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Abstract

Background: Histological analysis of the testicular sections is paramount in infertility
research but tedious and often requires months of training and practice.

Objectives: Establish an expeditious histopathological analysis of mutant mice tes-
ticular sections stained with commonly available hematoxylin and eosin (H&E) via
enhanced deep learning model

Materials and Methods: Automated segmentation and cellular composition analysis
on the testes of six mouse reproductive mutants of key reproductive gene family, DAZ
and PUMILIO gene family via H&E-stained mouse testicular sections.

Results: We improved the deep learning model with human interaction to achieve bet-
ter pixel accuracy and reduced annotation time for histologists; revealed distinctive
cell composition features consistent with previously published phenotypes for four
mutants and novel spermatogenic defects in two newly generated mutants; estab-
lished a fast spermatogenic defect detection protocol for quantitative and qualitative
assessment of testicular defects within 2.5-3 h, requiring as few as 8 H&E-stained
testis sections; uncovered novel defects in AcDKO and a meiotic arrest defect in
HDBKO, supporting the synergistic interaction of Sertoli Pum1 and Pum2 as well as
redundant meiotic function of Dazl and Boule.
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sections.

BOULE in meiosis.

KEYWORDS

1 | INTRODUCTION

The development of spermatozoa is a complex, continuous repro-
ductive process in mammals, resulting in constant sperm production.
However, defects in human spermatogenesis may lead to infertility,
affecting approximately 15% of couples worldwide and up to 7% of
males of reproductive age.1*3 A major contributor to male infertility
is the absence of spermatozoon or abnormalities in sperm morphology
and motility. Given the similarity between the mouse and human repro-
ductive systems, mouse knockout and transgenic models that result in
male sterility have become excellent model systems for understand-
ing the genetic basis of human infertility.* The phenotypic analysis
of infertile mouse testes is crucial for understanding spermatogene-
sis defects, especially by histopathological examination. The process
of sperm development begins with spermatogonia, which undergoes
mitosis to increase in number and then becomes spermatocytes to
complete meiotic divisions, transition through round spermatids, elon-
gated spermatids, and ultimately culminates in the formation of mature
sperm. These germ cells persist in the seminiferous tubules of the
testis, constituting the fundamental units of spermatogenesis.’~” Sys-
tematic methods for manual characterization of the testis exist in the
laboratory context, including Russel et al.8 evaluating the testis in a
toxicological testing environment and a more comprehensive approach
proposed by McLachlan et al.? to histologically classify spermato-
genetic disorders and carcinoma in situ in adult patients. However,
manual assessment of testicular cross-sections is time consuming
and laborious due to the typically high pixel density of whole slide
images (WSlIs). In addition, differences in processing protocols, tissue
preparation methods, training levels, and histologist experience often
contribute to increased inter- and intra-observer variability. Therefore,
the development of automated classification methods for testicular
histopathology is necessary to address the quantitative analysis of tes-
ticular tissues of infertile mice, particularly for accurate analysis of
cellular composition during the spermatogenesis stage.

While the quality of testicular histology has improved significantly

over the past decade, computer-aided tools for processing and ana-
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Discussion: Our testicular compositional analysis not only could reveal spermatogenic

defects from staged seminiferous tubules but also from unstaged seminiferous tubule

Conclusion: Our SCSD-Net model offers a rapid protocol for detecting reproductive
defects from H&E-stained testicular sections in as few as 3 h, providing both quanti-
tative and qualitative assessments of spermatogenic defects. Our analysis uncovered
evidence supporting the synergistic interaction of Sertoli PUM1 and PUM2 in main-
taining average testis size, and redundant roles of DAZ family proteins DAZL and

BOULE, DAZL, deep learning, PUMILIO, seminiferous tubules testis histology

lyzing such data are slowly emerging.2%! The recent development of
neural networks and deep learning accelerated the growth in the field.
They led to several studies developing automated or semi-automated
staging of testis histology and classification of testicular cell types in
animals and humans.'2-%7 To understand testicular histology or pathol-
ogy, performing correct staging of the testis sections is essential before
analyzing the testicular cell types. It is even more critical in analyzing
mutant testis phenotypes via staging. Furthermore, epithelial cycles,
the number of stages per cycle, and the arrangement of different sper-
matogenic cell types often differ among other animals and humans.>8
Even mice and rats are different, with 12 epithelial stages for mice and
14 for rats, necessitating the development of a species-specific staging
automation system.

We have been developing a computerized automated staging
system (CSS) for hematoxylin and eosin (H&E)-stained mouse testis
sections.1*18.1? Ghoshal et al.2% presented DeepHistoClass, a method
automating the classification of testicular immunohistochemical
images, providing model confidence outputs simultaneously. Dumont
et al.1® developed an open-source Fiji program for quantitatively
assessing testicular tissue slices. However, despite these advance-
ments, identifying aberrant testicular cells and spermatogenic defects
during development remains challenging, and current research is still
in the exploratory stage. Ito et al.’® utilized a public Google Cloud
system to develop an automated evaluation of human testicular cells
from infertile men. Bell et al.2! described an automated identifica-
tion method of multinucleated germ cells in rat testes induced by
reproductive toxicants using U-Net. Recently, Yang et al.’> and Meikar
et al.7 developed fluorescent labeling-based automated methods for
mouse testicular staging and cell type identification and applied their
software to the staging of mutant mice. While fluorescently labeled
testis sections provided more distinctive features of spermatogenic
cells, allowing the identification of more stage categories and cell type
categories than bright field testis sections, H&E staining technology
remains the most common histology methodology and is routinely
available for the analysis of the testis sections in the reproductive biol-

ogy lab and hospitals. A deep learning model detecting and identifying
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testicular defects in the infertile mutant mice or toxicant-exposed
mice from the H&E-stained section may have a wide application. We
further improved automatic CSS using a multiscale learning model and
reported a novel segmentation model for the automatic segmentation
of testicular cells using H&E-stained testicular sections,'#181? but
all the work has been based on wild-type testis with normal sper-
matogenesis including the training dataset from wild-type testes,
making it challenging to generalize their broad application to unknown
mutant phenotypes. Significant increases in apoptotic spermatogenic
cells and disorganization of cellular arrangement due to disruption
of spermatogenesis in mutant mice are common features of mutant
testes. They could impact the precision of automated analysis based
on the wild-type testis training model.

Developing an automated system using mutant testis in train-
ing could address this issue and lead to broad application in the
histopathology analysis of mutant testes. Additionally, while nuanced
analysis of cells can be achieved through immunofluorescence, its
cost compared with histopathology remains significantly high, limit-
ing its application in large-scale studies. In contrast, H&E staining is
an inexpensive and routine testis histology method; however, existing
approaches face challenges in achieving high-precision cell classi-
fication due to cellular morphological similarities on H&E-stained
slides.

Deep learning is an effective method for distinguishing subtle
differences in tissue morphology. Still, establishing models require
substantial annotated data, which are time consuming and require
extensive training for a new histologist. To evaluate the specific impact
of spermatogenic disorders, conducting analyses on the cellular level
(testicular cell composition proportions and stages recognition) is
essential. This specific semantic segmentation requirement presents
a considerable challenge for model development. To overcome these
challenges, this study introduces an interactive learning approach to
achieve efficient “human-in-the loop (HIL)” work,2? thereby construct-
ing a sufficient quantity of high-quality training datasets. Guo et al.23.24
have validated the significant effectiveness of interactive learning in
enhancing expert knowledge-based medical image analysis through
performance evaluations. While interactive learning techniques have
been applied in studies on osteosarcoma and gastric cancer.2>2¢ |ts
application and significance in automated testicular histology have not
been explored, especially in identifying defects in reproductive mutant
testes.

