
 

Effect of D-aspartate and storage temperature on 

cryopreserved sperm quality and fertility in mice  

 

 

Inaugural Dissertation 

 

zur 

 

Erlangung des Doktorgrades 

philosophiae doctor (PhD) in Health Sciences 

der Medizinischen Fakultät 

der Universität zu Köln 
 

 

vorgelegt von 

 

 

Manon Peltier 

 

 

aus Chartres, France 

 

 

 

Druckerei Hundt, Köln 

 

 

 

2024 

  



2 
 

Betreuerin / Betreuer:   Prof. Dr. Esther Mahabir-Brenner 

 

Gutachterin / Gutachter:  Prof. Dr. Maria Cristina Polidori 

     Prof. Dr. Marius Lemberg 

 

Datum der Mündlichen Prüfung: 05.06.2024 

  



3 
 

Acknowledgements 
 

I remember my arrival in Cologne, my first visit to Germany, in January 2020. A few 

weeks before, full of enthusiasm, I prepared my resume, learned how to count from 1 to 100 

and a few other (more or less) indispensable words in German. We left Salt Lake City, the 

mountains and the snow. I was thrilled to come back to Europe. Starting a new life, discovering 

a new country and looking for a PhD position was very exciting, even though the COVID-19 

pandemic had made things a little bit more difficult. I would like to thank all of the people who, 

in one way or another, contributed to my success, believed in me and encouraged me during 

my thesis. 

 

First of all, I would like to thank Prof. Dr. Mahabir-Brenner for giving me the opportunity 

to complete my PhD in her research group. Obtaining a PhD is a major achievement in my life 

and I am grateful for her contribution in this journey. I also expressed my gratitude to my IPHS 

tutors, Prof. Dr. Polidori and Prof. Dr. Lemberg. I thank you very much for your time, your 

availability and your guidance. I am also thankful to Prof. Scavizzi and Renata for our fruitful 

collaboration. 

To my colleagues, past and present: Daniela, Fleurand, Hannah, Lucienne, Mohamed, 

Ole, Pascal, Sara, Sarah, Silke and Yasmin, I am very thankful for your friendship, for your 

efforts to speak English when I am around and for making me feel that my skills and knowledge 

can be useful to someone else. Thank you for your support, for attending my presentations, 

for your feedback, for being present in stressful situations and for being most of my social life. 

Thank you all for your good vibes! A special thank you to Sarah for helping to translate the 

abstract into German, and to Mohamed who was a colleague, coach, interpreter, storyteller 

and TV-show reviewer all in one. I thank you for your infectious laugh and for always finding 

the positive in every situation. Your help has been precious in navigating in this sometimes-

unintelligible world. 

On a more personal perspective, I want to express my profound friendship to Natasha. 

Although you are on another continent, you always feel so close to me. You have already 

contributed a lot to my success when I was a master student, as well as with Franz. You 

welcomed me with such a warm smile, facilitated my integration into this new environment, fed 

me with cherry cakes and other amazing dishes that you have the secret. I will never forget 

everything you have done for me, thank you for your support, for your humanity, for your 

affection and for being you. I can’t wait to get back to Utah and see you in person again. Hot-

air ballooning over The Wasatch Front sounds like an amazingly very good plan! Thank you 

and Nestor, for being such good friends. 



 

4 
 

I am deeply grateful to my two families, Peltier and Storelli. Vous mes parents, qui 

m’avez toujours soutenue, qui avez su me laisser partir et me faire confiance, je vous remercie 

de tout ce que vous avez fait pour moi. Merci de m’avoir guidée dans la vie, de m’avoir appris 

à travailler dur, à m’accrocher mais aussi à profiter des choses simples de la vie. Je te remercie 

mon frère, avec qui j’ai partagé tant de choses, pour ton soutien, même si on est loin, même 

si on ne se voit pas souvent, je sais qu’on sera toujours là l’un pour l’autre. Toi aussi tu as 

accompli tant de choses dans ta vie et je suis incroyablement fière de toi. Un grand merci à 

ma famille de cœur, celle qui m’a adoptée comme une fille et une sœur. Merci de m’avoir 

accueillie si chaleureusement, merci pour vos encouragements dans tous les aspects de ma 

vie et de suivre nos péripéties depuis plus de 10 ans déjà ! 

I also would like to thank my emotional support animal, Gibbs, for his unconditional love 

and happiness. I am very pleased to be your human. Thank you for always trusting me and for 

making me feel like I am the most important person in the world.  

Finally, I am extremely grateful to my husband, Gilles. Who would have thought that 

tree-climbing activity would change my life forever? Thanks to you, I have achieved things I 

never thought I could or even imagined. Completing my PhD would not have been possible 

without you. I thank you for your unwavering support, your guidance, your feedback and for 

the time you took to correct my dissertation in an already overloaded schedule. I also thank 

you for your patience, your trust and your honesty. Lastly, I thank you for sharing my life, for 

our daily uncontrollable laughter, for being an amazing father to Gibbs and for making me the 

person I am today. 

 

  



5 
 

Abstract 
 

Mice have long been used in biomedical research because of their similarity to humans 

and ease of maintenance. Recent advances in genetic engineering have resulted in the 

generation of thousands of transgenic mouse lines that need to be made available to the 

scientific community. Assisted reproductive technologies have become essential for managing 

and archiving all these lines in repositories. Sperm cryopreservation appears to be the most 

economical and straightforward way to archive mouse lines compared to oocyte and embryo 

cryopreservation. Cryopreserved sperm is thawed and used for in vitro fertilisation (IVF), 

followed by embryo transfer, to recover mouse lines as needed. However, there are still major 

challenges in using cryopreserved sperm for IVF. In particular, cryodamage can compromise 

sperm integrity and fertility. Although cryopreservation protocols have been greatly improved 

in recent years, sperm recovery after cryopreservation remains highly variable among mouse 

lines. Another challenge is related to the use of liquid nitrogen (LN2, -196°C) for sperm 

cryopreservation and storage due to the inherent risk of injury, cost and potential difficulty in 

accessing this resource. Improving sperm cryopreservation techniques to enhance success 

rate of IVF and developing protocols that do not rely on LN2 would benefit the entire community 

of researchers working with mice.  

The amino acid D-aspartate (D-Asp) improves IVF success rates with cryopreserved 

sperm in several mammalian species. However, how this compound exerts these effects 

remains poorly understood. I have investigated this phenomenon to advance our 

understanding of the mechanisms that preserve sperm fertility after cryopreservation. In 

parallel, the use of -80°C freezers is an attractive alternative to LN2 for sperm cryopreservation. 

It has already shown promising results with B6N sperm, but how this temperature affects the 

sperm integrity in other mouse strains has not been investigated. I have therefore evaluated 

the effect of cryopreservation and storage at -80°C on a panel of widely used mouse strains. 

Finally, I tested whether D-Asp would also have a beneficial effect when mouse spermatozoa 

are cryopreserved at -80°C. 

The results show that D-Asp administrated orally to C57BL/6N (B6N) males improves 

sperm motility, morphology and maturation after cryopreservation in LN2. Some of these effects 

were recapitulated in sperm treated in vitro with D-Asp, showing that this compound can act 

directly on spermatozoa to improve their quality after cryopreservation. D-Asp treatment was 

associated with a signature of oxidative stress in spermatozoa, suggesting that this amino acid 

acts through reactive oxygen species (ROS) to exert its cryoprotective effects. Consistent with 

this hypothesis, quenching ROS with antioxidant treatment suppressed the beneficial effect of 

D-Asp on sperm maturation after cryopreservation. Taken together, it suggests that D-Asp 

improves sperm function after cryopreservation by inducing the production of ROS. 
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In parallel, the response of a panel of widely used mouse strains to sperm 

cryopreservation at -80°C was assessed. IVF success rates were similar when spermatozoa 

from B6N, CD-1, FVB and 129 were cryopreserved and stored in LN2 or in -80°C freezers. 

However, sperm from B6J and BALB/c mice showed a dramatic decrease in fertility when 

cryopreserved at -80°C, which was associated with a decline in viability, sperm quality and 

integrity. This shows that there are variations in the sensitivity to cryopreservation at -80°C 

among mouse strains. These strain-specific variations could limit the generalisation of sperm 

cryopreservation at this temperature. Given the beneficial role of D-Asp on sperm stored in 

LN2, I have tested whether this compound could improve the quality of B6J and BALB/c sperm 

cryopreserved at -80°C. D-Asp improved the motility, morphology and maturation of B6J and 

BALB/c sperm under this condition, showing that D-Asp alleviates, at least in part, the 

physiological limitations of cryopreservation at -80°C in these strains. D-Asp treatment could 

therefore be used in combination with long-term storage at -80°C to facilitate sperm 

cryopreservation even in the most sensitive strains, and greatly improve the workflow of 

research laboratories and mouse repositories. 

Taken together, this study supports a model in which D-Asp acts in a cell-autonomous 

manner to increase cellular ROS levels, which in turn improves sperm quality after 

cryopreservation. D-Asp shows similar effects in sperm archived at -80°C, opening up 

promising perspectives for the generalisation of this cryopreservation temperature. Further 

investigations are required to determine how D-Asp increases ROS levels and if defined ROS 

are responsible for improving sperm quality after cryopreservation. It also remains to be 

determined whether improved sperm fertility after D-Asp treatment translates into normal 

embryo development and offspring health after IVF. From a broader perspective, these studies 

may have important implications for human assisted reproduction. The use of cryopreservation 

has become common practice for sperm donation or sperm preservation in the event of illness 

or future treatment that may affect fertility. In all cases, it is extremely important to improve 

sperm cryopreservation methods, especially in an ageing population where the use of assisted 

reproductive techniques is of increasing interest.  
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Zusammenfassung 
 

Mäuse werden seit langem in der biomedizinischen Forschung eingesetzt, da sie 

pflegeleicht sind und dem Menschen ähneln. Jüngste Fortschritte in der Gentechnik haben zur 

Erzeugung tausender transgener Mauslinien geführt, die der wissenschaftlichen Gemeinschaft zur 

Verfügung gestellt werden müssen. Assistierte Reproduktionstechnologien sind für die Verwaltung 

und Archivierung all dieser Linien in Repositorien unerlässlich. Die Kryokonservierung von 

Spermien scheint sich gegenüber der Kryokonservierung von Eizellen und Embryonen als die 

wirtschaftlichste und einfachste Methode zur Archivierung von Mauslinien durchzusetzen. Das 

kryokonservierte Sperma wird aufgetaut und für die In-vitro-Fertilisation (IVF) und den 

anschließenden Embryotransfer verwendet, um Mauslinien zu reproduzieren. Bei der Verwendung 

von kryokonserviertem Sperma für die IVF gibt es jedoch noch große Probleme. Insbesondere 

Kälteschäden können die Integrität und Fruchtbarkeit der Spermien beeinträchtigen. Obwohl die 

Kryokonservierungsprotokolle in den letzten Jahren verbessert wurden, ist die Qualität der 

Spermien nach der Kryokonservierung innerhalb der verschiedenen Mausstämme sehr 

unterschiedlich. Eine weitere Herausforderung ist die Verwendung von flüssigem Stickstoff (LN2, -

196°C) für die Kryokonservierung und Lagerung von Spermien, da ein Verletzungsrisiko besteht, 

die Kosten hoch sind und der Zugang zu LN2 möglicherweise schwierig ist. Die Entwicklung von 

Protokollen, die nicht auf LN2 angewiesen sind und die Verbesserung der 

Kryokonservierungsmethoden von Spermien, um die Erfolgsrate der IVF zu erhöhen, würden allen 

Forschern, die mit Mäusen arbeiten, helfen. 

Die Aminosäure D-aspartat (D-Asp) verbessert die IVF-Raten bei kryokonservierten 

Spermien in mehreren Säugetierarten. Wie D-Asp diese Wirkungen entfaltet ist jedoch noch wenig 

bekannt. Ich habe dieses Phänomen untersucht, um unser Verständnis für Mechanismen, welche 

die Fruchtbarkeit von kryokonservierten Spermien erhalten, zu verbessern. Zudem wäre die 

Verwendung von -80°C Gefriergeräten eine attraktive Alternative zu LN2 für die Kryokonservierung 

von Spermien. Dies hat bereits vielversprechende Ergebnisse bei B6N-Spermien gezeigt, aber wie 

diese Temperatur die Integrität der Spermien anderer Mauslinien beeinflusst, wurde noch nicht 

erforscht. Daher habe ich die Auswirkungen der Kryokonservierung und Lagerung bei -80 °C bei 

einer Reihe weit verbreiteter Mausstämme untersucht. Zusätzlich habe ich getestet, ob D-Asp auch 

bei der Kryokonservierung von Mausspermien bei -80°C eine positive Wirkung hat. 

Die Ergebnisse zeigen, dass die orale Verabreichung von D-Asp an C57BL/6N (B6N)-

Männchen die Beweglichkeit, Morphologie und Reifung der Spermien nach der Kryokonservierung 

in LN2 verbessert. Einige dieser Effekte konnten bei Spermien, die in vitro mit D-Asp behandelt 

wurden, wiederholt werden. Dies zeigt, dass diese Verbindung direkt auf die Qualität der Spermien 

einwirken kann, um ihre Funktion nach der Kryokonservierung zu verbessern. Die Behandlung mit 

D-Asp wurde mit einer Signatur von oxidativem Stress in Spermien in Verbindung gebracht, was 

darauf hindeutet, dass diese Aminosäure ihre kryoprotektive Wirkung über reaktive 

Sauerstoffspezies (ROS) ausübt. In Übereinstimmung mit dieser Hypothese führte die 
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Reduzierung von ROS durch eine antioxidative Behandlung die positive Wirkung von D-Asp auf 

die Spermienreifung nach der Kryokonservierung. Insgesamt deutet es darauf hin, dass D-Asp die 

Spermienfunktion nach der Kryokonservierung verbessert, indem es die Produktion von ROS 

anregt. 

Parallel dazu wurde die Reaktion einiger weit verbreiteter Mausstämme auf die 

Kryokonservierung von Spermien bei -80°C untersucht. Bei Spermien der Stämme B6N, CD-1, 

FVB und 129, die in -80°C Gefrierschränken kryokonserviert und gelagert waren, war die IVF-

Erfolgsraten ähnlich, wie bei denen, die in LN2 kryokonserviert und gelagert wurden. Die Spermien 

von B6J- und BALB/c-Mäusen zeigten jedoch einen dramatischen Rückgang der Fruchtbarkeit, 

wenn sie bei -80°C kryokonserviert wurden, was mit einer Verschlechterung der Lebensfähigkeit, 

Spermienqualität und -integrität einherging. Dies zeigt, dass die Empfindlichkeit gegenüber der 

Kryokonservierung bei -80°C bei verschiedenen Mausstämmen unterschiedlich ist. Diese 

stammspezifischen Unterschiede könnten die Gerneralisierung der Kryokonservierung von 

Spermien bei -80°C einschränken. Angesichts der positiven Wirkung von D-Asp auf Spermien, die 

in LN2 gelagert werden, habe ich getestet, ob diese Verbindung die Qualität von B6J- und BALB/c-

Spermien, die bei -80°C kryokonserviert wurden, verbessern könnte. D-Asp verbesserte die 

Beweglichkeit, die Morphologie und die Reifung von B6J- und BALB/c-Spermien unter diesen 

Bedingungen, was zeigt, dass D-Asp die physiologischen Einschränkungen der Kryokonservierung 

bei -80°C bei diesen Stämmen zumindest teilweise aufhebt. Die D-Asp-Behandlung könnte daher 

in Kombination mit einer Langzeitlagerung bei -80°C eingesetzt werden, um die Kryokonservierung 

von Spermien selbst bei den empfindlichsten Stämmen zu erleichtern und die Arbeitsabläufe in 

Forschungslaboren und Mauselagern zu verbessern. 

Zusammenfassend stützt diese Studie ein Modell, bei dem D-Asp auf zellautonome Weise 

den zellulären ROS-Spiegel erhöht, was die Spermienqualität nach der Kryokonservierung 

verbessert. D-Asp zeigt ähnliche Effekte in Spermien, die bei -80°C archiviert wurden, was 

vielversprechende Perspektiven für die Gerneralisierung dieser Kryokonservierungstemperatur 

eröffnet. Um festzustellen, wie D-Asp den ROS-Spiegel erhöht und ob bestimmte ROS für die 

Verbesserung der Spermienqualität nach der Kryokonservierung verantwortlich sind, sind weitere 

Untersuchungen nötig. Es bleibt auch zu klären, ob die verbesserte Spermienfruchtbarkeit nach 

einer D-Asp-Behandlung zu einer normalen Embryonalentwicklung und Gesundheit der 

Nachkommen nach einer IVF führt. Aus einer umfassenderen Perspektive betrachtet, könnten 

diese Studien wichtige Auswirkungen auf die assistierte Reproduktion beim Menschen haben. Die 

Kryokonservierung ist inzwischen gängige Praxis für Samenspende oder die Aufbewahrung von 

Spermien im Falle von Krankheiten oder zukünftigen Behandlungen, die die Fruchtbarkeit 

beeinträchtigen können. In jedem Fall ist es äußerst wichtig, die Methoden der Kryokonservierung 

von Spermien zu verbessern, insbesondere in einer alternden Bevölkerung, in der der Einsatz von 

assistierten Reproduktionstechniken von zunehmendem Interesse ist. 
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TEM Transmission electron microscopy 

TRITC Tetramethylrhodamine 

ZP Zona pellucida 
 



Introduction 

17 
 

1. Introduction 
 

1.1 Reproductive techniques for mouse colony management 
 

1.1.1 The mouse as an animal model for biomedical research 

Biomedical research aims to understand human health and disease at the cellular, 

tissue and systemic levels. It involves the development of tools and techniques to refine 

diagnostics, find new therapies and create medical devices in order to treat and prevent 

diseases or improve quality of life. An important research strategy for studying human biology 

is the use of experimental models. Organoid, tissue or cell cultures are highly valuable in basic 

research, providing researchers with simplified biological systems in a well-controlled 

environment [1]. However, these in vitro models have the disadvantage that they do not 

recapitulate the full complexity of a complete organism. In contrast, the use of animal models 

is more likely to represent biologically relevant mechanisms because the investigations are 

carried out in a physiological context [2]. Animal models have long been used to advance our 

understanding of human health with immense benefits in drug development, toxicity studies, 

surgical experiments and engineering devices for research in various human diseases [3]. 

Nevertheless, using animals requires ethical considerations, responsibility and human care. 

The practical strategy of replacement, refinement and reduction, known as the 3Rs, was first 

published by W.M.S. Russell and R.L. Burch in the book The Principles of Humane 

Experimental Technique (1959) [4]. Replacement refers to all methods that avoid the use of 

animals, such as in vitro approaches and computer models. Refinement means improving 

animal well-being and reducing or eliminating pain and distress by adapting husbandry or 

experimental procedures. Finally, reduction encompasses all strategies to use less animals to 

obtain a comparable level of information. The 3Rs principle is internationally accepted by 

legislative institutions as well as researchers and applied when animals are used in research 

studies [5]. 

Of all the species used, the mouse is the preferred mammalian model due to its small 

size, relatively short lifespan, ease of breeding and high homology to humans [6, 7]. In addition, 

90% of the human genome is conserved in the mouse and most disease symptoms are 

common to both species, making mouse research applicable to humans [8, 9]. Finally, the 

development and refinement of genetic engineering technologies in recent decades has 

dramatically increased the attractiveness of the mouse model [10, 11]. 
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1.1.2 Mouse repositories 

The vast expansion of the use of the mouse model quickly created a huge demand for 

distributors. As the pressure increased, issues of quality control, genetic fidelity and animal 

health arose, challenging the reproducibility of scientific results [12]. As a result, robust animal 

infrastructures have emerged with the goal to identify, classify, archive and disseminate mouse 

lines to the scientific community. In this way, high quality control standards and policies are 

available to ensure reproducibility and integrity of research [13, 14]. 

There are several mouse repositories around the world with more than 90,000 mouse 

lines available for biomedical research (Table 1). The largest in Europe is the European Mouse 

Mutant Archive (EMMA) [15]. To navigate between all these resources and to help the scientific 

community find the appropriate mouse model, an online catalogue, the International Mouse 

Strain Resource (IMSR), was created in 1999 (https://findmice.org/) [16]. 

 

Table 1: Principal mouse repositories. (Date as of March 14, 2024; source: IMSR) 

Repository Region 
No. of mouse 

lines 

Australian Phenome Bank (APB)  Australia 2,111 

Center for Animal Resources and Development (CARD)  Japan  2,057 

Canadian Mouse Mutant Repository (CMMR)  Canada  1,246 

European Mouse Mutant Archive (EMMA)  Germany 7,610 

GemPharmatech (GPT)  China 21,329 

MRC Harwell (HAR)  UK 2,059 

JAX Mice and Services (JAX)  USA 12,593 

Korea Mouse Phenotyping Center (KMPC)  Korea 365 

Mutant Mouse Regional Resource Centers (MMRRC)  USA 22,168 

National Cancer Institute at Frederick (NCIMR)  USA 139 

National Institute of Genetics (NIG) Japan 142 

Oak Ridge Collection at JAX (ORNL)  USA 906 

RIKEN BioResource Research Center (RBRC) Japan 6,027 

National Applied Research Laboratories (RMRC-NLAC)  Taiwan 351 

Shanghai Model Organisms Center, Inc. (SMOC)  China 9,946 

Taconic Biosciences (TAC)  USA 2,725 

Texas A&M Institute for Genomic Medicine (TIGM)  USA 195 

Total    91,969 

 

Effective colony management is essential to use the space, the equipment and the 

workforce efficiently, and to minimise the cost and the production of surplus animals in 

compliance with the 3Rs principle. Mouse repositories not only manage mouse lines but also 

contribute to the development and implementation of technologies to improve their husbandry, 

in particular through assisted reproductive technologies (ARTs). Indeed, the maintenance of 

such a large number of mouse lines as live animals would require considerable space and 

logistics. In contrast, cryopreservation of mouse resources reduces maintenance costs and 
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the number of mice used. It also protects mouse lines from infection, disease and genetic drift 

[17, 18]. In addition, it greatly facilitates the distribution of strains within the scientific 

community, thereby bypassing some of the health and welfare issues associated with live 

animal transport.  

