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ARTICLE INFO ABSTRACT

Edited by: DR. A.M. Tsatsaka Chemotherapy can affect testis development of young boys with cancer, reducing the chances of fatherhood in

adulthood. Studies using experimental models are needed to determine the damage caused by individual

Keywords: chemotherapy drugs in order to predict the risk of infertility and direct patients towards appropriate fertility
Cher_n"therapy preservation options. Here, we investigated the individual role of two drugs, cisplatin and doxorubicin, using an
Isn Vltrot ial st " in vitro culture model of prepubertal (postnatal day 5) mouse testis that supports induction and maintenance of
Ti:g:a ogonia’ stem cetls full spermatogenesis. Twenty-four hour exposure with either drug at clinically-relevant doses (0.25, 0.5 or 0.75

pg/mL for cisplatin, or 0.01, 0.03 or 0.05 pg/mL for doxorubicin), induced an acute significant loss of sper-
matogonial stem cells (SSCs; PLZF"), proliferating SSCs (PLZF'BrdU"), total germ cells (MVH"), and sper-
matocytes (SCP3™) one week after chemotherapy exposure. By the time of the first (Week 4) and second (Week 8)
waves of spermatogenesis, there was no longer any effect on SSC or proliferating SSC numbers in drug-exposed
testis compared to untreated tissue: however, the populations of total germ cells and spermatocytes were still
lower in the higher-dose cisplatin treated groups, along with a reduced frequency of round and elongated
spermatids in both cisplatin- and doxorubicin-treated testis fragments. Overall, this study details a direct
impairment of germ cell development following acute chemotherapy-induced damage during the prepubertal
phase, most likely due to an effect on SSCs, using an in vitro culture system that successfully recapitulates key
events of mouse spermatogenesis.

Prepubertal mouse

1. Introduction impaired spermatogenesis and thus infertility in adulthood [7]; how-
ever, in many cases it remains problematic to predict the likelihood of an
individual developing fertility problems. Furthermore, post-treatment

assessment of the severity of any damage is not possible during child-

Improvements in treatment and diagnosis have dramatically
increased life expectancy for children with cancer, with more than 80 %

5-year survival rates reported in those diagnosed before age 14 [1-3].
This medical success has resulted in a growing focus on the quality of life
of childhood cancer survivors, with increasing importance given to
reducing the long-term side effects of anti-cancer therapy. One of the
most important long-term impacts of childhood cancer treatment is on
fertility [4], and although discussions of fertility can be challenging for
children and parents/carers, the possibility of loss of fertility generates
great concern amongst cancer survivors [5,6].

Chemotherapy can affect testicular development, resulting in

hood due to a lack of clinical biomarkers. For the prepubertal boys who
are most at risk, there is a lack of fertility preservation options available.
It is not possible to preserve fertility through semen cryopreservation,
since fully mature sperm cells are not yet produced. In time, it may be
possible to restore fertility using testicular biopsies collected from
children with cancer before the onset of any potentially sterilising
treatment [8]. An alternative solution is to develop preventive measures
that will reduce chemotherapy-induced damage to the reproductive
organs [9-12]. In order for any such protective agent to be identified, we
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require more understanding about the mechanism of action and
long-term consequences of chemotherapy agents on the developing
testis. Currently, the degree of chemotherapy-induced damage to the
testis remains unpredictable, especially in children. It will vary ac-
cording to the therapeutic regimen (type of anticancer agents, dose, and
timing), as well as the patient’s age, and individual sensitivity [13].
Clinical studies provide limited information in regard to the risk of
infertility posed by each chemotherapy compound, since these are
almost always administered in combinations. Nonetheless, some classes
of drugs, such as alkylating agents, have been associated with a high risk
of testicular damage [14]. Cisplatin is an alkylating-like platinum-based
compound that is often used to treat solid tumours in paediatric cancer
patients [15,16]. The mechanism of action of cisplatin in cancer treat-
ment relies on the formation of DNA adducts that induce cell death [17].
Doxorubicin is an anthracycline antibiotic used to treat a range of
childhood cancers, such as lymphoma, sarcoma, neuroblastoma and
Wilms tumour [18]. Inhibition of Topoisomerase II is the main mecha-
nism of action here, in turn inducing accumulation of DNA fragments
during replication and ultimately cell death [17]. Both drugs are
considered to have a medium (doxorubicin)-to-high (cisplatin) risk of
producing testicular damage in humans [1,19], and both have been
associated with acute germ cell loss in a mouse model [20]. In the longer
term, however, it is vital to understand the potential for recovery of
spermatogenesis following any chemotherapy insult, with any such re-
covery dependant on the survival and/or repopulation of spermatogo-
nial stem cells (SSCs).