Inspired by these studies, we chose a series of mouse knockout
mutants that impacted spermatogenesis quantitatively and qualita-
tively to systematically explore the feasibility of using a deep learning
model to quickly identify reproductive defects in the mutant mice
testes. The six mouse reproductive mutants include both whole-
body knockout and reproductive cell-specific conditional knockout
(BKO, HDKO, HDBKO, AcP1KO, AcP2KO, and AcDKO), which exhib-
ited a global disruption of spermatogenesis leading to no sperm
production or normal histology with reduced sperm production,
or unknown phenotypes from newly generated mouse mutants
(Table 1).
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These six gene knockouts targeted members of two critical repro-
ductive gene families, the DAZ (Deleted in Azoospermia) gene family and
the PUMILIO family, resulting in two distinct categories of spermato-
genic defects (Table 1). While both DAZ family and PUM family are
well recognized for their predominant roles in gametogenesis across
diverse animal species,?”28 they are distinct in their contribution to
reproduction in that DAZ family members are only expressed in the
gonads and have gonad-specific and germ cell-restricted function while
PUM proteins are expressed in many tissues and both somatic cells
and germ cells. While individual members of the mouse DAZ family,
Boule and Dazl are required for sperm development, respectively,28-32
the impact of the loss of both Dazl and Boule in the testis has not
been explored. Pum1 and Pum2 in Sertoli cells were shown previously
to be required for normal testis weight; removal of Sertoli Pum1 in
the whole-body knockout of Pum2 was used to reveal the synergis-
tic function of Pum1 and Pum2 in Sertoli cells.3® However, due to the
expression of Pum2 in many other tissues of the mouse, including the
hypothalamus and pituitary gland, we could not exclude the systemic
effect of loss of Pum2 on the testis weight and Sertoli cell number using
this full-body Pum2 knockout mouse.* Hence, generation of Sertoli
cell knockout of both Pum1 and Pum2 is needed to address this concern.
Both Dazl and Boule double knockout in spermatocytes and Sertoli cell-
specific removal of both Pum1 and Pum2 requires careful histological
analysis of their testicular defects and careful comparison with the
individual mouse knockout of each member. To uncover the synergis-
tic effect of both members in their function during spermatogenesis
through histological analysis, we explore the use of a deep learning
model for detailed quantitative and qualitative analysis of H&E-stained
testicular sections to identify novel reproductive defects and establish
a protocol for rapid detection of spermatogenic defects.

The Boule gene is the ancient member of the human DAZ gene fam-
ily and is conserved throughout metazoans with restricted expression
in gonads with Boule knockout exhibiting an apparent global arrest of
spermatogenesis phenotype at round spermatids (step 6).353¢. Despite
the spermatogenesis disruption in the Boule mutant testis, it still con-
tains major types of testicular cells segmented in our established
model,’81? making it an excellent training model to detect spermato-
genic defects. We proposed using Boule knockout (BKO) as a training
model to enhance our previously established model using wild-type
testis as a training dataset.

Through quantitative analysis of the testicular cellular composition
of data from these mutant mice, we not only have made swift iden-
tification of novel reproductive defects of two unpublished genetic
mutations disrupting essential reproductive genes as well as their phe-
notypic differences from those in the single mutant testes of their
members of the same gene family. We propose a quantitative anal-
ysis of testicular cellular composition via SCSD-Net with interactive
learning, representing an effective histopathological protocol for rapid
detection of testicular defect based on as few as eight mouse testis
H&E sections within a few hours.

The symbols used in this paper are displayed in Table S1 and the

information for all the mutant mice used is summarized in Table 1.
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TABLE 1 Mutant mice used and their reproductive defects.
Reproductive defect
Name Genotype Fertility Spermatogenesis Notes
BKO Boule™’~ Sterile Round spermatid arrest Shah et al., 2010; VanGompel and Xu, 2010
HDKO Hspa2-cre; Dazl"~ Sterile Round sperm arrest Lietal, 2019
HDBKO Hspa2-cre; Dazl”~; Boule™~ Sterile Spermatocyte arrest This work
AcP1KO Amh-cre; Pum1F/F Fertile Reduced testis size Zhao et al., 2022
AcP2KO Amh-cre; Pum2F/F Fertile Reduced testis size Zhao et al., 2022
AcDKO Amh-cre; Pum1FF; Pum2F/F Fertile Reduced testis size This work
2 | RESULTS tation of cell types, emphasizing the need to use mutant testis as a

2.1 | SCSD-Net with interactive learning reduces
annotation time and improves performance

2.1.1 | SCSD-Net with classic deep interactive
learning

Our cell composition analysis model, utilizing a deep learning approach,
consists of three stages (see Figure 1): Segmentation of testicular
cross-sections (the initial stage involves the segmentation of testicular
cross-sections of seminiferous tubules), Multi-branch segmentation
of testicular cells (the second stage employs the deep SCSD-Net and
an interactive learning strategy for the multi-branch segmentation of
six types of testicular cells), Component comparison analysis (the final
stage comprises the component comparison analysis of the six testis
cell types).

Our model was trained using 532 control and 162 mutant semi-
niferous tubule sections from H&E-stained testis sections from both
wild-type (n = 5) and mouse Boule knockout mutant (n = 3; Figure 2).
Those seminiferous tubule sections were selected after excluding
those that were longitudinal, tangential, or had poor staining or
fixation quality. To delineate nuclear boundaries accurately in the
testicular cells, we introduced an encoder-decoder-style deep neural
network named SCSD-Net. This network incorporates squeeze-and-
excitation (SE) modules and attention-dense units (Figure 1A) to
enhance segmentation and classification performance. To balance
accuracy in recognition and model generalization, we employed a
HIL learning strategy (Figure 1B). This iterative human-machine
interactive process continued until the model achieved the desired
performance. The flow chart for the SCSD-Net architecture is pre-
sented in Figure 1, and details of the SCSD-Net model, experimental
settings, and datasets are provided in Figures S1 and S2 and the
Methods section of Supporting Information.

Given the significant reduction in testicular volume and weight in
BKO compared with wild-type mice, the distribution and quantity of
spermatogenic cells, such as round spermatids (rs), changed signif-
icantly. Many dying round spermatids formed multinucleated cysts
(Figure 2). These abnormal cell types and misplaced spermatogenic

cells in the mutant mice hinder the correct identification and segmen-
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training model to enhance the detection of reproductive defects.

To minimize the workload of histologists in annotating a large
amount of training data, we adopted the HIL method. Figures 2 and
S2 illustrated the seminiferous tubule image segmentation results for
wt and BKO mice as well as HDKO, HDBKO, before and after applying
HIL. Quantitative and qualitative results indicate that this interactive
learning process enhances SCSD-Net’s segmentation performance.
The initially segmented cell numbers are listed in Table S2. Histologists
then corrected the initially segmented cells by supplementing under-
segmented cells (Sertoli and spermatogonia), correcting misclassified
cells (Sertoli, spermatogonia, early spermatocytes, spermatocytes, and
round spermatids), and eliminating over-segmentation (apoptotic rspd,
redundant tissue, etc.). As the model improved, the portions requiring
correction decreased, and the average annotation time per seminif-
erous tubule decreased from 20 min to 10 min. Quantitative analysis
results with and without deep interactive learning are presented in
Table S2 and Figure 2. This strategy reduces the workload for histolo-

gists, and the improvement in the performance of SCSD-Net is evident.

2.1.2 | Ablation studies on SCSD-Net and
comparison with other models

Ablation experiments were conducted to validate SE-Res and
attention-dense units’ effectiveness in testicular cell segmentation.
Table 2 presents the segmentation performance of SCSD compared
with three ablated models for the five types of testicular cells (there is
no elongating spermatids in the BKO). Our results demonstrate that
the incremental addition of SE-Res units, dense units, and CS blocks
on the backbone network effectively enhances the segmentation
performance of the model (see Table 2).

Table 2 illustrates that SCSD-Net outperforms other models,
particularly in segmenting testicular cells in BKO mice. The mean
intersection over union (MloU) and frequency-weighted intersection
over union (FWIoU) reach 0.713 and 0.932, respectively. Addition-
ally, addressing the challenge in detecting spermatogonia (spg) and
Sertoli cells (sc), we tested the performance of SCSD-Net (values
in bold) on these two challenging cell types. We found it the best,
with classification pixel accuracy (CPA) reaching 0.802 and 0.669,
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FIGURE 1 Overview of SCSD-Net segmentation. The SCSD-Net architecture (A) comprises cell segmentation and classification branches.
Different modules are shown by corresponding colors in (A), where dense unit indicate the positioning of spatial and channel attention; Deep
interactive learning process (B) involves a baseline model trained on partially normal and a small amount of infertile mouse data, where histologists
corrected the segmentation results of the baseline model and updated the training set after correction; Seminiferous tubule region segment (C),
where internal cropping was performed in the network to improve mapping overlap and minimize boundary effects to further reduce boundary
effects; Cell composition analysis of six testis cell types from the segmentation results (D).

TABLE 2 Quantitative results of testicular cell segmentation on Dataset 2 (D2).