 

1.1.3 Assisted reproductive technologies in mice 

Reproduction is the most important biological function ensuring the continuation of 

species. Importantly, male reproductive anatomy and function are largely conserved from 

rodents to humans [19, 20]. Sexual reproduction in mice involves a female germ cell (oocyte) 

and a male germ cell (spermatozoon). The fusion of the oocyte and the spermatozoon, called 

fertilisation, results in an embryo that, when developed, will form a new individual.  

ARTs include superovulation, assisted reproduction, embryo transfer and 

cryopreservation of resources for an efficient preservation and production of mouse lines 

(Figure 1).  

 

Figure 1: Workflow of principal ARTs in mouse repositories. Cryopreserved spermatozoa 

and embryos can be archived in LN2 for an unlimited period of time and distributed within the 

scientific community as cryopreserved material. In vitro fertilisation can be performed with fresh 

or frozen spermatozoa and oocytes. The 2-cell embryos produced are then implanted into 

females to reestablish mouse lines or cryopreserved for archiving.  



Introduction 

20 
 

Superovulation 

Collecting sufficient oocytes (Figure 2) from females is a critical parameter conditioning 

the ARTs workflow. Mature female mice usually produce 8-10 oocytes per spontaneous 

ovulation [21]. To increase this number, an induction of superovulation is required. Females 

receive a hormonal treatment with pregnant mare's serum gonadotrophin (PMSG) and 48 

hours later human chorionic gonadotrophin (hCG). Ovulated oocytes are produced 13-16 

hours after hCG. The response to superovulation may vary depending on the dose of 

hormones, the mouse age and strain [22]. 

 

 
Figure 2: Mouse cumulus-oocyte complex. (A) Schematic representation of an oocyte and 

(B) microscopic image of an oocyte from [23]. The cumulus oophorus is a mass of granulosa 

cells that protect the oocyte and support its maturation. The zona pellucida is a thick matrix 

composed of glycoproteins responsible for species-specific binding of spermatozoa, sperm 

maturation and prevention of fertilisation by multiple spermatozoa. 

 

Mouse assisted reproduction 

These techniques are widely used to revive the mouse lines after cryopreservation of 

spermatozoa and/or oocytes. They are also necessary to overcome infertility and produce 

pups in some mouse lines. These techniques correspond to artificial insemination (AI), in vitro 

fertilisation (IVF) and intracytoplasmic sperm injection (ICSI). 

AI was first used in mice in 1960 [24]. It involves the direct implantation of sperm into 

the female reproductive tract. Spermatozoa can be delivered through a needle inserted into 

the vaginal canal [25]. Alternatively, a surgical technique can be performed under anaesthesia 

to surgically expose the female reproductive tract and spermatozoa can be injected into the 

ampulla of the oviduct [26]. Although AI is routinely used in cattle, pigs, sheep and goats, it is 

not often practiced in mice. However, it may be of interest in certain mouse lines to bypass IVF 

and embryo transfer [27, 28].  

IVF involves the fertilisation of oocytes by sperm in a culture dish (Appendix 1). Since 

the beginning of mouse IVF in the 1970s, important improvements in fertilisation media and 

protocols have been made. Nowadays, protocols such as the "Nakagata method" are known 
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to give a high IVF success rate with most cryopreserved mouse spermatozoa [29]. In the 

Nakagata method, fresh spermatozoa can be collected or cryopreserved spermatozoa can be 

thawed (37°C for 10 min) and incubated in a medium that promotes the removal of cholesterol 

from the plasma membrane to initiate capacitation, an important maturation step (see section 

1.2.6. Post-ejaculation sperm maturation). This pre-incubation step is known to increase the 

success rate of IVF [30, 31]. The sperm suspension is then incubated with oocytes, from 

superovulated females, in an IVF medium based on the human tubal fluid (HTF) composition, 

with a high calcium concentration and the antioxidant reduced L-glutathione (GSH) for a 

duration of 3 to 5 hours. The oocytes are then washed and cultured for 16-18 hours. The 

resulting 2-cell embryos can then be implanted into recipient for embryo transfer or 

cryopreserved. The synchronisation of egg fertilisation results in synchronous embryo 

development, which is a major advantage of IVF in providing age-matched experimental 

cohorts. 

The injection of a single sperm directly into the oocyte, known as ICSI, is an extension 

of the passive fertilisation used in IVF. It was originally developed in the hamster before being 

successfully applied to the mouse two decades later [32, 33]. Spermatozoa used for ICSI do 

not need to be motile, mature or alive, as long as the nucleus is intact in terms of genetic 

integrity [34]. For these reasons, ICSI is advantageous for bypassing infertility. It is also used 

to generate transgenic mice with ICSI transgenesis, when large transgenes need to be inserted 

into the host genome [35]. However, ICSI is often considered as a cumbersome procedure, 

being extremely time consuming and costly with very low yields compared to IVF. 

 

Embryo transfer 

IVF and ICSI must be followed by embryo transfer to rederive a mouse line (Figure 1). 

Embryos at the 2-cell stage are surgically implanted into the oviduct of a pseudopregnant 

female (a female becomes pseudopregnant when she mates with a vasectomised male). An 

average of 10 live pups can result from the transfer of 15 embryos in animals with normal 

reproductive performance [36]. Alternatively, embryos can be cryopreserved for storage.  

 

Cryopreservation of mouse resources 

Spermatozoa, embryos and oocytes are the most common resources cryopreserved in 

mouse repositories [14, 18, 37].  

Cryopreservation of oocytes is mainly performed in order to have access to a large 

number of oocytes for IVF and requires the preliminary step of superovulation [38]. However, 

in routine, oocyte cryopreservation is not the privileged method for archiving mouse lines, 

compared to embryo and spermatozoa, because protocols are limited and not fully reliable. 

However, oocyte cryopreservation continues to develop rapidly and recent studies with vitrified 
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oocytes (cryopreservation at a high cooling rate in LN2) gave excellent results, with 90% of 

normal morphology and a rate of 89% of oocytes fertilised after warming [38, 39].  

Embryo cryopreservation is useful to quickly rederive mutant mouse lines. It has been 

performed for more than 40 years, with significant improvements and modifications to the 

method [40]. In mice, excellent results are obtained with embryos cryopreserved by vitrification 

using 1 M dimethyl sulfoxide (DMSO) and DAP213 (2 M DMSO, 1 M acetamide, and 3 M 

propylene glycol) [41]. With this method, the survival rate of vitrified embryos can reach 90%, 

of which 30-50% will develop into pups after embryo transfer. Embryos can be collected after 

natural mating. However, collecting a sufficient number of embryos with this method is 

challenging, as typically 200-500 embryos are required to archive a mouse line. In most cases, 

embryos are collected at the 2-cell stage after in vitro fertilisation (IVF), which is the most 

efficient method [18]. Although the survival rate of cryopreserved embryos is usually high 

enough for most mouse lines, their ability to develop to term after embryo transfer varies greatly 

depending on the genetic background [22].  

Sperm cryopreservation is the most economical and fastest way to archive a mouse 

line and appears to be the preferred method over the expensive embryo cryopreservation 

technique [13, 42, 43]. It also does not require any special treatment unlike in oocyte 

cryopreservation where females are superovulated. Sperm from 50 mice can be collected and 

cryopreserved on the same day by only 2 technicians using a very simple technique and 

without expensive equipment [39]. Another advantage for mouse repositories in disseminating 

mouse lines as cryopreserved sperm is that the costs of IVF and embryo transfer are shifted 

to the recipient institute. A limitation is that only half of the genome is preserved, making this 

method less suitable for strains with multiple mutations. Sperm cryopreservation represents a 

major improvement in the management of mouse lines. Although this method is very promising, 

effective sperm cryopreservation protocols have long been difficult to establish. Common 

cryoprotectants used for other cell types, such as glycerol and DMSO, did not work efficiently 

with spermatozoa [44]. In particular, a poor IVF success rate was observed with cryopreserved 

spermatozoa from B6J, the most commonly used mouse strain. Since the 1990s, major 

improvements have been made to limit cryodamage and reduce the impact of cryopreservation 

on sperm quality and fertility. 

 

Before introducing the technique of sperm cryopreservation and its impact on sperm 

integrity, an overview of the male reproductive system is necessary to understand important 

aspects related to sperm production, maturation and fertility.  
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1.2 Overview of the male reproductive system in mice 
 

1.2.1 Testis morphology and function 

The production of spermatozoa, called spermatogenesis, and the secretion of 

testosterone are the main functions of the testis, which, in mice, is located in the abdomen 

[45]. The testis consists of a tubular compartment containing the seminiferous tubules and an 

intratubular compartment, also known as the interstitial tissue (Figure 3A). Leydig cells are 

somatic cells located in the interstitial tissue. Their role is to produce testosterone, which 

regulates spermatogenesis. Spermatogenesis takes place in the epithelium of the 

seminiferous tubules, which also contains somatic cells called Sertoli cells. Sertoli cells provide 

structural support for spermatogenesis through cell-cell contact with germ cells [46]. 

 

1.2.2 Spermatogenesis 

Spermatogonial stem cells (SSC), also known as type A spermatogonia, located in the 

basal compartment of the seminiferous tubules are capable of self-renewal and differentiation 

leading to spermatozoa (Figure 3A and 3B) [47]. After various steps of maturation and 

differentiation, type A spermatogonia develop into type B spermatogonia, move towards the 

lumen of the seminiferous tubule and become primary spermatocytes. Here, meiosis begins: 

homologous chromosomes pair and cross over, and the first meiotic division gives rise to 

secondary spermatocytes containing 20 chromosomes, each with 2 chromatids. During the 

second meiotic division, the 2 chromatids separate, producing spermatids with a haploid 

genome. The final phase of spermatogenesis, called spermiogenesis, consists of the 

maturation of spermatids at the luminal surface with extrusion of cytoplasm, extensive 

differentiation and release of spermatozoa into the lumen. In addition, chromatin remodelling 

occurs at this stage, with a histone to protamine transition that allows tight packaging of sperm 

DNA [48]. In mice, the whole process of spermatogenesis takes about 5 weeks [49]. 
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Figure 3: Organisation of the testis, spermatogenesis and spermatozoa morphology of 

the mouse. (Modified from [45, 50]). A) Schematic representation of the testis (left) which is 

composed of tubular compartments containing seminiferous tubules (composed of Sertoli 

cells) and interstitial tissue (with Leydig cells and blood vessels). The testis is extended by the 

epididymis and then by the vas deferens. The transversal section of a seminiferous tubule 

(centre) shows the arrangement of Sertoli cells through which spermatozoa transit to reach the 

lumen. A closer look at the Sertoli cells (right) shows spermatogonia type A cells in the apical 

region. The germ cells are in close contact with Sertoli cells that support spermatogenesis, 

which occurs during their transit to the lumen. B) Spermatogenesis is the process by which 

stem cells (spermatogonia type A, diploid) are transformed to spermatozoa (haploid) through 

meiosis and differentiation, with stem cell renewal occurring through mitosis. C) Schematic 

representation of a mature spermatozoon. The sperm head is approximately 8 µm long and 

the sperm flagellum (connecting piece, midpiece, principal piece and end piece) 122 µm long. 

 

1.2.3 Endocrinology of the male reproductive system 

The reproductive axis, also known as the hypothalamic-pituitary-testis axis (Figure 4), 

controls the secretion of testosterone and spermatogenesis. The hypothalamus is a central 

nervous system structure located on the ventral side of the third ventricle of the brain. It 

contains neurons that produce and secrete gonadotropin-releasing hormone (GnRH). GnRH 

stimulates the secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) by 
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gonadotropin-secreting cells in the anterior pituitary [51]. LH and FSH circulate in the 

bloodstream to act on the testis (Figure 4). 

LH stimulates the Leydig cells to produce testosterone by increasing the levels of 

several proteins, in particular the steroidogenic acute regulatory protein (StAR). StAR is part 

of a complex that transports cholesterol from the outer mitochondrial membrane to the inner 

mitochondrial membrane where it is converted into testosterone [52].  

FSH specifically stimulates Sertoli cells to produce androgen binding protein (ABP) as 

well as inhibin B, and it increases the sensitivity of Sertoli cells to testosterone. ABP increases 

testosterone levels by binding to testosterone in the seminiferous tubules when inhibin B acts 

on the pituitary gland to inhibit FSH secretion. The role of testosterone and FSH is to initiate 

and maintain spermatogenesis. In addition, testosterone is required for the development of the 

genital organs [30]. Finally, testosterone acts at the level of the hypothalamus and pituitary 

gland as a negative feedback to GnRH, LH and FSH secretion [53]. 

 

 

Figure 4: Hypothalamic-pituitary-testis axis in male mice. GnRH: gonadotropin-releasing 

hormone, LH: luteinizing hormone, FSH: follicle-stimulating hormone, ABP: androgen binding 

protein. 

 

1.2.4 Spermatozoa morphology  

Mouse spermatozoa are composed of two distinct compartments, the head and the tail 

(flagellum) (Figure 3C) [50]. The head is "hook-shaped" or falciform and consists of the nucleus 

and the acrosome, which is a secretory vesicle involved in the binding of the sperm to the zona 
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pellucida of the oocyte (Figure 2). The axoneme is the key component of the flagellar structure 

as it generates the force for sperm movement. It runs through the entire length of the flagellum 

as an array of microtubules (2 central singlet microtubules surrounded by 9 doublet 

microtubules). The sperm tail can be divided into 4 regions: the connecting piece (attached to 

the sperm head), the midpiece (containing all the sperm mitochondria wrapped in a spiral 

pattern), the principal piece (important for sperm propulsion) and the end piece (no structural 

elements other than the axoneme). Mouse spermatozoa are approximately 130 µm long. 

Sperm morphology is considered as an important parameter in assessing fertility 

potential [54]. Therefore, the analysis of sperm morphology is part of the routine evaluation of 

semen quality, with a particular emphasis on the shape of the head, the straightness of the tail 

and the presence of a cytoplasmic droplet (residual sperm cytoplasm located on the tail 

removed during sperm maturation) [55]. Spermatozoa are considered abnormal if the head is 

amorphous and/or the tail is bent and/or in the presence of a heavy cytoplasmic droplet. In 

most cases, the cause of semen abnormalities has no medical explanation. However, testicular 

trauma and exposure to environmental pollutants and toxic agents can cause morphological 

defects [56, 57]. In addition to basic morphological assessment, ultrastructural analysis with 

transmission electron microscopy can be performed and provides valuable information about 

sperm motility and physiology [58]. 

 

1.2.5 Epididymal maturation of spermatozoa 

Spermatozoa arriving in the lumen of seminiferous tubules are not yet functionally 

mature. They are transported into the epididymis (Figure 3A) by the testicular fluid secreted by 

the Sertoli cells and by peristaltic contractions. During their transit from the caput/head region 

to the cauda/tail region of the epididymis, they acquire motility and undergo important 

modifications necessary to fertilise the oocyte [59]. The exact mechanisms involved in the 

acquisition of motility are not well understood. Motility can be acquired by increasing 

intracellular cyclic adenosine monophosphate (cAMP), suggesting that the cAMP-dependent 

protein kinase pathway is involved [60]. In parallel with other pathways, sperm disulfide bond 

formation, which stabilises sperm structure and maintains flagellar straightness, is important 

for the acquisition of motility [61]. In addition to motility, important modifications of the sperm 

plasma membrane occur in the epididymis. These include changes in protein composition, 

particularly in the acrosomal region, and lipid composition, which contribute to an increase in 

membrane fluidity [62, 63]. Finally, the cauda epididymis is the site where spermatozoa are 

stored before being transported into the female tract during ejaculation.  

Mouse sperm concentration and motility can be measured using a computerised sperm 

analyser. Normal sperm count varies with the genetic background, but an average of 1.8 x 106 

spermatozoa per ejaculate for a volume of 3.2 µL are found in mice [64]. Motility is an important 
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criterion for assessing sperm quality [65, 66]. The threshold for normal total sperm motility 

(moving in any direction) is 40% and progressive motility (moving in a straight line) is 32% [30]. 

Moreover, to get a better idea of the quality of the spermatozoa, the viability assessment can 

be measured [67]. Immotile and live spermatozoa indicate structural defects in the tail, whereas 

immotile and dead spermatozoa are more likely to be associated with epididymal dysfunction 

[68]. Measurement of these parameters provides valuable information about testicular function 

and the ability of spermatozoa to reach the oocyte and penetrate the zona pellucida [30, 56]. 

 

1.2.6 Post-ejaculation sperm maturation 

Spermatozoa that are deposited in the female reproductive tract are not yet competent 

for fertilisation since two final maturation steps are required: capacitation and the acrosome 

reaction [69]. Capacitation is characterised by hyperactivated motility, changes in sperm 

membrane architecture and activation of molecular mechanisms necessary for the acrosome 

reaction [70]. The first step is cholesterol depletion of the plasma membrane, leading to 

membrane destabilisation. This later leads to an increase in intracellular calcium (Ca2+) and 

bicarbonate (HCO3
-). This, in turn, triggers a signalling cascade involving increased generation 

of the second messenger cAMP, activation of protein kinase A (PKA), and tyrosine 

phosphorylation of several sperm proteins necessary for flagellum hyperactivity and plasma 

membrane remodelling. These mechanisms are essential to prepare for acrosomal exocytosis 

and zona pellucida recognition [71]. 

 The acrosome reaction takes place after capacitation. It consists of fusion between the 

sperm plasma membrane and the underlying acrosomal membrane to release the acrosomal 

contents rich in digestive enzymes (e.g. acrosin and hyaluronidase) [72]. The acrosome 

reaction depends on an increase in intracellular Ca2+ concentration and pH, which is initiated 

during capacitation. A signalling cascade is then activated, in particular, the cleavage of 

phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 

triphosphate (IP3). IP3 activates actin-severing protein, which induces fusion of the acrosomal 

and plasma membranes [72]. The timing of the acrosome reaction has been controversial. 

However, it is now accepted that mouse spermatozoa lose their acrosome before penetrating 

the cumulus oophorus and reach the zona pellucida without an acrosome. 

 Sperm capacitation can be induced in vitro by placing spermatozoa in a capacitation 

medium [30]. The in vitro assessment of sperm capacitation and the acrosome reaction 

provides a good predictive analysis of sperm fertility. Among different techniques, detection of 

capacitated spermatozoa can be performed using the fluorescent probe chlortetracycline 

(CTC). It is widely used to differentiate between uncapacitated, capacitated-acrosome-intact 

and capacitated-acrosome-reacted spermatozoa based on the redistribution of the intracellular 

calcium in sperm head [73, 74]. For the acrosome reaction, basic staining with Coomassie 
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brilliant blue gave excellent results in identifying the presence of the acrosome (intense blue 

staining of the acrosome) and acrosome-reacted spermatozoa (absence of staining in the 

acrosomal region) [75]. 

 

1.2.7 Fertilisation 

After penetrating the cumulus oophorus, spermatozoa bind to the zona pellucida. The 

glycoproteins ZP2 and ZP3 in the zona pellucida have been identified as sperm binding 

proteins [76]. Penetration of the zona pellucida requires the breakdown of this glycoprotein 

matrix by enzymes released after the acrosome reaction and hyperactivation to have the 

strength to reach the gamete. When the first spermatozoon penetrates the zona pellucida, its 

surface changes and becomes harder to inhibit the fusion of additional spermatozoa. The 

oocyte nucleus completes its meiosis and a nuclear membrane forms around the female and 

the male pronuclei, which move towards the centre. The membranes of the pronuclei break 

down and the chromosomes assemble on the spindle. The fertilised oocyte, or zygote, finally 

begins cell division 17 to 20 hours after fertilisation [30].  

 

1.2.8 Function of reactive oxygen species in male reproduction 

 Reactive oxygen species, or ROS, are highly reactive molecules derived from oxygen 

and characterised by having unpaired electrons in their outer shell [77]. They can be divided 

into non-radical (2 electrons radical) and free radical (at least one free electron) species. The 

most common ROS are hydrogen peroxide (H2O2) and superoxide anion (O2
−). H2O2 is a non-

radical oxidant produced from O2 and is recognised as the most important ROS involved in the 

redox regulation of biological activities. O2
− is a free radical, well known to be a major source 

of H2O2 by spontaneous reaction or catalysed by the superoxide dismutase. Endogenous H2O2 

and O2
− are mainly produced in mitochondria through 2 mechanisms: 1- the electron transport 

chain (ETC), where oxygen is used to generate ATP, and 2- activity of NADPH oxidases 

(NOXs), present in different cellular localisations [77, 78]. Due to their instability and their need 

to reach a balanced state, ROS react with nearby organic molecules such as proteins, lipids 

and DNA. An excessive level of ROS induces oxidative stress, which is associated with 

reduced fertility due to lipid peroxidation of the sperm plasma membrane, cellular damage and 

apoptosis [79, 80]. However, at physiological concentrations, ROS act as signalling molecules 

and are crucial for normal sperm function [81]. More specifically, ROS are required for 

spermatogenesis by supporting spermatogonial stem cells pool self-renewal [82]. ROS are 

also essential for testicular sperm maturation, for the replacement of histones by protamines 

involved in chromatin condensation, for sperm motility by acting on disulfide bridges stabilising 

sperm flagella and for steroidogenesis by acting on Leydig cells [83-86]. Most importantly, ROS 
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is well known to be involved in capacitation, although the specific ROS implicated in this 

process are no yet known. ROS are necessary to promote plasma membrane remodelling as 

cholesterol depletion appears to be increased by capacitation-dependent oxidation of sterol 

[87]. It also activates adenylyl cyclase activity, which increases cAMP production and regulates 

tyrosine phosphorylation by activating protein kinase A and deactivating phosphatase [88]. 