Spermatogenesis relies on self-renewal of SSCs alongside continuous
production of differentiating germ cells from SSCs to generate sperm.
Spermatogenesis is dependent on a local somatic cell ‘niche’ environ-
ment. The characterization of the detrimental effect of chemotherapy
drugs upon specific cell types within the testicular tissue (e.g. germ and/
or somatic cells) is key for accurate prediction of the risk to fertility, and
for the development of targeted protective strategies. Direct insult of
chemotherapy drugs on germ cells has been shown in animal studies
[21,22] and confirmed in the analysis of childhood testicular biopsies
[14,23]; this could well be a leading cause of oligozoospermia or
azoospermia in adulthood [24] and of the reduced chances of paternity
that has been demonstrated in a long-term cohort study of childhood
cancer survivors [4].

In the present study, we have used an in vitro culture system that
supports ex vivo spermatogenesis in prepubertal mouse testis, as first
developed by Sato et al. [25], in order to examine the potential of the
testis to recover from chemotherapy-induced injury. Here, the culture
method has been amended to improve tissue quality and consistency, to
better support toxicological studies such as this. We have used this
approach to assess the impact of patient-relevant concentrations of the
chemotherapy agents cisplatin and doxorubicin on the immature testis,
with a focus on SSC survival, proliferation and differentiation, and on
subsequent spermatogenesis.

2. Material and methods
2.1. Animals

CD-1 mice were housed in a 14h:10 h light:dark cycle, with food and
water provided ad libitum. All experiments were approved by the Animal
Welfare and Ethical Review Board (AWERB) at the University of Edin-
burgh and all procedures were carried out in accordance with UK Home
Office Regulations.

2.2. Testicular testis culture

Mouse testes (n = 28) were obtained from 14 pups on postnatal day
(pnd) 5 and placed into Leibovitz L-15 medium (Invitrogen), supple-
mented with 3 mg/mL bovine serum albumin (BSA; Sigma-Aldrich).
Culture (n 5-7 runs) was performed in serum-free medium, as
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previously published [20,26], with minor modifications. In brief, after
removal of tunica albuginea, each testis was fragmented into 0.5—1
mm? cubes, with the tissue fragments then randomly distributed in a
24-well plate, each fragment in an individual well. A liquid-air inter-
phase culture was set up by placing each testis fragment onto a poly-
acrylamide membrane (Whatman nucleopore, Camlab) floating on 1 mL
of culture medium composed of eMEM medium (Invitrogen) with 10 %
knockout serum replacement (Invitrogen) and 1%
antibiotic-antimycotic (Thermofisher) at 34 °C in 5% CO2 humidified
atmosphere. After a 24 h resting period (Day 1), testis fragments were
exposed to chemotherapy drugs added to the culture medium in a range
of concentrations as detailed below (Day 2). On Day 3, tissues were
moved into drug-free medium and maintained in that environment for
the remainder of the culture period, supplemented with fresh medium
on alternate days. Twenty-four hours before the end of culture period,
1.5 pg/mL of 5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich) was
added to the medium to allow subsequent comparison of cell prolifer-
ation rates. Tissues were processed for analysis at three different time
points post drug exposure: 7 days (Week 1), 28 days (Week 4) and 56
days (Week 8). Age-matched control testes were collected from one-two
mice at pnd 13 for Week 1, pnd 33 for Week 4, and pnd 61 for Week 8, to
enable comparative analysis of organ fragment developed in vitro versus
an age-equivalent in vivo tissue. Mouse spermatogenesis requires an
average of 34.5 days to be completed [27]. The onset of puberty in mice
ranges between 30-40 pnd, with the first round and elongated sper-
matids appearing at 20-30 pnd [28].

2.3. Chemotherapy agents

Cisplatin and doxorubicin (Sigma-Aldrich) were dissolved in sterile
water and added to the culture medium to reach final concentrations of
0.25, 0.5 or 0.75 pg/mL for cisplatin, and 0.01, 0.03 or 0.05 pg/mL for
doxorubicin. Control media was supplemented with vehicle (water, 0.1
%). Drug concentrations were selected to be at the lower end of those
reported in the serum of cancer patients: for cisplatin 0.05—4 pg/mL
[29-32]; for doxorubicin 0.02—0.3 pg/mL [33,34].