Experiments Model PA MPA MioU FWIoU CPA for spg CPAfor sc

Interactive learning SCSD 0.956 0.801 0.689 0.930 - -
SCSD- 0.967 0.827 0.713 0.932 - -
Net+HIL

Ablation studies of SCSD-Net RES-Net 50 0.951 0.725 0.663 0.924 0.762 0.569
SE-Net 0.954 0.815 0.697 0.921 0.769 0.594
SE-Net with 0.957 0.818 0.706 0.925 0.772 0.617
dense block

Comparison with other models U-Net 0.950 0.783 0.677 0.929 0.767 0.584
Seg-Net 0.949 0.769 0.665 0.917 0.763 0.553
U-Net++ 0.948 0.781 0.672 0.911 0.761 0.569
Attention 0.950 0.792 0.684 0.919 0.782 0.654
U-Net
SCSD-Net 0.967 0.827 0.713 0.932 0.802 0.669

Abbreviations: CPA, classification pixel accuracy; FWIloU, frequency-weighted intersection over union; MloU, mean intersection over union.
The evaluation metrics shown in the table represent the mean of all test samples.
The bold values indicate values from the model this work develop, “SCSD-Net”.
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FIGURE 2 Results of qualitative analyses of representative tubules from wild-type (top two rows) and Boule knockout mutant (BKO). (A)
Hematoxylin and eosin (H&E)-stained seminiferous tubule cross-section images, (B) showed annotation of the tubule section by marking six
testicular cell types, (C) is result obtained by SCSD-Net+HIL (C) in D3. (D) A false-color map was obtained by superimposing the segmentation
results of SCSD-Net-HIL on the original tubules (A). Blue color for SC (Sertoli cells), purple for Spg (spermatogonia), red for eSpc (early
spermatocytes), orange for Spc (spermatocytes), green for RS (round spermatids), yellow for ES (elongating spermatids).

respectively. Our histologists, along with the qualitative segmentation
results shown in Figure 2, are satisfied with its performance, deeming
it sufficient for the automated segmentation of testicular cells in
batches. Consequently, we employ SCSD-Net to segment testicular
cells automatically in both wild-type and BKO mice for subsequent
automated analysis.

2.2 | Evaluation of SCSD-Net-HIL model through
cell composition analysis of a
spermatogenesis-defective mutant, BKO

Previous studies have shown that the loss of BOULE protein in mam-
mals can lead to spermatogenesis arrest at step 6 of the round
spermatid stage (Figure 3A), resulting in male infertility.323¢ While the
specific arrest stage of spermatogenesis in BKO has been well-defined
qualitatively, the quantitative cell composition of the BKO testis
remained unknown. Therefore, we used the SCSD-Net-HIL model to
perform a quantitative analysis of testicular cell composition in Boule

gene knockout mice (BKO) and evaluate the effectiveness of our model.

RIGHTS L

When comparing nine sections of BKO testes (512 tubules) with
wild-type mice (1245 tubules), we found a 45% reduction of the
average number of testicular cells per round tubule section in BKO,
consistent with the 48% reduction in the testis weight.3¢ Overall,
tubule distribution for the number of testicular cells per tubule was
shifted toward the left in Figure 3B, with the highest number of tubules
containing around 80 testicular cells in BKO mice, in comparisonto 160
or 180 cells/ tubule being the highest number in wild-type mice.

To further evaluate the segmentation accuracy of SCSD-Net for the
six types of testicular cells in BKO mice, we chose 30 VI to Xl stage
tubule sections from Dataset 3 (D3; Figure S1). We compared the
results of cell composition analyses done by our histologist, our model
(SCSD-Net+D3-Sub), and our model on all the VI to Xl sections in D3
(SCSD-Net+D3). Figure 3C shows cell composition analysis results for
each tubule cross-section image of D3-SUB, counted by the histologist
(black bars) and SCSD-Net (gray bars) for the six testicular cell types.

We chose to annotate six testicular cell types, five spermatogenic
cell types: spermatogonia, early spermatocytes (preleptotene, lep-
totene, and zygotene from Stage IX to XIl), spermatocytes (pachytene

and diplotene spermatocytes from all stages), round spermatids (round
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FIGURE 3 Quantitative analysis of cell composition in BKO and wild-type mice. (A) The hematoxylin and eosin (H&E) staining image of
wild-type and BKO testis tubule cross-section, scale bar: 50 um. (B) Distribution of tubules based on total cell # per tubule. BKO and wild-type
mice are indicated as white and black bars, respectively. (C) The results of cell counting in D3-Sub by histologist and SCSD-Net, respectively,
SCSD-Net+D3is for all tubules in D3. The bar graphs and error bars showed the sample mean and standard deviation. Student’s t-test for
statistical results in Stages VI-XI. (D) Mean number of six testicular cells per tubule in wild-type mice in four stages groups. (E) The area of average
seminiferous tubules of BKO and wild-type mice, error bars showed the SD. (F) Box plots of testicular cell counts in BKO and wild-type mice across
four stage groups, whiskers: 5-95 percentile, “+” indicates mean value. p value evaluated by Student’s t-test, % p value <0.05; **, p value <0.01; ***, p
value <0.001; ns, not statistically significant.

SCSD-Net+D3 (white bars) represents the analysis of all data (249
VI-XI tubules) in D3. The data in Figure 3C indicate no significant dif-

spermatids from Stage | to Stage VIII as well as secondary sperma-

tocytes in St Xll), elongating spermatids (elongating spermatids from

Stage IX to Xll), and Sertoli cell. Quantitative analysis of those five
spermatogenic cell type and Sertoli cells provides cellular composi-
tion analysis of major developmental stages of spermatogenesis and

represents an objective quantitative evaluation of spermatogenesis.
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ference (ns) between SCSD-Net and histologists in cell composition
analysis for BKO mice. The SCSD-Net+HIL model slightly identified a
higher number of the five types of cells during the VI-XI stages than

histologists (Figure 3C). Partially overlapping cells were delineated
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and counted separately via a watershed function in SCSD-Net+HIL,

possibly accounting for the increase in the number of cells in our model.

We next quantified the number of each cell type in four groups of
neighboring epithelial stages using selected tubule sections and 30 VI-
XI annotated by our histologists (Figure 3D and Table S3). Figure 3D
illustrates the composition analysis of the six types of testicular cells
by SCSD-Net for wild-type mice during stage groups (I-V, VI-VIII, IX-
XI, and XIll). The results demonstrate consistency in spermatogenesis
among wild-type mice. The number of Sertol cells (sc), spermatogo-
nia (spg), and spermatocytes (spc) are less fluctuated across the four
groups (Figure 3D). Round spermatids (rs) are high in from Stage | to
Stage VIII, but drop significantly in later stages, consistent with the
development of round spermatids into elongated spermatids starting
in st IX. The low number of rs in IX-XI and Xl are due to sections in the
transitional stage of VIII-IX or St XII-1, which will contain a good num-
ber of round spermatids.3” The cell count of rs during Stages I-XlI is
slightly lower than the previously reported®®; such difference could be
attributed to less distinctive morphological features of rs due to fixa-
tion and staining as well as the difference in the mouse strains used. We
further measured the diameter of the tubule section by taking the aver-
age of the long axis and short axis (Figure 3E). The average diameter of
the Boule mutant seminiferous tubule was reduced by 10%, consistent
with the significant reduction in testis weight.

Next, we would like to perform a quantitative comparison of cell
compositional change stage by stage between BKO and wild type. Since
BKO lacks all the elongating spermatids and round spermatids after
step 6, yet the presence of round spermatids and elongating sper-
matids is one of the vital deterministic features of staging, we could
only group several neighboring stages in BKO testis into four grouped
stages: I-111, 1V-V, VI-XI, and XII. We have utilized box plots in Figure 3F
to display the mean, quartiles, and range of the number of the six
cell types per cross-section in the testes of BKO and wild-type mice
(nine cross-sections of D3). In most subgroups of the seminiferous
tubules of both BKO and wild-type mice, the six testicular cell types
showed significant differences between BKO and wt, but the most dra-
matic reduction in BKO is seen in round spermatids (rs) and elongating
spermatids (es).

