired to convert physical sections into a digital collection of images
covering all the object volume. Digital histological slide scanners are a
fast and reliable system for automatic whole-slide scanning of racks
containing hundreds of slides, but with a limited magnification of be-
tween 20 to 40X (Kumar et al., 2020). Alternatively, sections may be
digitalised using a light microscope equipped with a camera, motorized
XYZ stage and software for image stitching (Saalfeld, 2019). This pro-
cedure, although much slower, allows the use of objectives with a
higher magnification up to 100X.

Instead, whole-organ optical sectioning is performed with confocal
laser scanning microscopy (CLSM) or light-sheet fluorescence
microscopy (LSFM). Samples are prepared for whole-mount immuno-
fluorescence, which includes a tissue clearing step with large-size speci-
mens (Richardson and Lichtman, 2015, 2017). Tissue clearing methods
make organs permeable to molecular markers and optically transparent
by removing lipids, the main components responsible for the heteroge-
neous refractive index. Five different clearing approaches have been de-
veloped: solvent-based, aqueous-based, simple immersion, hyper-
hydration or hydrogel-embedding (Richardson and Lichtman, 2017).

Tomography is a technique that, by using several types of pene-
trating electromagnetic waves, produces a true 3D reconstruction of
an organ, with cubic voxels and isotropic resolution. During scanning,
the sample is rotated to collect 2D projections from different rotation
angles. Then, these images are used to reconstruct stacks of tomo-
graphic sections across the total 3D volume.

Registration

Image registration is the process of alignment of points that are common
in subsequent images to obtain a coordinated and coherent stack. This
is a step crucial when 3D reconstruction is made from histological serial
sections, but it is not required with confocal or tomographic images,
which are immediately available for segmentation and 3D visualisation.
Two types of algorithms, the rigid (Ourselin et al., 2000) or the elastic
(Davatzikos, 1997) transformation, are the most commonly used and
are implemented in both open source (e.g., ImageJ, National Institutes
of Health: NIH) and commercial (e.g., Amira/Avizo, Thermo Fisher
Scientific) software. The rigid algorithm rotates and translates images to
match pixels; instead, the elastic algorithm uses a scaling factor to stretch
pixels and match them perfectly to those of a reference image.

Segmentation

Segmentation (or annotation) is the process that leads to partitioning
of a 2D image into multiple regions of interest (ROls), each with a set
of pixels that has a biological meaning. Segmentation can be performed
using either one or a combination of five methods: with the pixel-
based method, each pixel is segmented according to its grey intensity
value (thresholding algorithm; Otsu, 1979); the edge-based method
identifies and joins front pixels to form the ROl boundaries (level-set
function; Sethian, 1999); the region-based method, instead, considers
exclusively the grey levels of neighbour pixels and joins them together
(region-growing algorithm; Adams and Bischof, 1994). The complexity
of segmentation of certain biological structures, such as the ovary itself,
requires either a manual approach or the use of deep learning technol-
ogies, capable of highlighting hidden patterns, unseen by the naked
eye, and use them for improved structure identification (convolutional
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Figure I. Four main steps of the in-silico organ 3D reconstruction pipeline. (A) Image acquisition is performed either from histological
serial sections with light-microscopy or directly on the whole organ using optical or tomographic sectioning. (B) Registration, a required processing
for the 3D reconstruction from histological sections, aligns points that are common in subsequent images to obtain a coordinated and coherent stack.
(€) Segmentation is the process of partitioning each 2D image into multiple regions of interest (ROIs) with a specific biological meaning. (D) 3D ren-
dering, the final step, gives a representation of organ 3D volume and depth by modulating light, shades and transparency.

neural network; Sahiner et al., 2019). Among the different software
employed, Image), ITK-SNAP (University of Pennsylvania and
University of North Carolina), 3D Slicer (NIH), Imaris (Oxford
Instruments), Amira/Avizo or ChimeraX (University of California San
Francisco) implement segmentation algorithms.

