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 SUMMARY 

 

 I 

SUMMARY 
 

Neuroplastins are glycoproteins belonging to the immunoglobulin superfamily of cell 

adhesion molecules (CAMs). They play a crucial role in learning, memory, and mouse 

fertility. Neuroplastins are closely associated with the expression of the calcium pump 

in the cell membrane (Plasma Membrane Calcium ATPase; PMCA), which regulate 

calcium homeostasis within cells, and any disruption in this balance can result in 

various neurobiological consequences. 

 

 

Our research is based on various mutant mouse models with altered neuroplastin 

expression. In the first part of this study, we examined neuroplastin-deficient male 

mice. These mice exhibited lower testosterone levels in their blood from 3 months to 

adult age as compared to wild-type male mice, however, intratesticular testosterone 

levels were similar in mutants and wildtypes. Immunohistochemical and 

immunoblotting studies revealed decreased expression of PMCA1, particularly in the 

testes and Leydig cells of mutant mice. In the second part of this thesis, inducible 

conditional neuroplastin-deficient mice were employed to study neuroplastin functions 

in GABAergic interneurons. The findings indicated that reduced PMCA2 expression in 

parvalbumin-positive (PV+) interneurons is associated with impaired learning and 

memory. In PV+ interneurons, decreased PMCA2 expression could impair synaptic 

transmission and plasticity, ultimately resulting in deficits in learning and memory. 

 

 

In conclusion, my study postulates that the reduction of PMCA1 due to the loss of 

neuroplastin affects the fertility of male mice. Additionally, decreased PMCA2 levels 

resulting from the ablation of neuroplastins in GABAergic neurons, especially in PV+ 

interneurons, may lead to retrograde amnesia.



 ZUSAMMENFASSUNG 
 

II 

Zusammenfassung  
Die Neuroplastine sind Isoformen eines Glykoproteins, das zur Immunoglobulin-

Superfamilie der Zelladhäsionsmoleküle (CAMs) gehört. Es spielt eine entscheidende 

Rolle beim Lernen, der Gedächtnisbildung und der Fruchtbarkeit von Mäusen. 

Neuroplastine stehen in enger Verbindung mit der Expression der membranständigen 

Calcium-Pumpe (Plasma Membrane Calcium ATPase; PMCA), die die Calcium-

Homöostase in Zellen reguliert. Neuroplastin spielt eine entscheidende Rolle bei der 

Regulierung der PMCA-Expression und dementsprechend bei der zellulären Calcium-

Homöostase. Jegliche Störung dieses Gleichgewichts kann zu verschiedenen 

neurobiologischen Konsequenzen führen. 

 

Unsere Forschung basiert auf verschiedenen Mutanten-Mausmodellen mit 

veränderter Neuroplastin-Expression. Im ersten Teil dieser Studie sind 

neuroplastindefiziente männliche Mäuse untersucht worden. Diese Mäuse zeigten im 

Vergleich zu Wildtyp-Mäusen ab dem Alter von 3 Monaten bis zum Erwachsenenalter 

niedrigere Testosteronspiegel im Blut, jedoch ähnliche intratestikuläre 

Testosteronspiegel. Immunohistochemische und Immunoblotting-Studien ergaben 

eine verminderte Expression von PMCA1, insbesondere in den Hoden und Leydig-

Zellen der Mausmutanten. Im zweiten Teil dieser Arbeit wurden induzierbar 

konditional-Np-defiziente Mäuse verwendet, um Neuroplastinfunktionen in 

GABAergen Interneurone zu untersuchen. Die Ergebnisse deuteten darauf hin, dass 

eine verringerte Expression von PMCA2 in Parvalbumin-positiven (PV+) 

Interneuronen mit Beeinträchtigungen von Lernen und Gedächtnis assoziiert war. In 

PV+ Interneuronen könnte die verringerte PMCA2-Expression die synaptische 

Übertragung und Plastizität beeinträchtigen und letztendlich zu Defiziten beim Lernen 

und Gedächtnis führen. 

 

Zusammenfassend postuliert unsere Studie, dass die Verringerung von PMCA1 

aufgrund des Verlusts von Neuroplastin die Fruchtbarkeit männlicher Mäuse 

beeinflusst. Darüber hinaus deuten meine Befunde darauf hin, dass die verringerte 

PMCA2-Expression nach Ablation von Neuroplastin in GABAergen Neuronen, 

insbesondere in PV+ Interneuronen, zu retrograder Amnesie führt.
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1 General Introduction 
 

1.1  General properties of Neuroplastins and their functions 

 

1.1.1  Neuroplastins are a regulator of neuronal plasticity and synaptic function 

 

Neuroplastins were first discovered as glycoprotein components of the synaptic 

membrane and postsynaptic density (PSD) fractions of rat brain (Hill et al., 1988). 