The quantity of rs in BKO mice is significantly lower than in nor-
mal control mice across all stages. In Stages |-l and Stages IV-V, the
rs quantity is only 32.41 + 24.09 and 28.61 + 21.13 (mean + SD),
respectively, representing 62.7% and 68.8% lower than the corre-
sponding control group quantities of 86.86 + 26.47 and 91.78 + 28.09
during the same stages. From Stage VI onward in BKO mice, sper-
matids commence development toward steps 7-12. The spermatid
arrest occurring at spermatids (step 6) leads to apoptosis of spermatids
in later steps. During Stages VI-XI, the quantity of rs in BKO mice is
only 17.5% of that in the control mice. Such a dramatic reduction in
spermatids is consistent with the global arrest phenotype at the round
spermatid step 6 and lack of round spermatids after step 8.3¢

The number of elongating spermatids (es), corresponding to the
elongating spermatids from Stage IX to Xll, is a good indicator of
whether spermatid elongation has occurred in the mutants. Indeed, in
Stage XII, es dropped from 77.2 + 38.98 in wild type to 4.4 + 3.2 in
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BKO, a 94% drop, consistent with the lack of elongating spermatids.
In VI-XI stage group, there is a 77% drop in the number of es in
BKO, despite a much bigger range of variation of es in VI-XI group.
In this group, wild-type tubule sections from VI to VIII do not con-
tain elongating spermatids while wild-type tubules from IX to XII will
contain elongating spermatids, the average of es in wild-type group
will hence be lower, leading to a smaller reduction of elongating sper-
matids when comparing BKO and wt than decrease percentage in BKO
XII. The average number of sc in BKO showed slight but significant
reduction in two out of four stage pools (Figure 3F). The average quan-
tities of espc and spc showed a significant increase in the BKO relative
to wt, with espc increase by 66.6% in St VI-XI, and 50.9% increase
in St Xll, raising the possibility of slow down of meiotic progress in
BKO or disruption of seminiferous tubule organization due to global
arrest of spermiogenesis or both (Figure 3F). The number of spg in
BKO at St IV-V and VI-XI decrease by 37.7% and 68.6%, respectively.
Such a quantitative difference in the average number of BKO spg,
espc, and spc per section were not reported previously. Further char-
acterization is needed to distinguish whether disrupted seminiferous
tubule due to disrupted spermatogenesis or previously not appreciated
spermatogenic defect contributes to the significant change in the aver-
age number of those cell types. Despite this, this cellular composition
analysis clearly identified the absence of elongating spermatids and
dramatic loss of round spermatids, consistent with the reported major

defects of Boule knockout.

2.3 | Quantitative analysis of testicular defects
from fertile mutant mice with reduced testis weight

2.3.1 | Generation of Sertoli-specific double
knockout of Pum1 and Pum2 mice

To determine if Pum1 and Pum2 work synergistically in Sertoli cells
to regulate testis weight, we crossed Sertoli cell-specific cre trans-
genic mice3? into PumZ1flox/flox, pymofiox/flox - After several generations
of crosses, we generated Amh-Cre PumZ1flox/flox. pymafiox/flox (AcDKO;
Figure S4). We confirmed the loss of PUM1 protein in Sertoli cells but
notin germ cells by immunohistochemistry. At postnatal day 1 (P1), loss
of Sertoli cell Pum1 is most evident as most Pum1 protein in the P1
testis is from Sertoli cells. In contrast, germ cell Pum1 is predominant
in the adult testis, making the loss of Sertoli cell Pum1 less pronounced
(Figure 4A). We further confirm the reduction of PUM1 and PUM2
protein in the testis extract of AcDKO relative to those of their lit-
termates (Figure 4B). Remarkably, the cell cycle negative regulator
CDKN1B protein was significantly increased, supporting PUM1 and
PUM2, both repressed the protein expression of this cell cycle inhibitor
in Sertoli cells to regulate the proliferation of Sertoli cells.3® We fur-
ther confirmed that Sertoli cell proliferation was significantly reduced
at postnatal days 4 and 10 (Figure 4H-)J).

As expected, the testis weight of this AcDKO is significantly reduced
while the body weight is unaffected (Figure S3). While the sperm

count of AcDKO decreased compared with their littermates, neither

85U8017 SUOLLLOD BATE81D 3(dedl|dde ay) Aq peuseno a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB|IA\ UO (SUOIPUOD-PUR-SLLIBILID A 1M ALRIq 1 BU1 [UO//SANY) SUORIPUOD PUe SWB | 841 88S *[Z02/TT/¥0] uo ArigiTauliuo A8IM ‘(-uleAnde ) sqnopesy Aq £2/€T IPUe/TTTT OT/I0P/Woo" A3 1M ARe.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fandr.13773&mode=

AOETAL.

¥ "MW kda

- s 7}450

. w50

‘.,%§_d.pm B-TUBLIN (e s s -
E) (F)
80- 20 ns
* k% —_
360 15 .« &
104 =t 240 104
* mlm o
S =20 5
oL 0 0
AN
QAL &
o\(\//?@Q IR o
() PD4
[2]) g ©
= T fust
35 8 80.121
55 =R
2 (0]
2 g 2 W 5 0.08-
5 2 o9
3 2 8 8 ©
x S5 2 S 0.04
@ g X =0
w
8 S < 0.00-
o £ a
a S ©
N\
N
Ooo//fboo //fb\
NN

FIGURE 4 Generation and phenotypic characterization of Sertoli cell-specific knockout of Pum1 and Pum2 mice. (A) Immunostaining of
PUM1 of the testis sections from wild-type and AcDKO mice at PD1(Postnatal Day 1) and adult age, red arrows indicated Sertoli cell PUM1; (B)
Western blot showed that PUM1 and PUM2 protein was significantly reduced and CDKN1B protein was increased significantly in SC-DKO testes
in comparison with those of wild-type control mice (P14); (C) Picture of AcDKO and control mice testes (12-week old); Testis weight (p = 0.0001,
N> 7) (D), and sperm count (p =0.0001, N > 7) (E) in AcDKO mice were significantly reduced. Motility (p =0.4719,N > 7) (F), litter size (p = 0.6176,
N = 5) (G) was not significantly different between control and AcDKO mice, Testes weight is the weight of one testis in one mouse. Motility is the
percentage of motile spermatozoa in the cauda epididymis. (H) Immunofluorescence staining of EAU and SOX9 in cross-sections of testes from
control and AcDKO males at PD4 and PD10; (1) Percentages of proliferative Sertoli cells in cross-sections of testes from control and AcDKO males
at PD4,n=(3, 3), p=0.0001. (J) Percentages of proliferative Sertoli cells in cross-sections of testes from control and AcDKO males at PD10,n = (3,
3),p=0.0011; p value evaluated by Student’s t-test, ** p value <0.01; *** p value <0.001; ns, not statistically significant.
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sperm motility nor fertility was significantly reduced from AcDKO
(Figure 4E-G).
Given that AcDKO exhibited reduced Sertoli cell proliferation, we

hypothesized that the reduced testis weight resulted from the reduced
Sertoli cell number and spermatogenic cells. Hence, we turn to the
SCSD-Net model to perform a quantitative analysis of testicular cells
and uncover any spermatogenic defect inside the testis.

2.3.2 | Quantitative testicular analysis of AcDKO in
comparison with AcP1KO and AcP2KO via SCSD-Net
model

Since AcPumi1KO (AcP1KO) and AcPum2KO (AcP2KO), the individual
knockout of Pum family members led to reduced Sertoli cell num-
ber and spermatogenic cells. Hence, we evaluate the reproductive
defects of the AcDKO together with those of AcP1KO and AcP2KO to
understand the effect of the loss of Pum1 or Pum2 or both in Sertoli
cells.

We utilize the SCSD-Net model to perform quantitative cellular
composition analysis as well as tubule diameter and area evaluation
of testis sections from AcP1KO, AcP2KO, and the newly generated
AcDKO (Figure 5B-D and Tables S4-S6). We chose those round sem-
iniferous tubule sections (the ratio of the long axis over the short
axis is between 0.8 and 1.2) to perform the analysis, as round tubules
represent the cross-section of seminiferous tubules and minimize the
number of distorted seminiferous tubules. AcDKO showed a consistent
significant reduction in the average number of all cell types (spg, espc,
spc, rs, es, and sc) per seminiferous tubule section with the biggest drop.
The newly generated Sertoli cell-specific knockout of Pum1 and Pum2,
AcDKO, showed more reduction in the number of espc, spc, rs, es, sc,
and total cells per section than either AcP1KO or AcP2KO (Figure 5B
and Table S4), consistent with the synergistic action of Pum1 and Pum2
in Sertoli cells. Interestingly, while AcP1KO and AcP2KO did not show
a decrease in the number of Sertoli cells per tubule section, there is
a 11% decrease in the number of Sertoli cells per tubule in AcDKO,
supporting a much more significant impact on Sertoli cell number per
section in the absence of both Sertoli Pum1 and Pum2. Considering
the ease of analysis of our model on quantitation of cellular composi-
tion of the testis sections, we further explored to see if quantitation
of staged round tubule sections will improve the detection of differ-
ence (Table S5). We chose round tubule sections from VI, VII, and VIII
stages annotated by histologists and compared their quantitation from
the testis sections of all three AcP1/P2/DKO with their littermate con-
trols. While the overall trend stays the same using the staged tubule
sections as the unstaged round tubules (Table S5 vs. Table S4), the vari-
ance of each cell type is significantly reduced when using staged round
tubules. AcDKO has a 23% reduction in the number of rs when count-
ing VI, VII, and VIII stage tubules combined and a 27% reduction in the
number of rs when counting all round tubules. Both differences are sta-
tistically very significant, but the variance for rs in staged tubules is
23.3, and for all round tubules, it is 32.63 for AcDKO. This is consis-

tent with much bigger variation in the number of rs and es from Stage
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| to Stage Xll than that among only Stage VI, VII, and VIII. Nonethe-
less, even without the separation of stages, our model could detect all
the significant differences between AcP1/P2/DKO and their littermate
controls. Hence, using our model with round seminiferous tubule sec-
tions with or without prior staging could represent a rapid method to
perform spermatogenic analysis via testicular cell quantitation.