3D rendering

3D rendering refers to Computer Graphics methods that use lighten-
ing and shading techniques to represent, on a 2D monitor, the 3D

volume and the depth of the analysed organ. Following ROl segmenta-
tion, 3D rendering of an organ is achieved using two main algorithm
families: the Surface Rendering (SR) and the Volume Rendering (VR)
(El Seoud and Mady, 2019). SR uses a mesh of polygons capable of ap-
proximating an isosurface from the segmented perimeter of the organ,
resulting in a final object with an opaque and luminous surface. For ex-
ample, the marching cubes is the most commonly used SR algorithm
for extracting isosurfaces from a dataset. In contrast, VR shows not
only the surface of an organ, but also its internal biological characteris-
tics. VR algorithms, such as volume ray casting, work on voxels - 3D
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counterparts of the 2D pixels - by exploiting their shading, opacity and
colour features codified through RGBA values (Red, Green, Blue,
Alpha, the latter specifies the opacity). 3D rendering of histological
sections presents drawbacks when trying to infer tissue structures
within the section thickness, as the interpolation performed to join
two serial sections remains the trickiest step to solve. Among the dif-
ferent software employed, Image), ITK-SNAP, 3D Slicer, Imaris and
Amira/Avizo or ChimeraX (University of California San Francisco) im-
plement 3D rendering algorithms.

Below is a summary of the work done using, either partially or
completely, this 3D-reconstruction pipeline to study female or male
gonads under normal or pathological conditions.

3D imaging and reconstruction
of the mammalian ovary
The ovary is one of the most dynamic organs, not only during foetal

development, when we observe its transformation from genital ridge
to functional gonad, but also during adulthood when spatially

intersecting cycles of growing follicles modulate the acquisition of oo-
cyte developmental competence. The journey of the germ cell initiates
in the allantoid region of the 7.5 day post coitum (dpc) mouse embryo
from where a group of about 100 primordial germ cells (PGCs)
migrates, reaching its final destination in the genital ridges at around
10.5 dpc. Once settled, PGCs go through repeated and incomplete
divisions to form cysts enclosing up to 30 interconnected germ cells
(McLaren, 1984; Tam & Snow, 1981). Then, oogonia will begin to en-
ter meiosis (12 dpc) (Wassarman, 1988) and the cysts fragment until
soon after birth, when the ovary will contain only follicles enclosing sin-
gle prophase l-arrested oocytes (Lei and Spradling, 2013; Pepling and
Spradling, 1998, 2001). With the beginning of puberty, folliculogenesis
becomes a cyclic process with the recruitment, at each cycle, of about
40 primordial follicles, a small minority of which will complete matura-
tion and will be eventually ovulated.

Most of this information derives from studies in which the female
gonads were either observed on 2D histological sections or disaggre-
gated into separate functional units (i.e., follicles or oocytes) for further
cytological and/or molecular analysis, thus altering the topographical

Table I Studies attempting a 3D reconstruction of the mammalian ovary or testis.

Method Instrument* Model study 3D reconstruction Reference
pipeline step™*
Ovary 3D optical imaging CLSM Mouse | Cordeiro et al., 2015
Mouse I,3and 4 Faire et al., 2015
Mouse | and 3 Malki et al., 2015
Mouse l,3and 4 Fengetal., 2017
Mouse | and 3 Rinaldi et al., 2017
LSFM Mouse |,3and 4 Kagami etal., 2018
Rat |,3and 4 Maetal., 2018
Mouse |,3and 4 Orenetal., 2018
Mouse |,3and 4 McKey et al., 2020
Tomography microCT Rat, dog, cat, cow, | Paulini et al., 2017
horse, pig, donkey
Mouse I,3and 4 Fiorentino et al., 2020
MRI Mouse | and 3 Hensley et al., 2007
Ultrasonography Mouse | Mircea et al., 2009
Mouse | Migone et al., 2016
Human |,3and 4 Nylander et al., 2017
Synchrotron Radiation CT Mouse |,3and 4 Kim et al., 2012
3D histology Light microscopy Horse -4 Kimura et al., 2005
Cat | -4 Prozorowska et al., 2018
Testis 3D optical imaging CLSM Mouse I,3and 4 Combes et al., 2009
Mouse | and 3 Malki et al., 2015
Mouse |,3and 4 Kaufman et al., 2020
Mouse |,3and 4 Nguyen et al., 2020
LSFM Human |,3and 4 Belle et al., 2017
Tomography microCT Mouse I,3and 4 Silva et al., 2015
Synchrotron Rat |,3and 4 Thet-Thet-Lwin et al., 2018
X-ray imaging
3D histology Light microscopy Mouse | -4 Nakata et al., 2015
Mouse | -4 Nakata et al., 2017

*: CLSM, confocal laser scanning microscopy; LSFM, light-sheet fluorescence microscopy; microCT, micro-computed tomography.