Finally, ROS are involved in the acrosome reaction and sperm-oocyte fusion by increasing 

sperm membrane fluidity [78]. Therefore, a controlled redox balance is extremely important for 

normal male reproductive functions (Figure 5). 

 

 

Figure 5: Physiological and pathological role of ROS in male fertility. (modified from 

[78]). HPT: Hypothalamic-pituitary-testis  

 

 

 

1.3 Cryopreservation of spermatozoa 
 

Sperm cryopreservation is the preferred method for archiving mouse lines in 

repositories. Live mice can be recovered from cryopreserved spermatozoa after IVF and 

embryo transfer as needed. Protocols for sperm cryopreservation are very recent compared 

to those for embryo cryopreservation and refinements are still needed to improve the workflow 

and limit sperm cryodamage. 

 

1.3.1 History and principles of sperm cryopreservation 

 Cryopreservation is the process by which cells, including spermatozoa, are stored at a 

temperature below zero. Lazzaro Spallanzani first observed in 1776 that sperm from various 
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mammalian species cooled in snow could survive and continue swimming after warming. But 

it was not until 1949, with the discovery of glycerol as a cryoprotectant, that successful 

cryopreservation protocols emerged using spermatozoa from roosters [89]. Two years later, 

the first calves conceived by artificial insemination with sperm cryopreserved in dry ice (-80°C) 

were born. During 1953-1964, Sherman collected evidence of successful cryopreservation and 

long-term storage of sperm using LN2 (-196°C) instead of dry ice [90]. In fact, long-term storage 

is only possible in the absence of cellular reaction and under metabolic arrest, which is 

achieved at a temperature of -196°C, where no biochemical activity can be detected due to 

insufficient thermal energy [91]. As a result, LN2 was adopted for cryopreservation and storage 

of sperm and the use of cryopreserved sperm for artificial insemination became the norm in 

the livestock industry. In the 1970s and 1980s, major improvements were made in the 

cryopreservation of mouse embryos, particularly with the use of DMSO as a cryoprotectant. 

Unfortunately, the cryoprotective effect of glycerol and DMSO did not work effectively for the 

cryopreservation of mouse sperm, and for this reason the development of effective 

cryopreservation methods for mouse sperm took another ten years [44, 92]. Since then, 

important improvements have been made in the cryoprotectant, leading to the use of 18% 

raffinose and 3% skim milk [93, 94]. 

 

 Cell survival during the cryopreservation process is largely dependent on the cooling 

rate (temperature per minute), which must be adjusted to avoid or minimise ice crystal 

formation. Slow cooling rate is a step cooling method, usually performed over a period of 2 to 

4 hours, where the cooling rate is slow enough to avoid the formation of intracellular ice 

crystals. Ice occupies a larger volume than liquid water and its expansion causes pressure, 

which results in damage to intracellular organelles [95]. However, the cooling rate must also 

be fast enough to avoid extra-cellular ice formation. In fact, the relative reduction of 

extracellular water due to ice crystals creates a water flow from the inside of the cell to the 

outside, resulting in cell dehydration [96]. Alternatively, vitrification methods that require a 

higher cooling rate, such as direct immersion in LN2, bypass ice formation with the formation 

of a glass-like structure instead [97]. 

 The use of cryoprotectants helps to protect cells during the cooling process to limit 

intracellular ice formation [44]. Cryoprotectants have a much higher osmolarity (about 1,500 

mOsm) compared to the cell (300 mOsm). This leads to an elimination of water from the cell 

and uptake of cryoprotectant, which equilibrates the osmotic pressure and eliminates the 

possibility of intracellular ice formation. As a result, cells undergo osmotic shrinkage, which 

can also damage the cell [98]. Therefore, the optimal cooling rate and the composition and 

concentration of cryoprotectants are key factors in the success of sperm cryopreservation. 
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1.3.2 Sperm cryopreservation protocol 

 The well-known Ostermeier protocol is widely used for mouse sperm cryopreservation 

(Figure 6) [99]. Spermatozoa collected from the cauda epididymis and vas deferens are placed 

in a cryoprotective medium (CPM) consisting of 18% w/v raffinose, 3% w/v skim milk and 477 

µL of the antioxidant monothioglycerol (MTG) in water. Spermatozoa are allowed to disperse 

for 10 minutes, after which 10 µL of sperm+CPM are loaded into a 0.25 mL straw pre-filled 

with CPM. The straws are sealed and exposed to LN2 on a floating raft for 10 minutes, resulting 

in a cooling rate of 37°C/min, before being immersed and stored in LN2. Alternatively, another 

technique of sperm cryopreservation developed by Nakagata laboratory, using cryoprotective 

medium with L-glutamine which stabilises the plasma membrane instead of the antioxidant 

MTG, is also commonly used [100]. 

 To obtain optimal sperm concentration and quality, spermatozoa are usually collected 

from males at 13 weeks of age. In fact, although the first spermatozoa are seen in males as 

early as 5 weeks of age, they start to become sexually mature at 6-7 weeks [49, 101]. Finally, 

between 7 and 13 weeks of age, sperm concentration, motility and morphology increase, 

making the selection of 13-week-old males more appropriate [102, 103].  

 

1.3.3 Sperm thawing protocol  

Sperm samples that are cooled quickly by vitrification must be thawed quickly to avoid 

recrystallisation and cryodamage [104-106]. Therefore, in accordance with this principle, 

spermatozoa are quickly transferred from -196°C to 37°C, as described in the protocol of 

Ostermeier (Appendix 1). In brief, cryopreserved straws are removed from the LN2-tank, held 

in the air for 5 seconds and immersed in a water bath at 37°C for 30 seconds. The sperm 

sample is then transferred to the capacitation medium in a dish and incubated (37°C, 5% CO2) 

for 1 hour before performing IVF.  
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Figure 6: Mouse sperm cryopreservation protocol. Sperm cryopreservation with LN2 

protocol according to [99]. CPM: cryoprotective medium, MTG: monothioglycerol. 

 

1.3.4 Sperm cryodamage 

Cryopreserved spermatozoa undergo various morphological and physiological 

damages leading to reduced cell function or death (Figure 7). Among all the defects reported 

in cryopreserved spermatozoa, the decrease in motility, plasma membrane function and 

acrosome integrity are the most important post-thaw damages encountered [107, 108]. In 

particular, the sperm plasma membrane is exposed to major morphological changes due to 

the cryoprotectant, which alters the cell volume, and the physical freezing event, which 

destabilises the membrane and may cause the acrosome to disintegrate [106, 109]. 

Cryoinjuries to sperm DNA have also been reported such as DNA fragmentation, probably 

related to an increase in DNA oxidation [91, 106, 110]. Therefore, quantification of ROS and 

assessment of DNA fragmentation and oxidation can help in the analysis of sperm cryodamage 

[111]. Mitochondria in the spermatozoa are also susceptible to cryodamage, becoming swollen 

with a loss of cristae, as previously reported for rams [112] and mice [113]. Furthermore, the 

combination of high DNA fragmentation and mitochondrial damage is associated with reduced 

motility after human sperm cryopreservation [114].  
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Sperm cryodamage is known to be species-dependent and intra-species dependent 

[115, 116]. Different types and levels of sperm cryodamage are attributed to cellular 

morphology, membrane lipid content and composition, and cytoskeletal architecture [98, 115, 

117]. Mouse strain differences toward sperm cryopreservation are also attributed to the genetic 

background and the strain-specific ability to undergo capacitation after cryopreservation-

thawing procedures [118]. As a result, significant differences in sperm motility and IVF success 

rate are found between mouse lines after sperm cryopreservation [99, 115, 119].  

 

1.3.5 LN2-free alternative protocol for mouse sperm cryopreservation 

Sperm is classically cryopreserved and archived in LN2 for a duration of a few days to 

unlimited time [42]. Several reasons can make the use of LN2 complicated. Because of its 

extremely low temperature, it is considered as a health hazard that can cause severe cold 

burns and permanent eye damage. In addition, LN2 vapour can displace air and create an 

oxygen-deficient environment, leading to asphyxiation. Another important limitation is related 

to the availability of LN2 in remote areas or during a worldwide crisis [119]. Finally, the limited 

storage capacity in LN2 tanks (5 times less than in a freezer of comparable size) and the cost 

associated with transporting dry shippers make the use of ultra-low freezers and dry ice (-

79°C) more appropriate and safer [120].  

 

 

Figure 7: Schematic diagram of the detrimental effects of cryopreservation on sperm 

integrity leading to the decline in sperm function. (Modified from [121]). 
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 Previous studies have reported successful attempts to cryopreserve and store sperm 

using -150°C freezers. Zebrafish sperm cryopreserved and stored for 3 months at this 

temperature maintained their motility, viability and fertility compared to LN2 [122]. Bulll and dog 

spermatozoa can be cryopreserved and stored at -152°C for up to 6 months and 12 months, 

respectively, without loss of motility, viability and morphology [123-125]. Successful attempts 

have also been reported with goat semen, which can be stored at -152°C for up to one year 

without significant changes in sperm quality and fertility [126, 127]. However, -150°C freezers 

are much less available on the market than -80°C freezers, their price is three times higher 

and their electricity consumption is five times higher. Moreover, there is no current means to 

maintain samples at this specific temperature for transport, unlike -80°C where dry ice can be 

used [128]. Although the temperature for sperm cryopreservation and storage should be less 

than -130°C, which corresponds to the glass transition point of water, to substantially slow 

biological process and minimize cell cryodamage [129, 130], successful attempts of sperm 

cryopreservation and/or storage at -80°C have been reported in humans [131], dogs [132], 

bulls [133] and aquaculture fish [134]. In cat, sperm motility, viability, membrane integrity and 

acrosome reaction were conserved after cryopreservation and storage at -75°C for 4 months 

[130]. In mice, LN2-cryopreserved spermatozoa from 6 different mouse genetic backgrounds 

were stored in ultra-low freezers (-80°C) for 7 days without affecting the fertilisation rate 

compared to storage in LN2 [128]. Following this study, the same authors showed that 

spermatozoa from C57BL/6N, C57BL/6J and CD-1 mice cryopreserved in LN2 can be stored 

at -80°C for 5 years in freezers with minimal effects on viability and no differences in the 

fertilisation rate [135]. It is also known that spermatozoa from C57BL/6N (control and mutant) 

can be cryopreserved by placing the samples at -80°C in ultra-low freezers instead of LN2 and 

stored up to 12 months at -80°C without affecting the fertility rate [136]. Nevertheless, deeper 

insights are needed to unravel the potential integrity damage of spermatozoa cryopreserved 

and stored at -80°C. 

 

1.3.6 Effect of D-aspartate on cryopreserved spermatozoa  

 

Endogenous D-aspartate in male reproduction 

The role of the amino acid D-aspartate or D-aspartic acid (D-Asp) on endocrine function 

and spermatogenesis has been extensively studied in rodents. Like most other amino acids, 

aspartic acid exists in 2 stereoisomers: the L-form and the D-form [137]. Because only L-

aspartate is directly incorporated into protein, it was initially thought that the biological role of 

D-Asp was negligible [138]. Free D-Asp in vertebrate tissues may come from the diet through 

protein degradation and consumption of plants that are particularly rich in D-Asp [139]. There 

is also some evidence that D-Asp can be synthetised from L-Asp, supporting the idea of the 
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presence of D-Asp racemase in mammalian cells [140, 141]. D-Asp can be oxidised by D-

aspartate oxidase, which converts D-Asp to oxaloacetate, NH3 and H2O2 [142]. D-Asp can be 

methylated by N-methyl-D-aspartate synthase to N-methyl-D-aspartate (NMDA), a well-known 

and essential neurotransmitter and neuroendocrine regulator [143]. Although D-Asp receptors 

remain to be characterised, N-methyl-D-aspartate receptors (NMDARs) are known to respond 

to D-Asp and are found in rodent testis, spermatogonia and Leydig cells [144-146].  

D-Asp has been found at high levels in mammalian neuroendocrine tissues, seminal 

plasma, spermatozoa and testes. The widespread presence of D-Asp in these regions 

supports the potential beneficial effect on rodent reproduction through hormone release and 

spermatogenesis [147-151]. D-Asp acts on the hypothalamus to stimulate the synthesis and 

release of GnRH, which in turn increases the level of LH, and thus the level of testosterone 

[152, 153]. D-Asp can also act directly on the anterior pituitary gland to stimulate the synthesis 

and release of LH with the participation of the second messenger cGMP (cyclic guanosine 

monophosphate) [154]. Leydig cells can also be stimulated directly by D-Asp to promote the 

production and release of testosterone by increasing the expression of StAR and using cAMP 

(cyclic adenosine monophosphate) as a second messenger [154-156].  

 

D-aspartate treatment of cryopreserved spermatozoa  

Previous studies have reported improvements in IVF success rate and cryopreserved 

sperm quality with in vivo D-Asp treatment in roosters [157], in men [158], in rabbits [159] and 

in mice [153, 160]. More specifically, Raspa et al. showed that D-Asp given orally to sexually 

immature B6N mice (7 weeks old) for 2 and 4 weeks improved the IVF success rate, the motility 

and the morphology of cryopreserved spermatozoa. However, it is not clear whether the results 

were influenced by the duration of D-Asp treatment (2 or 4 weeks) or the age of the animals (9 

or 11 weeks, respectively, at the end of the treatment). More recently, Raspa et al. showed 

that oral administration of D-Asp for 2 or 4 weeks to B6N mice, aged 9 weeks and 16 weeks 

at the end of the treatment, improved the IVF success rate of cryopreserved spermatozoa in 

both age groups. These results make the use of D-Asp very promising for improving the fertility 

of cryopreserved mouse spermatozoa, thus increasing the efficiency of mouse lines recovery. 

D-Asp is also of particular interest for male mice that cannot reach the ideal age (13 weeks) 

for sperm cryopreservation.  

Although the beneficial effect of D-Asp on sperm fertility has been well described, little 

is known about its mechanisms of action. It can presumably be attributed to the D-Asp effect 

on endocrine function and spermatogenesis that may lead to a higher IVF success rate. 

However, a direct effect of D-Asp on sperm quality has also been reported. Indeed, in vitro D-

Asp treatment of cryopreserved spermatozoa is known to improve sperm parameters in cattle 

[161, 162], in men [163, 164] and in mice [165]. In particular, D-Asp is known to increase sperm 
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motility and fertility. These studies suggest a mechanism of action at the cellular level that 

directly improves the quality of cryopreserved spermatozoa to potentially improve IVF success 

rates. However, the precise mechanisms are unknown. 

 Interesting work by Chandrashekar and Muralidhara [166, 167] showed that excessive 

D-Asp intake in Wistar rats increased oxidative stress in the testes. In particular, they showed 

an increase in mitochondrial and cytoplasmic ROS and other markers of oxidative stress. This 

was accompanied by higher levels of lipid peroxidation and antioxidant enzymes (glutathione). 

In addition, D-Asp is known to increase the levels of nitric oxide, which is a free radical 

metabolite of L-arginine. This last observation was also found in D-Asp-treated boar testes 

[168]. All of these findings suggest that D-Asp is involved in the increase of ROS production. 

As previously mentioned (section 1.2.8), a physiological concentration of ROS supports male 

reproductive functions. Knowing that a moderate increase in oxidants can improve health and 

longevity [169-171], it may also be possible that a moderate increase in ROS improves sperm 

parameters. Therefore, the beneficial effect of D-Asp on sperm quality and fertility may be due 

to a moderate elevation of ROS. 
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2. Thesis aims 
 

Mouse assisted reproductive technologies are constantly evolving to provide the most 

efficient, most cost-effective and safest techniques. Cryopreservation of spermatozoa from 

laboratory mice has only become efficient in the last two decades due to the poor survival rate 

of sperm cryopreserved in early attempts. Although much progress has been made, 

cryopreservation methods need to be further improved and simplified to maximise the 

affordability and success rate of IVF. My Ph.D. thesis addressed these issues, focusing on two 

complementary approaches to: 1- increase sperm fertility after cryopreservation with the use 

of D-Asp and 2- reduce the logistical burden associated with sperm cryopreservation by using 

a LN2-free cryopreservation and storage method. 

 

Aim 1: To characterise the effects of D-aspartate on the fertility and quality of 

cryopreserved mouse spermatozoa and the mechanisms involved  

An important gap exists in fertility and quality between fresh and cryopreserved 

spermatozoa, mainly due to cryoinjury. Therefore, there is still room for improvement in limiting 

sperm cryodamage and increasing the fertilising ability of cryopreserved spermatozoa. D-Asp 

treatment given orally to mice has been shown to improve IVF success rates following sperm 

cryopreservation. However, it is not clear whether this was influenced by the age of the animals 

and/or the duration of the treatment. In addition, little is known about the mechanisms of action 

of D-Asp. The first objective of this thesis was to investigate the effect of an oral D-Asp 

treatment (2 or 4 weeks) on cryopreserved spermatozoa in B6N male that were younger (9 

weeks at the end of the treatment) and older (16 weeks at the end of the treatment) than the 

usual age for sperm cryopreservation (13 weeks). 

Then, the possibility that the beneficial effect of D-Asp on cryopreserved spermatozoa 

relies on a mild increase in oxidants was investigated. To this end, the levels of ROS in 

cryopreserved spermatozoa following in vivo and in vitro D-Asp treatment and the level of 

sperm DNA oxidation were assessed. An antioxidant treatment was also used to quench ROS 

and functionally test their contribution to the beneficial effects of D-Asp in sperm maturation.  

 

Aim 2: To evaluate the fertility and quality of mouse spermatozoa cryopreserved and 

stored at -80°C 

 LN2 is commonly used for cryopreservation and storage of laboratory mouse 

spermatozoa. However, the use of an alternative to LN2 has huge advantages such as 

simplifying and reducing the cost of sample transport, limiting the risk of accidents to operators 

and allowing the storage of a higher number of straws at lower costs. Therefore, the possibility 

to avoid LN2 and simplify the process of sperm cryopreservation and storage without causing 
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additional cryodamage would be a major advancement in the field of mouse assisted 

reproductive technology. The purpose of Aim II was to compare the effects of sperm 

cryopreservation and long-term storage in LN2 versus -80°C freezers. As sperm damage can 

vary between strains, six different mouse strains among the most commonly used in 

biomedical research, were analysed. Sperm fertility, viability, motility and morphology were 

assessed. In addition, ultrastructural damages and the level of DNA fragmentation were 

investigated to provide valuable information about cellular integrity.  