2.4. Histology and immunohistochemistry

At the end of the culture period, tissues were fixed for 1 h in either
Bouin’s solution (Sigma-Aldrich) or 4% Neutral Buffered Formalin (NBF;
Sigma-Aldrich). Serial sections (5 pm) were cut until the entire wax-
embedded tissue block was sectioned, with the complete set of sec-
tions from Bouin’s-fixed fragment used for histological examination
following staining with haematoxylin and eosin (H&E) or Period acid-
Schiff and haematoxylin (PAS), and representative cross-sections of
the NBF-fixed fragments used for subsequent immunohistochemistry
(IHC). Testes collected for age-equivalent (pnd 13 - Week 1, pnd 33 -
Week 4, and pnd 61 - Week 8) in vivo analysis were fixed overnight in
Bouin’s solution, sectioned (5 pm), with randomly selected sections
stained with H&E or PAS.

2.5. Morphological analysis

Every H&E stained serial section per testicular fragment was exam-
ined, and representative photomicrographs taken by blind-to-treatment
assessor (DMLB Leica microscope, Leica Microsystem Ltd.). Morpho-
logical identification of undifferentiated germ cells and somatic cells
was carried out according to previously published criteria [35]. Lining
the basal membrane, gonocytes were identifiable by their large round
nuclei and neat cellular borders, while undifferentiated spermatogonia
were identified by their typical oval nuclei with few nucleoli. In a
luminal position, round spermatids (RS) were identified by their smaller
size compared to germ cells at other developmental stages (spermato-
gonia and spermatocytes) and/or by a small dark area beside the nucleus
indicating the developing acrosome. Randomly selected sections
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representative of each experimental group were PAS stained to confirm
the presence of the acrosome for RS identification. Elongated spermatids
(ES) were identified by a compact dense structure representing the
precursor for the hook-shaped head of the mature spermatozoa. The
presence of haploid male germ cells (round or elongated spermatids)
was recorded for each individual experimental tissue fragment. Sections
used for IHC, were also analysed to assess the presence of ES, whose
typical morphology (described above) was further identified by DNA
counterstaining (see IHC section).

2.6. Immunohistochemistry

One or two non-consecutive sections representative of the centre
(core) of each testis fragment were used for each immunostaining run.
IHC was performed as in Smart et al. [20]. In brief, after heat mediated
antigen retrieval in 10 mM citrate buffer (pH6; Fisher Chemical), a so-
lution of 20 % goat serum with 0.1 % Triton X-100 (Sigma-Aldrich) and
5 % BSA (Sigma-Aldrich) in PBS was used for blocking for 1 h at room
temperature (RT). Washes in phosphate-buffered saline (Fisher Scienti-
fic UK Ltd.) with 0.1 % Triton X-100 were done in between each step.
Primary antibody (Table 1) was applied overnight at 4 °C in a humidi-
fied chamber, followed by 1 h incubation at RT with appropriate sec-
ondary antibody (Table 1). Omission of primary or secondary antibody
was used to assess specificity of IHC reactions. Sections were counter-
stained with DAPI (4,6-Diamidino-2phenylindole; 1:5000; Invitrogen),
then mounted with Vectashield hard-mounting medium (Vector
Laboratories).

Images were collected (Leica DM5500B microscope with DFC360FX
camera, Leica Microsystem Ltd.) and analysed by blind-to-treatment
assessor (cell counter plugin, ImageJ/Fiji software). For the first set of
IHC (double IHC #1, Table 1), the number of PLZF" (SSCs), BrdU*
(proliferating cells) and double PLZF BrdU™ (proliferating SSCs) cells
was manually counted. For the second set of IHC (double IHC #2,
Table 1), the number of MVH™" (germ cells) and SCP3™ (spermatocytes)
was manually counted. Density was calculated as the total number of
each cell type relative to the total area of seminiferous tubules (mm?)
per section.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software,
to determine statistical significance of treatment groups compared with
control tissue. For results obtained from IHC, Kolmogorov-Smirnov
normality test was used to assess Gaussian distributions of data. One-
way ANOVA test was used for normally distributed data, followed by
Bonferroni’s multiple comparison. Kruskal-Wallis test followed by
Dunn’s multiple comparisons test was used where normality could not
be shown. The frequency of RS present in Week 4 and ES in Week 8 in
treated tissues was compared with frequency of RS and ES in relative
control tissues. Data were considered statistically significant when p
value was <0.05.
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3. Results