**: 1, acquisition; 2, registration; 3, segmentation; 4, 3D rendering.
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representation of events occurring during oogenesis. Recent improve-
ments in imaging techniques give powerful insights to extend our com-
prehension of follicle growth and its relationship with the surrounding
vasculature (Feng et al., 2018).

During the past 5years, using 3D optical imaging, tomography or
3D histology techniques, a total of I8 papers attempted a 3D repre-
sentation of the whole mammalian ovary at different developmental
and postnatal stages (Table ). Among these, eight studies completed
all four steps of the reconstruction pipeline, from image acquisition,
registration (when needed), segmentation and rendering, up to the
proposal of a 3D model of the ovary. Thanks to these experiments,
several aspects of oocyte and follicle maturation, vessel formation and
remodelling were revisited or studied for the first time in the 3D con-
text of the normal or pathological ovary, throughout foetal and adult
oogenesis and folliculogenesis.

3D optical imaging

In one of the earliest studies of this kind, Cordeiro et al. (2015), work-
ing on confocal image stacks of whole-mount ovaries (pipeline step I;
Fig. 1), challenged the production line hypothesis (Henderson and
Edwards, 1968) according to which the first oogonia entering meiosis
(12.5 dpc) and undertaking prophase | arrest, will also be those
oocytes recruited for the first wave of folliculogenesis at the beginning
of puberty. By using transgenic mice for Mvh, Gdf9 and Zp3 pro-
moters—whose proteins mark simultaneously germ cells, primordial
or growing follicles, respectively—the 3D approach used allowed the
drawing of a geographic map of the early stages of follicle formation,
from 12.5 dpc to 12days post-birth (dpb). These results highlighted
the presence of two different spatial localisations for the group of oo-
gonia that first enter meiosis (12.5 dpc, anterior-ventral region of the
ovary) and for those oocytes that are recruited at the first wave of fol-
licles growth (3-4 dpb, anterior-dorsal region of the ovary). Finally,
these data suggested a key role of both cortex and medulla differentia-
tion in recruitment of the first follicles.

Another group of studies employed 3D confocal analysis of the
whole ovary (pipeline step |) to obtain a more accurate oocyte count
compared to that obtained with traditional histology. Malki and collab-
orators studied the mouse ovary during a developmental window be-
tween 15.5 and 18.5 dpc, when foetal oocyte attrition occurs (Malki
et al., 2015). Using the hyperhydration clearing procedure ScaleA2, to-
gether with the Tra98 germ cell-specific marker, they described a sig-
nificantly lower oocytes loss (27%) compared to that previously
determined using 2D histological serial sections (44%). In addition, the
authors proposed a 3D rendering (pipeline step 4) of the volume oc-
cupied by germ cells in 18.5 dpc ovary.

Similarly, using the ScaleS4(0) hyperhydration clearing procedure
and nuclear (p63) and cytoplasmic (mouse vasa homolog: MVH)
oocyte-specific markers on 5-day-old mouse ovaries, Rinaldi et al.
(2017) evaluated the potential of pharmacological inhibition of kinase 2
(CHK2), a key element of the oocyte DNA damage checkpoint re-
sponse, to preserve ovarian function during radiotherapeutic treat-
ment. Oocyte count, performed with the Analyze particle function of
Fljl-lmage] software on 3D projections of confocal planes, showed that
CHK?2 inactivation preserved oocytes and their viability.

Another study aimed at identifying the 3D spatial localisation and
counting of primordial follicles in day | to 24-week-old mice. Confocal

images of whole-mount ovaries were immuno-stained with the primor-
dial oocyte-specific Nobox marker (Faire et al., 2015) and analysed
with Volocity 6.2 (Improvision) image processing tool and a custom-
made Matlab program. This work showed—with improved accuracy
compared to 2D histological counts (Gosden et al., 1983; Richardson
et al., 1987) - that the reserve of primordial follicles plays a key role in
fertility maintenance, and that a drop in primordial follicle number cor-
relates with owulation arrest. In addition, the counting of small non-
growing primordial follicles in day | to 24-week-old ovaries was used
to build a linear model that predicted a decreased number during
adulthood, down to about 500 primordial follicles at the end of repro-
ductive life (Faire et al., 2015).