Finally, given the potential of D-Asp to improve the quality of LN2-cryopreserved 

spermatozoa, D-Asp treatment was also applied to spermatozoa, which were most severely 

affected by cryopreservation and storage at -80°C. Therefore, the combination of both 

approaches, increasing sperm fertility and improving logistics, would greatly enhance the 

efficiency of the sperm cryopreservation workflow for archiving mouse lines.  
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3. Materials and Methods 
 

3.1 Materials 
 

3.1.1 Equipment 

Name Model/Product no. Manufacturer 

Bright-field microscope 314652 
Leica Microsystems, Wetzlar, 
Germany 

Centrifuge Z216MK Hermle, Wehingen, Germany 

CO2 incubator MCO-20AIC 
Sanyo-Biomedical, Ewald 
Innovationstechnik GmbH, Bad 
Nenndorf, Germany 

Electrophoresis power 
supply 

PowerPac Basic Bio-Rad, München, Germany 

Epifluorescence microscope  Olympus IX83 Olympus, Hamburg, Germany 

Flow cytometry system FACSCanto II  
BD Diagnostics, Franklin Lakes NJ, 
USA 

Heating plate 12511 Medax, Olching, Germany 

Individually Ventilated Cages 
(IVCs) 

GM500 Tecniplast, Gazzada, Italy 

LN2-tank MVE SC 36/32 Chart industries, Ball Ground GA, USA 

pH meter Doc-pH meter Sartorius, Goettingen, Germany 

Sperm analyzer 
Hamilton Thorne 
IVOS  

Hamilton Thorne, Beverly, MA, USA 

Stereomicroscope C-DSS230 
Nikon Instruments Inc, Melville NY, 
USA 

Thermoshaker RH B 2 S000 IKA, Staufen, Germany 

Transmission electron 
microscope 

JEM2100PLUS JOEL, Freising, Germany 

Ultra-low temperature 
freezer 

MDF-U73V 
Sanyo-Biomedical, Ewald 
Innovationstechnik GmbH, Bad 
Nenndorf, Germany 

Ultramicrotome EM UC7 
Leica Microsystems, Wetzlar, 
Germany 

Vortex Vornado 
Benchmark scientific, Sayreville NJ, 
USA 

Water bath 
Sonorex Super RK 
100H 

Bandelin, Berlin, Germany 

 

3.1.2 Consumables 

Name Product no. Manufacturer 

Counting chamber 100 
micron 

SC 100-01-02-B-CE 
Leja Products BV, Nieuw-Vennep, The 
Netherlands 

81 place polypropylene 
freezer boxes 

88520011 Sigma-Aldrich, Taufkirchen, Germany 
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Cassettes for spermatozoa 16980/0601 
MTG Medical Technology, Bruckberg, 
Germany 

Coverslip LH26.1 Carl Roth, Karlsruhe, Germany 

Disposable wipes KIMTECH P502.4 Carl Roth, Karlsruhe, Germany 

Electrophoresis chamber Mini-Sub Cell GT Bio-Rad, München, Germany 

Falcon 15 mL tube 352096 Corning, Glendale AZ, USA 

Falcon 50 mL tube 352070 Corning, Glendale AZ, USA 

Fine scissors FSCI14095-11  VWR, Radnor PA, USA 

Forceps 232-0188 VWR, Radnor PA, USA 

Forceps, straight 232-0094  VWR, Radnor PA, USA 

Metal Sealing Ball 0.25 mL 13400/9970 Minitube, Tiefenbach, Germany 

Needle 27G x 3/4'' 4657705 Braun, Melsungen, Germany 

Pipette 0.5-10µl 3123000020 Eppendorf, Hamburg, Germany 

Pipette 10-100µl 3123000047 Eppendorf, Hamburg, Germany 

Pipette 20-200µl 3123000055 Eppendorf, Hamburg, Germany 

Pipette 100-1000µl 3123000063 Eppendorf, Hamburg, Germany 

Pipette tips 0.1-10µl 613-1093 VWR, Radnor PA, USA 

Pipette tips 1-200µl 613-1092 VWR, Radnor PA, USA 

Pipette tips 100-1250µl 613-1087 VWR, Radnor PA, USA 

Poly-lysine-coated glass 
slides 

631-0107 VWR, Radnor PA, USA 

Serological Pipette 2 mL 75816-104 VWR, Radnor PA, USA 

Serological Pipette 10 mL 75816-100 VWR, Radnor PA, USA 

Serological Pipette 25 mL 75816-090 VWR, Radnor PA, USA 

Serological Pipette 50 mL 75816-088 VWR, Radnor PA, USA 

Straw, EcoPaillette 
transparent 0.25 mL 

13407/3010 Minitube, Tiefenbach, Germany 

Syringe 1 mL 300013 
BD Diagnostics, Franklin Lakes NJ, 
USA 

Tissue culture dish 35 mm 734-2317 VWR, Radnor PA, USA 

Tissue scissors, micro HAMMHSB556-18 VWR, Radnor PA, USA 

Tube 0.5 mL  7060.1 Carl Roth, Karlsruhe, Germany 

Tube 1.5 mL  7805 00 BRAND, Wertheim, Germany 

Tube 2 mL EA85.1 Carl Roth, Karlsruhe, Germany 

Tube 5 mL 30119401 Eppendorf, Hamburg, Germany 

 

3.1.3 Chemicals, reagents, solutions 

Name Product no. Manufacturer 

Ammonium acetate CC585416 Merck, Darmstadt, Germany 

Acetic acid 3738.4 Carl Roth, Karlsruhe, Germany 

Acetone 179124 Sigma-Aldrich, Taufkirchen, Germany 

Aqueous anti-fading 
mounting medium with 
DABCO 

10981 Sigma-Aldrich, Taufkirchen, Germany 

BSA A4503 Sigma-Aldrich, Taufkirchen, Germany 
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CARD FERTIUP PM 0.5 mL 
- CARD MEDIUM Set 

KYD-005-EX Cosmo Bio USA, Carlsbad CA, USA 

Citric acid 251275 Sigma-Aldrich, Taufkirchen, Germany 

Cook's medium K-RVFE-50 Cook Medical, Brisbane, Australia 

Coomassie brilliant blue G-
250, ready-to-use 

786-497 VWR, Radnor PA, USA 

CTC-HCl C4881 Sigma-Aldrich, Taufkirchen, Germany 

DAPI D9542 Sigma-Aldrich, Taufkirchen, Germany 

D-Aspartic acid 219096 Sigma-Aldrich, Taufkirchen, Germany 

DHE D7008 Sigma-Aldrich, Taufkirchen, Germany 

DMSO D8418 Sigma-Aldrich, Taufkirchen, Germany 

DPBS D8537 Sigma-Aldrich, Taufkirchen, Germany 

DTT D9779 Sigma-Aldrich, Taufkirchen, Germany 

Ethanol 70 T913.2 Carl Roth, Karlsruhe, Germany 

Ethanol absolute 34852 Sigma-Aldrich, Taufkirchen, Germany 

hCG (Ovogest 300 IU/mL) A265A01 MSD, Rahway NJ, USA 

HCl 1N 1.09057.1000 Merck, Darmstadt, Germany 

HEPES 25245.03 Serva, Heidelberg, Germany 

Hoechst 33342 62249 ThermoFisher Scientific, Waltham, Germany 

HTF MR-070-D Merck, Darmstadt, Germany 

KCl   

L-cystein 168149 Sigma-Aldrich, Taufkirchen, Germany 

L-glutathione reduced G4251 Merck, Darmstadt, Germany 

M16 medium M7292 Sigma-Aldrich, Taufkirchen, Germany 

M2 medium M7167 Sigma-Aldrich, Taufkirchen, Germany 

Methanol 1.00837.1000 Merck, Darmstadt, Germany 

Monothioglycerol (MTG) M6145 Sigma-Aldrich, Taufkirchen, Germany 

Mounting medium Roti-
Histokitt 

6638.1 Carl Roth, Karlsruhe, Germany 

N-Acetyl-L-Cysteine A7250 Sigma-Aldrich, Taufkirchen, Germany 

NaCl powder S9888 Sigma-Aldrich, Taufkirchen, Germany 

NaOH pellets 221465 Sigma-Aldrich, Taufkirchen, Germany 

Normal Goat Serum S26 Sigma-Aldrich, Taufkirchen, Germany 

Paraffin oil 76235 Sigma-Aldrich, Taufkirchen, Germany 

PFA 4% (roti-histofix 4%) P087.4 Carl Roth, Karlsruhe, Germany 

PMSG OPPA01037 Aviva systems biology, San Diego CA, USA 

Proteinase K 1.24568.0100 Sigma-Aldrich, Taufkirchen, Germany 

Raffinose R7630 Sigma-Aldrich, Taufkirchen, Germany 

Skim milk  232100 BD Diagnostics, Franklin Lakes NJ, USA 

Sodium phosphate dibasic S9763 Sigma-Aldrich, Taufkirchen, Germany 

Sodium phosphate 
monobasic monohydrate 

S9638 Sigma-Aldrich, Taufkirchen, Germany 

Tris-EDTA buffer solution 93302 Sigma-Aldrich, Taufkirchen, Germany 

Tris-HCl 9090.2 Carl Roth, Karlsruhe, Germany 

Triton X-100 X100 Sigma-Aldrich, Taufkirchen, Germany 
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3.1.4 Other 

Antibodies 

Name Product no. Manufacturer 

biotin mouse monoclonal 
[15A3] to DNA/RNA Damage 

ab183395 Abcam, Cambridge, UK 

Streptavidin Alexa Fluor 555 
conjugated 

S21381 
ThermoFisher Scientific, Waltham, 
Germany 

 

Kits 

Name Product no. Manufacturer 

LIVE/DEAD® Sperm 
Viability Kit from Molecular 
Probe  

L7011 
ThermoFisher Scientific, Waltham, 
USA 

Single cell gel 
electrophoresis (comet 
Assay) 

ab238544 Abcam, Cambridge, UK 

 

Mouse diet 

Name Product no. Manufacturer 

Standardized diet 4RFN and Emma 23 Mucedola, Settimo Milanese, Italy 

 

Software 

Name Manufacturer 

FlowJo BD Diagnostics, Franklin Lakes NJ, USA 

ImageJ Open source, National Institutes of Health, Bethesda, Maryland, USA 

GraphPad Prism 7 Graphpad Software, Inc., La Jolla, USA 

Excel 2010 Microsoft, Redmont, USA 

 

3.1.5 Buffers and solutions 

Cryoprotective medium 100 mL   

Raffinose 18% (18 g) 

Skim milk 3% (3 g) 

Monothioglycerol 477 µM (5.16 mg) 

in sterile water  

  

CTC solution 100 mL   

CTC-HCl 750 µM (38.65 mg) 

NaCl 130 mM (759.7 mg) 

L-cystein 5 mM (61 mg) 

Tris-HCl 20 mM (315 mg) 

in distilled water  

pH 7.8  
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Flow cytometry: HEPES-buffered saline solution 100 mL 

HEPES 10 mM (238.3 mg) 

NaCl 150 mM (876.6 mg) 

BSA 2% (2 g) 

in distilled water  

pH 7.4  

  

Immunostaining: saturation buffer 50 mL 

NGS 1.5% (750 µL) 

Triton X-100 0.1% (50 µL) 

in PBS 1X  

  

Immunostaining: decondensation buffer 100 mL 

DTT 0.2 mM (3.1 mg) 

Triton X-100 0.5% (500 µL) 

in PBS 1X  

  

Comet: lysis buffer 100 mL   

NaCl 14.6 g 

EDTA solution (provided in the kit) 20 mL 

10X lysis solution (provided in the kit) 10 mL 

DMSO 10 mL 

in distilled water  

pH 10  

  

Comet: alkaline solution 500 mL   

NaOH 6 g 

EDTA solution (provided in the kit) 1 mL 

in distilled water  

  

PBS 10X, 1 L   

Sodium phosphate monobasic monohydrate 
(NaH2PO4*H2O) 0.02 M (3.2 g) 

Sodium phosphate dibasic (Na2HPO4) 0.08 M (14.24 g) 

NaCl 9% (90 g) 

in distilled water  

pH 7.4  

  

PBS 1X, 1 L   

PBS 10X 100 mL 

Distilled water 900 mL 
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PB 10X, 1 L   

Sodium phosphate monobasic monohydrate 
(NaH2PO4*H2O) 

0.02 M (3.2 g) 

Sodium phosphate dibasic (Na2HPO4) 0.08 M (14.24 g) 

in distilled water  

pH 7.4  

  

PB 1X, 1 L   

PB 10X 100 mL 

Distilled water 900 mL 

 

3.2 Methods 
 

3.2.1 Mice 

Males from six mouse strains were used: C57BL/6NTacCnrm (B6N), C57BL/6JCnrm 

(B6J), BALB/cByJCnrm (BALB/c), Crl:CD1(ICR) (CD-1), FVBN/JCnrm (FVB) and 

129/SvImJCnrm (129). All mice were housed under controlled environmental conditions 

(temperature 20 ± 2°C, 12 h light period: 7am-7pm, relative humidity of 55 ± 15%) in individually 

ventilated cages. They were bred at the Consiglio Nazionale delle Ricerche - European Mouse 

Mutant Archive (CNR-EMMA) (Monterotondo Scalo, Rome, Italy), fed a standardised diet ad 

libitum and given free access to chlorinated filtered water. Every 3 months, 6- to 8-week-old 

B6N sentinels were examined for infectious agents according to the FELASA 

recommendations [172]. The Animal Care and Use Committee of the CNR-EMMA approved 

these animal studies (protocol number 0000079 of 18 January 2016). Protocols and 

experiments followed general guidelines approved by the Italian Ministry of Health (Legislative 

Decree 26/2014 and 116/1992) and ARRIVE guidelines [173]  

 

Experimental Design 

All information on the number of mice used and the summary of analyses are presented 

in Table 2.  

In Aim I, a total of 18 B6N males were used for in vivo D-Asp treatment. For each of 

the two age groups of 9 or 16 weeks, 3 males were used per group (i.e. control, 2 weeks or 4 

weeks of D-Asp treatment). Sperm concentration, motility, morphology, capacitation rate, 

acrosome reaction rate, ROS production and DNA oxidation were determined using these 

samples. 

For the in vitro part of Aim I, 5 B6N males were sacrificed at the age of 9 or 16 weeks, 

giving a total of 10 B6N mice used. Sperm was collected individually from each male. After in 

vitro D-Asp treatment, ROS production and DNA oxidation were determined. In addition, co-
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incubation of D-Asp and the antioxidant NAC was performed, followed by analysis of 

capacitation and acrosome reaction. 

In Aim II, B6N, B6J, BALB/c, CD-1, FVB and 129 male mice at the age of 3 months 

were used. The spermatozoa from 3 males from each strain were pooled during sperm 

collection, for a total of 18 mice used for this experiment. Spermatozoa were cryopreserved 

either using the standard method (LN2) or at -80°C. After 1, 3, 6, 9 or 12 months of storage in 

LN2 or at -80°C, in vitro fertilisation and viability analysis were performed. Sperm motility, 

morphology, ultrastructural damage and DNA fragmentation were also determined after 1, 6 

or 12 months in LN2 or at -80°C. 

Finally, B6N, B6J and BALB/c spermatozoa cryopreserved and stored in LN2 or at -

80°C for 9 months were treated with D-Asp. Motility, morphology, capacitation rate and 

acrosome reaction rate were assessed. 

 

3.2.2 Sperm collection, cryopreservation and thawing procedures 

 

Sperm collection 

After cervical dislocation, the cauda epididymis and the vas deferens of each male were 

collected, cleaned of fat and placed into a sperm collection dish containing 120 µL of 

cryoprotective medium (CPM: 18% raffinose, 3% skim milk, 477 µM MTG in water [99] warmed 

up to 37°C on a heating plate. Using a small pair of scissors, the cauda epididymis was incised 

6 times to release the spermatozoa. After 10 min at 37°C on the heating plate, drops of 10 µL 

of sperm suspension were placed in a new dish. Each drop was aspirated into a 0.25 mL straw 

pre-filled with CPM. The straws were then sealed with a metal ball. 

 

Cryopreservation: standard method using LN2 (-196°C) 

 After sealing, straws containing the sperm suspension were exposed to LN2 vapour for 

10 min, collected in cassettes, immersed in LN2 and stored in a LN2-tank until used. 

 

Cryopreservation: alternative (-80°C) 

 After sealing, straws were collected in cassettes and placed directly in an ultra-low 

freezer at a temperature of -80°C. After 1, 3, 6, 9 or 12 months at -80°C, the straws were 

thawed and used for analysis or placed in a LN2-tank for longer storage without degradation. 
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Thawing procedure 

For thawing, straws were removed from the LN2-tank or the ultra-deep freezer 

depending on the storage method, held in the air for 5 seconds and placed into a 37°C water 

bath for 30 sec. The contents were then transferred into a pre-warmed 1.5 mL sample tube. 

The spermatozoa were kept at 37°C in a CO2 incubator (moisture-saturated atmosphere of 5% 

CO2 and 95% air) for 10 min to allow dispersion of the spermatozoa. The samples were then 

transferred to a pre-warmed 1.5 mL tube containing 200 µL of IVF medium (Cook’s medium) 

and incubated for 1 h at 37°C in a CO2 incubator, except for samples that received an in vitro 

D-Asp treatment (see section 3.2.3. below). 

 

3.2.3 D-Asp treatment 

 

In vivo D-Asp treatment 

A solution of 1 M D-Asp was first prepared and diluted in drinking water to give a 

concentration of 20 mM of D-Asp with a final pH of 6.6 - 7.5 in the drinking bottle. Male mice 7 

or 5 weeks old (young) were treated for 2 or 4 weeks, respectively, so that they were 9 weeks 

old at the end of the treatment. Male mice aging 14 or 12 weeks (adult) were also treated for 

2 or 4 weeks, respectively, so that they were 16 weeks old at the end of the treatment. Control 

mice received D-Asp-free drinking water. 

 

In vitro D-Asp treatment 

A solution of 4 mM of D-Asp (pH of 7.5 - 7.8) in Cook’s medium was prepared the day 

before and incubated overnight at 37°C in a CO2 incubator. After thawing and 10 minutes 

incubation at 37°C in a CO2 incubator, half of the spermatozoa was transferred into a 1.5 mL 

tube with 200 µL of Cook’s medium and used as the control group. The other half was 

transferred into a 1.5 mL tube with 200 µL of 4 mM D-Asp and designated as the D-Asp-treated 

group. Both tubes were incubated at 37°C for 1 h corresponding to the capacitation period or 

for 5 h corresponding to the period for co-incubation of the oocytes and spermatozoa used for 

the IVF procedure.  

 

3.2.4 Spermatozoa analyses 

 

In vitro fertilisation 

Four-week-old female mice were superovulated with 5 IU PMSG 72 h before sacrifice 

and with 5 IU hCG 12 h before sacrifice. Straws containing spermatozoa were removed from 

the LN2-tank, held 5 sec in LN2 vapour, held at RT for 5 sec and then placed in a water bath at 
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37°C for 10 min. The straws were then carefully dried with a disposable wipe and the 

spermatozoa were placed in a dish containing 90 µL of IVF medium (250 μL HTF with 1 mM 

reduced L-glutathione and 5.14 mM Ca2+) covered with paraffin oil prepared the day before 

(kept overnight at 37°C in a CO2 incubator). During capacitation for 1 h at 37°C in a CO2 

incubator, the COCs were collected from the females and placed in the CARD medium. A 

volume of 5 µL of sperm was added to the dish with the COCs. After incubation of the oocytes 

with the spermatozoa for 5 h at 37°C in a CO2 incubator, the oocytes were washed 3 times in 

drops of 100 µL of M2 medium and then transferred to M16 medium for an overnight incubation 

at 37°C in a CO2 incubator. The IVF success rate is given as the percentage of 2-cell embryos 

developing from the total number of oocytes co-incubated. 

 

Viability assessment – Flow cytometry with SYBR-14 and PI 

The viability of mouse spermatozoa was assessed by FACSCanto II flow cytometry. 

SYBR-14 is a permeable DNA-binding dye that emits at 516 nm when bound to DNA. It stains 

the nuclei of living cells green, whereas propidium iodide (PI) is an impermeable DNA-binding 

dye that stains cells red (maximum emission at 617 nm) when they have lost their membrane 

integrity. Cryopreserved spermatozoa were thawed as previously described. The sperm 

samples were then diluted in HEPES-buffered saline to a concentration of 1x106 cells/mL and 

incubated with 1 µg/mL Hoechst 33342 at 37°C for 10 min. The samples were then centrifuged 

at 1,000 g for 6 min, and the pellet was re-suspended in HEPES-buffered saline (1x106 

cells/mL). A volume of 5 µL of diluted SYBR-14 dye was added to a final concentration of 100 

nM. After 5 min incubation at 37°C, 5 µL PI was added to a final concentration of 12 µM. After 

3 min incubation, the sample was analysed by flow cytometry. A 488 nm blue laser was used 

for SYBR 14 and PI excitation and a 405 nm violet laser for Hoechst 33342. FlowJo software 

was used to analyse the data (10,000 events analysed, 3 replicates). Hoechst 33342-negative 

cells were excluded from the analysis. Only SYBR 14-negative and PI-positive spermatozoa 

are considered dead. Results are expressed as percentage of dead cells in the population 

analysed. 

 

Sperm concentration and motility 

Spermatozoa were thawed and allowed to disperse with or without D-Asp for 1 h at 

37°C as described previously. After gentle mixing of the sample, a 2 µL aliquot of the sperm 

suspension was diluted with 98 µL pre-warmed Cook’s medium. A volume of 30 µL of the 

diluted sample was loaded on each chamber of a two-chamber slide, and sperm motility 

patterns were analysed using the Hamilton Thorne IVOS computerised sperm analyzer 

operating at 30 video frames per second (60 Hz). The concentration was reported as millions 

of spermatozoa per millilitre. Total motility (motile spermatozoa moving at a velocity > 7.4 μm/s 
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in any direction), progressive motility (spermatozoa with a path velocity > 50 μm/s and a 

straightness ratio > 80%) and sperm velocity categorized into rapid (mean velocity > 50 µm/s), 

medium (7.4 µm/s < mean velocity ≤ 50 µm/s), slow (0 µm/s < mean velocity ≤ 7.4 µm/s) and 

static (mean velocity = 0 µm/s) were reported as percentages of spermatozoa showing the 

respective trait from the total number of spermatozoa analysed. 

 

Sperm morphology 

For morphological investigation, 10,000 spermatozoa were collected and centrifuged 

at 300 g for 5 min. The pellet was then washed with PBS 1X and centrifuged again at 300 g 

for 5 min. The supernatant was removed, and 10 µL of PBS 1X was added to re-suspend the 

pellet. The sample was smeared onto a glass slide, air dried for 1 h, covered with mounting 

medium and examined under a bright field microscope at a magnification of 40 X. The 

morphology of the head and the tail was examined from 200 spermatozoa. They were 

classified as normal (normal head and normal tail), abnormal head with normal tail, abnormal 

tail with normal head, abnormal head and abnormal tail and finally head detached. 

 

Capacitation rate – Chlortetracycline (CTC) staining 

The capacitation rate is the percentage of spermatozoa that are capacitated. 

Chlortetracycline (CTC) fluorescence staining was used to assess whether spermatozoa had 

undergone capacitation. After spermatozoa were thawed and allowed to disperse with or 

without D-Asp for 40 min at 37°C, 10 µl of Hoechst 33342 (9 µg/mL) was added to an aliquot 

of 60,000 spermatozoa. The sample was then returned to the incubator for a further 20 min, 

for a total incubation time of 1 h. The sample was then centrifuged at 2,000 g for 5 min, the 

supernatant was removed and the pellet was mixed with 30 µL of Cook’s medium. An equal 

volume of CTC solution (30 µL) was added, and the sample was gently mixed for 20 sec. Then 

10 µL of 4% paraformaldehyde was added. After 10 min at RT, the sample was centrifuged at 

2,000 g for 5 min, the pellet was suspended in 30 µL of Cook’s medium and transferred to 3 

glass slides (10 µL sperm suspension per slide). When the slide was dried, a coverslip was 

added with an aqueous anti-fading mounting medium with DABCO. Images were taken with 

an epifluorescence microscope at 100X using a FITC filter (excitation 491 nm / emission 516 

nm) and a DAPI filter (excitation 359 nm / emission 457 nm). The pattern of fluorescence given 

with a CTC staining depends on the localization of the intracellular calcium in sperm head that 

changes during capacitation [74]. Cells with a uniform green fluorescent head were considered 

as not capacitated, and cells with a non-fluorescent band in the post-acrosomal region were 

considered as capacitated. At least 200 spermatozoa were counted per assay. 
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Acrosome reaction rate – Coomassie brilliant blue staining 

 The acrosome reaction is the second step in sperm maturation, after capacitation. 