3.1. Optimization of in vitro culture system of prepubertal mouse testis
supporting initiation and maintenance of spermatogenesis for toxicological
investigations

Testicular tissue fragments isolated from prepubertal (pnd 5) mice
and maintained in culture for up to eight weeks were able to support full
spermatogenesis in vitro. Progression of spermatogenesis and tissue
morphology were assessed using H&E stained histological sections and
IHC (Fig. 1). The culture system successfully supported initiation and
progression of spermatogenesis, with germ cell differentiation from
gonocytes in pre-culture tissue (Fig. 1A), to elongated spermatids (ES)
after eight weeks in culture (Fig. 1B). At the end of eight weeks in cul-
ture, the architecture of the testis was well preserved, with seminiferous
tubule integrity conserved. There was also a notable absence of necrosis
or disorganization at the centre of the tissue, indicating good survival of
the entire tissue piece (Fig. 1B). Across the period of tissue culture, the
organ culture system sustained normal testicular development, match-
ing in vivo observations. After one week of culture, tubules contained
spermatogonia, as well as differentiating germ cells entering the meiotic
phase (spermatocyte - leptotene) populating the lumen of the seminif-
erous tubules (Fig. 1C): this was similar to that seen in age-matched
control tissues obtained from pnd 13 mice (Fig. 1D). At Week 4 of cul-
ture, germ cell differentiation had advanced in many seminiferous tu-
bules, with some germ cells now at the spermatocyte (pachytene) stage,
and others that had progressed to haploid germ cells (RS; Fig. 1E): a
similar pattern was observed in age-matched control tissues collected
from pnd 33 mice (Fig. 1F). At the end of culture, at Week 8, there were
also ES present in a few tubules (Fig. 1G). ES were also evident in age-
matched tissues collected from pnd 61 mice (Fig. 1H). Germ cells at
different developmental phases were also observed in detail in IHC
stained sections (Fig. 1I), with the identification of germ cells (MVH™"
cells) during meiotic phases [prophase I: pachytene (Fig. 1I-a) and
diplotene (Fig. 11-b) spermatocytes; telophase I spermatocytes (Fig. 11-
c)] and post-meiotic, with ES identifiable by the characteristic shape,
with a typical condensed nucleus resembling the head of spermatozoa
and absence of MVH expression (Fig. 11-d). It was notable that hetero-
geneity in tubule morphology increased as the culture proceeded: while
many tubules supported active spermatogenesis and were packed with
germ cells at different phases of differentiation as described, other tu-
bules appeared to be enlarged, while tending to have a reduced germ cell
population (Fig. 1B).

3.2. Cisplatin and doxorubicin lead to a loss of SSCs in the short-term
only

The optimised culture system was used to assess the reproductive
toxicity of two chemotherapy drugs commonly used in the treatment of
childhood cancer patients, cisplatin and doxorubicin. Testicular organ
fragments from prepubertal mice were exposed in vitro to patient-
relevant concentrations of cisplatin (0.25, 0.5 or 0.75 pg/mL) or doxo-
rubicin (0.01, 0.03 or 0.05 pg/mL), after which IHC was carried out to
examine the density of SSCs, the density of all proliferating cells and the

Table 1
Antibodies and conditions for immunohistochemistry.
Primary Ab" Marker Cat. N# Specie Dilution Secondary Ab” Cat. N#
Double IHC #1 anti-PLZF SSCs ab189849 rabbit 1:3000 Alexa Fluor 488 anti-rabbit Al11011
anti-BrdU proliferative cells ab6326 rat 1:500 Alexa Fluor 568 anti-rat A-11031
Double IHC #2 anti-MVH/DDX4 germ cells ab13840 rabbit 1:200 Alexa Fluor 488 anti-rabbit A11011
anti-SCP3 spermatocytes ab97672 mouse 1:500 Alexa Fluor 568 anti-mouse A-21124

@ All primary antibodies were purchased from Abcam.