We further asked if we take in all tubule sections without the restric-
tion on tubules being round (0.8-1.2; Table S6), we found that we still
could detect all the differences detected by round tubule or staged
tubule methods; the overall trend is very similar to what we saw with
round tubules or staged tubules, but at a much higher variance. Intrigu-
ingly, all tubule quantitation revealed a significant difference in the
number of Sertoli cells per tubule for AcP2KO at p value of 0.00155,
while p value from the staged tubule method is 0.093 and 0.0589 for
round tubules. This suggests that given enough tubule sections, the
rapid nature of our SCSD-net model could be used to detect major
reproductive defects affecting the cell number in the testis without
applying strict selection criteria.

Diameter and area of the tubule sections for AcP1KO, AcP2KO, and
AcDKO were also analyzed (Figure 5D and Table S7). The reduction in
diameter and area is consistent with the decrease in the testis weight
and total cell number reduction in each genotype. Hence, the diame-
ter and area of tubules could be additional parameters our model could
generate to determine the reproductive defects of mutant testes.

We next used wild-type testis sections to evaluate the impact of
the number of tubules used on the average number and variance of
each cell type per tubule and to determine the minimum number of
tubules needed to achieve a stable representation of testicular cellu-
lar types with all tubules, round tubules, and staged tubules. Figure S5
showed data for all three methods with increasing tubules used for the
same wild-type tubule data. Approximately in all tubule methods, when
we reached 450 tubules, the average number of each cell type did not
change with further increasing of tubules; while for round tubules, you
need 300 tubule sections, and for staged tubules, we need 250 tubules
to reach the stable estimate of all cell types (Figure S5). If we plot
the mean and variance for all four cell types at the minimum number
of tubules required for optimal stable counting for each method (450
tubules for all tubules, 300 tubules for round tubules, 250 tubules for
Stage VI-VIll tubules; Figure S6), we found that the means for spc, sgsc,
and sc do not differ much among the three counting methods. Still, the
mean rspd number is much higher from the staged tubule method than
all tubule or round tubule methods, consistent with the biology of sem-
iniferous tubules staging where round spermatids are absent in St IX,
X, Xl, and low at St XII, reducing the mean of rspd when counting all
tubules. The standard deviation is the least in staged tubule method for

all the cell types.
2.4 | Detection of novel reproductive defects from
sterile males lacking both Boule and Dazl at meiosis

While AcP1/P2/DKO affects the total cell number of each of the cell

types in the testis, they do not cause any disruption of spermatogene-
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FIGURE 5 Quantitative analysis of cell composition of Sertoli cell-specific knockout of Pum1, Pum2, and both Pum1/2. (A) The hematoxylin and
eosin (H&E) staining image of AcP1KO, AcP2KO, and AcDKO testis tubule cross-section and control in VII, scale bar: 50 um. (B) The cell number of
spg, espc, spe, rs, es, and sc were reduced significantly in AcP1KO (N = 3), AcP2KO (N = 3), and AcDKO(N = 3), the number of sc was reduced
significantly in AcDKO, no significant changes in AcP1KO and AcP2KO when compared with control. (C) The diameter of average seminiferous
tubules was reduced significantly in AcP1KO (N = 3), AcP2KO (N = 3), and AcDKO (N = 3) when compared with control. (D) The area of average
seminiferous tubules was reduced significantly in AcP1KO (N = 3), AcP2KO (N = 3), and AcDKO (N = 3) when compared with control.

sis, and none of the cell types are missing in the testis. A great number
of mutations of reproductive genes, when knocked out, caused severe
spermatogenic defects, leading to a significant reduction of one or
more cell types and even a global halt of spermatogenesis. Hence, we
tested our quantitative model on its ability to detect spermatogenic
defects in sterile mice with severe reproductive defects. Previously, we
have found that the knockout of members of the mouse DAZ family pro-
teins in postnatal testes, Dazl KO and Boule KO, respectively, causes
male sterility and global arrest of spermatogenesis.2?-323¢ Removal of
Dazl at the spermatocyte stage with Hspa2-cre, full knockout of Boule,
each led to complete male sterility and an arrest at the round sper-
matid stage.2%323¢ Since both DAZL and BOULE are expressed in
spermatocyte stage, and fly boule knockout produces a meiotic arrest
phenotype,*© it was proposed that DAZL and BOULE in mammals
might work together during meiosis, lack of meiotic arrest phenotype
in either Boule knockout or Dazl knockout may result from the redun-
dant function of Dazl and Boule.3¢ Hence, we decided to address this
functional redundancy question through the generation of an animal
lacking both Dazl and Boule in the spermatocyte stage.

We utilized a spermatocyte-specific cre transgenic mice, Hspa2-

cre, Dazlfl*/flox mice and fertile Boule™~ female mice to generate
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a mutant lacking both Dazl and Boule in spermatocyte (Hspa2-cre,
Dazl*/~ Boule~'~, called HDBKO, for mating scheme, see Figure 57).27
The genotype of the generated mice was confirmed by polymerase
chain reaction (PCR) using tail genomic DNA (Figure S7). As expected,
the Cre-mediated excision of the floxed alleles occurred only in the
presence of the Cre transgene, resulting in the knockout of Dazl in
spermatocytes of Boule knockout mice.

Next, we evaluated the fertility of HDBKO males by mating them
with wild-type females. Despite regular mating with wild-type females
for over 8 months, HDBKO males failed to produce any offspring, indi-
cating complete male sterility. To assess the spermatogenic defects
leading to sterility in these mice, we performed histological analysis of
testis sections. H&E staining of testis sections revealed a severe disrup-
tion of spermatogenesis in HDBKO mice (Figure 6A). Unlike the control
mice with normal spermatogenesis, HDBKO testes exhibited a lack of
mature spermatozoa in the seminiferous tubules, indicating a global
arrest of spermatogenesis.

We then employed the SCSD-Net model to perform quantitative
analysis of testicular cell composition in HDBKO mice as well as
spermatocyte-specific knockout of Dazl for comparison (Figure 6B) to

gain insights into the specific cellular defects underlying male sterility.
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FIGURE 6 Quantitative analysis of cell composition in HDKO(N = 3), HDBKO(N = 2), and wild-type mice(N = 4). (A) The hematoxylin and eosin
(H&E) staining image of HDKO, HDBKO, and control testis tubule cross-section, scale bar: 50 um. (B) The cell number of spg, espc, spc, rs, es, and sc
were reduced significantly in HDKO and HDBKO. (C) The diameter of average seminiferous tubules was reduced significantly in HDKO and
HDBKO, when compared with control. (D) The area of average seminiferous tubules was reduced significantly in HDKO and HDBKO when

compared with control.

Our round tubule quantitative results showed a significant reduction
in the numbers of early spermatocytes (espc), spermatocytes (spc),
round spermatids (rs), and elongating spermatids (es) as well as in the
diameter/area of seminiferous tubules in HDBKO mice compared with
control mice (Figure 6B,C, Tables S8 and S9). The huge reduction in
round spermatids and elongating spermatids to almost the baseline
indicated an absence of spermatids and, hence, a meiotic arrest phe-
notype in these mice, consistent with the observed sterility. Overall,
our quantitative analysis using the SCSD-Net model successfully iden-
tified and characterized the severe spermatogenic defects leading to
male sterility in HDBKO mice.