This age-dependent follicle loss has been substantiated by a further
3D optical image study. The use of another tissue clearing method,
CLARITY, combined with advanced image processing tools (Imaris),
led to an important contribution to the 3D reconstruction of the
mouse ovary together with its vasculature (Feng et al., 2017) (pipeline
steps |, 3 and 4). This study described and produced in-=silico models
of the spatial relationship between follicles during mouse life, from
birth to senescence, and the role of ovarian blood vessel remodelling
throughout folliculogenesis. Specifically, the use of immuno-markers for
primordial, growing or fully-grown antral follicles allowed information
to be obtained on several key aspects of the folliculogenetic process in
a 3D context. For example, the count and spatial localisation of the
different follicle types confirmed an age-dependent loss (Faire et al.,
2015). Furthermore, the use of platelet endothelial cell adhesion
molecule-1, an endothelial cell marker, allowed the modelling of a
follicle-vasculature spatial interaction map, which showed that: follicles
are not randomly distributed inside the organ volume, but are located
along main vasculature branches; after FSH-mediated follicle
recruitment, the avascular primordial follicles start growing and
secrete vascular endothelial growth factor A (VEGFA) to promote
neo-angiogenesis; and in VEGFA mutant mice or mice treated with
axitinib, a VEGF receptor-targeted tyrosine kinase inhibitor, vasculature
remodelling is arrested causing defective ovulation.

Whilst the studies described above made use of classical CLSM,
four recent papers combined LSFM with clearing procedures (Kagami
et al,, 2018; Ma et al., 2018; Oren et al., 2018; McKey et al., 2020).
Although a drawback of LSFM is its lower magnification power and
resolution, the laser shaped into a light sheet orthogonal to the sample
allows a larger field of view and faster acquisition of intact organs or
entire small animals with minimal sample exposure and photobleaching
(Santi, 201 1).

The combination of LSFM with WOBLI (whole-organ blood and
lymphatic vessels imaging), a new clearing method developed for
ovary, uterus, lung and liver, allowed an important step forward for
3D imaging of blood and lymphatic vessels, extensively involved in
remodelling and neo-angiogenesis during adult folliculogenesis (pipeline
steps |, 3 and 4; Oren et al., 2018). This method identified and spa-
tially localised even the smallest capillaries surrounding growing follicles,
and, when combined with processing tools implemented in Image] and
Imaris, performed a quantitative analysis of the 3D vascular network,
thereby extracting preliminary data of vessel size in terms of diameter
(mean: 14 um), total organ vasculature length (mean: 1.38cm), and
vasculature length surrounding single antral follicles (mean: 45.40 mm).

Another study, combining LSFM with the clearing procedure CUBIC
on ovaries of EGFP transgenic mice, described the 3D localisation of
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individual follicles and of their oocyte, granulosa and theca cell compo-
nents (pipeline steps |, 3 and 4; Kagami et al., 2018).

The use of CUBIC together with the clearing method iDISCO and
the immunostaining for smooth muscle actin alpha (aSMA; interstitial
marker), anti-Mllerian hormone (AMH; granulosa cells), and MVH
(oocyte) allowed the identification of all follicle types within the adult
mouse ovary (McKey et al., 2020). Images, acquired through either
LSFM or CLSM, were further processed with Imaris software obtaining
automatic segmentation and 3D rendering of individual follicles (pipe-
line steps I, 3 and 4). In addition, labelling of the whole ovary with
ENDOMUCIN for endothelial cells and with TUJI for nerves permit-
ted the observation of the ovarian main vasculature and micro-
capillaries, and of the intricate network of neural projections that ex-
tend from the medulla towards the cortex.

LSFM and CLARITY were also applied to study ovarian pathologies,
such as polycystic ovary syndrome (PCOS), which causes disruption of
the oestrus cycle and anovulation (pipeline steps |, 3 and 4; Ma et al.,
2018). Using tyrosine hydroxylase to identify different follicles morpho-
logically, a recent study showed a decrease of antral and a lack of
fully-grown preovulatory follicles in 5a-dihydrotestosterone-induced
PCOS-like rat ovaries. They further used PECAMI and proliferating
cell nuclear antigen to mark ovarian vasculature and neo-vascularity,
respectively, suggesting that problems in follicle maturation and anovu-
lation in women with PCOS might relate to atypical organisation of
the ovarian vasculature around antral follicles, with changes in size and
number of local blood vessels and impaired neo-angiogenesis.