Twenty-five years ago, synaptic membrane glycoproteins gp65 and gp55 were 

identified as new members of the Ig superfamily (Langnaese et al., 1997). In 2000, 

they were named neuroplastin due to their significant role in the regulation of synaptic 

plasticity (Smalla et al., 2000). 

 

More than a century has passed since the term "plasticity" was coined to suggest that 

the brain is naturally malleable (Berlucchi and Buchtel,2009). Plasticity contradicts 

localizationism, which holds that the human brain acts as a collection of discrete 

pieces, each serving a single function. Plasticity endows the brain with a very specific 

and distinguishing feature: the ability to develop or adapt itself to variable or persistent 

demands (Latash et al., 2000; Duffau, 2017). 

 

Synaptic efficacy is commonly defined as the ability to elicit postsynaptic actions in 

response to neurotransmitter release by the presynaptic terminal. Synaptic plasticity 

refers to the ability of synapses to change their efficacy as a result of previous 

activation. Synaptic effectiveness fluctuates as the synapse continues to function 

(Bernhardi and Nicholls, 1999). Short-term synaptic plasticity (STSP) refers to 

changes in synaptic efficacy that occur within milliseconds to minutes (Zucker and 

Regehr, 2002). Changes in effectiveness that occur over tens of minutes to hours, or 

even longer, are referred to as long-term synaptic plasticity (LTSP) and tend to be 

long-lasting (Abraham, 2003). Long-term synaptic plasticity is described as a long-

lasting, activity-dependent change in synaptic efficacy. Long-term plasticity can 
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change synaptic strength in both directions, either increasing long-term potentiation 

(LTP) or decreasing long-term depression (LTD) (Yang and Calakos, 2013). Previous 

experiments have shown an enhanced association of neuroplastin, especially the 

longer isoform neuroplastin-65 (Np65), with synaptic structures, which may reflect the 

involvement of this molecule in the reorganization process induced by LTP plasticity 

(Smalla et al., 2000). 

 

The analysis showed that neuroplastin-55(Np55) is expressed more widely 

(Langnaese et al., 1997) while Np65 is primarily expressed in the brain as a cell 

adhesion molecule regulating synaptic function and neuronal plasticity. Neuronal 

plasticity refers to the brain's ability to change and adapt to experiences and 

environmental stimuli, crucial for learning and memory, as well as recovery from brain 

injury or disease, which is critical for information processing in the brain. Np65 and 

Np55 promote neurite outgrowth by trans-homophilic binding and FGFR activation 

(Beesley et al., 2014a). 

 

Neuroplastins are transmembrane protein Ig superfamily and are most closely related 

to Basigin/CD147 (Langnaese et al., 1997; Beesley et al.,2014). The small basigin 

gene family in mammals consists of the three paralogs, neuroplastins, basigin (also 

known as CD147, EMMPRIN), and embigin (Yates et al., 2020). Neuroplastin or 

basigin - control Ca2+ ion homeostasis by acting as an essential subunit of plasma 

membrane calcium ATPase (PMCA) (Herrera-Molina et al., 2017; Korthals et al., 2017; 

Schmidt et al., 2017). Polymorphisms in the regulatory region of the human NPTN 

gene are linked to cortical thickness and IQ in adolescents (Desrivieres et al., 2015). 

Vemula et al. (2020) report the interaction of neuroplastins with TRAF6 and the 

induction of neuritogenesis by neuroplatins via TRAF6. Research summarized by Lin 

et al.(2021a) indicates that neuroplastins play a role in pathways affected by 

neuropsychiatric and neurodegenerative diseases. Loss of neuroplastins or disruption 

of molecular pathways involving neuroplastins in neuronal processes are associated 

with various neurological disorders, such as dementia, schizophrenia, and Alzheimer's 

disease (AD). Additionally, neuroplastins have significant functions in the immune 

system (Korthals et al., 2017) and are also essential for hearing (Lin et al., 2021b). 
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1.1.2  Neuroplastin structure, expression, isoforms, and glycosylation 

 

Neuroplastins belong to the immunoglobulin superfamily of cell adhesion molecules 

(CAMs), which play a crucial role in cell adhesion, enabling cells to bind to the 

extracellular matrix (ECM) or other cells (Chothia and Jones,1997) (see Table 1). 

Neuroplastins consist of two isoforms, neuroplastin-65(Np65) and neuroplastin-

55(Np55) were named refering to their molecular weights (Hill et al., 1988; Smalla et 

al., 2000; Owczarek and Berezin, 2012).  