Because the acrosome reaction corresponds to the fusion between the acrosome membrane 

and the plasma membrane, spermatozoa are losing their acrosome during acrosome reaction, 

resulting in a loss of staining [133]. The acrosome reaction rate represents the percentage of 

spermatozoa without their acrosome. After the spermatozoa were thawed and allowed to 

disperse with or without D-Asp for 1 h at 37°C, 60,000 spermatozoa were collected and 

centrifuged at 1,500 g for 2 min. The supernatant was removed, and the pellet was suspended 

in 200 µL of 4% paraformaldehyde. After 10 min of incubation at RT, the sample was 

centrifuged again at 1,500 g for 2 min. The pellet was suspended in 500 µL ammonium acetate 

(0.1 M, pH = 9), gently mixed and centrifuged at 1,500 g for 2 min. Finally, the pellet was mixed 

with 30 µL of ammonium acetate (0.1 M, pH = 9), and 10 µL of the cell suspension was 

smeared onto a poly-lysine-coated slide (3 slides in total per sample) and air dried for 1 h at 

RT. When the slides with fixed spermatozoa were ready, they were stained two at a time in a 

50 mL Falcon tube containing the Coomassie brilliant blue G-250 at 0.22%. After 2 min of 

incubation, the slides were removed individually, and the excess Coomassie solution was 

absorbed by an absorbent paper. The slides were then placed two at a time in another 50 mL 

Falcon tube containing distilled water for 1 min. The slides were gently removed to eliminate 

the excess water. They were placed on a heating plate at 37°C for 20 min to dry and then 

mounted with mounting medium. A bright field microscope was used to examine the 

spermatozoa at 40X magnification. The acrosome is stained dark blue before the acrosome 

reaction (acrosome present and intact), and no staining is seen after the acrosome reaction 

(loss of acrosome). A minimum of 200 spermatozoa was counted per assay. 

 

Production of reactive oxygen species – Dihydrodethydium staining 

ROS level was assessed using a dihydrodethydium (DHE) staining. DHE staining is a 

simple and effective fluorescence dye-based detection method widely used to measure ROS 

level in cells [174]. DHE reacts with ROS to give a red fluorescent signal so the level of 

fluorescence is linked to the presence of ROS. After thawing and appropriate incubation at 

37°C, aliquots containing 20,000 spermatozoa were centrifuged at 300 g for 5 min, the 

supernatant was removed, and 200 µL of warm (30°C) PBS 1X was added to the pellet to 

wash the spermatozoa. They were centrifuged again at 300 g for 5 min, and the pellet was re-

suspended in 1 mL of a 5 µM DHE solution. The spermatozoa were incubated at 37°C for 10 

min and then centrifuged at 300 g for 5 min. The pellets were then washed 3 times with warm 

PBS 1X before spermatozoa were fixed with 4% paraformaldehyde in PBS 1X. After 5 min of 

incubation at RT, the spermatozoa were washed 3 times with warm PBS 1X. The final pellet 

was re-suspended in 20 µL of PBS 1X, and 10 µL of spermatozoa were applied to each of 2 
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poly-lysine-coated glass slides. Slides were air-dried for 20 min and mounted with DABCO 

anti-fading mounting medium. Images were taken with an epifluorescence microscope at 60X 

using a TRITC filter (excitation 488-532nm / emission 576nm). The mean grey intensity, 

corresponding to the average grey intensity within the selection of the sperm head, was 

calculated using ImageJ software. For this purpose, 50 spermatozoa were randomly selected 

per slide (100 spermatozoa in total). The result of the in vivo study is presented as the mean 

grey intensity of 100 spermatozoa (pooled spermatozoa from 3 males) for each age group. 

The results of the in vitro study correspond to the average of the mean grey intensity of 100 

spermatozoa each from 5 individual experiments. 

 

DNA oxidation – Immunostaining 

The biotin mouse monoclonal antibody [15A3] to DNA/RNA Damage was used to 

detect oxidised guanine (8-hydroxy-2’-desoxyguanosine). After thawing and appropriate 

incubation at 37°C, an aliquot containing 50,000 spermatozoa was centrifuged at 300 g for 5 

min, and the supernatant was then removed. The pellet was re-suspended in decondensation 

buffer and incubated for 1 h at RT. After further centrifugation at 300 g for 5 min, the 

spermatozoa were washed in PBS 1X, and the final pellet was re-suspended in 20 µL of PBS 

1X, and 10 µL of spermatozoa were smeared on each of 2 poly-lysine-coated glass slides. 

Slides were air-dried for 1 h, incubated in a fixative solution (ethanol 95 / acetone 1:1) for 30 

min at 4°C and air-dried again for at least 20 min. They were then hydrated (ethanol 90, ethanol 

70 and distilled water for 1 min each) and washed in 0.1% Triton X-100 in PBS 1X for 5 min. 

After 2 h of incubation in the saturation buffer at RT, the slides were incubated with primary 

antibody (1:200 dilution in saturation buffer) overnight at 4°C. Slides were then washed 3 times 

for 5 min each with 0.1% Triton X-100 in PBS 1X. The secondary antibody was applied for 1 h 

at RT in the dark (1:1000 dilution in 0.1% Triton X-100 in PBS 1X). The slides were washed 3 

times for 5 min each with PBS 1X and incubated 5 min at RT in the dark with 500 µL of 3 µM 

DAPI to stain the nucleus. Finally, the slides were washed 3 times for 2 min each in PBS 1X, 

air-dried and mounted with an aqueous anti-fading mounting medium containing DABCO. 

Images were taken with an epifluorescence microscope at 60X using an AF555 filter (excitation 

488-532nm / emission 580nm) and a DAPI filter (excitation 359nm / emission 457nm). Results 

are given as a mean grey intensity calculated using ImageJ software, corresponding to the 

mean grey intensity using AF555 filter (oxidised DNA) within the nucleus. The nucleus areas 

were based on DAPI fluorescent signals, using an automatic selection to define individual 

regions of interest, visualised by a grey line on images. A total of 50 spermatozoa was 

randomly selected per slide (100 spermatozoa in total). The result of the in vivo study is 

presented as the mean grey intensity of 100 spermatozoa (pooled from 3 males) for each age 
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group. The results of the in vitro study correspond to the average of the mean grey intensity of 

100 spermatozoa from 5 individual experiments. 

 

DNA fragmentation – Comet assay 

Sperm DNA fragmentation analysis can be performed by single cell gel electrophoresis 

(comet) assay under alkaline conditions to detect single-strand and double-strand DNA breaks 

[175]. A comet assay kit from Abcam was used. After thawing and incubation at 37°C for 1h, 

an aliquot containing 10,000 spermatozoa was centrifuged at 300 g for 5 min. The pellet was 

washed in ice-cold DPBS and combined with agarose (provided in the kit) according to the 

comet kit protocol. The mixture was then applied to agarose pre-coated slides (provided in the 

kit) and incubated at 4°C for 15 min in the dark. The first lysis step was performed with pre-

chilled lysis buffer (provided in the kit) for 1 h at 4°C in the dark. The second lysis step was 

performed with the same lysis buffer warmed to 37°C with the addition of proteinase K (0.1 

mg/ml) overnight at 37°C. The next day, the electrophoresis was performed in alkaline solution 

at a voltage of 1 volt/cm and a current of 300 mA for 15 min. The slides were then washed 3 

times for 10 min each in 0.4 M Tris-HCl pH 7.4 and in cold H2O 3 times for 2 min each. Finally, 

the slides were dehydrated in 70% ethanol for 5 min and air-dried in the dark at RT. When the 

agarose was completely dry, 100 μL/well of diluted Vista Green DNA Dye (provided in the kit) 

was added. After 15 min at RT, the slides were washed twice with DiH2O and mounted with 

anti-fading aqueous mounting medium. Spermatozoa were observed under an epifluorescence 

microscope at 60X magnification. The tail moment of 50 spermatozoa was calculated as 

follows: tail moment = tail length x tail DNA% where the tail DNA% = 100 x (1 – (total comet 

circularity / circularity of the comet head)), according to the comet kit protocol. Tail length, total 

circularity and head circularity were measured using ImageJ software. 

 

Co-incubation of spermatozoa with D-Asp and/or N-acetyl-L-cysteine (NAC) 

NAC is an antioxidant used to determine whether the reactive oxygen species produced 

by D-Asp are necessary for its beneficial role in sperm maturation. After thawing, each sample, 

corresponding to 1x106 spermatozoa, was divided into 4 groups: Control, D-Asp only, D-Asp 

+ NAC and NAC only. The control group contained spermatozoa in 200 µL Cook’s medium. In 

the D-Asp group, spermatozoa were mixed with 200 µL of 4 mM D-Asp in Cook’s medium. In 

the D-Asp + NAC group, the spermatozoa were incubated in 200 µL of Cook’s medium 

containing 4 mM D-Asp and 2.5 mM NAC. Finally, the remaining group corresponded to 

spermatozoa in 200 µL Cook’s medium containing 2.5 mM NAC. All samples were incubated 

for 1 h at 37°C in the same incubator. CTC staining and Coomassie brilliant blue staining were 

then performed to analyse sperm maturation. 
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Ultrastructural damage – Transmission electron microscopy 

 To visualise and analyse the ultrastructural damage, spermatozoa were prepared for 

transmission electron microscopy in collaboration with the CECAD imaging facility. After 

thawing and incubation for 1h at 37°C in an incubator, 800,000 spermatozoa were collected 

and washed with 200 µL PB 1X. The samples were then centrifuged at 1,500 g for 2 min, and 

the pellets were re-suspended in 100 µL of PB 1X. This step was repeated 2 more times. To 

the final pellets, 60 µL of PB 1X was added and mixed with an equal volume of fixative provided 

by the CECAD imaging facility (2% formaldehyde, 2% glutaraldehyde, 3 mM CaCl2 in 0.1 M 

sodium cacodylate buffer). The sample were then processed according to the CECAD imaging 

facility protocol. Briefly, the samples were incubated at 4°C for 48 h, washed with 0.1 M sodium 

cacodylate buffer and centrifuged at 1,500 g for 10 min. The pellets were then mixed with 3% 

low melting agarose (1:1) and incubated at 37°C for 10 min then at 4°C for 30 min. The pellets 

were washed with 0.1 M sodium cacodylate buffer and post-fixed at 4°C for 2 h (1% OsO4, 

1.25% sucrose, 1% potassiumferrocyanide in 0.1 M sodium cacodylate buffer). After 4 washing 

steps in 0.1 M sodium cacodylate buffer and dehydration in ethanol, samples were incubated 

in a mix of ethanol/propylenoxide (1:1) for 15 min, then pure propylenoxide 2 times 15 min, 

following by infiltration with epon/propylenoxide (1:1) and epon/propylenoxide (3:1) for 2 h at 

4°C each. The samples were incubated overnight in pure epon at 4°C and then for 2 h at RT 

in a new pure epon bath. Finally, the samples were mounted onto epon blocks. Ultramicrotome 

was used for ultrathin sections of 70 nm of blocks. The sections were then stained with 1.5% 

uranyl acetate at 37°C for 15 min and 3% citrate solution for 4 min. A minimum of 25 images 

of different sperm heads and 25 images of different sperm mid-pieces were acquired using a 

JEM-2100 Plus Transmission Electron Microscope (JEOL) operating at 80 kV equipped with a 

OneView 4K camera (Gatan) for analysis. Spermatozoa were classified as Class I if the plasma 

membrane was intact (slightly wavy membrane accepted), and the mitochondria did not show 

any specific abnormality. They were classified as Class II if the plasma membrane was strongly 

rippled without interruption or had minor abnormalities in the mitochondria (diminution of 

cristae or roundness deviation, for example). Class III spermatozoa showed significant 

disturbances, damages and breaks in the plasma membrane, spots on the nucleus or major 

abnormalities of the mitochondria. 

 

3.2.5 Data analysis 

Statistical analyses and graphical representations of the data were performed using 

GraphPad Prism 7 software. The Gaussian distribution of the data was tested with a Shapiro-

Wilk normality test when the sample size was equal to or below five, and a D’Agostino-Pearson 

normality test when the sample size was higher than five. In all figures, data are presented as 
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mean ± standard error of the mean (SEM) with individual values where applicable. The 

significance levels are: ∗∗∗p < 0.001; 0.001<∗∗p < 0.01; 0.01<∗p < 0.05. 

In Aim I, a two-by-two table chi-square test (Fisher-test) was performed to analyse the 

association between D-Asp treatment and sperm morphology in the two age groups 

independently (Figure 10B). The D-Asp treatment effect on capacitation and acrosome 

reaction as well as the comparison between age groups were analysed with a logistic 

regression (Figure 11B and 11D). The concentration and the total and progressive motility 

were measured in duplicate, hence no statistical analysis was performed (Figure 8 and 9). A 

non-parametric unpaired t-test (Mann-Whitney test) was applied to analyse the level of ROS 

(Figure 12B) and DNA oxidation (Figure 13B) since the values were not normally distributed. 

Parametric unpaired t-tests were performed on the level of ROS (Figure 14B, 14C and 16B), 

DNA oxidation (Figure 15B and 15C), capacitation rate (Figure 16C) and acrosome reaction 

rate (Figure 16D), as values were normally distributed with equal variance (controlled with a F 

test).  

 Regarding the Aim II, statistical analysis of the IVF success rate (Figure 17) between 

sperm cryopreserved in LN2 and at -80°C was performed with a two-by-two table chi-square 

tests (Fisher-tests) in all six mouse strains and at the five different storage times (1, 3, 6, 9 or 

12 months). Dunnett's multiple comparisons tests were performed in the six mouse strains to 

compare the percentage of dead spermatozoa (Figure 18) between the control condition 

(sperm in LN2) and the storage duration of spermatozoa at -80°C for 1, 3, 6, 9 or 12 months. 

For assessment of the effect of the storage temperature on sperm morphology (Figure 20) and 

the ultrastructure (Figure 21B), Chi-Squared tests were conducted. Finally, we used a non-

parametric unpaired t-test (Mann-Whitney test) to compare the level of DNA fragmentation 

(Figure 22B) in spermatozoa cryopreserved in LN2 versus those cryopreserved at -80°C (1, 6 

or 12 months of storage). The total motility (Figure 19, Figure 23A) was measured in duplicate, 

hence no statistical analysis was possible. Ultimately, a 2x2-Table Wald-ChiSquare-Test, 

which is approximately equivalent to Fisher’s exact test, was performed on the morphology 

analysis, capacitation and the acrosome reaction rate (Figure 23B, 24A and 24B) using usual 

binomial assumption for counts and considering the counts of the capacitation and the counts 

of the acrosome reaction, each among total spermatozoa. 
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4. Results 
 

4.1 Aim I: To characterise the effects of D-aspartate on the fertility 

and quality of cryopreserved mouse spermatozoa and the 

mechanisms involved  
 

The results presented in this section (Figures 8, 9, 10 and 11) are part of the publication 

Raspa et al. 2022 [160] and correspond to my personal and exclusive research work. The 

effect of oral administration of D-Asp on the quality of cryopreserved spermatozoa was 

investigated. Spermatozoa from B6N mice at 2 different stages of sexual maturation were 

used: 9 weeks old (young) and 16 weeks old (adult). To determine whether the observed D-

Asp effect was influenced by the duration of treatment, mice received 20 mM D-Asp for 2 or 4 

weeks before sacrifice. Spermatozoa were collected from 3 males and pooled for 

cryopreservation in LN2, as routinely done by repositories. The spermatozoa were then thawed 

for downstream analyses of sperm concentration, motility, morphology and maturation. 

 

4.1.1 D-Asp treatment does not affect spermatozoa concentration 

The concentration of spermatozoa from 9-week-old and 16-week-old B6N males that 

received D-Asp for 2 or 4 weeks or from controls is shown in Figure 8. In 9-week-old mice, the 

concentration of spermatozoa treated with D-Asp for 2 or 4 weeks was 13.0 x 106/mL or 9.1 x 

106/mL, respectively, vs. 10.6 x 106/mL in the control. In 16-week-old mice, the concentration 

of spermatozoa treated with D-Asp for 2 or 4 weeks was 22.4 x 106/mL or 21.7 x 106/mL, 

respectively, vs. 28.1 x 106/mL in the control. The concentration of spermatozoa was higher at 

each time point for the 16-week-old males compared to the 9-week-old males. Statistical 

analysis was not performed because measurements were possible from only 2 straws of the 

pooled spermatozoa. 

 

4.1.2 D-Asp treatment for 4 weeks increases the motility of spermatozoa 

Total motility, which includes all spermatozoa movements, and progressive motility, 

which is the ability of the spermatozoa to move in a straight line, were analysed using the 

Hamilton Thorne IVOS computerized semen analyzer (Figure 9). The total motility was higher 

after 4 weeks of oral D-Asp treatment compared to the control (23.3% vs. 17.9% in 9-week-

old males and 28.5% vs. 19.8% in 16-week-old males). Concerning progressive motility, after 

4 weeks of oral D-Asp treatment compared to the control, these values were 10.3% vs. 6.3% 

in 9-week-old males and 10.3% vs. 7.6% in 16-week-old males. 
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Figure 8: Sperm concentration after administration of D-Asp. (Modified from [160]). The 

concentration of spermatozoa in 9- and 16-week-old B6N males that received D-Asp in the 

drinking water for 2 or 4 weeks was measured using the Hamilton Thorne IVOS sperm 

analyzer. Control mice received water without D-Asp. Data are shown as the mean of two 

measurements of a pool of spermatozoa collected from 3 males. 

 

 
Figure 9: Sperm motility after administration of D-Asp. (Modified from [160]). Analysis of 

the total motility (A) and the progressive motility (B) of spermatozoa from 9- and 16-week-old 

B6N males that received D-Asp in the drinking water for 2 or 4 weeks using the Hamilton 

Thorne IVOS sperm analyzer. Control mice received water without D-Asp. Data are shown as 

the mean of two measurements of a pool of spermatozoa collected from 3 males. 
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Treatment with D-Asp for 2 weeks resulted in a total motility of 15.8% in 9-week-old 

males and 19.0% in 16-week-old males. The progressive motility of spermatozoa after 2 weeks 

of D-Asp was 6.0% in 9-week-old males and 7.8% in 16-week-old males. Statistical analysis 

was not performed because measurements were possible from only 2 straws of the pooled 

spermatozoa. 

 

4.1.3 D-Asp treatment for 2 weeks decreases sperm abnormalities in young B6N 

males 

Spermatozoa from 9- and 16-week-old B6N males treated with D-Asp for 2 or 4 weeks 

were classified depending on the presence of morphological abnormalities (Figure 10A).  

 

 
Figure 10: Sperm morphology after administration of D-Asp. (Modified from [160]).  

(A) Representative images of spermatozoa: on the left is a spermatozoon with a normal shape, 

then a spermatozoon with an abnormal head, a spermatozoon with an abnormal tail, a 

spermatozoon with both abnormal head and abnormal tail, and head detached. Black arrows 

point to abnormalities (abnormal head morphology or tail bent). (B) Percentage of spermatozoa 

from 9- and 16-week-old B6N males that received D-Asp in the drinking water for 0 (control), 

2 or 4 weeks with abnormal morphology. Data are shown as 2 counts per category (200 

spermatozoa from a pool of spermatozoa collected from 3 males per counting). * p < 0.05. 
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Results presented in Figure 10B correspond to the total abnormal spermatozoa, 

abnormal head, abnormal tail, abnormal head and tail, and head detached. Spermatozoa from 

9-week-old males that received D-Asp for 2 weeks showed significantly less abnormalities than 

those in the control (14.3% vs. 16.0%). In 16-week-old mice, after 2 weeks of D-Asp treatment, 

sperm abnormalities were 12.5% vs. 16.8% in the control. In contrast, 4 weeks of D-Asp 

treatment resulted in a non-significantly higher level of abnormalities of spermatozoa 

compared to the control (21.3% vs. 16.8%).  

 

4.1.4 D-Asp-treatment leads to higher capacitation and acrosome reaction rate 

Sperm capacitation was visualised by CTC staining (Figure 11A). Figure 11B 

represents the capacitation rate, which corresponds to the percentage of spermatozoa that 

underwent capacitation. Concerning the 9-week-old mice, the capacitation rate was 

significantly higher in spermatozoa treated with D-Asp for 2 or 4 weeks compared to the 

control: 72.4 ± 2.8% (p ˂ 0.01) or 70.3 ± 3.1% (p ˂ 0.001), respectively, vs. 61.3 ± 1.3%. 

Similarly, in 16-week-old males, D-Asp treatment for 2 or 4 weeks significantly increased the 

capacitation rate compared to the control: 88.6 ± 0.9% or 81.3 ± 1.7%, respectively, vs. 74.0 ± 

1.4% (p ˂ 0.001). A comparison between age groups shows a significant increase of the 

capacitation rate in 16-week-old males compared to 9-week-old males at all timepoints. 