2.5 | Proposed workflow for fast detection of
reproductive defects

It is well established that Sertoli cells are the key determinant of
the amount of sperm production, and the number of spermatogenic
cells per Sertoli cell is a species-specific characteristic.*2"*% In our
quest to efficiently detect reproductive defects, we transitioned from
per tubule quantitation to a more reflective per Sertoli cell quantita-
tion, which allows for a finer assessment of spermatogenic disruptions
and serves as a spermatogenic index for the extent of spermato-
genic defect among different mutants. By comparing the number of
each cell type per Sertoli cell across six different knockout mice and
their respective controls (Figure 7), we discerned distinct reproduc-
tive phenotypes. Specifically, HDBKO exhibited a notable absence of

round spermatids, indicating lack of postmeiotic spermatids. BKO and
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HDKO, on the other hand, have round spermatids but at a significantly
reduced level; such a significant reduction of spermatid develop-
ment is indicative of extensive loss of spermatids and completion
of meiosis.

Notably, for the fertile mutants with no spermatogenic arrest,
AcP1KO, AcP2KO, or AcDKO showed only marginal reductions in
the spc/sc or sgsc/sc ratio, suggesting a quantitative decrease in cell
numbers without apparent abnormalities in spermatogenesis. How-
ever, despite the significant reduction in rspd/sc, spc/sc, and sgsc/sc
in the AcDKO, the similar reduction among all the three cell types
suggested reduced functionality of Sertoli cells without any signifi-
cant defect in spermatogenesis or any cell type. Such a mild or little
effect on spermatogenesis is even more obvious when we compare
the spermatogenic index from staged tubules for AcP1KO, AcP2KO,
and AcDKO (Figure S8). The spermatogenic index in AcDKO is not
different at all from controls in rspd/sc, spc/sc, and sgsc/sc, support-
ing undisrupted spermatogenesis in AcDKO other than smaller tubules
and small total cell number per tubule (Figure S8) while AcP1KO and
AcP2KO are slightly reduced in spc and sgsc. Since AcP1Ko, AcP2KO,
AcDKO are all fertile with no obvious spermatogenic disruption, we
could use the percentage of change in spermatogenic index of all the
fertile mutants (less than 20%) as a baseline for normal spermatogen-
esis (Figure 7). We propose 50% or more reduction in spermatogenic
index for any cell type as severe reduction of the cell type, 90% or
more reduction as the absence of the particular cell type. Hence, a
disproportional decrease or increase in spermatogenic index for any
cell type per sc could be a strong indicator of spermatogenesis defects

affecting one or more stages of spermatogenesis, while a proportional
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FIGURE 7 Quantification of spermatogenic defects in the mutants using spermatogenic index. (A) Quantification of germ cells per Sertoli cell
in tubule cross-section of the testes from WT and BKO, HDKO, HDBKO male mice. The bar graph showed the ratio of average cell number of each
cell type per Sertoli cell per section for wild type and three sterile mutants with disrupted spermatogenesis. As a comparison, spermatogenic index
for all the cell types in three fertile mutants with only reduced testis size but no spermatogenic arrest were shown. When spermatogenic index for
cell type of a genotype falls below the dotted red line, marking the middle point of wild-type value, indicating a spermatogenic defect in the
number of the cell type. Dotted red lines indicating 50% reduction of spermatogenic index. (B) From WT and AcP1KO male mice. (C) From WT and
AcP2KO male mice. (D) From WT and AcDKO male mice. Fifty percent reduction in spermatogenic index of a mutant could be clearly
distinguishing sterile mutants with disrupted spermatogenesis from all three fertile mutants.

decrease per sc by 20% or less is indicative of minimal or no effect on
normal spermatogenesis. This shift in focus toward Sertoli cell-based
quantitation using this spermatogenic index could help swiftly iden-
tify spermatogenic defects without even going through staging. The
testicular cellular composition analysis including spermatogenic index
analysis represents an efficient protocol for identifying spermatogenic
defects from H&E-stained testis sections from both mutant and litter-
mate control mice through our SCSD-net model (graphic abstract). By
choosing either staged tubules, unstaged round tubules or unstaged
all tubules from 8 to 10 H&E-stained testis sections, we could achieve
a quick assessment of spermatogenic defects in the mutants via cell
composition analysis of the testicular tubules in as few as 3 h. The
number of four testicular cell type per tubule and diameter/area of
tubule sections could provide quantitative changes of spermatogen-
esis in the mutant while the ratio of each cell type over Sertoli cell
number per tubule, as a spermatogenic index, will reveal any qualita-
tive defects on cell types if any disproportional change occurs in any of

the cell type.

RIGHTSE LI MN iy

3 | DISCUSSIONS

The quantitative analysis of seminiferous tubule sections using deep
learning models presents a promising advancement in histopatholog-
ical assessments, offering both rapidity and potentially heightened
accuracy compared with traditional methods conducted by experi-
enced histologists.!1-17.1920 By integrating an interactive learning
strategy into our SCSD-net model for quantitative cellular analysis
of mouse testis and incorporating mouse mutant testis in our train-
ing dataset, we enhanced the pixel accuracy of testicular cell types,
reduced histologist annotation time, and established a novel model for
quantitative and qualitative analysis of reproductive defects from H&E
testis sections.

We validated the effectiveness of our SCSD-net model by analyzing
six mouse reproductive mutants with various spermatogenic defects,
proposing a workflow for the quantitative and qualitative assessment
of histopathological defects using 8-10 H&E testis sections from both

mutants and controls within a few hours. While manual epithelial
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cycle staging is essential for histological analysis of mammalian sper-

matogenesis and pathological examination of male infertility, it is time
consuming and requires extensive training. Our and others’ efforts
in developing deep learning models aim to establish automatic or
semi-automatic staging systems for wild-type mice and rats.121415.17
Although some models have focused on the most used H&E-stained
testis sections for staging and cell type segmentation, others have
utilized fluorescent chromatin stain—DAPI-stained testis sections for

1517 However, accurate stag-

combined staging and cell type analysis.
ing of all 12 stages may be difficult or even impossible to achieve for
reproductive mutants with severely disrupted spermiogenesis, even
with the aid of PAS-staining, testicular cellular composition analy-
sis focusing on several major spermatogenic cell types could provide
highly needed quantitative evaluation of spermatogenesis, indepen-
dent of staging. Such statistical extraction on mutant H&E sections
has often been lacking, leaving the effectiveness of these models
in detecting reproductive defects unknown. In our study, we sys-
tematically evaluated the efficacy of our SCSD model on six mouse
mutations, demonstrating its effectiveness in both quantitative and
qualitative analysis of mutant testes through commonly used H&E
staining protocol.

We identified novel spermatogenic defects in two previously
uncharacterized double mouse mutants on the mouse DAZ family
and PUM family, supporting the requirement of synergistic interaction
between Sertoli Pum1 and Pum2 for normal sperm production and the
redundant function of DAZL and BOULE for meiosis in mice. The pre-
cise removal of Pum1 and Pum2 in Sertoli cells reduced the testis size
further than the removal of either Pum1 or Pum2 alone yet without any
detectable effect on spermatogenesis, providing convincing evidence
for Pum1/2 as dosage-dependent Sertoli factors regulating testis
size.3 Our deep learning model showed clearly that PUM-mediated
testis size regulation is achieved through a wholesome reduction of
the number of Sertoli cells and different types of spermatogenic cells
per tubule as well as the reduction of diameter of tubule and tubule
area in the mutants yet maintains the same ratio of Sertoli cells and
spermatogenic cells as in wild type. Mechanistically, PUM1/2 regu-
lates Sertoli cell proliferation through their downstream cell cycle
targets, most prominently Cdkn1B expression at post-transcriptional
level.3® Our work provided a clear case how Sertoli cell factors reg-
ulate the gonadal size at molecular, cellular, organ, and physiological
levels to control sperm production, further study of PUM-mediated
translation in gonadal size regulation among different species may help
to understand the evolutionary basis of gonadal size variation and
their relationship with sexual selection. Such RNA-binding proteins
mediated translational control of organ size in a single cell type may
also be of general significance in our study of organ size regulation
in general.

The novel meiotic arrest defect in the absence of both Dazl and Boule
in the spermatocytes uncovered the redundant functional requirement

of Dazl and Boule, which have been long suspected,3¢

and support
the notion that the ancestral function of the DAZ family is at meiosis,
and both Dazl and Boule participate in mouse meiosis regulation. Our

testicular cellular composition analysis not only uncovered the global
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arrest of spermatogenesis in the double mutants but also quantitative
changes in other spermatogenic cell types, further study is needed to
determine whether those changes in other spermatogenic cell types
resulted from secondary effect of cellular organization change inside
the testis or the direct effect of the mutations.