 

Several CAMs, including neural cell adhesion molecule (NCAM), L1, and cadherins, 

bind to and activate the fibroblast growth factor receptor (FGFR) tyrosine kinase for 

communication (Walsh and Doherty, 1997; Hansen et al., 2008). FGFRs comprise up 

to three Ig domains, D1-D3, with the D2 (Ig2) and D3 (Ig3) domains being sufficient 

for fibroblast growth factor (FGF) binding. Np55 and Np65 have two and three 

extracellular Ig domains, respectively, a transmembrane domain, and a small 

intracellular C-terminal tail region. The isoforms are distinguished by the presence of 

the Ig1 module specific to Np65 and lacking in Np55 (see Figure 1) (Owczarek et al., 

2012). A short cytoplasmic domain may contain 34 or 38 amino acids, depending on 

the insertion of the four amino acids DDEP resulting from alternative splicing, and a 

single pass transmembrane domain are found by all isoforms (Langnaese et al., 1997). 
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Table 1: Summary of cell adhesion moleclues 

 
Family 

 
Immunoglobulin 
superfamily(Ig-SF) 

 
Integrin 

 
Cadherin 

 
Selectin 

 
Ca2+  dependent 

 
independent  

 
dependent 

 
dependent 

 
dependent 

 
 
Members 

VCAM                         
NCAM                            
ICAM                      
PECAM 

VLA4(⍺4/ß1)                 
VLA5(⍺5/ß1)          
LFA(⍺L/ß2)   … 

E-cadherin                    
P-cadherin                    
N-cadherin    

E-selectin                       
P-selectin                     
L-selectin  

 
Interaction 

 
homophlic/heterophilic  

 
heterophilic 

 
homophlic/heterophilic 

 
heterophilic 

 
 
 
Function 

cell signalling       
leucocyte extravasation   
immune system function 

attachment of cells to ECM 
signal transduction       
leucocyte extravasation         
cell migration                        
role in cell cycle 
neuroregeneration in PNS 

cell adhesion       
embryonic 
development       
tumor metastasis 
morphogenesis 

lymphocyte homing 
inflammation process 
leucocyte migration 

 
 
 
 
Type 
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Np65 is predominantly expressed in the forebrain of rodents, including the cortex, 

striatum, and hippocampus. Although Np65 is detected in the CA1 area and dentate 

gyrus, its expression is moderate in the CA3 region of the hippocampus (Herrera-

Molina et al. 2014).  

 

The human neuroplastin (NPTN) gene, as listed in Gene ID 27020 from NCBI, is 

located on chromosome 15q22 and contains nine exons. There are four splice variants 

of Np65 and Np55, each with or without a 4 amino acid acidic 340-Asp-Asp-Glu-Pro-

(DDEP)-343 insert in the intracellular domain, referred to as Np+ DDEP and Np-DDEP. 

Np65 and Np55 both have a glutamate at the same position in the transmembrane 

domain, which may be important for molecular interactions within the membrane 

region. The amino acid numbering is for Np65, as reported by Langnaese et al. (1997), 

Kreutz et al. (2001), and Beesley et al. (2014b). In both the rat and human brain, there 

are six potential N-glycosylation sites, but nine in the mouse, all of which are located 

on the common Ig2 and Ig3 domains (Figure 1). Although Np65 and Np55 can be fully 

deglycosylated, resulting in a reduction in apparent molecular weight from 65 and 55 

kDa to 40 and 28 kDa respectively, most of the potential glycosylation sites are utilized 

(Willmott et al., 1992). Moreover, X-ray crystallography of recombinant protein 

containing the ecto Np55, i.e., Np55 Ig2 and Ig3 domains, reveals the presence of N-

acetylglucosamine at four of the six possible N-glycosylation sites in the rat (Owczarek 

et al., 2010). Furthermore, studies by Sarto-Jackson et al. (2012) and Herrera-Molina 

et al. (2014) reported that the localization of GABAA receptors at inhibitory synapses 

is regulated by neuroplastin. 
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Figure 1: Neuroplastin binding interactions  

A. Homophilic binding occurs in trans only between Np65 with the binding site located in the N-terminal Ig domain. B. Heterophilic binding occurs between 

Np65 and fibroblast growth factor receptors (FGFR), with the interaction occurring between the two middle Ig domains. C. Similar to Np65, Np55 also interacts 

with FGFR through its lg2 domain. D. Heterophilic binding occurs between Np65 and GABAA receptor α1, α2, and β2 subunits.
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1.2  Plasma membrane Calcium ATPases (PMCAs) 

 

1.2.1 Properties of PMCA 

 

Plasma Membrane Calcium ATPases (PMCA) are important proteins located in the 

plasma membrane of cells, which play a key role in regulating the concentration of 

calcium ions within cells. PMCA are ion pumps by which cells extrude Ca2+ ions 

(Carafoli, 1991) and are members of the P-type main ion transport ATPase family that 

forms aspartyl phosphate intermediates. Jensen et al. (2004) reported that PMCA 

utilize ATP (adenosine triphosphate) as an energy source to export calcium ions out 

of cells, thereby contributing to the maintenance of low cytoplasmic calcium 

concentrations. This is crucial for various cellular functions such as muscle contraction, 

neurotransmitter release, and cell communication.  