Tomography

Tomography is, of all the imaging methods, the only one that gives a
true 3D model with cubic voxels and isotropic resolution. There are
four main tomographic techniques used to study the ovary in vivo or
ex vivo: MRI (Van Reeth et al., 2012), ultrasonography (US; Campbell,
2019), synchrotron radiation computed tomography (SR-CT; Zehbe
et al, 2010) and micro-computed tomography (microCT; Rawson
et al., 2020), The results obtained so far with MRl and US are limited
to the identification of large corpora lutea, pre-ovulatory and antral fol-
licles. Only the use of SR-CT or microCT allowed the localisation of
small pre-antral follicles.

Using a transgenic mouse model of ovarian cancer, MRI was used
for volume quantification (pipeline steps | and 3) of epithelial ovarian
cancer progression in vivo (Hensley et al., 2007).

The efficacy of a tomographic approach as a diagnostic tool for
PCOS was highlighted by comparing traditional 2D trans-vaginal ultra-
sonography (TVUS) with 3D TVUS to measure human ovarian volume
and estimate antral follicles number (Nylander et al., 2017). A limit of
the 2D approach is its approximation to an ovoid ovary shape and,
therefore, an underestimation of its volume and follicle number.
Instead, 3D TVUS, combined with segmentation (VOCAL) and vol-
ume (SonoAVC) analysis tools, allowed a 3D reconstruction (pipeline
steps |, 3 and 4) and a more precise estimation of the ovary shape
and volume, together with an accurate counting of antral follicles. In
addition, TVUS-mediated antral follicle count, turned out to be effi-
cient in predicting the number of oocytes retrieved in IVF cycles after
FSH stimulation.

Trans-abdominal ultrasonography combined with intravital multipho-
ton microscopy was used to study the role of vasoconstriction

occurring at the time of mouse follicle rupture (Migone et al., 2016).
This study used intravital multiphoton microscopy to analyse, during
owvulation, the diameter and the blood flow of small vessels and the
thickness of the apical pre-ovulatory follicle wall (pipeline step I).
Comparing wild-type with mice deficient for vascular smooth muscle
surrounding theca vessels (Amhr2cre/+SmoM?2), they showed a direct
correlation between the presence/absence of vasoconstriction and fol-
licle rupture/block of ovulation. Using trans-abdominal ultrasonography
in vivo allowed an increase in the imaging depth through the entire pre-
owulatory follicle. Altogether, these results demonstrated that vasocon-
striction and decreased blood flow are restricted to the external apex
of pre-ovulatory follicles, highlighting their key role in ovulation.

Another ultrasound technique used for in vivo analysis of the adult
mouse ovary, although only in a single study, is ultrasound biomicro-
scopy (UBM), a near-microscopic resolution tomography (Mircea et al.,
2009). Comparison with digitalised histological sections showed the reli-
ability of the UBM technique for the counting of corpora lutea, and an-
tral and pre-ovulatory follicles > 300 pm in diameter (pipeline step I).

SR-CT was used, for the first time, on intact ovaries of vaccinia-
related kinase | (VRKI)-deficient mice, to investigate the role of VRKI
in modulating cell cycle progression during oogenesis (Kim et al.,
2012). This 3D analysis allowed an accurate reconstruction and quanti-
fication (pipeline steps 1,3 and 4) of follicles from the pre-antral to the
pre-ovulatory stage. Compared to wild-type, the number of pre-antral
and antral follicles in VRKI-deficient ovaries was significantly reduced
by 38% and 46%, respectively. Furthermore, the volume of VRKI-
deficient antral and fully-grown pre-ovulatory oocytes decreased by
42% and 37%, respectively, suggesting a reduced quality.

To date, two studies have attempted the characterisation of the
ovarian organisation using microCT. In the first, Paulini et al. (2017)
analysed seven different fixed mammalian ovaries: rat, dog, cat, cow,
horse, pig and donkey. Using iodine tincture as the contrast agent, this
X-ray imaging technique led to the distinction between cortex and me-
dulla regions, and the identification of corpora lutea and antral follicles
(pipeline step 1). In addition, microCT images allowed the visualisation
of the main blood vessels and their distribution.

In a more recent study (Fiorentino et al, 2020), |.5um/pixel
microCT imaging of the adult mouse ovary, combined with Image] and
Avizo image processing tools, allowed the identification, 3D mapping
and counting of secondary to fully-grown antral follicles and corpora
lutea (pipeline steps |, 3 and 4). This analysis demonstrated that all fol-
licle types are equally distributed between the dorsal and ventral
regions of the ovary, and that each ovarian sector contains an equal
number of the different follicle types. For the first time, microCT
analysis brought up the main functional components of the growing fol-
licle, such as the granulosa and cumulus cells, the zona pellucida and
the oocyte with its nucleus. Furthermore, it allowed the visualisation
and 3D modelling of the main ovarian vasculature, from the largest
(150 pm in diameter) to the small (35 um) vessels present in the me-
dulla region.