The acrosome reaction was visualised by Coomassie brilliant blue staining (Figure 

11C). Figure 11D represents the acrosome reaction rate, which corresponds to the percentage 

of spermatozoa without an acrosome (right panel in Figure 11C). The acrosome reaction rate 

was significantly increased in spermatozoa from 9-week-old males treated with D-Asp for 2 or 

4 weeks compared to the control: 38.4 ± 0.9% (p ˂ 0.05) or 46.3 ± 0.7% (p ˂ 0.001), 

respectively, vs. 32.6 ± 1.1%. Similarly, in 16-week-old males, the acrosome reaction rate was 

significantly higher in spermatozoa treated with D-Asp for 2 or 4 weeks compared to the 

control: 48.8 ± 0.9% (p ˂ 0.01), or 50.2 ± 0.6% (p ˂ 0.001), respectively, vs. 42.7 ± 0.2%. A 

comparison between age groups indicates a significant increase of the acrosome reaction rate 

in 16-week-old males compared to 9-week-old males at all timepoints. 
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Figure 11: Sperm maturation rates after administration of D-Asp. (Modified from [160]). 

(A) Representative images of spermatozoa stained with chlortetracycline (CTC): left image 

before capacitation (green fluorescence signal in the whole sperm head) and right image after 

capacitation (no staining band in the basal area of the sperm head marked with a white 

arrowhead). (B) Percentage of spermatozoa that underwent capacitation in control mice (not 

treated with D-Asp) and in mice treated with D-Asp for 2 or 4 weeks. Data are shown as the 

mean of 4 analyses (200 spermatozoa from a pool of spermatozoa collected from 3 mice per 

analysis). (C) Representative images of spermatozoa stained with Coomassie brilliant blue: 

left image before acrosome reaction (blue band staining in the acrosome region marked with 

a black arrowhead) and right image after acrosome reaction (no staining in the acrosome 

region marked with a white arrowhead). (D) Percentage of spermatozoa that underwent the 

acrosome reaction in control mice (not treated with D-Asp) and in mice treated with D-Asp for 

2 or 4 weeks. Data are shown as the mean of 4 analyses (200 spermatozoa from a pool of 

spermatozoa collected from 3 males per analysis). * p < 0.05, ** p < 0.01 and *** p < 0.001. 

 

The next section (Figures 12, 13, 14, 15 and 16) explores the hypothesis that the 

production of ROS by D-Asp treatment is implicated in the improvement of sperm quality. The 

level of ROS in cryopreserved spermatozoa following in vivo (oral) or in vitro D-Asp treatment 

as well as the level of sperm DNA oxidation were evaluated. Then, the production of ROS was 

quenched with an antioxidant to provide information on the role of D-Asp-generated ROS in 

the maturation of spermatozoa. 
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4.1.5 Oral treatment with D-Asp increases DHE staining and DNA oxidation 

levels in spermatozoa 

Dihydroethidium (DHE) staining was performed an indirect measurement of the level of 

ROS in spermatozoa from 9- and 16-week-old B6N mice that received D-Asp orally for 0, 2 or 

4 weeks. Figure 12A presents representative images obtained. The mean grey intensity, 

corresponding to DHE fluorescence intensity, was measured with ImageJ in 100 spermatozoa 

in each condition (Figure 12B). The mean grey intensity was significantly increased in 

spermatozoa collected from 9-week-old mice treated with D-Asp for 2 or 4 weeks compared to 

the control: 369.8 ± 7.7 A.U. or 421.7 ± 8.5 A.U., respectively, vs. 276.2 ± 5.8 A.U. (p ˂ 0.001).  

 

 
Figure 12: Measurement of ROS with DHE staining after oral administration of D-Asp. 

(A) Representative images of DHE staining of spermatozoa from 9- and 16-week-old B6N 

males that received D-Asp in the drinking water for 2 or 4 weeks. Control mice received water 

without D-Asp. (B) Level of DHE fluorescence, given as the mean grey intensity (arbitrary unit 

in ImageJ), of 100 spermatozoa from a pool of spermatozoa collected from 3 males. *** p < 

0.001. 

 

Similar results were obtained in 16-week-old mice: 368.7 ± 7.4 A.U. or 390.8 ± 5.4 A.U., 

respectively, vs. 234.4 ± 4.4 A.U. (p ˂ 0.001). No statistical difference of the mean grey 
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intensity between spermatozoa from 9-week-old males and 16-week-old males was observed 

at all timepoints (p > 0.05). 

 

 

Figure 13: Analysis of DNA oxidation with immunostaining after oral administration of 

D-Asp. (A) Representative images of DNA oxidation of spermatozoa from 9- and 16-week-old 

B6N males that received D-Asp in the drinking water for 2 or 4 weeks. Control mice received 

water without D-Asp. The red staining corresponds to oxidised guanine (AF555 filter), and the 

grey lines correspond to the automatic detection of the sperm nucleus. (B) Level of DNA 

oxidation, given as the mean grey intensity (arbitrary unit in ImageJ), of 100 spermatozoa from 

a pool of spermatozoa collected from 3 males. *** p < 0.001. 

 

DNA oxidation was measured by performing immunostainings using an antibody 

against oxidised guanine and counterstained with DAPI (nuclear staining). In Figure 13A, 

representative images of samples show oxidised DNA with a red fluorescent signal. DAPI 

staining was used to automatically select the nucleus region (grey lines on images), and the 

mean grey intensity, corresponding to oxidised DNA, was measured in these regions. In Figure 

13B, the mean grey intensity was significantly higher in spermatozoa from 9-week-old males 

that received D-Asp for 2 or 4 weeks compared to the control: 381.9 ± 13.8 A.U. or 406.2 ± 

21.9 A.U., respectively, vs. 314.6 ± 12.9 A.U (p ˂ 0.001). Similar results were obtained in 16-
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week-old males: 378.7 ± 12.9 A.U. or 397.2 ± 13.7 A.U., respectively, vs. 310.0 ± 9.80 A.U. (p 

˂ 0.001). No statistical difference of the mean grey intensity between spermatozoa from 9-

week-old males and 16-week-old males was observed at all timepoints (p > 0.05).  

 

4.1.6 In vitro D-Asp treatment increases DHE staining and DNA oxidation levels 

in spermatozoa 

The in vivo results showed that D-Asp treatment in drinking water increased the level of 

DHE staining and DNA oxidation in spermatozoa. To test whether D-Asp could act directly on 

spermatozoa to induce ROS production and oxidative stress, cryopreserved spermatozoa from 

9-week-old and 16-week-old B6N males were thawed and incubated in vitro with 4 mM D-Asp 

for 1 or 5 hours. First, the level of ROS was measured with DHE staining (Figure 14A).  

 

 
Figure 14: Measurement of ROS with DHE staining after in vitro D-Asp treatment. (A) 

Representative images of DHE staining of spermatozoa without D-Asp (control) or treated in 

vitro with D-Asp for 1 or 5 hours. (B) The level of DHE fluorescence after 1 or 5 hours of 

treatment, given as the mean grey intensity (arbitrary unit in ImageJ), from 100 spermatozoa 

per male (n = 5 males). *** p < 0.001. 
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Figure 14B represents the mean grey intensity of DHE staining after 1 or 5 hours of 

incubation with or without D-Asp. After 1 hour, the mean grey intensity was significantly higher 

in D-Asp-treated spermatozoa compared to the control in 9-week-old males: 382.9 ± 3.6 vs. 

293.6 ± 7.7 A.U. (p ˂ 0.001) and 16-week-old males: 390.1 ± 4.1 A.U. vs. 298.6 ± 5.8 A.U. (p 

˂ 0.001). Similar results were found after 5 hours of D-Asp treatment in spermatozoa from 9-

week-old males: 565.4 ± 8.2 A.U. vs. 297.2 ± 3.8 A.U. in the control (p ˂ 0.001) and from 16-

week-old males: 580.4 ± 6.7 A.U. vs. 300.6 ± 5.4 A.U. in the control (p ˂ 0.001). A significant 

increase of the mean grey intensity is observed between 1 and 5 hours of D-Asp treatment (p 

˂ 0.001). No statistical difference of the mean grey intensity between spermatozoa from 9-

week-old males and 16-week-old males was observed at all timepoints (p > 0.05).  

 

 
Figure 15: Analysis of DNA oxidation with immunostaining after in vitro D-Asp 

treatment. (A) Representative images of the DNA oxidation immunostaining targeting oxidised 

guanine of spermatozoa without D-Asp (control) or treated in vitro with D-Asp for 1 or 5 hours. 

The red staining corresponds to oxidised guanine (AF555 filter), and the grey lines correspond 

to the automatic detection of the sperm nucleus. (B) The level of fluorescence corresponding 

to oxidised guanine after 1 or 5 hours of treatment, given as the mean grey intensity (arbitrary 

unit in ImageJ), from 100 spermatozoa per male (n = 5 males). *** p < 0.001. 
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Then, immunostaining to measure oxidised guanine was performed, as described 

previously. Figure 15A shows representative images of the staining. In Figure 15B, after 1 hour 

of incubation, the mean grey intensity was significantly higher in D-Asp-treated spermatozoa 

than in the control from 9-week-old males (306.8 ± 3.2 A.U. vs. 275.2 ± 4.5 A.U., p ˂ 0.001) 

and from 16-week-old males (311.2 ± 2.0 A.U. vs. 281.2 ± 4.2 A.U., p ˂ 0.001). The increase 

was even higher after 5 hours of in vitro D-Asp treatment in spermatozoa from 9-week-old 

males (377.6 ± 4.5 A.U. vs. 257.0 ± 4.5 A.U., p ˂ 0.001) and from 16-week-old males (374.6 ± 

8.6 A.U. vs. 270.7 ± 5.0 A.U., p ˂ 0.001). A significant increase of the mean grey intensity is 

observed between 1 and 5 hours of D-Asp treatment (p ˂ 0.001). No statistical difference of 

the mean grey intensity between spermatozoa from 9-week-old males and 16-week-old males 

was observed at all timepoints (p > 0.05).  

 

4.1.7 The beneficial effect of D-Asp on ROS production, capacitation and the 

acrosome reaction is inhibited by the addition of an antioxidant 

D-Asp given in drinking water increased both sperm quality and markers of oxidative 

stress (Figures 9 to 13). In addition, the in vitro studies confirmed the in vivo effect of D-Asp 

on the ROS level and DNA oxidation (Figures 14 and 15). Thus, we hypothesized that D-Asp 

increases sperm quality by increasing the ROS level. To test this hypothesis, spermatozoa 

were treated simultaneously with D-Asp and N-acetyl-L-cysteine (NAC), a widely-used 

antioxidant [176]. 

First, to validate the decrease of ROS in the presence of NAC, DHE staining was 

performed and Figure 16A shows representative images of the staining. In Figure 16B, 

spermatozoa treated with 4 mM of D-Asp showed a higher level of DHE staining compared to 

the control (392.2 ± 4.6 A.U. vs. 274.8 ± 4.3 A.U., p < 0.001). The DHE staining was weaker 

when 2.5 mM of NAC was added in combination with D-Asp compared to D-Asp alone (286.5 

± 4.2 A.U., p < 0.001). With NAC alone, the DHE level was similar to that of the control (285.4 

± 2.6 A.U., p > 0.05). This staining confirmed that the presence of NAC decreased the level of 

ROS with the D-Asp treatment. 

The capacitation rate (Figure 16C) was then analysed. Considering the 9-week-old 

males, the capacitation rate was significantly higher in D-Asp-treated spermatozoa compared 

to the control (63.0 ± 1.9% vs. 37.0 ± 1.8%, p ˂ 0.001). When spermatozoa were treated with 

D-Asp and co-incubated with NAC, the capacitation rate was significantly lower (36.9 ± 1.3%, 

p ˂ 0.001) compared to D-Asp treatment alone and was comparable to that of the control. 

Finally, NAC alone did not impact the sperm capacitation rate (38.7 ± 2.0%). Similarly, in 16-

week-old males, the capacitation rate was significantly higher in D-Asp-treated spermatozoa 

compared to the control (89.8 ± 1.9 vs. 68.8 ± 1.8%, p ˂ 0.001). When spermatozoa were 
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treated with D-Asp and co-incubated with NAC, the capacitation rate was significantly lower 

(75.0 ± 2.3%, p ˂ 0.001) compared to D-Asp treatment alone and was comparable to that of 

the control. Finally, NAC alone did not impact the sperm capacitation rate (75.3 ± 2.3%). The 

capacitation rate was significantly higher in spermatozoa from 16-week-old males compared 

to 9-week-old males in all groups (p < 0.001). 

 
Figure 16: Inhibition of the beneficial effect of D-Asp with the antioxidant NAC. (A) 

Representative images obtained after DHE staining to visualize the level of ROS in 

spermatozoa untreated (control) or treated in vitro with 4 mM D-Asp or 2.5 mM NAC or both. 

(B) The level of DHE fluorescence after 1 hour of treatment given as the mean grey intensity 

(arbitrary unit in ImageJ), 100 spermatozoa from a pool of spermatozoa collected from 3 males 

(C) Analysis of the capacitation rate of spermatozoa from 9-week or 16-week-old B6N males 

that were untreated (control) or treated in vitro with 4 mM D-Asp or 2.5 mM NAC or both (200 

spermatozoa per dot (n = 5 males). (D) Analysis of the acrosome reaction rate of spermatozoa 

from 9-week or 16-week-old B6N males that were untreated (control) or treated in vitro with 4 

mM D-Asp or 2.5 mM NAC or both (200 spermatozoa per dot, 5 males). ** p < 0.01, *** p < 

0.001. 
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The acrosome reaction was also measured (Figure 16D). In 9-week-old males, the 

acrosome reaction rate was significantly higher in spermatozoa treated with D-Asp compared 

to the control (42.9 ± 1.4% vs. 31.5 ± 1.2%, p ˂ 0.001). The addition of NAC to D-Asp-treated 

spermatozoa significantly reduced the rate of the acrosome reaction compared to that of D-

Asp-treated spermatozoa (31.8 ± 2.7%, p ˂  0.01). Co-incubation with NAC alone had no impact 

on the acrosome reaction rate compared to that of the control (31.1 ± 2.9%). Even though it 

was not significant, similar results were obtained in spermatozoa from 16-week-old males: the 

acrosome reaction rate was higher in spermatozoa treated with D-Asp compared to the control 

(45.1 ± 3.6% vs. 37.6 ± 2.4%). The addition of NAC to D-Asp-treated spermatozoa reduced 

the rate of the acrosome reaction compared to that of D-Asp-treated spermatozoa (35.8 ± 

2.7%). Co-incubation with NAC alone had no impact on the acrosome reaction rate compared 

to that of the control (38.4 ± 2.7%). The acrosome reaction rate was non-significantly higher in 

spermatozoa from 16-week-old males compared to 9-week-old males in all groups.  
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4.2 Aim II: To evaluate the fertility and quality of mouse spermatozoa 

cryopreserved and stored at -80°C 
 

The purpose of Aim II is firstly to compare the effects of the standard LN2 method with 

those of the ultra-low freezer (-80°C) method for sperm cryopreservation and storage over a 

period of 1 to 12 months in 6 different mouse strains. The latter represent the genetic 

backgrounds of the genetically engineered mice that are most commonly used for biomedical 

research. Spermatozoa from 3 males of each strain were collected, pooled and loaded into 

straws. Half of the straws was cryopreserved using the standard LN2 method and the other 

half was cryopreserved by placing straws directly in an ultra-low freezer at -80°C. In all 

analyses except fertility, the control straw in LN2 was thawed after 12 months of storage. In 

contrast, the -80°C straws were thawed at the appropriate time points within the 1-12 month 

storage period. We assumed that spermatozoa would remain stable over time when 

cryopreserved and stored in LN2 in all mouse strains. 

 

4.2.1 The fertility rate is stable over time when spermatozoa are cryopreserved 

and stored at -80°C except in B6J and BALB/c strains 

 Sperm fertility was analysed by performing in vitro fertilisation (IVF). Figure 17 

represents the IVF success rate depending on the cryopreservation method and the storage 

duration. At 1 month, no difference of the IVF success rate was found in all mouse strains 

when comparing LN2 and the -80°C conditions. Regarding the storage duration, no decline of 

fertility was observed in spermatozoa from B6N, CD-1, FVB and 129 mice when they were 

stored at -80°C compared to LN2. However, concerning B6J and BALB/c, sperm fertility 

significantly decreased when spermatozoa were stored at -80°C compared to LN2 (B6J at 6 

months: 49.0 ± 3.0% vs. 66.4 ± 4.1%, p < 0.001, BALB/c at 3 months: 54.8 ± 3.0% vs. 66.2 ± 

4.9%, p < 0.01). Moreover, the IVF success rate of spermatozoa from BALB/c stored in LN2 

decreased from 74.8 ± 3.3% at 1 month to 48.4 ± 2.6% at 12 months. 

 

4.2.2 The percentage of dead spermatozoa increases in B6J and BALB/c when 

sperm samples are cryopreserved and stored at -80°C 

Sperm viability was examined by flow cytometry with two DNA-binding dyes, SYBR 14, 

which stains the nuclei of living cells and propidium iodide, which stains the nuclei of dead 

cells. The results are shown as percentages of dead spermatozoa (Figure 18). The percentage 

of dead spermatozoa remained relatively stable over time at -80°C compared to LN2 in B6N, 

CD-1, FVB and 129. However, the percentage of dead spermatozoa was significantly higher 

at -80°C compared to LN2 in samples from B6J (after 6 months: 67.7% vs. 52.5%, p < 0.01) 
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and BALB/c (after 3 months: 43.6% vs. 31.5%, p < 0.05). In addition, le percentage of dead 

spermatozoa negatively correlates with the success of IVF in B6J and BALB/c (Appendix 2). 

  
 

Figure 17: Effect of cryopreservation and storage temperature on sperm fertility. Sperm 

suspensions from B6N, B6J, BALB/c, CD-1, FVB and 129 mice cryopreserved in LN2 or at -

80°C and then stored for 1 to 12 months were co-incubated with oocytes. The IVF success 

rate corresponds to the resulting 2-cell embryos (considered as fertilised oocytes) in 6 assays 

using a pool of spermatozoa from 3 males. ** p < 0.01, *** p < 0.001. 
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Figure 18: Effect of cryopreservation and storage temperature on sperm viability. Sperm 

suspensions from B6N, B6J, BALB/c, CD-1, FVB and 129 mice cryopreserved in LN2 and then 

stored for 12 months or cryopreserved at -80°C and then stored for 1 to 12 months were 

analysed by flow cytometry to detect dead spermatozoa (10,000 events per assay, 3 assays 

using a pool of spermatozoa from 3 males). * p < 0.05, ** p < 0.01 and *** p < 0.001. 

 



Results 

70 
 

4.2.3 Cryopreservation and storage at -80°C decreases the sperm motility in all 

strains 

The total motility of the sperm samples was measured using the Hamilton Thorne IVOS 

semen analyzer. In Figure 19, the total motility of spermatozoa cryopreserved and stored for 

one year in LN2 (blue bars) was the highest in B6N and 129 compared to the other mouse 

strains, where more than 20% of spermatozoa had a velocity above 7.4 µm/s. Spermatozoa 

from BALB/c showed the lowest total motility (less than 10% of spermatozoa had a velocity 

above 7.4 µm/s). The total motility was always lower in the -80°C groups (storage for 1, 6 and 

12 months) compared to LN2 (storage for 12 months). Notably, when spermatozoa were 

cryopreserved and stored for 1 month at -80°C compared to LN2, we obtained a 2-fold 

decrease of B6N sperm motility (from 24% to 12%). Similarly, we obtained a 1.25-fold decrease 

in B6J (from 10% to 8%), a 1.17-fold decrease in BALB/c (from 7% to 6%), a 1.63-fold decrease 

in CD-1 (from 13% to 8%), a 1.25-fold decrease in FVB (from 15% to 12%) and a 1.77-fold 

decrease in 129 (from 23% to 13%). However, the total motility was maintained over time (from 

1 to 12 months) at -80°C except in B6J (from 8% at 1 month/-80°C to 4% at 12 months/-80°C). 

 

4.2.4 The percentage of abnormalities is higher in all strains when spermatozoa 

are cryopreserved and stored at -80°C 

Spermatozoa were classified depending on the nature of abnormalities (of the head 

and/or the tail and head detached, see Figure 10A) and the results are shown in Figure 20. 

Regarding the LN2 condition after 1 year of storage, the percentage of total abnormalities was 

approximately 20% in all mouse strains except in B6J and BALB/c, where 29.2% and 41.6%, 

respectively, of spermatozoa had at least one morphological abnormality. For all strains except 

BALB/c, the total abnormality is increased but not significant between 12 months in LN2 and 1 

month at -80°C (from 18.8% to 25.6% in B6N, from 29.2% to 35.7% in B6J, from 22.5% to 

27.7% in CD-1, from 24.9% to 28.5% in FVB and from 20.8% to 28.4% in 129). However, a 

prolonged period of storage of 12 months at -80°C significantly increased the percentage of 

total abnormalities in spermatozoa in all strains. Spermatozoa from BALB/c showed a 

significant increase in total abnormalities as soon as after 1 month of storage at -80°C 

compared to LN2 (from 41.6% to 53.3%, p < 0.05). Also, specifically in BALB/c, most of the 

abnormalities were found in the head of the spermatozoa (above 20%, represented by the red 

triangles) compared to the tail (less than 15%, represented by the blue squares). In all other 

strains, most of the abnormalities were found in the tail of the spermatozoa. 
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Figure 19: Effect of cryopreservation and storage temperature on sperm total motility. 