 

PMCAs are transmembrane proteins, consisting of 10 transmembrane domains and a 

large cytoplasmic domain containing the ATP-binding site (refer to Figure 2). There 

are four different genes that code for PMCA (PMCA1-4) isoforms and differ in their 

tissue distribution and regulatory properties (e.g. Jensen et al., 2007; Brini and Carafoli, 

2009). 
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Figure 2: Schematic overview of the PMCA structure 

This figure is modified from (Carafoli and Lim, 2009) and (Jason, 2018). The major domain, called the 

M-domain, is comprised of ten transmembrane segments. The amino- (N-terminal) and carboxy-

terminal (C-terminal) ends are indicated. The ATP binding region is formed by the conserved aspartate 

(Asp), which creates the phosphorylated intermediate during the enzyme reaction cycle. There are four 

major cytosolic protein domains: A (actuator), P (phosphorylation), N (nucleotide-binding), and R 

(regulatory). Alternative splicing at splice site A and the C-terminal tail (splice site C) generates isoform 

diversity in the first cytosolic loop and the calmodulin-binding domain, respectively. The PMCA's C-

terminal tail contains essential regulatory domains, which bind to the catalytic domain at rest and inhibit 
the PMCA (indicated by the dashed box in Figure 2). When Ca2+ influx is elevated, Ca2+-CaM binds to 

this autoinhibitory domain, it undergoes a conformational shift that decreases its affinity for the catalytic 

site (indicated by the dashed box A in Figure 2), thereby enhancing the PMCA's ability to transport 

Ca2+(Carafoli, 1994). 

 

In Figure 3, the impact of alternative splicing at sites A and C is illustrated for each of 

the four PMCA genes. Although PMCA1 and PMCA4 are present in most tissues, 

PMCA2 and PMCA3 are expressed in a limited number of tissues, including the brain, 

striated muscle, and mammary gland. PMCA2 is highly concentrated in specialized 

cells and tissues such as cerebellar Purkinje neurons, cochlear hair cells, and the 
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uterus and lactating mammary glands. It is also present in high levels in the liver and 

kidney. PMCA3 has a relatively restricted distribution, with high expression levels in 

the choroid plexus (Brini and Carafoli, 2009). 

 

 

 
 

Figure 3: Exon structure of the regions in alternative splicing from the four 
mammalian PMCA genes 

The figure illustrates the exon structure of the PMCA genes and the regions impacted by alternative 

splicing at sites A and C. The PMCA genes are represented by horizontal bars, and the constitutively 

spliced exons are depicted as dark blue boxes. The areas impacted by alternative splicing at sites A 

and C are highlighted in different colors and their sizes are given in nucleotides. The alternative splicing 

possibilities are represented by connecting lines, and the resultant splice products are designated by 

lowercase symbols. Splicing at site C leads to two primary RNAs "a" and "b," which differ in the encoded 

protein.  

 

 

1.2.2 Regulation of intracellular Calcium level by PMCA 

 

Ca2+ is an important second messenger involved in the transduction of numerous 

signaling pathways and plays a variety of roles in the development and physiology of 

the central nervous system. Increases in cytosolic Ca2+ concentration occur via a 

variety of mechanisms, including voltage-gated Ca2+ channels (VGCCs) upon 
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depolarization and ligand-gated Ca2+ channels, such as the N-Methyl-d-Aspartate 

(NMDA) ionotropic glutamate receptor (NMDAR), which allows Ca2+ influx upon 

glutamate binding (Flavell and Greenberg, 2008). 

 

PMCA uses ATP as an energy source to transport calcium ions out of the cell, against 

their concentration gradient. This process aids in the maintenance of low intracellular 

calcium levels, thereby regulating the concentration of calcium ions within and outside 

the cellular environment. This regulation is crucial for diverse cellular functions, 

including muscle contraction, neurotransmitter release, and gene expression (Carafoli, 

1991; Strehler and Zacharias, 2001). The plasma membrane contains multiple Ca2+ 

entry channels from the extracellular environment, as well as two systems for Ca2+ 

extrusion: a low affinity, high-capacity Na+/ Ca2+ exchanger (NCX) and a high-affinity, 

low-capacity Ca2+ -ATPase (PMCA). PMCA has a high affinity for calcium ions, with a 

dissociation constant (Kd) in the nanomolar range. This allows PMCA to effectively 

remove calcium from the cytoplasm even at low calcium concentrations (Di Leva et al., 

2008). PMCA activity can be regulated by several mechanisms, such as 

phosphorylation, calmodulin binding, and interaction with other proteins and other 

Ca2+-ATPases.For instance, binding of calmodulin to PMCA enhances its activity, 

while phosphorylation can either enhance or inhibit its activity, depending on the site 

and the kinase involved. The type of channel and the relative amounts of NCX and 

PMCA differ depending on the cell type, with NCX being especially prevalent in 

excitable tissues such as the heart and brain. The controlled opening of Ca2+ channels 

by voltage gating, ligand interaction, or the emptying of intracellular storage enables a 

restricted amount of Ca2+ to enter the cell and relay signals to their assigned targets 

(Brini and Carafoli, 2011). PMCA is involved in regulating cellular Ca2+ homeostasis. 