b All secondary antibodies were raised in goat, purchased from Invitrogen and used at 1:200 dilution. Abbreviations: PLZF, Promyelocytic Leukaemia Zin Finger
protein; BrdU, 5-bromo-2’-deoxyuridine; MVH/DDX4, Mouse Vasa Homologue/DEAD-Box Helicase 4; SCP3, Synaptonemal Complex Protein 3.
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Fig. 1. Induction and progression of spermatogenesis over eight weeks in an in vitro model of mouse prepubertal testis development. Representative photomicro-
graphs of haematoxylin & eosin and immunohistochemically stained sections of mouse testis. (A) Post-natal day (pnd) 5 mouse testis (pre-culture control), containing
gonocyte/undifferentiated spermatogonia (black arrow). (B) Week 8 culture control testis, containing elongated spermatids (ES; white arrowhead), visible in the
magnified image of one tubule, were the most differentiated germ cells seen in cultured tissue. No sign of necrosis can be observed in the centre of the tissue, with
many seminiferous tubules containing active spermatogenesis and some enlarged tubules (star). (C) At Week 1 of culture, testis contains germ cells entering meiosis
(primary spermatocyte — white arrow), along with spermatogonia (black arrow), resembling testis morphology of (D) pnd 13 mouse testis. (E) At Week 4 of culture,
testis contains germ cells in pachytene phase of meiosis (white arrow) and post-meiosis (round spermatids — white arrowhead), resembling testis morphology of (F)
pnd 33 mouse testis. (G) At Week 8 of culture, testis contains ESs (white arrowhead), as in (H) testis from pnd 61 mouse. (I) Different developmental phases of
spermatogenesis identified by characteristic changes in nuclear morphology after immunostaining for MVH™ cells (red), counterstained with DAPI (blue) for cell
nuclei, showing spermatocytes in prophase: (I-a) pachytene (yellow inset) or (I-b) diplotene (green inset); (I-c) spermatocytes in telophase (purple inset); and (I-d)
MVH™ elongated spermatids (orange inset). Scale bar in A represents 50 pm; in B, 100 pm; in C — H, 25 pm; in I, 50 pm.

density of proliferating SSCs (Fig. 2, A-C respectively). Drug treatment significant loss of number of SSCs and proliferating SSCs, the proportion

was administered for 24 h only, on Day 2 of culture, with tissues then of SSCs that were proliferating during the last 24 h of each culture end
maintained for up to eight weeks in drug-free culture medium. Three points did not change over time and across drug treatments when
time points were selected to assess the impact of chemotherapy expo- compared to control (Supplementary Fig. 1).

sure: short- (Week 1), mid- (Week 4), and long-term (Week 8). To

investigate the acute effect of chemotherapy exposure on the SSC pop- 3.3. Differing effects of cisplatin and doxorubicin on meiotic progression
ulation, quantification was carried out to determine the density of PLFZ™" during prepubertal mouse spermatogenesis

cells at Week 1. SSC density was significantly reduced in tissue exposed

to all three cisplatin concentrations and to the two higher doxorubicin To determine whether the effects of cisplatin or doxorubicin on the
concentrations compared with control tissues (p < 0.001; Fig. 2D). To testicular stem cell population resulted in changes in the ability of germ
verify whether such short term loss was due to interference with cellular cells to progress through meiosis, MVH"' germ cells (Fig. 3A) and SCP3™"
proliferation, BrdU incorporation by cells within the tubules was meiotic cells (Fig. 3B) were quantified at all three time points and their
determined: a similar loss of proliferating cells within the seminiferous density expressed as relative to area (mm?) of seminiferous tubules. At
tubules was observed in testis fragments exposed to all cisplatin or Week 1, all drug treatments resulted in a significant loss of total germ
doxorubicin concentrations (p < 0.001; Fig. 2E). Therefore, we looked cells compared to control cultures (p < 0.001; Fig. 3C). In contrast, the
specifically at the proliferating SSC population (PLFZ*BrdU™). This was density of spermatocytes was significantly reduced by all cisplatin
also reduced after exposure to the two highest cisplatin concentrations concentrations (p < 0.001) but by only the highest concentration of
(p < 0.05 for 0.5 pg/mL cisplatin; p < 0.001 for 0.75 pg/mL cisplatin) doxorubicin (p < 0.05; Fig. 3D). At Week 4, there was significant
and to the highest doxorubicin concentration (p < 0.05 for 0.05 pg/mL reduction in total germ cells at the highest concentrations of cisplatin or
doxorubicin) (Fig. 2F). We then determined whether such chemotherapy doxorubicin (both p < 0.05; Fig. 3E); there was no longer any effect of
induced damage persisted four weeks later, when the first, usually not cisplatin on spermatocyte density, but this did remain significantly
fertile, wave of spermatogenesis had likely taken place. At Week 4 after lower after exposure to the top two doses of doxorubicin (mid dose p <
chemotherapy exposure, the negative impact on germ cells was main- 0.05; high dose p < 0.01; Fig. 3F). At Week 8, cisplatin-exposed testis