In terms of reliable representation through quantitative analysis,
we found that by counting a minimum number of tubule sections, we
could achieve stable data representation of the average cell numbers
of each of the four testicular cell types. Varied tubule selection criteria,
including all tubules, only round tubules, or tubules of specific stages,
impacted variance in means of each cell type while exhibiting a similar
power in detecting quantitative differences in mutant testes. Remark-
ably, counting all tubules, including longer ones, proved as effective
as using selectively round or staged tubules to identify the signifi-
cant spermatogenic defects, allowing users without prior knowledge
of testicular histology to conduct quick analyses and identify defects
promptly.

Even for the previously characterized mouse mutants, our model
not only revealed quantitative differences of each of the six testicular
cell types in the mutants, consistent with their known spermatogenic
defects but also identified statistically significant differences among
most cell types. While we utilized unpaired Student’s t-test for our tes-
ticular cellular composition comparison between mutant and control,
we have used other statistical methods, including Welch two sample
t-test and Wilcox test group, to validate the t-test results. The large
sample size of tubules used in the analysis significantly increase the
sensitivity for those groups with only a small difference in mean but
a large standard deviation. Some of the difference may represent pre-
viously not appreciated biological defects between the genotypes. For
BKO, besides the significant reduction of round spermatids per tubule,
we also detected a significant reduction of spg, although small, in Stage
IV-V and Stage VI-XI, as well as an increase in espc and spc. This sug-
gest that while spermiogenesis is blocked in BKO, sperm development
before meiosis may have also been impacted to some extent. Alterna-
tively, the seminiferous tubule organization has been affected due to
the disruption of spermiogenesis, contributing to such a change in the
average number of other cell types per section.

Our future direction involves extending the automation process to
combine staging all 12 stages of tubule sections with the cell type
analysis, providing a comprehensive and rapid quantification of each
stage and analysis of between 10 and 20 different cell types. We
aim to establish an interactive web version for users to upload their
H&E-stained testicular sections, benefitting individuals in areas with
limited resources. Additionally, we plan to refine our model by train-
ing on other mutant mice, including HDKO and HDBKO, to address
current limitations and enhance accuracy in detecting abnormalities in
testicular development.

In conclusion, our refined approach, employing per Sertoli cell
quantitation and selective tubule analysis, enables rapid and accurate
detection of reproductive defects within a few hours. Our methodol-
ogy offers a well-represented quantitative and qualitative histological
evaluation of mutant testes within a short period, aiding histology labs

in quick histopathological diagnoses of mouse testes from mice with
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mutated genes or from environmental toxicology. This study marks
a significant advancement in testicular pathology tools, introducing a
rapid and efficient protocol for quantitative analysis of seminiferous
tubule sections using deep learning models to enhance the speed and
accuracy of spermatogenic defect detection.

4 | MATERIALS AND METHODS
4.1 | Materials
4.1.1 | Antibody and reagent

Antibodies used in this manuscript are as follows: Abcam: PUM1
(ab92545) 1:100 immunohistochemistry (IHC), 1:500 western blot
(WB); Millipore: SOX9 (AB5535) 1:2000 IF; Hartman’s Fixative
Sigma-Aldrich Cat#H0290; EdU (C00053); Cell light EAU Apollo 567
(C10371-1).

412 | Animals

Animals were housed under controlled environmental conditions in the
animal facility of Nanjing Medical University, Nanjing, China, with free
access to water and food. lllumination was provided between 8 AM and
8 PM daily. All animal experiments were approved by the Animal Care
and Use Committee (ACUC) of Nanjing Medical University.

Amh-cre mice and Hspa2-cre were obtained from Jackson Lab and
Model Animal Research Center of Nanjing University. Sertoli cell-
specific Pum1 and Pum2 double knockout (AcDKO) mice were created
by crossing Amh-cre transgene mice with Pum17F and Pum2FF mice,
respectively.

4.2 | Methods
421 | Experimental settings

Seminiferous tubule region segmentation

Segmentation of seminiferous tubules is crucial for ensuring the
integrity of testicular cells within each tubule. During the training
phase, chromatic standardization is employed to address data varia-
tions from different batches. We downsampled each WSI and obtained
image patches at 20x magnification (Figure 1C). To avoid border
effects, we initially filled the images with a white background and
subsequently fed the image patches and masks corresponding to
them into the network for training. Finally, the edited segments are
integrated into the canvas and resized to match the original image
dimensions. In preparation for training, we annotate the boundaries
and interiors of the tubules separately, utilizing the boundaries as a
training background. Subsequently, we employ post-processing tech-
nigues to rectify shortcomings in tubule segmentation and inter-tubule

adhesion.
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SCSD-Net architecture

To address the challenges of precisely delineating nuclear boundaries
in the testes of infertile mice and categorizing nuclei into different
classes, we propose an encoder-decoder-style deep neural network
named SCSD-Net. This network integrates SE modules and attention-
dense units (Figure 1A) to enhance the segmentation and classification
performance of the network. The SCSD-Net is designed to regress
nuclear regions simultaneously and perform nuclear-type segmen-
tation. The U-shaped architecture of this network enables accurate
semantic segmentation of images.

0,** and consists

The feature learning network is based on ResNet5
of multiple SE-Res*® residual convolutional blocks for the segmen-
tation task. The network undergoes four down-sampling operations
for each seminiferous tubule image to extract high-dimensional fea-
tures, followed by batch normalization (BN) and Leaky ReLU activation
functions. Pixel-level predictions are obtained through the decoder,
with two task branches for nuclear region segmentation and cell clas-
sification. Dense units with attention activation are integrated into
the decoder to better capture relationships between input features.*
Channel attention enhances the responses of important channels
while suppressing those of irrelevant channels, and spatial attention
enhances responses at crucial locations while suppressing responses
atirrelevant locations. Both attention mechanisms help the model bet-
ter capture local and global dependencies in the input data, thereby

47 recognizing that attention mecha-

improving model performance,
nisms not only enhance the classification performance of convolutional
neural networks (CNNs) but also bolster their robustness to noisy
inputs.*® Thus, we incorporate attention into the decoder branch to
generate unique attention maps for accurately detecting adhered and

overlapping nuclei.

Deep interactive learning

To strike a balance between accuracy in recognition and generaliza-
tion of the model, we employed a HIL learning strategy (Figure 1B).
Specifically, we started by establishing a baseline model using a small
amount of mouse data to segment six testicular cell types. Upon apply-
ing this model directly to knockout mice, we observed certain errors
such as insufficient segmentation of sc, misidentification of rs, and mis-
classification of some sg and espc. In such cases, a histologist visually
assessed the segmentation results. High-quality segmentation results
were incorporated directly into the training set after fine-tuning, while
segmentation errors, often involving challenging and rare features,
required the histologist to re-annotate or correct the existing pre-
dictions before being added to the training set. This human-machine
interactive process iterated multiple times until the model achieved the
desired performance. In the training of the new model, we employed
a reduced learning rate and extended the training epochs to enhance
stability.

Cell composition analysis
Based on the segmentation of the testis cells obtained from the model,
we will conduct an analysis to examine their cell composition. Objective

metrics such as mean, variance, and cell area proportion to investi-

85U8017 SUOLLLOD BATE81D 3(dedl|dde ay) Aq peuseno a1e ssjoie YO ‘8sn JO S9N 1o} ARIqiT8uljuQ AB|IA\ UO (SUOIPUOD-PUR-SLLIBILID A 1M ALRIq 1 BU1 [UO//SANY) SUORIPUOD PUe SWB | 841 88S *[Z02/TT/¥0] uo ArigiTauliuo A8IM ‘(-uleAnde ) sqnopesy Aq £2/€T IPUe/TTTT OT/I0P/Woo" A3 1M ARe.q 1 BulUo//Sdny Woly pepeojumod ‘0 /2622702


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fandr.13773&mode=

ARV ANDROLOG

gate the quantities of the four types of testicular cells across different

stages:

1. Comparative analysis of the cellular composition of the six types
of testicular cells in different seminiferous tubules at four stage
groups in BKO mice.

2. Comparative analysis of the composition of the six types of
testicular cells in cross-sections of seminiferous tubules in
BKO/HDKO/HDBKO and AcP1/P2/DoubleKO mice.