In addition to PMCA, the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) and the 

secretory pathway Ca2+ ATPase (SPCA) also play roles in Ca2+ regulation (see Figure 

4). 
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Figure 4: PMCA involved in regulating cellular Ca2+ homeostasis 

This diagram illustrates the structures involved in regulating cellular Ca2+homeostasis. The diagram 

includes Ca2+-ATPases, such as plasma membrane Ca2+ ATPase (PMCA), sarco/endoplasmic 
reticulum Ca2+ ATPase (SERCA), and secretory pathway Ca2+ ATPase (SPCA), as well as plasma 

membrane Ca2+ channels, Na+/ Ca2+ exchangers (NCX), 1,4,5-triphosphate receptor (IP3R), ryanodine 

receptor (RyR), and the mitochondrial Ca2+ uniporter (U) (Brini and Carafoli, 2011; Bagur and Hajnoczky, 

2017). These various Ca2+-transporting mechanisms work together to maintain the Ca2+ concentration 

gradient between the extracellular and intracellular environments, ensuring that Ca2+ is available for the 

appropriate physiological processes. 

 

The tight regulation of intracellular calcium levels is essential for normal cellular 

function, and PMCA activity, coordination with other calcium transporters, and role in 

calcium signaling all contribute to achieve this regulation.
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1.3 Neuroplastin interaction with PMCA 

 

1.3.1 Complex formation of neuroplastin and PMCA 

Plasma Membrane Ca2+ ATPase (PMCA) expression requires the support of 

Neuroplastin as an auxiliary subunit. Bhattacharya et al. (2017) first reported that the 

expression of PMCAs is reduced in mice lacking neuroplastin. Korthals et al. (2017) 

conducted experiments that showed a reduction of over 70% in PMCA levels in Nptn−/− 

T cells. This reduction provides a potential explanation for the altered handling of Ca2+ 

and identifies plasma membrane Ca2+ ATPases (PMCAs) as the primary molecular-

level interaction partners of neuroplastins.  

 

 
 

Figure 5: Complex formation of neuroplastin and PMCA 

A. Neuroplastin forms a complex with PMCA. B. Cited from (Gong et al., 2018), this is a model of the 

interaction between PMCA and neuroplastin based on cryo-electron microscopy. The transmembrane 

domain of neuroplastin (in orange) interact with the transmembrane domains of PMCA in the cell 

membrane (in green). The intracellular portion of PMCA consists of an actuator (in yellow), nucleotide-

binding sites (in purple), and phosphorylation sites (in blue). C. PMCAs expression levels are severely 

reduced in neuroplastin-deficient mice. 
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1.3.2 Regulation of intracellular Calcium levels by neuroplastin and PMCA 

Recent studies have identified that PMCA and neuroplastin can form heterotetramers 

consisting of two neuroplastins and two PMCA subunits (Schmidt et al., 2017; Gong 

et al., 2018). Basigin, a CAM closely related to neuroplastin, can also form 

heterotetramers with PMCA, although to a lesser extent than neuroplastin. When 

neuroplastin is deleted, the level of Basigin can be partially increased and association 

for PMCAs. However, the ability of cells to extrude calcium is impaired when 

neuroplastin is knocked out, leading to an increase in basal calcium levels. This effect 

can be further amplified by also eliminating Basigin (Schmidt et al., 2017). 

 

HEK cells, known for their reliable and rapid growth as well as their propensity for 

transfection, were used to investigate the interaction between neuroplastin and PMCA. 

The HEK cells experiments from Herrera-Molina et al. (2017) revealed that 

neuroplastins in rat and human can promote PMCA protein levels. A neuroplastin 

mutation that is retained in the endoplasmic reticulum (ER) was used in further 

experiments by Schmidt et al. in 2017, which showed that the interaction between the 

proteins probably occurs during the early stages of protein biosynthesis. PMCAs do 

not reach the plasma membrane in these conditions and are most likely degraded in 

Nptn-/- CHO cells. The fact that PMCAs are uniformly reduced in all membrane 

compartments in neuroplastin knockout (Nptn-/-) cells and that PMCA mRNA levels are 

unaffected by neuroplastin deletion supports the idea that the interaction occurs during 

protein biosynthesis (Herrera-Molina et al., 2017). 