tained only for the highest concentration of doxorubicin, which resulted fragments showed a significant loss of total germ cells and of sper-
in a significant reduction in density of SSCs (p < 0.05 for density of matocytes at the mid- and high-concentrations (p < 0.05 for all); in
PLZF'; Fig. 2G), proliferating cells (p < 0.01 for BrdU™; Fig. 2H) and contrast, there was no longer any significant effect of doxorubicin-
proliferating SSCs (PLZF"BrdU™; Fig. 2I) compared to control. At Week exposure (Fig. 3G, H).

8, there was no longer any significant effect of chemotherapy exposure

on either SSC or proliferating SSC populations (Fig. 2J-L). Despite the
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Fig. 2. Effect of cisplatin or doxorubicin on spermatogonial stem cells, proliferating cells within seminiferous tubules and proliferating spermatogonial stem cells in
mouse testis exposed in vitro. Representative photomicrographs of immunohistochemistry to identify (A) spermatogonial stem cells (SSCs; PLZF'; green); (B)
proliferating cells (BrdU™; red); (C) proliferating SSCs (double stained PLZF'BrdU™; orange-yellow); cell nuclei counterstained with DAPI (blue). Scale bars represent
25 um. (D-L) Graphs showing cell quantification expressed per seminiferous tubule area (mm?) in mouse testis fragment after chemotherapy drugs exposure at (D-F)
Week 1; (G-I) Week 4; and (J-L) Week 8 time points. There was a significant reduction in cell densities one week after cisplatin or doxorubicin exposure, not
persisting at Week 4 (apart at the highest doxorubicin concentration) or Week 8. Values shown are means + SEM, with each data point representing an individual
organ fragment (n = 6-14). Statistical analysis compared treated versus control group. *p < 0.05, **p < 0.01, ***p < 0.001.

3.4. The presence of round and elongated spermatids after exposure to and 8 to determine whether the short-term chemotherapy-induced loss
cisplatin or doxorubicin of SSCs impacted on the later stages of germ cell development. The
number of testicular tissues in which RS (Fig. 4A and Supplementary

Histological sections of cultured tissues were examined at Weeks 4 Fig. 2) or ES (Fig. 4B) were present was recorded. In total, 54 % of
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Fig. 3. Effect of cisplatin or doxorubicin on spermatogonial germ cells and spermatocytes in mouse testis exposed in vitro. Representative photomicrographs of
immunohistochemistry for the identification of (A) germ cells (MVH™; red); and (B) spermatocytes (SCP3; green); cell nuclei counterstained with DAPI (blue). Scale
bar represents 50 pm in A; 40 pm in B. (C-H) Graphs showing cell quantification expressed per seminiferous tubules area (mm?) in mouse testis fragment after
chemotherapy drug exposure at (C-D) Week 1; (E-F) Week 4; and (G-H) Week 8 time points. (C) At Week 1, significant loss of germ cells was seen after both cisplatin
and doxorubicin exposure. (E) Such reduction remained significant at the highest drug concentrations at Week 4 and (G) at the two highest cisplatin concentrations at
Week 8. (D) Spermatocytes were significantly reduced in all cisplatin concentrations and at the highest doxorubicin concentration at Week 1. (F) At Week 4, the loss
was significant in the two highest doxorubicin exposed tissues; and (H) at Week 8, at the two highest cisplatin concentrations. Values shown are means + SEM, with

each data point representing an individual organ fragment (n = 6-14). Statistical analysis compared treated versus control group. *p < 0.05, **p < 0.01,

***p

< 0.001.

Week 4 - Number of testis

Fig. 4. Morphological evaluation of testicular
fragments with spermatogenesis 4 and 8 weeks
after cisplatin or doxorubicin exposure. Repre-
sentative photomicrographs of histological sec-
tions of mouse testis at (A) Week 4 and (B)
Week 8. Scale bars represent 25 pm. Round
spermatids (RS; black arrowhead) and elon-
gated spermatids (ES; white arrowheads) were
identified as endpoint spermatogenesis stage for
Weeks 4 and 8, respectively. (C) Quantification
of testicular fragments with tubules with RS or
ES, given relative to the number of fragments
analysed.