3D histology

3D histology emerges as an alternative that could offer a number of
important advantages with regard to sub-cellular resolution and the
possibility to use a large portfolio of staining procedures, specific for
different cell organelles and physiological activities. The efforts made
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over recent years in developing this technique may be highlighted, for
example, by its immediate impact in improving disease diagnosis
(Griffin and Treanor, 2017).

To date, only two studies have employed 3D histology (pipeline
steps |-4) for the analysis of the ovary. A study analysed the develop-
ment of the cat urogenital system during the prenatal period and in
the adult, describing changes in size and position of the ovary within
the body (Prozorowska et al., 2018). The other showed, in the horse,
the spatial localisation of growing follicles in the cortical region, and of
the corpus luteum near to the ovulation fossa, a specific region where
owulation occurs (Kimura et al., 2005).

3D imaging and reconstruction
of the mammalian testis

The main compartments of the male adult gonad are the interstitial re-
gion, the seminiferous tubules and the rete testis that converges into
the epididymis outside the testis. The tubules encapsulate the seminif-
erous epithelium from which differentiated spermatozoa will originate.

As for the female, the history of the male germ cell initiates in the
foetus. Upon gonad differentiation (12.5 dpc in the mouse) the sex
cords will form the seminiferous tubules enclosing spermatogonia and
Sertoli cells, the only two cell types that will populate the seminiferous
epithelium throughout development and until puberty. After birth,
mouse spermatogonia type As undergo multiplying mitotic divisions to
form spermatogonia type Al, followed by A2, A3, A4, Intermediate
and type B. At puberty, type B spermatogonia enter meiosis, thus
building up a multi-stratified seminiferous epithelium made of differenti-
ating layers of primary and secondary spermatocytes, round and elon-
gating spermatids: the latter are released, as mature sperm, into the
tubule lumen, to be transported towards the rete testis first, and then
into the epididymis where they will be stored until ejaculation. Male
germ cell differentiation, from spermatogonia on the basal membrane
to spermatozoa in the lumen, is described through a number of stages
of the cycle of the seminiferous epithelium (e.g., 12 in the mouse or
six in human), defined as associations of specific types of spermatogo-
nia, spermatocytes, round and elongated spermatids (Oakberg, 1956).

During the past 5years, eight studies have attempted 3D imaging
and reconstruction of the whole mammalian testis using 3D optical im-
aging, tomography or 3D histology. These studies allowed the 3D de-
scription of the seminiferous tubules’ organisation and localisation
inside the testis and contributed insights into the progression of the
cycle of the seminiferous epithelium, in normal or pathological
conditions.

3D optical imaging

In a very recent study, whole-mount immunofluorescence on intact
E12.5-14.5 foetal mouse testes was used to investigate the apoptotic
events occurring at the time when PGCs initiate differentiation to
pro-spermatogonia (Nguyen et al., 2020; pipeline step |, 3 and 4).
Immuno-staining with Tra98 and the late-stage apoptotic marker
cleaved-PARP showed an increasing number of apoptotic PGCs from
E12.5 to EI4.5; these dying cells were clustered and evenly distributed
inside the gonad. Interestingly, the frequency of apoptotic PGCs in
Tex|4™"~ testes lacking intercellular bridges did not differ from that of

wild-type gonads; also, PGCs displayed a clustered distribution,
suggesting that the apoptotic potential is maintained in disconnected
germ cells. An integration of these results with single-cell RNA-
sequencing analyses allowed the identification of an apoptosis-
susceptible PGCs subpopulation isolated from EI3.5 testes. These
PGCs exhibited a higher DNA methylation profile that correlated with
impaired expression of genes involved in cell differentiation.

In an elegant study, whole-mount mouse 12.5 to [5.5 dpc male
gonads were immuno-labeled with the Sertoli cell marker SOX9, the
vascular marker VE-cadherin, and counterstained with anti-mouse
Alexa 555, to demonstrate that testis cords arise through a strong 3D
remodelling of a primitive cord network (pipeline steps |, 3 and 4;
Combes et al., 2009). Specifically, 3D models, reconstructed using the
program IMOD (University of Colorado), highlighted that cords: are
present in a number higher than previously reported; initially form a
network of irregular clusters of Sertoli and germ cells, subsequently
remodelled to form more regular parallel loops; remodel differently in
mesonephric and coelomic organ domains and their specification is
not stereotypic. Focusing always on the foetal male gonad, Malki et al.
(2015) applied the whole-mount approach developed for the ovary
(see above) to identify and count the presence of ~14400 germ cells
in E15.5 mouse testis.