 

The precise location of the interaction between neuroplastins and PMCAs is critical for 

understanding the interaction between these proteins. Studies involving the 

transmembrane segment along with the adjacent N- and C-terminal domains of the 

neuroplastin protein show that these regions interact with PMCA and influence calcium 

levels, suggesting that the Ig domains of neuroplastin are not involved. (Schmidt et al., 

2017). The presence of a glutamate residue within the transmembrane domain may 

be crucial for this interaction, as it is at an uncommon place for a hydrophilic amino 

acid and is also present in another PMCA binding partner, Basigin. 
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1.4 Hormone regulation in male mice fertility  

 

1.4.1 Spermatogenesis 

 

Spermatogenesis is a complex process that occurs in the seminiferous tubules of the 

testis, leading to the formation of mature spermatozoa from germ cells. The process 

begins with the mitotic division of spermatogonial stem cells located near the 

basement membrane of the tubules (de Kretser et al., 1998). Spermatogonial stem 

cells undergo mitosis to produce two types of cells, type A and type B. Type A cells 

give rise to more stem cells, while type B cells differentiate into primary spermatocytes. 

 

Primary spermatocytes then undergo meiosis I to form two haploid secondary 

spermatocytes, which undergo meiosis II to form four haploid spermatids. These 

spermatids further mature and differentiate into spermatozoa or sperm cells. Therefore, 

each primary spermatocyte produces four haploid sperm cells, which contain half the 

number of chromosomes as the parent cell (Table 2 and Figure 6). This process is 

critical for male fertility and is regulated by various factors, including hormones, growth 

factors, and other signaling molecules. 

 

 

Stage of cycle Cell type Ploidy/chromosomes  
 
 
Spermatocytogenesis 

 
Spermatocytogonia Tpye A 
Spermatocytogonia 
Intermediate type 
Spermatocytogonia Tpye B  

 
Diploid (2N) / 40 

 
Spermatidogenesis I 

 
Primary spermatocytes   

 
Diploid (2N) / 40 

 
Spermatidogenesis II 

 
Secondary spermatocytes   

 
Haploid (N) / 20 

 
Spermiogenesis 

 
Spermatids  

 
Haploid (N) / 20 

 
Table 2: Summary of spermatogenesis 
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Indeed, spermatogenesis is crucial for successful sexual reproduction, and its 

progression is highly reliant on favorable environmental conditions. The process 

initiates in the basal compartment of the seminiferous tubules and continues through 

different maturation stages until mature spermatozoa reach the lumen, where they are 

eventually ejaculated. Notably, spermatogenesis occurs in an asynchronous manner, 

resulting in the production of cells at different maturation phases. When a cross-

section of the tubule is taken, distinct phases of maturation can be observed. These 

observations suggest that spermatogenesis occurs in waves, with groups of cells at 

various maturation stages being produced at the same time (Schulze, 1982).  

 

 

 

 
 

 

Figure 6: Progress of spermatogenesis  
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The process of spermatogenesis in mice can be classified into several distinct stages, each 

corresponding to a specific type of cell. It takes approximately 35 days or four cycles for spermatogonial 

stem cells to undergo multiple differentiation steps to become spermatozoa. As the process progresses, 

germ cells migrate gradually from the basement membrane towards the lumen, where they are 
eventually released (Oakberg, 1956). 

 

Seminiferous tubules, located in the testicles, are the specific sites where 

spermatogenesis occurs. They contain Sertoli or sustentacular cells, which are tall and 

columnar in shape, and line the tubules. Spermatogenic cells, which differentiate 

through meiosis to become sperm cells, are located between the Sertoli cells (refer to 

Figure 7). 

 

 

 
Figure 7: Structure of seminiferous tubule 

A cross section of the seminiferous tubule reveals that the tubule is divided into two compartments by 

the Sertoli cell. Spermatogenic cells locate in the space between the Sertoli cells and undergo meiosis 

to develop into sperm cells. Mature spermatozoa are discharged into the tubule lumen (de Kretser et 

al., 1998). 

 

Testosterone is an essential hormone required for spermatogenesis and male fertility. 

Without testosterone or activation of the androgen receptor (AR), spermatogenesis 

does not progress beyond the meiosis stage (Walker, 2009). When testosterone is 

withdrawn, germ cells that have advanced beyond meiosis detach from the supporting 

Sertoli cells and perish, resulting in sterility. In addition, mature sperm cannot be 
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released from Sertoli cells in the absence of testosterone, leading to further infertility 

(Walker, 2010).  

 

AR is expressed in the testis in peritubular myoid cells that surround the seminiferous 

tubules and in Leydig cells located between the seminiferous tubules. However, only 

Sertoli cells have testosterone receptors within the seminiferous tubules, germ cells 

do not express AR. Therefore, Sertoli cells are the primary transmitters of testosterone 

signals that are essential for germ cell survival and growth (Sar et al., 1990; Walker, 

2010).