Week 8 - Number of testis

Experimental fragments with round fragments with elongated
group spermatids/number of testis spermatids/number of testis
fragments analysed (%) fragments analysed (%)

control 6/11 (54) 6/14 (42)

cis 0.25 2/8 (25) 2/10 (20)

cis 0.5 0/6 (0) 3/9 (33)

cis 0.75 1/8 (12.5) 1/9 (11)

dox 0.01 5/8 (62.5) 1/7 (14)

dox 0.03 0/8 (0) 1/10 (10)

dox 0.05 0/5 (0) 0/11 (0)

control testis fragments maintained in culture for four weeks contained
RS. The percentage of fragments with RS was consistently lower (0-25
%) in cisplatin-exposed tissues, while RS were not seen in any tissue
exposed to the two highest doxorubicin concentrations (Fig. 4C). Simi-
larly, two months after chemotherapy exposure, spermatogenesis pro-
ceeded to the ES phase in around 40 % of control fragments, with lower
frequency found in cisplatin- (11-33 %) or doxorubicin- (0-14 %)
exposed tissues (Fig. 4C).

4. Discussion

This study assessed the impact of patient-relevant concentrations of
cisplatin and doxorubicin, two drugs often included in protocols for
oncologic paediatric patients, on the development of the immature
testis. The treatment design aimed to evaluate the histopathological
changes of prepubertal mouse testis caused by in vitro exposure to
chemotherapy drugs, and also to assess the long-term consequences of
acute SSC loss on subsequent self-renewal and differentiation. Both
drugs induced acute loss of SSCs that was not maintained two months
later; however, high concentrations of cisplatin impaired germ cell
development in the longer term.

Both chemotherapy agents resulted in a short-term fall in SSCs and
total germ cells, confirming previous work from our group [20,36], as

well as others also using a prepubertal rodent model [15,37]. To date, no
studies are available on the direct acute impact of cisplatin or doxoru-
bicin on the SSC/germ cell pool in children, due to the scarcity of
testicular samples collected before and after chemotherapy. Also, the
frequent administration of drugs in combination renders it challenging
to identify the mechanism of action of individual agents on a specific cell
population within the human testis.

It is likely that most chemotherapy agents, including cisplatin and
doxorubicin, act by interfering with the proliferative process and/or by
inducing apoptosis in germ cells, as they do in neoplastic cells [38,39].
Here, the number of proliferating germ cells within the seminiferous
tubules was drastically reduced one week after cisplatin or doxorubicin
exposure: crucially, this included a significant reduction in the number
of proliferating SSCs. We have previously shown increased expression of
apoptotic markers in spermatogonial gem cells before the number of
such cells decline [20], with others showing evidence of apoptotic
pathways activation [15,40,41]. Indeed, germ cell damage can impact
negatively on the supporting somatic Sertoli cells, exacerbating the
fertility impairment [42]. Further studies will be required to translate
animal findings to effects on prepubertal boys; understanding the spe-
cific impact and mechanism of actions of individual anticancer agents,
such as cisplatin and doxorubicin, on the key pool of SSCs will help to
predict the long-term risk of infertility during adulthood.
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Here, testis fragments were kept in culture for up to two months
following chemotherapy exposure, to assess whether the acute damage
to SSCs would persist, and whether there would be any effect on the later
phases of spermatogenesis. In the longer term, the difference in SSC
density between control and drug-exposed testes dissipated, as did the
difference in number of SSCs that were proliferating during the last 24 h
of the culture period. It has been suggested that a gonadotoxic insult
would increase the mitotic rate of undifferentiated spermatogonial cells
[43], in order to repopulate the seminiferous epithelium; an increased
mitotic activity could in turn predispose the germ cells to more severe
damage during any subsequent cycles of treatment [44]. Here, no
change was noted in the proportion of SSCs that were proliferating over
time or across treatments, however it is possible that the time points
selected did not pick up a change occurring at other times. Furthermore,
SSCs could increase their number by selectively opting for self-renewal
over differentiation, without necessarily modifying their proliferation
rate.