Kaufman et al. (2020) combined a clearing procedure with immuno-
staining and confocal imaging for the 3D study of ~ 3 mm? blocks of
adult mouse testes. The use of ubiquitin C-terminal hydrolase (UCH-
L1) allowed the staining of spermatogonia and Sertoli cells, while SMA,
a marker for smooth muscle actin, labelled peritubular myoid cells and
muscular layers of blood vessels, simultaneously identifying cells lo-
cated both in seminiferous tubules and in interstitial tissue. The volume
reconstruction, obtained as a 3D projection of serial confocal images
(pipeline steps |, 3 and 4), permitted the spatial characterisation of
seminiferous tubules with near-histological resolution and subcellular
details, and also showed the physical relationship between tubules and
interstitial surrounding vasculature.

In a further study, by combining the 3DISCO clearing method with
LSFM, Belle et al. (2017) investigated the urogenital system during the
first trimester of human development, when sex determination occurs.
By using a double immuno-staining for Pax2 (Miillerian and Wolffian
duct cells) and Plvap (endothelial cells), the authors demonstrated a
correlation between the avascularisation of the male Miillerian duct
and its regression at gestational week 10 (pipeline steps |, 3 and 4).

Tomography

To date, a single study identified the seminiferous tubules 3D
organization using microCT (Silva et al., 2015). In this article, testes
underwent dehydration and staining with an alcohol-based iodine
contrast agent in order to obtain a homogeneous diffusion and limit
organ shrinkage during imaging. The use of this method on the adult
mouse testis allowed also the identification of the tunica albuginea and
a 3D rendering of the organ surface, including the epididymis (pipeline
steps |, 3 and 4).

In addition, SR-CT, with 26 um/pixel resolution, was used ex vivo to
study testicular seminomas in aged rats (Thet-Thet-Lwin et al., 2018),
observing not only a heterogeneous organisation inside the tumour
mass, but also the presence of a rich vasculature involved in tumour
growth (pipeline 1,3 and 4).
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3D histology

The most insightful of all studies that attempted a male gonad 3D recon-
struction from histological sections is that of Nakata et al. (2015). These
authors determined the number, length and 3D spatial relationship
among seminiferous tubules from a collection of hematoxylin and eosin
stained serial sections of a mouse adult testis. A total of || seminiferous
tubules, each ~140mm in length, were individually identified, manually
segmented, reconstructed and superimposed on the 3D volume of the

Method

Day 10 Day 21 Day 60

A Day3

3D optical
imaging

Tomography
(SR-CT)

Tomography
(microCT)

3D histology

testis to observe their spatial localisation (pipeline steps [1-4). The 3D
model revealed that tubules are stacked in regular layers, most present-
ing a funnel shape with both ends connected to the rete testis.
Following periodic acid-Schiff-hematoxylin staining of testis serial sec-
tions of newborn, 21-day-old and adult mice, and using the acrosome
size and shape as staging markers, the authors identified, inside each
single tubule, the interval sequence of I-VI, VII-VIIl and IX-XII stages of
the cycle of the seminiferous epithelium (Nakata et al., 2017), and

Pros Cons
Molecular markers allow
the identification of
follicles from primordial to
preovulatory, and of the
main vasculature

Lack of an isotropic
resolution along
the x, y, z axes

Impossible to use
molecular markers;
limited resolution does
not allow the
identification of
primordial to
secondary follicles

Isotropic resolution along
the x, y, z axes allows a
true 3D reconstruction

Isotropic resolution along
the x, y, z axes allows a
true 3D reconstruction;

localisation of secondary

to preovulatory follicles,
with their internal

components, and of the
main vasculature

Impossible to use
molecular markers;
limited resolution does
not allow the
identification of
primordial and
primary follicles

Specific histological
staining allows 3D
reconstruction of the
seminiferous tubules and
the identification of the
main seminiferous
epithelium stages

Physical sectioning of
the whole testis;
lack of an isotropic
resolution along
the x, y, z axes