 

1.4.2 Hormonal regulation of Spermatogenesis 

 

Hormonal modulation of spermatogenesis varies between animal species. The 

interaction of the hypothalamus, pituitary gland, and Leydig cells triggers the onset of 

spermatogenesis during puberty. Leydig cells, also called interstitial cells of the testes, 

are situated in the testicles near the seminiferous tubules and synthesize testosterone 

in the presence of luteinizing hormone (LH) (Shima et al., 2013). In rats, fetal Leydig 

cells begin producing testosterone at 15.5 days into pregnancy and reach peak levels 

before birth. In contrast to rats, in mice, the initial development of fetal interstitial cells 

or testosterone production does not require LH. Instead, it involves the production of 

androstenedione, which is then converted into testosterone by fetal Sertoli cells. 

Subsequently, fetal Leydig cells express Luteinizing Hormone Receptor (LHR) and 

respond to LH stimulation (Zirkin et al., 2018). 

 

LH, a hormone generated by the anterior pituitary gland's gonadotropic cells, is 

regulated by the hypothalamic gonadotropin-releasing hormone (GnRH) (Stamatiades 

and Kaiser, 2018). LH works in conjunction with follicle-stimulating hormone (FSH). 

When blood testosterone levels are low, the pituitary gland releases LH. As 

testosterone levels rise, it acts on the pituitary in a negative feedback loop, inhibiting 

the release of GnRH and LH. Androgens such as testosterone and 

dihydrotestosterone inhibit monoamine oxidase (MAO) in the pineal gland, resulting in  
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increased melatonin and decreased LH and FSH via melatonin-induced increases in 

gonadotropin-inhibitory hormone (GnIH) synthesis and secretion (Stamatiades and 

Kaiser, 2018). 

 

FSH stimulates both Sertoli cell synthesis of androgen-binding protein (ABP) and the 

development of the blood-testis barrier. ABP is necessary to maintain testosterone 

concentrations high enough to initiate and sustain spermatogenesis. Sertoli cells, 

which are in close contact with spermatogenic cells at all stages of differentiation, offer 

structural and metabolic support to developing sperm cells (Griswold, 1998). They 

have several roles during spermatogenesis, including facilitating the maturation of 

germ cells into spermatozoa through direct contact and by regulating the environment 

within the seminiferous tubules (Griswold, 1998). They secrete supportive testicular 

fluid and ABP, which concentrates testosterone near developing gametes. They also 

secrete pituitary gland-controlled hormones that regulate spermatogenesis, 

particularly the polypeptide hormone inhibin. Sertoli cells also phagocytose remaining 

spermiogenesis cytoplasm and establish and maintain the spermatogonial stem cell 

niche, ensuring stem cell renewal and the differentiation of spermatogonia into mature 

germ cells that progress through the long process of spermatogenesis, culminating in 

the release of spermatozoa in a process known as spermiation. However, the primary 

function of Sertoli cells is to nourish growing sperm cells during the phases of 

spermatogenesis, making them known as the "mother" or "nurse" cells (Rato et al., 

2012). 

 

 



 GENERAL INTRODUCTION 
 

 
 

19 

 
 

Figure 8: Testosterone release in male mice fertility 

The hypothalamus secretes gonadotropin-releasing hormone (GnRH), which stimulates the pituitary 

gland to release luteinizing hormone (LH) and follicle-stimulating hormone (FSH). LH then travels to the 

gonads and activates the Leydig cells to produce and release testosterone, which is essential for 

spermatogenesis. Sertoli cells, on the other hand, require FSH to support spermatogenesis (Rato et al., 

2012). 

 

 

The hypothalamus initiates the release of FSH and LH into the blood for the first time 

at the commencement of puberty. As seen in Figure 9, FSH enters the testis and 

induces the Sertoli cells to begin facilitating spermatogenesis via negative feedback. 

LH also reaches the testis and stimulates the Leydig interstitial cells to produce and 

release testosterone into the testis and blood for virilizing effect and spermatogenesis. 

Rising testosterone levels could act on the hypothalamus and anterior pituitary to 

inhibit the release of GnRH, FSH, and LH, resulting in a negative feedback mechanism. 