Adult spermatogenesis is quantitatively dependent on the number of
SSCs and of their supporting Sertoli cells. A strong correlation between
the number of SSCs remaining following chemotherapy and the recovery
time for spermatogenesis has been demonstrated in adult mice [45]. In
the present study, germ cell density remained low two months after
cisplatin but not doxorubicin exposure (although a non-statistically
significant dose-response trend was present). A limited number of
studies have investigated the impact on SSCs of chemotherapy admin-
istered to prepubertal animals using in vivo models [43], with subse-
quent assessment of fertility and sperm quality in adulthood [46].
Long-term, follow up studies looking at testis biopsies from survivors
of childhood cancers are extremely rare: one study has shown a reduc-
tion of germ cells in a 5-year follow up after treatment that included
alkylating agents and doxorubicin [47], while another found no evi-
dence of damage in a 10-year follow up after treatment with the alky-
lating agent cyclophosphamide [48]. In order to assess whether the
acute SSC damage caused by cisplatin or doxorubicin would have re-
percussions on later phases of spermatogenesis, we evaluated key stages
of germ cell development. The density of spermatocytes dropped rela-
tive to controls one week after cisplatin exposure, temporarily recovered
one month after exposure, to drop again two months later. A slightly
different scenario occurred for doxorubicin treated tissues, with a
reduction in spermatocyte density relative to controls at the highest
concentration only in the first week and the two highest concentrations
one month after drug exposure, but with no significant difference found
at the end of the two months of culture (although a non-statistically
significant dose-response trend was present). Moreover, after drug
treatment, a lower proportion of testis fragments contained round or
elongated spermatids, at four and eight weeks respectively. These
findings are in line with the reduced probability of siring a pregnancy
observed in male cancer survivors who received higher doses of cisplatin
during childhood [4]. Furthermore, it is important to bear in mind that
patients will routinely receive multiple cycles of chemotherapy treat-
ment, therefore any recovery of the germ cell population after a single
acute gonadotoxic insult will then be exposed to further doses of
chemotherapy agents.

This study has examined the effect of changes to the experimental
method for the long-term culture of prepubertal mouse testis, improving
its use for reproductive toxicological assessment. Spermatogenesis is an
intricate biological process, relying on the interdependent activity of
different somatic cell types, all contributing to the development of male
germ cells: SSCs balance self-renewal and differentiation, culminating
with the production of sperm from puberty in humans. For more than a
century, attempts have been made to reproduce this complex cascade of
events in vitro (history summarised in [49]), with improvements to a
culture system that supports this process still the focus of investigations,
both to help understand the process and also as a potential fertility
treatment. The organ culture used here is slightly modified from the
ground-breaking system developed by Sato and colleagues [25], capable
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of activating and maintaining spermatogenesis in neonatal mouse testis,
while preserving cellular interactions and the microenvironment
through retention of its three-dimensional architecture. Here, an
air-liquid interphase has been used, with testicular fragments floating on
polycarbonate membrane; this has the advantage of increasing the sta-
bility of fragment position, along with a reduction in handling-time for
the operator. The other main change here is to the reduced size of tissue
fragments used at the start of the culture, which has improved testicular
integrity and reduced the occurrence of necrosis in the centre of the
tissue fragments. Maintaining testicular tissue in culture for an extended
period of time can lead to a significant necrotic central area [25,50],
inevitably reducing the value of the culture system as a tool for toxi-
cological screening. Here, the small average size of the fragments has
likely increased nutrient perfusion to the tissue centre. The prolonged
culture period has, however, increased heterogeneity of tubule
morphology, with several expanded tubules likely the result of abnormal
liquid accumulation due to altered trans-epithelial transport of luminal
fluids. That in turn can negatively impact on germ cell development,
increasing the occurrence of tubules with reduced germ cell population
or even the appearance of Sertoli-cell-only tubules. Despite such dis-
crepancies compared to in vivo tissue, others have successfully used this
method to assess reproductive toxicity [51,52], and the changes out-
lined here further improve the usefulness of this method as toxicological
tool. Future studies will be required to identify key medium components
and strategies in order to continue to optimise culture conditions [53,
54]. Comparative in vivo studies, taking into account the pharmacoki-
netics of chemotherapy agents, would be useful to validate the in vitro
system.

In conclusion, these data show that treatment with either cisplatin or
doxorubicin results in acute, direct damage to SSCs. Crucially, despite a
recovery in SSC number in the longer term, the negative consequences of
exposure to higher concentrations of cisplatin were still marked around
the period of the second wave of spermatogenesis, with reduced number
of total germ cells, both pre- and post-meiosis. The study has also made a
key step forward in the improvement of an organ culture system, so that
it supports full spermatogenesis from immature mouse testis more reli-
ably and consistently, improving its usefulness for toxicological in-
vestigations on the developing testicular tissue.
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