Data preparation

All WSIs of mouse testicular cross-sections used in this study are
obtained from the State Key Laboratory of Reproductive Medicine in
Nanjing Medical University. Testes were fixed with Hartman’s Fixative
(Sigma, H0290) overnight then dehydrated prior to paraffin embed-
ding. Tissue was rinsed in 70% ethanol (EtOH) then dehydrated for
30 min in 70% EtOH, 30 min in 80% EtOH, 30 min in 95% EtOH, 2x
30 min in 100% EtOH, 30 min in xylene then briefly dipped in melted
paraffin and incubated in paraffin 2 h at 60° then embedded in paraffin
blocks. Five micrometer sections were cut and stained with H&E after
being dewaxed and rehydrated. Images were captured using a 3DHIS-
TECH Pannoramic SCAN Il at 40x magnification (0.23 pm/pixel) and
processed with ImageScope software. The size of each digitized WSI
was approximately 15,000 x 20,000 pixels.

The opinions of histologists with extensive experience in identi-
fying different cell types were used as a reference point to mini-
mize differences between annotators during the annotation process.
The detailed descriptions of the datasets used in this study are
as follows:

D1 and D2 were manually annotated by our histology expert, who
has 5 years of experience in mouse testicular histology. In the annota-
tion process for D2, ST images were categorized into five classes: four
testicular cell types (sgsc in red, spc in orange, rspd in green, and sc
in blue), and a black background. D3 was manually staged by histolo-
gists Min for BKO mice. The staging annotation for the control group’s
wild-type mice was collaboratively completed by another mouse histol-
ogy expert, Dr. Dirk de Rooij, who has decades of experience in mouse
testicular histology, and our histologist. Non-vertical cuts of testicular
cross-sections can result in atypical seminiferous tubules. To eliminate
the impact of atypical tubules, we manually removed these tubules
from D3, D4, and D5. The first and second rows of Table S2, respec-
tively, exhibit the number of tubule images before and after removing

atypical tubules.

Implementation details

The end-to-end neural network model, SCSD-Net, proposed in our
study, was specifically designed for the segmentation and analysis
of four testicular cell types. We implemented SCSD-Net using the
open-source machine learning framework PyTorch (version 1.13.1) and
conducted training and testing on a system equipped with an 11th gen
Intel® Core™ i7-11700 CPU (2.50 GHz) and an NVIDIA GeForce RTX
4090 GPU (with a 24 GB memory capacity). The learning rate was set to
0.0002, the training batch size was set to 100, and we employed Ranger
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as the optimizer. Due to hardware limitations, we constrained the batch
size to three images.

422 | Experimental design and comparison
strategies

SCSD-Net with deep interactive learning

Interactive learning can significantly alleviate the annotation workload
for histologist. This experiment aims to demonstrate how interactive
segmentation effectively enhances the performance of SCSD-Net in
the segmentation of the testicular cell types. We compared the seg-
mentation performance of the network with deep interactive learning
(SCSD-Net+HIL) and without deep interactive learning (SCSD-Net).
In the experiment without deep interactive learning, SCSD-Net used
our pre-existing labeled data from typically developed wild-type mice
alongside partially unlabeled data from genetically defective mice. The
quantities of the six testicular cell types before and after interactive

learning are detailed in Table S1.

Ablation experimental study of SCSD-Net

This experiment evaluated the effectiveness of SE-RES, dense block,
and Channel and Spatial attention block (CS block) in segmentation.
SCSD-Net was compared with Res-Net50, SE-Net, and SE-Net with
attention-dense block and three different models. Additionally, the
impact of different numbers of dense units (0, 1, 2, 3) on model train-
ing time and performance was compared, and two dense blocks were
eventually chosen. The evaluation of all models was based on data
undergoing interactive learning.

Comparison with other models

These experiments aim to verify the enhanced segmentation perfor-
mance of SCSD-Net in comparison to four state-of-the-art models:
Seg-Net,*” U-Net,”® U-Net++,°" and Attention U-Net.>? Additionally,
a distinct evaluation was conducted for the segmentation results of
sgsc and sc. By comparing it with the mentioned models, this demon-
strates that SCSD-Net can effectively segment these two challenging
cell types. The data used for the models had undergone the interactive

learning process.

Cell composition analysis of the seminiferous tubules of BKO mice at
Stages I-XII

This research aims to assess the SCSD-Net+HIL model against pro-
fessional histologists in quantitatively analyzing testicular cells in
infertile mouse testes. Due to the arrested development of spermato-
genesis at the round spermatids in the testes of the knockout mice,
detailed classification based on the morphology and arrangement of
sgsc and spc is challenging for certain stages. Manual analysis of
testicular cells numbers in all nine testicular cross-sections is diffi-
cult for histologists. We selected a subset of images from the VI-XI
stages of seminiferous tubules as D3 (Sub-D3) to address this. The
SCSD-Net+HIL model was employed to automatically segment the

four types of testicular cells in D3 and Sub-D3 seminiferous tubule
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images. Subsequently, quantitative analysis was conducted on the
cells. To explore the developmental changes in the number of tes-
ticular cell types in the entire testicular cross-section seminiferous
tubules of wild-type and BKO mice at different stages, we employed
the SCSD-Net+HIL model to automatically segment the four testic-
ular cell types in the seminiferous tubules of both mouse genotypes
over Stages |-XIl. Subsequently, quantitative analyses of testicular
cells in the nine cross-sections of D3 were performed for both mouse
genotypes, exploring the effects of gene knockout on mouse cell

composition.

4.2.3 | Histology, immunohistochemistry, and
immunofluorescence

Tissues were fixed overnight in Hartman’s fixative (Sigma). Fixed testis
was embedded in paraffin and cut into 5-um-thick serial sections;
sections were processed for H&E staining and IHC, IF according to
standard protocol.* The number of testis sections and tubules used
and the number of animals for each genotype is listed in Table S11.
Immunostaining for PUM1 was performed, following citrate buffer
antigen retrieval, by incubation with anti-PUM1(1/100, Abcam) and
anti-SOX9 (1/1000, Millipore) primary antibodies and detected using
Biotin-Streptavidin HRP Detection Systems (ZSGBBIO). A minimum of
three randomly chosen discontinuous sections were used to determine

positive cells in tubules.

424 | 5-Ethynyl-20-deoxyuridine assay

5-Ethynyl-20-deoxyuridine (EAU; RIBOBIO, C00053) treated mice at
a dosage of 50 mg/kg body weight through intraperitoneal injections.
Three hours after EdU injections, testes were collected. Before EAU
detection, immunofluorescent staining of SOX9 was carried out. Then,
EdU was detected according to the manufacturer’s instructions for Cell
LightTM EdU Apollo 567 in vivo Kit (RIBOBIO, C10371-1).

425 | Fertility test and sperm count and motility
analysis

Adult control mice AcDKO males (10-12 weeks old) were mated with
6-8 weeks old wild-type ICR female mice. One male was mated with
two ICR females for 6 months. Five WT control and five AcDKO animals
were used in the fertility test. Average litter size and litter size numbers
were recorded to assess fertility. For sperm motility, one cauda epi-
didymide was dissected and incubated at 0.2 mL in HTF (Aibei, M1130)
at 37°C for 5 min. Sperm motility was measured with a computer-aided
sperm analysis (CASA) machine (Hamilton Thorne). The remaining

sperm sample was used for sperm count by hemocytometer.
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4.2.6 | Quantification and statistical analysis

All data in bar and line graphs are expressed as means + SD (standard
deviation of the mean). A minimum of three animals per genotype are
used for each experiment, the specific number of animals are listed in
Table S10 for cell composition analysis and figure/legend for AcDKO
characterization. More than 200 seminiferous tubules per testis were
used for Sertoli cell counting of AcDKO characterization. The average
number of tubules used to analyze germ cell number per cord was more
than 600 per mouse. The number of Sertoli cells used to quantify per-
centage of EdU+ cells in SOX9+ cells was more than 2000 for each
mouse, recorded by the percentage of EdU+ SOX9+ cells to the SOX9+
cells in the 40x objective image. The diameter and area of the semi-
niferous tubule section were determined based on the circumscribed
rectangle of the tubule section. The tubule cross-section diameter was
determined based on the average of the horizontal axis and the longitu-
dinal axis of the rectangle immediately outside the seminiferous tubule
section. The area is the product of the rectangle’s horizontal axis and
longitudinal axis; since the rectangle’s area is proportional to that of
the seminiferous tubule section, we used the rectangle area to repre-
sent the area of the seminiferous tubule section. Statistical significance
of cellular composition analysis between the two data groups by Stu-
dent’s t-test (two-tailed) were presented but confirmed also by Welch
two sample t-test and non-parametric Wilcoxon rank sum test, which is

not dependent on normality or symmetry assumption.
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