Total motility of spermatozoa from B6N, B6J, BALB/c, CD-1, FVB and 129 mice cryopreserved 

in LN2 and then stored 12 months or cryopreserved at -80°C and then stored for 1 to 12 months 

was measured using the Hamilton Thorne IVOS sperm analyzer (mean of 2 measurements 

from a pool of 3 males). Spermatozoa are considered motile when their velocity is above 7.4 

μm/s in any direction. 
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Figure 20: Effect of cryopreservation and storage temperature on sperm morphology. 

Spermatozoa from B6N, B6J, BALB/c, CD-1, FVB and 129 mice cryopreserved in LN2 and 

then stored for 12 months or cryopreserved at -80°C and then stored for 1 to 12 months were 

classified depending on their morphology (see images Figure 2A). Results are shown as 

percentage of abnormal spermatozoa found in each condition and strain. A total of 200 

spermatozoa was examined from a pool of 3 males. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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4.2.5 The sperm ultrastructure is damaged after cryopreservation and storage 

at -80°C  

Ultrastructural damage was analysed based on transmission electron microscopy 

images. Spermatozoa were classified into class I (intact), class II (lightly damaged) and class 

III (heavily damaged) as shown in Figure 21A. Two different organelles were examined, the 

nucleus and mitochondria, as well as the plasma membrane. On the representative images, 

the nucleus of the spermatozoa is black. The plasma membrane around the nucleus was 

considered intact (class I), waved (class II, orange arrow) or broken (class III, red arrow). 

Mitochondria were also visible with transversal section of the midpiece of the spermatozoa. 

They were considered as intact (class I), lightly damaged with loss of cristae and roundness 

(class II, orange arrow) or heavily damaged with considerable loss of cristae and roundness 

(class III, red arrow). 

Figure 21B represents the classification of spermatozoa from each strain depending on 

the cryopreservation method and storage duration. The percentage of heavily damaged 

spermatozoa (class III) significantly increased when spermatozoa were cryopreserved at -80°C 

and stored for 1 month at this temperature compared to LN2 in all mouse strains. We also 

observed a gradual increase of class III spermatozoa over time at -80°C for most of the strains. 

The opposite effect was seen concerning intact (class I) spermatozoa. Finally, the highest rate 

of sperm ultrastructural damage in LN2 and at -80°C was found in BALB/c. Notably, 71.4% of 

BALB/c spermatozoa were damaged (class II + class III) after 1 year at -80°C, in contrast to 

only 20.0% in B6N. 

 

4.2.6 The DNA fragmentation level is higher in spermatozoa cryopreserved at -

80°C in all strains 

The comet assay detects DNA breaks at the level of individual cells. When DNA is 

fragmented, it migrates out of the nucleus under electrophoresis to form a comet tail visible 

with a DNA binding dye, as seen in Figure 22A. The tail moment, corresponding to the level of 

DNA fragmentation, of spermatozoa from each strain and condition is presented in Figure 22B. 

In all strains, the level of DNA fragmentation was significantly higher when spermatozoa were 

cryopreserved and stored at -80° compared to LN2. In B6N males, the tail moment increased 

15.7-fold in spermatozoa stored for 1 year at -80°C compared to 1 year in LN2 (1.1 ± 0.2 A.U. 

vs. 17.9 ± 3.4 A.U.). In BALB/c, the level of DNA fragmentation of the spermatozoa was the 

highest, with values of tail moment being more than thirty times higher than that in B6N (163.1 

± 11.7 A.U. vs. 4.5 ± 0.8 A.U.) when they were cryopreserved and stored for 1 month at -80°C. 
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Figure 21A: Effect of cryopreservation and storage temperature on sperm 

ultrastructure. Transmission electron microscopy images of longitudinal sections of 

spermatozoa from B6N, B6J, BALB/c, CD-1, FVB and 129 males cryopreserved in LN2 and 

then stored 12 months or cryopreserved at -80°C and then stored for 1 to 12 months were 

obtained, focusing on the head of the spermatozoa and the midpiece that contains 

mitochondria. Spermatozoa were classified depending on the ultrastructural damage found: 

class I have an intact or slightly waved plasma membrane and intact mitochondria, class II 

have heavily waved plasma membrane (arrowhead) without breaks and/or mitochondria with 

minor abnormalities (arrowhead showing loss of cristae), and class III have significant 

disturbances, damages and breaks of the plasma membrane (arrowhead) and/or major 

abnormalities of the mitochondria (arrowhead for abnormal shape and loss of cristae); n: 

nucleus, acr: acrosome, mit: mitochondria.  
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Figure 21B: Effect of cryopreservation and storage temperature on sperm 

ultrastructure. Percentage of class I, class II and class III spermatozoa depending on the 

cryopreservation method in each strain, 50 to 70 spermatozoa were examined from a pool of 

3 males. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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Figure 22: Effect of cryopreservation and storage temperature on sperm DNA 

fragmentation levels. DNA fragmentation of spermatozoa from B6N, B6J, BALB/c, CD-1, 

FVB and 129 mice cryopreserved in LN2 and then stored for 12 months or cryopreserved at -

80°C and then stored for 1 to 12 months was analysed with the comet assay and quantified 

with the calculation of the tail moment, which corresponds to the extent of DNA damages in 

individual spermatozoon. (A) Visualisation of a spermatozoon with DNA fragmentation 

following the comet assay. The comet shape can be divided in 2: the tail and the head of the 

comet. Then, measurements used to calculate the tail moment (circularity of the head, total 

circularity of the comet and length of the comet tail) were performed with the ImageJ software. 

(B) Tail moment of 30 spermatozoa from a pool of 3 males in each group. * p < 0.05, *** p < 

0.001. 
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4.2.7 Summary of significant negative impact of sperm cryopreservation and 

storage in -80°C compared to LN2 

 Table 3 summarises the results of Figures 17, 18, 19, 20, 21 and 22. The data showed 

that spermatozoa from B6N, CD-1, FVB and 129, in contrast to B6J and BALB/c, can be 

cryopreserved and stored for up to one year at -80°C without negatively impacting the IVF 

success rate and viability. However, a decrease of sperm motility and morphology, and an 

increase of ultrastructural damage and DNA fragmentation, were observed in spermatozoa 

cryopreserved and stored at -80°C compared to LN2 in all strains.  

 

Table 3: Summary of significant negative impact of sperm cryopreservation and storage 

at -80°C compared to LN2. 

Strain 
Months 
at -80°C 

IVF Viability Motility Morphology 
Ultrastructural 

damage  
DNA 

fragmentation 

B6N 

1   ●●●   ●●● ●● 

6   ●●●   ●●●   

12   ●●● ● ●●● ●●● 

B6J 

1  ●● ●   ●●● ●● 

6 ●●● ●● ●●● ●● ●●● ●●● 

12 ●●● ●●● ●●● ●●● ●●● ●●● 

BALB/c 

1   ● ● ●●● ●●● 

6 ●●● ●● ● ●● ●●● ●●● 

12 ●●● ●●● ● ● ●●● ●●● 

CD-1 

1   ●●   ●●● ●●● 

6   ●●●   ●●● ●●● 

12   ●● ● ●●● ●●● 

FVB 

1   ●   ●●● ●●● 

6   ●   ●●● ●●● 

12   ● ● ●●● ●●● 

129 

1   ●●   ●●● ●●● 

6   ●●● ● ●●● ●●● 

12  ●● ●● ●● ●●● ●●● 

IVF, viability, morphology and DNA fragmentation: ●: p < 0.05, ●●: p < 0.01, ●●●: p < 0.001 

Motility: ●: ratio LN2/-80°C < 1.4, ●●: 1.4 ≤ ratio LN2/-80°C < 2, ●●●: ratio LN2/-80°C ≥ 2 

Ultrastructural damage: ●: damaged spermatozoa < 65%, ●●: 65% ≤ damaged spermatozoa 

< 80%, ●●●: damaged spermatozoa ≥ 80% 

 

Studies in Aim I showed that in vitro D-Asp treatment increases the quality and the 

fertility of B6N spermatozoa cryopreserved in LN2. In the next section, we investigated whether 

D-Asp is beneficial in increasing the quality of spermatozoa cryopreserved and stored at -80°C. 

Hence, spermatozoa from B6N, B6J and BALB/c cryopreserved in LN2 or at -80°C and stored 
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for 9 months were treated in vitro with D-Asp. Sperm motility, morphology, capacitation and 

the acrosome reaction were investigated to evaluate the impact of D-Asp on sperm quality. 

 

4.2.8 In vitro D-Asp treatment increases the quality of B6J and BALB/c 

spermatozoa cryopreserved at -80°C 

Figure 23A presents the motility of spermatozoa from B6N, B6J and BALB/c which were 

cryopreserved and stored for 12 months in LN2 or cryopreserved and stored for 9 months at -

80°C. D-Asp treatment, compared to the control, increased the motility of spermatozoa from 

B6N (26.0% vs. 22.0%), B6J (13.3% vs. 9.0%) and BALB/c (10.5% vs. 8%) when 

cryopreserved and stored in LN2. Similar results were obtained when spermatozoa were 

cryopreserved and stored at -80°C in B6N (15.3% vs. 11.8%), in B6J (8.8% vs. 5.0%) and 

BALB/c (8.3% vs. 5.8%). A global decrease of sperm motility was seen between -80°C and 

LN2 conditions, especially in B6N spermatozoa.  

Concerning sperm morphology (Figure 23B), no significant differences were found 

between D-Asp and control but D-Asp treatment tended to decrease the level of abnormalities 

of spermatozoa from B6N (14.3% vs. 18.9%), B6J (25.9% vs. 28.6%) and BALB/c (37.4% vs. 

40.3%) when cryopreserved and stored in LN2. Similar results were obtained when 

spermatozoa were cryopreserved and stored at -80°C in B6N (21.8% vs. 26.6%), in B6J 

(38.4% vs. 44.1%) and BALB/c (49.8% vs. 55.3%). A global increase of sperm abnormalities 

was seen between -80°C and LN2 conditions, especially in BALB/c spermatozoa, that is 

statistically significant. 

 

4.2.9 In vitro D-Asp treatment compensates for the decrease of capacitation and 

acrosome reaction rate in spermatozoa cryopreserved and stored at -80°C 

 The capacitation rate (Figure 24A) was measured in D-Asp-treated spermatozoa from 

B6N, B6J and BALB/c that were cryopreserved and stored for 12 months in LN2 or 

cryopreserved and stored for 9 months at -80°C. Controls were not treated with D-Asp. 

Compared to the controls, in B6N mice, the capacitation rate slightly increased when LN2-

cryopreserved spermatozoa were treated with D-Asp (62.4% vs. 58.6%, p = 0.2458). Similar 

results were obtained with spermatozoa cryopreserved and stored at -80°C (62.5% vs. 58.5%, 

p = 0.6403). In B6J and BALB/c, D-Asp treatment increased the capacitation rate at both 

temperatures without being significant. Notably, the capacitation rate of B6J spermatozoa 

cryopreserved at -80°C and treated with D-Asp was comparable to that of B6J spermatozoa, 

which were cryopreserved in LN2 and untreated (55.6% vs. 56.8%). The same observation 

was made in spermatozoa from BALB/c (53.9% vs. 54.6%).  
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Figure 23: Sperm quality after in vitro D-Asp treatment of spermatozoa cryopreserved 

in LN2 or at -80°C. Analysis of (A) total motility and (B) morphology of spermatozoa from B6N, 

B6J and BALB/c males cryopreserved and stored for 9 months in LN2 or at -80°C, untreated 

(control) and treated in vitro with D-Asp for 1 h, data are shown as 2 counts per category (200 

spermatozoa from a pool of spermatozoa collected from 3 males per counting). 

 

 
Figure 24: Analysis of capacitation and the acrosome reaction after in vitro D-Asp 

treatment of spermatozoa cryopreserved in LN2 or at -80°C. Analysis of the capacitation 

rate (A) and the acrosome reaction rate (B) of spermatozoa from B6N, B6J and BALB/c males 

cryopreserved and stored for 9 months in LN2 or at -80°C, untreated (control) or treated in vitro 

with D-Asp for 1 h (200 spermatozoa from a pool of 3 males analysed), * p < 0.05 
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Concerning the difference between LN2 and -80°C, in control B6N spermatozoa, the 

capacitation rate was similar at both cryopreservation temperatures (58.6% vs. 58.5%) as well 

as in D-Asp-treated groups (62.4% vs. 62.5%). However, in B6J control groups, the 

capacitation rate of spermatozoa cryopreserved and stored at -80°C was lower than that of 

spermatozoa cryopreserved and stored in LN2 (52.6% vs. 56.8%, p = 0.0762) as well as in D-

Asp groups (55.6% vs. 59.8%, p = 0.1652). Similar results were obtained in BALB/c control 

groups (50.7% vs. 54.6%, p = 0.0859) and D-Asp groups (53.9% vs. 58.1%, p = 0.0259). 

 Similar results to those regarding the capacitation rate were obtained concerning the 

acrosome reaction (Figure 24B). In B6N, B6J and BALB/c mice, the acrosome reaction rate 

increased following D-Asp treatment at both cryopreservation temperatures but was only 

significant in B6J mice (49.0% vs. 39.3%, p < 0.05 in the LN2 group and 42.0% vs. 32.2% in 

the -80°C group, p < 0.05). In B6J and BALB/c, the acrosome reaction rate was lower in 

spermatozoa kept at -80°C than in LN2 in the control groups (in B6J: 32.2% vs. 39.3% and in 

BALB/c: 28.4% vs. 38.8%, p < 0.05) as well as in D-Asp-treated groups (in B6J: 42.0% vs. 

49.0% and in BALB/c: 36.7% vs. 47.1%, p < 0.05). Finally, the acrosome reaction rate of B6J 

spermatozoa cryopreserved at -80°C and treated with D-Asp was comparable to B6J 

spermatozoa, which were cryopreserved in LN2 and untreated (42.0% vs. 39.3%). The same 

observation was made in spermatozoa from BALB/c (36.7% vs. 38.8%). 

 

.  
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5. Discussion 
 

5.1 D-Asp improves cryopreserved sperm quality by increasing ROS 

levels 
 

Cryopreservation is the most efficient way to archive the large number of mouse lines 

that are available in mouse repositories. Sperm cryopreservation appears to be the preferred 

method as it is easier, faster and cheaper than embryo or oocyte cryopreservation. Combined 

with IVF and embryo transfer, it allows the reestablishment of mouse lines on demand, thus 

reducing the number of live animals used in biomedical research. However, the success rate 

of IVF with cryopreserved spermatozoa is still limited by cryoinjury and poor survival rate of 

these cells compared to IVF with fresh spermatozoa [44, 113]. The recent introduction of D-

Asp treatment gave very promising results to easily improve the fertility of cryopreserved 

mouse spermatozoa [158]. However, the mechanisms by which D-Asp supports sperm 

function after cryopreservation remain poorly understood. Our initial hypothesis was that D-

Asp treatment increases spermatogenesis, which in turn would increase IVF success rates 

after sperm cryopreservation. However, D-Asp administered orally for 2 or 4 weeks to 9-week-

old and 16-week-old B6N males had no effect on sperm concentration (Figure 8). Therefore, 

D-Asp did not influence spermatogenesis under our conditions, in contrast to previous studies 

claiming that D-Asp improves spermatogenesis by increasing testosterone levels [152-154, 

156, 160]. This discrepancy could be explained by the duration of D-Asp treatment in our 

experimental setup, which was maybe too short to increase sperm concentration. 

Spermatogenesis is a 5-week process, while we treated animals for 2 or 4 weeks. A longer 

treatment period may be needed to observe a significant increase in sperm concentration. 

However, 2 weeks of D-Asp enhanced the morphology and increased the capacitation and 

acrosome reaction rate of cryopreserved spermatozoa (Figures 10 and 11). Total and 

progressive motility were increased in both age groups after 4 weeks of D-Asp treatment 

(Figure 9). For the analysis of concentration and motility, 2 measurements were performed 

from the same sample (Figures 8 and 9). This limits the ability to perform statistical analyses, 

but our results are robust because the samples correspond to a pool of spermatozoa collected 

from 3 different males, which reduces the effect of individual variation when performing 

analyses. Collectively, our results show that D-Asp improves the quality of cryopreserved 

spermatozoa. Therefore, the increased fertility rate previously reported with D-Asp treatment 

may be due to an improvement in sperm quality, rather than in spermatogenesis [153, 165] 

(Figure 25). In this sens, it is well established that sperm quality is a major factor influencing 

fertility. For example, poor motility and structural defects affect fertility [57, 177, 178]. Moreover, 

maturation steps (capacitation and acrosome reaction) are absolutely necessary for 
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fertilisation [69]. The present results suggest that the improvement of motility, morphology, 

capacitation and acrosome reaction rate by D-Asp contributes to the better IVF success 

observed in cryopreserved spermatozoa treated with this compound. Therefore, the addition 

of 20 mM of D-Asp in the drinking water is a simple and inexpensive protocol (less than 

1€/male/week) to improve the reproductive performance of B6N mice, even before they reach 

13 weeks, the ideal age for sperm cryopreservation. This method would improve ARTs 

methodology and can be easily implemented in mouse repositories. It has the advantages of 

limiting the number of oocyte donors for embryo production and facilitating sperm 

cryopreservation in sexually but not fully mature males. 

D-Asp is known to act on peripheral tissues via endocrine signalling but little is known 

about its direct effect on spermatozoa. Therefore, we treated spermatozoa directly with D-Asp. 

Interestingly, in vitro D-Asp treatment increased the capacitation and the acrosome reaction 

rate of cryopreserved spermatozoa in both age groups (Figure 11). We conclude that D-Asp 

can enhance sperm quality in a cell-autonomous manner not related to the endocrine 

signalling. Previous studies have reported an increase in oxidative stress markers and ROS 

levels in the testis following in vivo and in vitro D-Asp treatment in rats [166, 167]. We could 

recapitulate these observations since in vivo and in vitro D-Asp treatments increased the level 

of DHE staining and DNA oxidation in cryopreserved spermatozoa and no difference was found 

between age groups (Figures 12, 13, 14 and 15). Therefore, D-Asp seems to stimulate the 

production of ROS regardless of the age of the males. This led us to the hypothesis that D-

Asp improves sperm function by inducing mild oxidative stress. The addition of the antioxidant 

NAC decreased the level of D-Asp-induced DHE staining and suppressed the beneficial effect 

of D-Asp on sperm capacitation and the acrosome reaction (Figure 16). NAC alone had no 

deleterious effect on capacitation and acrosome reaction, showing that the reduction in 

capacitation and acrosome reaction rate seen in animals treated simultaneously with D-Asp 

and NAC was not due to a toxic effect of the latter. In conclusion, this work supports a model 

in which D-Asp enhances sperm quality by increasing ROS levels, thereby contributing to a 

higher fertilisation rate. 

 

Possible mechanisms by which D-Asp increases ROS levels in spermatozoa 

D-Asp can be metabolised by the D-Asp oxidase (DDO or D-AspO), which converts it 

to oxaloacetate, NH3 and H2O2 [142]. The concentration of DDO is known to be increased 

following D-Asp treatment in the testes of wild-type animals and rats [166, 179]. Therefore, D-

Asp may be a direct source of ROS (H2O2) through the activity of DDO (Figure 25).  

 Another possibility is the elevation of ROS through the activation of NMDA receptors 

(NMDARs). Indeed, D-Asp is known to activate NMDARs in rat testis [146, 158]. Moreover, 

NMDARs are found on spermatogonia adjacent to the basement membrane and in the 
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membrane of rat spermatozoa [145]. Several studies have reported that NMDARs activation 

leads to an increase in hydrogen peroxide (H2O2), superoxide anion (O2
−) and nitric oxide (NO) 

levels via NADPH oxidase (NOX2), which is involved in the NMDARs signalling pathway [180-

182]. Thus, D-Asp may act through NMDARs to increase the concentration of ROS such as 

H2O2, O2
− and NO in spermatozoa (Figure 25). 

 Further experiments are therefore needed to understand the precise mechanism by 

which D-Asp increases ROS production and to identify which ROS are generated by D-Asp. 

The DHE staining used in this study reveals the presence of ROS without distinguishing their 

nature, as the fluorescent products are formed by a non-specific redox reaction [174]. 

However, ROS form a complex group, in which radicals such as O2
− and non-radicals such as 

H2O2 have different targets and different purposes. The effect of NAC shows that at least one 

ROS corresponds to H2O2 because NAC promotes the synthesis of glutathione (GSH), which 

is involved in the cellular removal of H2O2 [176]. However, NAC is also a substrate of several 

antioxidant enzymes that remain to be defined. Identification of specific ROS with kits targeting 

individual ROS or, although much more expensive, electron-spin resonance spectroscopy 

would be preferable compared to an analysis of DHE staining [183, 184].  