Figure 2. In-silico 3D models of mouse ovary and testis obtained with 3D optical imaging, tomography or 3D histology. For each
method used, the main advantages and disadvantages are listed. The illustrations are taken from the publications listed below and modified under the
terms of the Creative Commons Attribution License (CC BY). (A) Combination of Fig. | A and Fig. 5A from Feng et al. (2017). Upper panel: identifi-
cation and counting of follicles (green and red) and corpora lutea (CL: yellow) during female ageing; lower panel: main ovarian vasculature. (B)
Modification of Fig. | from Kim et al. (2012). i) 3D rendering of the whole adult ovary. Navy, pre-antral follicle; green, antral follicle; violet, Graffian
follicle; yellow, corpus luteum. i and iii) 3D rendering of an antral and a Graffian follicle, respectively. Yellow arrow, antrum cavity; red arrow, oocyte.
(€) Combination of Figs 3B and 2E from Fiorentino et al. (2020). i) Volume rendering of the different type of follicle present in the adult ovary
(Pedersen and Peters, 1968) from the preantral secondary (T4) to the fully-grown antral (T8) follicle. Blue, T4; red, T5; pink, Té; green, T7; orange,
T8; yellow, corpus luteum. i) Combined 3D rendering of microCT sections of the ovary and of the main vasculature. (D) Modification of Fig. 2 from
Nakata et al. (2015). Reconstruction of the | | seminiferous tubules present in an adult testis, each represented with a specific colour. Pink, rete tes-
tis. A further identification of the seminiferous epithelium stages was described by Nakata et al. (2017).
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demonstrated that the first spermatogenetic wave occurs preferentially
near to the rete testis. Also, the reconstructed 3D model showed a
regular testis architecture maintained from birth to adulthood (pipeline
steps |-4).

Conclusion and future
perspectives

Although the number of studies conducted is still small, the results
obtained so far already show the importance of working towards a 3D
modelling of the gonads and highlight how this perspective will im-
prove our knowledge on several key features of their biology during
differentiation or adulthood, in normal or pathological conditions.
Figure 2 summarises the main results of those studies that, by com-
pleting the four stages of the reconstruction pipeline, proposed a 3D
in silico model of the gonad.

Overall, the data on the ovary highlighted crucial aspects of the
temporal, spatial and quantitative dynamics of the oogenetic process,
from the entry of oogonia into meiosis (foetus) to the first recruitment
of follicles (puberty) and their subsequent maturation (adult).
Furthermore, they described the timing of its organisation into a me-
dulla and a cortex region, and the 3D relationship between growing
follicles and their surrounding capillaries.

Likewise, testis 3D modelling disclosed a specific internal spatial
organisation of the seminiferous tubules, which appeared arranged into
regular layers, with both ends directly linked to the rete testis.
Importantly, the region of connection between rete testis and tubules
also corresponds to the site where the earliest spermatogenetic
waves occur.

As a future perspective, the integration of a 3D reconstructed
model with specific molecular information obtained by directly map-
ping RNAs or proteins inside the tissue will contribute to the produc-
tion of a 3D functional atlas of the studied organ. Examples of recent
technologies that allow the acquisition of this information at a high
multiplexed level are: matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI MSI), which detects in situ the peptide
or lipid content on histological sections and allows a 3D mapping of
their localisation (Neagu, 2019); multiparameter ion beam imaging
(MIBI), a spectrometry that detects antibodies tagged with metal
reporters (Angelo et al., 2014); spatial transcriptomics, that identifies
and maps genes activity directly on tissue sections (VanHormn and
Morris, 2020); quantitative hybridisation chain reaction (QHCR) imaging
quantifies mMRNAs in the anatomical context of whole-mount samples
(Choi et al., 2018); digital hybridisation chain reaction (dHCR) imaging
gives mRNA quantification via single-molecule imaging in thick auto-
fluorescent samples (Choi et al., 2018). Also, combined with tissue
clearing or tissue expansion, other recent technologies include multi-
plexed error robust FISH (MERFISH), that can simultaneously analyse
thousands of cells of a tissue (Chen et al., 2015), and seq-FISH that
can image hundreds of RNAs in single-cells (Lubeck et al., 2014).

Altogether, these studies serve as examples that unfold the potential
of a 3D approach to gain insights into the biology of the ovary and tes-
tis, and, also, to propose key technical novelties along all steps of the
reconstruction process, from image acquisition to the optimisation and

development of new image processing tools and quantitative
computational models.
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