 

ROS may improve cryopreserved sperm quality  

ROS are well known to contribute to physiological and pathological conditions. Low 

levels of ROS, considered as oxidative eustress, can activate signalling pathways and 

participate in biological processes. High levels of ROS referred to as oxidative stress, induce 

significant damage to DNA, proteins and lipids and are ultimately associated with cell death 

[185]. In the field of reproductive biology, the impact of oxidative stress on male fertility has 

been studied since the mid-20th century [186]. There are many reports indicating that 

spermatozoa are vulnerable to oxidative stress, particularly due to lipid peroxidation in their 

membrane. The latter is responsible for male infertility problems in humans and many other 

different species [187-192]. Recently, the essential physiological function of ROS in 

reproduction and sperm function has been of interest regarding testosterone production, 

spermatogenesis, sperm DNA condensation, sperm motility, capacitation, acrosome reaction 

and sperm-oocyte fusion [78, 82-88]. ROS are therefore actively involved in promoting sperm 

quality under physiological conditions. A mild increase in ROS may improve these processes 

and contribute to better sperm recovery after sperm cryopreservation (Figure 25).  
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Figure 25: Working model of the effect of D-Asp on cryopreserved spermatozoa. D-Asp 

treatment of cryopreserved and thawed spermatozoa may increase the levels of reactive 

oxygen species through the activation of NMDARs and via its metabolism by DDO. Activation 

of redox signalling pathways and the oxidation of targeted proteins and lipids may result in 

increased membrane fluidity and DNA compaction. This process may contribute to better 

recovery of spermatozoa after cryopreservation, thereby improving overall sperm quality. As a 

result, higher sperm quality would have a greater chance of fertilising oocytes. (DDO: D-Asp 

oxidase; NOX: NADPH oxidase; NMDARs: NMDA receptors; PUFA: polyunsaturated fatty 

acids). 

 

The majority of cryodamage observed in sperm cryopreserved in LN2 corresponds to 

defects in plasma membrane integrity, decreased sperm motility and DNA fragmentation [106, 

108]. More specifically, the cryopreservation and thawing procedures are known to harden the 

plasma membrane, thereby leading to a loss of integrity [193]. The ability of spermatozoa to 

resist cryopreservation-induced stress is associated with a higher plasma membrane fluidity, 

which is notably dependent on membrane composition, such as the level of cholesterol, the 
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degree of fatty acid unsaturation, as well as protein and phospholipid composition [193-195]. 

Interestingly, H2O2 and O2
− are known to increase the activity of phospholipase A2 by activating 

kinases such as PKC and inhibiting phosphatase, resulting in higher plasma membrane fluidity 

of spermatozoa [78, 196, 197]. Therefore, ROS-dependent increase in plasma membrane 

fluidity may protect it from cryodamage. In addition, H2O2 participates in the sulfhydryl oxidation 

(or sulfoxidation) that regulates the formation of disulfide bridges of sperm protamine, which is 

required for DNA compaction, and flagellar proteins, which are required for the acquisition of 

progressive motility [78]. A slight increase in ROS may result in higher motility, promoting 

sperm fertility, and higher DNA compaction, protecting against cryoinjury and DNA 

fragmentation. 

 

Limitations of D-Asp treatment duration and age-related differences in sperm quality 

D-Asp treatment for 4 weeks, as opposed to 2 weeks, gave in some aspects ambivalent 

results. It improved total and progressive sperm motility in both age groups and increased the 

acrosome reaction rate, especially in 9-week-old males (Figures 9 and 11). However, it had a 

negative effect on sperm morphology and decreased the capacitation rate in 16-week-old 

males (Figures 10 and 11). The reason for this phenomenon is not clear, but one possible 

explanation is that the beneficial effects of D-Asp reach a maximum between 2 and 4 weeks 

of treatment, after which D-Asp could be detrimental due to excessive ROS production. Using 

in vitro assays, the duration of D-Asp incubation impacted the production of ROS: five hours 

of treatment produced a much higher level of ROS and DNA oxidation than one hour. A 

detrimental effect of D-Asp was also reported after in vitro D-Asp treatment of mouse germ 

cells by Tomita et al. [198]. This study reported a detrimental effect on mitosis in pre-meiotic 

germ cells following an in vitro D-Asp treatment at 10 mM, whereas 1 mM and 5 mM supported 

this process. This strengthens the hypothesis that prolonged D-Asp treatment leads to higher 

ROS production, which may negatively affect sperm quality. The age of the males also seems 

to be important in this phenomenon, as the deleterious effect of D-Asp is specific to older 

males. Under physiological conditions, D-Asp synthesis, transport and degradation vary with 

age to modulate D-Asp levels and its physiological role in the testis [198]. Endogenous D-Asp 

levels in mouse testes increase from 2 to 10 weeks of age and reach a plateau at 10 weeks. 

The adult mice used in this study were 16 weeks old. At this age, endogenous D-Asp levels 

have already reached their maximum level. It is possible that 4 weeks of D-Asp 

supplementation at this age may have exposed the animals to excessive D-Asp, which in turn 

would be detrimental to spermatozoa. Therefore, the recommendation for mouse repositories 

would be to treat males with 20 mM D-Asp for 2 weeks regardless of the age, while a 4-week 

treatment could be used for males younger than 10 weeks. Alternatively, cryopreserved 

spermatozoa can be incubated with 4 mM of D-Asp for 1 hour prior to IVF.  
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Finally, sperm quality was not similar in 9- and 16-week-old males. Sperm 

concentration, motility and maturation are higher in 16-week-old mice compared to 9-week-old 

mice. This is consistent with previous studies that also reported an increase in these 

parameters with age [102, 103]. Therefore, sexual development is still ongoing in 9- week-old 

males. In this context, D-Asp may have a greater beneficial effect on immature spermatozoa, 

as its range of action is higher at this age than in older males. 

 

5.2 Influence of cryopreservation and storage temperature on sperm 

integrity and fertility 
 

Advancing the knowledge in the field of IVF involves not only the improvement of 

cryoprotectants and fertilisation media for oocytes and spermatozoa, but also the development 

of new cryopreservation methods. Sperm cryopreservation has traditionally been performed 

using LN2. However, the use of LN2 can be challenging for reasons of safety, cost and 

availability. Available alternatives to LN2 would be the use of ultra-low temperature freezers. 

Several studies on sperm cryopreservation and storage at -80°C by Raspa et al. have already 

shown promising results in B6N mice [128, 135, 136, 199]. Therefore, to expand our knowledge 

on the use of sperm cryopreservation and storage at -80°C, the study was extended to diverse 

mouse genetic backgrounds, with a focus on sperm quality and integrity, in order to identify 

potential strain specificity. Finally, the possibility that D-Asp compensates for the impairment 

of sperm quality caused by cryopreservation and storage at -80°C was investigated. 

 

B6N, CD-1, FVB and 129 spermatozoa can be cryopreserved and stored at -80°C for up 

to one year without loss of fertility 

Cryopreservation and long-term storage at -80°C for up to one year can be considered 

for spermatozoa from B6N, CD-1, FVB and 129 mouse strains as no decline in fertility was 

observed (Figure 17). The study also showed that the viability of spermatozoa from these 

strains was maintained for up to one year at -80°C (Figure 18). However, changes in sperm 

motility, morphology, ultrastructure and DNA damage were detected in all these mouse strains.  

An initial decrease of 40% (on average) in total sperm motility was found when 

spermatozoa were cryopreserved at -80°C compared to LN2 (Figure 19). However, the total 

motility was maintained from 1 to 12 months. This suggests that defects in motility are due to 

the initial cryopreservation procedure but not to long-term storage at -80°C. Changes in the 

ultrastructure of the sperm flagella may occur at an early stage of cryopreservation, especially 

during the cooling phase since mouse sperm motility is known to depend on the cooling rate 

[104]. 
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A prolonged storage period of 12 months at -80°C significantly increased the 

percentage of abnormalities (Figure 20). In contrast to motility, our results suggest that the 

duration of storage but not the initial cryopreservation at -80°C damages sperm morphology in 

these strains. Studies of sperm cryopreservation and storage at -80°C in other species have 

not reported an increase in sperm abnormalities. However, the duration of storage was limited 

to 5 days in mandarinfish [134], 1 month or 3 months in humans [131, 200]), and 4 months in 

dogs and cats [130, 132]). Therefore, it is possible that prolonged storage period at -80°C 

affects sperm morphology in these species. In addition to morphological abnormalities, 

increased ultrastructural damage was found already after 1 month of storage at -80°C and 

continued over time, except for spermatozoa from B6N and 129, where it remained stable from 

1 to 12 months (Figure 21). Thus, the ultrastructural damage of spermatozoa seems to depend 

not only on the cryopreservation temperature, but also on storage duration. Similar 

cryodamage has been reported in spermatozoa cryopreserved in LN2 from mice [113], 

chickens [201] and rams [202]. Thus, a higher cryopreservation temperature may lead to the 

same type of ultrastructural cryoinjury. Higher DNA fragmentation was also found in 

spermatozoa cryopreserved and stored at -80°C already after 1 month of storage (Figure 22), 

which is consistent with a previous study realised in B6N spermatozoa [119]. Since DNA 

fragmentation is a late-stage marker of apoptosis [121], it is surprising that we did not observe 

an increase in the percentage of dead spermatozoa with PI and SYBR-14 dual staining. This 

method detects rupture in plasma membrane integrity of dead cells. However, DNA 

fragmentation may not always be associated with damaged plasma membrane as membrane-

intact spermatozoa can exhibit DNA fragmentation [203].  

In conclusion, B6N, CD-1, FVB and 129 spermatozoa can be cryopreserved and stored 

at -80°C without affecting their fertility but this procedure compromises their quality and 

integrity (Figure 26).   

 

A decline in sperm quality is not necessarily associated with a decline in IVF success 

rate 

The reason why the decline in sperm motility and integrity observed in B6N, CD-1, FVB 

and 129 spermatozoa is not associated with loss of fertility is unclear. Considering sperm 

motility, conflicting results about its association with IVF success rate are found in the literature. 

Some studies indicate a correlation between sperm motility and IVF success in humans and 

mice [66, 204, 205]. However, there are also studies in mice where sperm motility did not 

correlate with the fertilisation rate [118]. Sperm morphology is also considered an important 

parameter to assess fertility potential [54]. But fertilisation is still possible even in the case of 

abnormal sperm morphology [206]. Finally, DNA breaks detected by comet assay have been 

associated with loss of fertility [207].  
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One possible explanation for the maintenance of the IVF success rate despite sperm 

abnormalities would be that the remaining intact (or less damaged) gametes are sufficient to 

support a normal fertilisation rate. Therefore, the concentration of spermatozoa used for IVF 

would play an important role to compensate for the loss of sperm function due to cryodamage. 

However, it cannot be excluded that damaged spermatozoa are still capable of fertilising 

oocytes. In this context, the consequences of altered sperm integrity on offspring are largely 

unknown. Further analysis is needed to determine the potential consequences of sperm 

cryodamage on embryo development, birth rate and/or offspring survival and health.  

 

B6J and BALB/c spermatozoa are the most sensitive to temperature 

The use of a -80°C freezer for sperm cryopreservation and storage affects the fertility 

and integrity of mouse spermatozoa in a strain-dependent manner. Indeed, B6J and BALB/c 

spermatozoa behaved differently from the B6N, CD-1, FVB and 129 strains for most of the 

parameters studied. First, a decrease in fertility was observed in relation to the duration of 

storage at -80°C, starting at 6 months for B6J and 3 months for BALB/c (Figure 17). The 

storage duration at -80°C also affected sperm viability in B6J and BALB/c and the timing 

corresponded to the decline in sperm fertility (Figure 18). In addition, a correlation was found 

between IVF success rate and sperm viability for these two strains (Appendix 2), indicating 

that viability is a critical parameter for IVF success in these genetic backgrounds. The reasons 

for the increased cell death may be related to the significant damage to the plasma membrane, 

especially in the acrosome region, resulting in abnormal sperm morphology and susceptibility 

to DNA fragmentation [121, 208, 209]. 

In the present study, BALB/c spermatozoa appeared to be the most sensitive to 

cryopreservation in LN2 and at -80°C. The lowest motility rate and the highest abnormality rate 

were obtained in cryopreserved spermatozoa from BALB/c even when LN2 was used (Figures 

19 and 20). Importantly, the type of abnormalities was different in cryopreserved spermatozoa 

from BALB/c compared to the other strains. The percentage of abnormal head was much 

higher than the percentage of abnormal tail in BALB/c, while we observed the opposite 

relationship for the other strains. Furthermore, the percentage of severely damaged 

spermatozoa and the level of DNA fragmentation were the highest in BALB/c under -80°C 

cryopreservation conditions (Figures 21 and 22). 

 

D-Asp treatment rescues the quality of spermatozoa cryopreserved and stored at -80°C 

even in the most sensitive strains 

We have previously shown that D-Asp has a beneficial effect on the quality of B6N 

spermatozoa cryopreserved in LN2. We therefore investigated whether D-Asp could improve 

the quality of spermatozoa which are the most sensitive to cryopreservation and storage at -



Discussion 

89 
 

80°C, namely B6J and BALB/c. Analysis of sperm motility and morphology showed that in vitro 

D-Asp treatment improved these two parameters in these strains at both cryopreservation 

temperatures (Figure 23). The cryopreservation temperature negatively affects the 

capacitation and the acrosome reaction rate in B6J and BALB/c spermatozoa, but not in B6N 

controls (Figure 24). D-Asp treatment rescues capacitation and acrosome reaction rates in all 

mouse strains under both cryopreservation conditions. Finally, in vitro D-Asp treatment in B6J 

and BALB/c rescues the decrease in sperm motility, morphological integrity, and capacitation 

and acrosome reaction rates at both cryopreservation temperatures. These are very 

encouraging results for the development of a LN2-free cryopreservation method, especially for 

spermatozoa that are particularly sensitive to cryodamage. Pre-incubation with D-Asp for 1 

hour could be recommended before performing IVF. Further studies are therefore needed to 

determine whether in vitro D-Asp treatment of spermatozoa cryopreserved and stored at -80°C 

results in higher IVF and improves sperm DNA and ultrastructural integrity. Further 

investigation is required to determine whether the ROS-mediated effect of D-Asp is involved 

in improving the quality of spermatozoa cryopreserved and stored at -80°C, as it was in the 

LN2 condition. 

 

 

Figure 26: Mouse strain specificities related to sperm cryopreservation and storage at 

-80°C.  
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Differences in lipid metabolism may cause cryo-intolerance in B6J and BALB/c 

Variations in genomic content and in the regulation of many genes result in phenotypic 

differences between mouse strains. In particular, differences in sperm physiology, in IVF 

success and sperm survival rate after cryopreservation in LN2 depend on the genetic 

background [22, 39, 210]. Notably, LN2-cryopreserved spermatozoa from B6J have a lower 

fertility rate than B6N (51% in B6J compared to 78% in B6N) [211]. Other studies have reported 

that the BALB/c strain has one of the lowest IVF success rates (48.7% compared to 66.3% in 

B6J), one of the lowest embryo development rates after transfer of fresh embryos (24.0% of 

live pups compared to 53.1% in B6J) and only 17.5% of live pups were obtained after transfer 

of cryopreserved embryos compared to 41.9% for B6J [22, 39]. However, the genetic regions 

and mechanisms involved in these differences remain to be elucidated. Genetic 

polymorphisms in the Y chromosome between inbred strains have been associated with 

differences in sperm quality, in testis weight and sperm count, which may lead to differences 

in fertility [210, 212]. Specific regions on chromosomes 1 and 11 have been associated with 

cryodamage of spermatozoa. More specifically, 15 genes have been identified to cause strain-

specific differences in fertility using cryopreserved spermatozoa and at least 7 of them have a 

polymorphism in B6J [118]. Of these, Soat1 is located on chromosome 1. Soat1 encodes for 

the sterol O-acyltransferase 1, which is implicated in cholesterol metabolism and the regulation 

of plasma membrane fluidity and integrity [213]. Indeed, genetic studies in B6J mice have 

revealed major defects in lipid metabolism in this strain. Mutations in the nicotinamide 

nucleotide transhydrogenase (Nnt) gene, coding for a protein of the inner mitochondrial 

membrane implicated in the production of NADPH, contribute to obesity and various metabolic 

abnormalities specific to B6J [214]. In the BALB/c strain, studies show variation in plasma and 

liver cholesterol levels under a high-fat diet in male BALB/c compared to male B6J [215]. In 

addition, a naturally occurring mutation of the Niemann-Pick type C1 intracellular cholesterol 

transporter 1 (Npc1) gene leads to a dysregulation of cholesterol metabolism, making the use 

of this mutant ideal for studying human intracellular cholesterol trafficking disorders [216-219]. 

All of these differences in lipid metabolism suggest, as in B6J, potential differences in sperm 

lipid membrane composition and fluidity compared to other mouse strains. All of these 

associations point towards a key role for lipid metabolism in the resistance to cryodamage. 

Since lipids are key components of biological membranes and cryodamage of the plasma 

membrane has been linked to the degree of membrane fluidity [193-195], it is possible that 

strain-specific defects in lipid metabolism may be involved in the cryo-intolerance of B6J and 

BALB/c spermatozoa. Finally, this supports the hypothesis that the increased plasma 

membrane fluidity associated with ROS activity may be involved in the recovery after loss of 

sperm plasma membrane integrity. 
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5.3 Can D-Asp treatment of cryopreserved sperm be of interest for 

human health? 
 

In the European Union, the human fertility rate is currently below the replacement level 

of 2.1 children per woman, which can be partly explained by fertility problems [220]. It is well 

known that male fertility is declining. The meta-analysis carried out over a period of 

approximately 40 years (1973-2011) shows a decline in sperm concentration of 1.4% per year 

and 52% during this period in Western countries [221]. A general estimation indicates that 5-

8% of men of reproductive age are subfertile (reduced fertility) or infertile [111]. Another 

important trend observed nowadays is a delay in child conception. In the USA, the birth rate 

among men over 35 has increased by 40% since 1980 [222]. However, changes in semen 

parameters have been described as men age, with a decrease in volume, motility and normal 

morphology in men over 50 [223]. Other human studies have reported a loss of function of the 

sexual organs, dysfunction of the reproductive endocrine system and damage to sperm DNA 

[224-227]. Diseases, genetic abnormalities, environmental chemicals and obesity are also 

some of the reasons for men fertility decline [220, 228, 229]. In addition, psychological stress 

has been postulated to affect male fertility with a decrease in testosterone levels and 

spermatogenesis [230]. The reverse is also true, and whatever the cause of infertility, the 

psychological impact is significant. Depression, anxiety or sexual dysfunction are often 

reported after a diagnosis of infertility [231]. The global consequence of the decline in fertility 

is that the demand for assisted reproductive technologies has increased dramatically in recent 

years [232]. 

 Cryobiology has revolutionised the way reproductive medicine is practiced today, 

requiring a detailed analysis of the cryopreservation of sperm, oocytes, embryos and ovarian 

tissue for both health issues and social reasons. The main purposes of human sperm 

cryopreservation are for donor sperm banks and for future use in the event of illness, 

particularly for oncological reasons. It is estimated that approximately 40% of men will be 

diagnosed with cancer at some point in their lives [233]. While improvements in cancer 

treatment have led to a decline in cancer mortality, cancer patients, especially at a young age, 

expect to have a future that may include the decision to start a family. However, recent 

research has shown that cancers of the reproductive system and the treatments associated 

with cancers in general (cumulative dose of chemotherapy, radiation doses and type of surgery 

performed) can compromise men’s fertility [233, 234]. The number of cancer survivors who 

have used ARTs with cryopreserved sperm is reported to be between 33% and 56%, with 

successful paternity up to 21 years after cryopreservation [235]. 

Human sperm cryopreservation is also commonly performed with the use of LN2. 

However, the option of using ultra-low temperature freezers is being considered for the same 
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reasons as for mouse repositories, namely cost reduction, inconsistent availability of LN2 and 

ease of workflow. Encouraging results have been obtained with spermatozoa from men with 

normospermia (normal values of sperm parameters) cryopreserved and stored at -80°C for 1 

month without affecting sperm concentration, motility and DNA integrity compared to LN2 [131, 

236]. However, there are many concerns associated with cryopreservation and storage of 

spermatozoa from subfertile men at -80°C. Indeed, these spermatozoa tend to have low 

motility, abnormal morphology and DNA damage. Since the use of ultra-low temperature 

freezers instead of LN2 seems to increase the damage already present in the spermatozoa, a 

poor survival rate and IVF outcome could be expected. Therefore, the use of the BALB/c 

model, which shows significant cryoinjury after cryopreservation and storage at -80°C, is highly 

relevant for further research on cryodamage and fertility. 

 Surprisingly, limited research on the pharmacological use of D-Asp in humans has been 

conducted despite its huge therapeutic potential in fertility [158]. The effect of D-Asp in men 

showed that daily oral administration of 6 g of D-Asp for 12 days increased the production of 

LH and testosterone [154]. Another study showed that subfertile men treated orally with 6 g of 

D-Asp for 90 days had a higher sperm concentration and motility, leading to a higher pregnancy 

rate [158]. Moreover, in vitro treatment of spermatozoa from fertile and subfertile patients with 

a combination of D-Asp, zinc and coenzyme-Q10 improved the motility of spermatozoa from 

subfertile men, reduced lipid peroxidation in both groups but had no effect on the level of DNA 

fragmentation [163, 164]. However, the synergistic effects of these molecules did not provide 

specific information on the effect of D-Asp alone. Overall, the use of D-Asp seems very 

promising to improve the IVF success rate of spermatozoa from subfertile men. In the present 

study, we have shown that D-Asp improves sperm quality in not fully sexually mature mice and 

thus with a simple incubation of spermatozoa before performing IVF.  

Therefore, further research should be conducted to investigate the beneficial effects of 

D-Asp in young men with immature spermatozoa, which would be relevant in paediatric 

oncology. On the other hand, research on the effect of D-Asp on spermatozoa from elderly 

men may support fertility in this population and contribute to the understanding of D-Asp 

function, ROS production and fertility. 
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Appendix 
 

 
 

Appendix 1: IVF protocol according to the Nakagata method and sperm thawing 

protocol according to the Ostermeier method. (Modified from [31] 
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Appendix 2: Correlation between IVF success rate and percentage of dead 

spermatozoa from B6J (A) and BALB/c (B) males. 
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