When the sperm count is excessively high, the Sertoli cells create the hormone inhibin, 

which is released into the bloodstream.  It would also reduce the release of GnRH and 

FSH, then cause the spermatogenesis to slow down (Sternbach, 1998). 
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Figure 9: The regulation of male sexual functions by hormones  

The diagram depicts several phases, including the hypothalamus, which secretes gonadotropin-

releasing hormone (GnRH), the anterior pituitary, which releases follicle-stimulating hormone (FSH) 

and luteinizing hormone (LH), negative feedback, testosterone secretion, inhibin secretion, and 

spermatogenesis. When the testes produce excess of testosterone, the brain sends signals to the 
pituitary gland to reduce LH secretion, which, in turn, instructs the testes to decrease testosterone levels, 

thereby establishing a negative feedback mechanism. Furthermore, Sertoli cells produce inhibin, which 

controls FSH secretion through a negative feedback mechanism. This process helps regulate 

spermatogenesis and maintain a balance of hormones in the male reproductive system
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1.4.3 The role of Ca2+ in the testosterone signaling pathway 

 

Testosterone is the primary hormone produced by the testes, with Leydig cells 

responsible for the vast majority of its synthesis (approximately 95%). However, 

smaller amounts of testosterone are also synthesized by the adrenal cortex (Luu-The 

and Labrie, 2010). The production and secretion of testosterone are regulated by the 

stimulation of luteinizing hormone (LH). LH-receptor stimulation leads to an increase 

in intracellular Ca2+ levels in Leydig cells, which triggers testosterone production 

(Figure 10) (Costa et al., 2010). 

 

 
 
Figure 10: Steroidogenesis in Leydig Cell and testosterone release 

When luteinizing hormone (LH) binds to its receptors on the plasma membrane of Leydig cells, a 

sequence of events is initiated. First, there is an increase in intracellular cyclic adenosine 

monophosphate (cAMP) formation. Then, cholesterol is translocated into the mitochondria and 

associates with CYP11A1. Pregnenolone is produced from cholesterol in the mitochondria, and it is 

translocated from the mitochondria to the smooth endoplasmic reticulum. In the smooth endoplasmic 

reticulum, pregnenolone is converted to testosterone via a series of reactions. Finally, testosterone is 
released into the testis and bloodstream (Costa et al., 2010). 
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After LH binds to the plasma membrane receptor in Leydig cells, a signal cascade 

reaction is initiated, resulting in the entry of extracellular calcium into Leydig cells 

through T-type voltage-gated calcium channels (T-VGCC) on the cell membrane 

(Costa et al., 2010). Concurrently, the activation of adenylyl cyclase (AC) and the 

subsequent increase in cAMP production results in cholesterol transport to 

mitochondria facilitated by steroidogenic acute regulatory (StAR) protein and 

peripheral benzodiazepine receptors (PBR). In the mitochondria, cholesterol is 

converted to pregnenolone by the action of side-chain cleavage of cytochrome P450 

family 11 subfamily A member 1 (CY11A1) (Costa et al., 2010). Pregnenolone then 

diffuses into the smooth endoplasmic reticulum, where the calcium channels RyRs 

and IP3Rs of the ER are activated by the influx of calcium ions. Ca2+ is then released 

from the ER into the cytoplasm to facilitate the next step of testosterone release. 

Pregnenolone is further metabolized to progesterone by the action of 3β-

hydroxysteroid dehydrogenase Δ5-Δ4-isomerase (HSD3β) in the endoplasmic 

reticulum. Progesterone is then converted to androstenedione by a two-step process 

involving 17α-hydrogenase (17α-OH-enzyme) and C17-20 lyase (CY17A1). Finally, 

androstenedione is converted by 17β-hydroxysteroid dehydrogenase III type (HSD17β) 

to testosterone. Following biosynthesis, testosterone can be converted to 

dihydrotestosterone (DHT) by 5α-reductase or to estradiol by CYP19A1 (aromatase). 

Testosterone or DHT exert their physiological function through the androgen receptor 

(Amaral et al., 2013). 

 

Testosterone has been shown to function via two pathways: classical and non-

classical (Walker, 2009; Walker, 2010). In the classical testosterone signaling pathway 

(see figure 11), testosterone diffuses across the plasma membrane and binds to the 

AR. There are two non-classical testosterone signaling pathways. The first is the 

kinase activation pathway, in which testosterone interacts with AR, which 

subsequently recruits and activates Src tyrosine kinase, resulting in intracellular 

activation of the epidermal growth factor receptor (EGFR). The second is the Ca2+ 

influx pathway (see figure 11) with an influx of Ca2+ induced by testosterone via L-type 

voltage-gated calcium channels (L-VGCC) into Sertoli cells (Gorczynska and 

Handelsman, 1995; Lyng et al., 2000). Testosterone is also thought to activate an Gq 

type G protein-coupled receptor and phospholipase C (PLC), which hydrolyzes PIP2 
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in the plasma membrane to create IP3 and diacylglycerol (DAG). A decrease in PIP2, 

induced by an inhibitor of ATP-mediated activation of K+ATP channels, promotes 

channel closure, increasing membrane resistance and depolarization of the cell. As a 

result, voltage-dependent L-type calcium channels open and allow Ca2+ to enter the 

cell, potentially altering several physiological processes (Figure 11) (Von Ledebur et 

al., 2002; Walker, 2011). 

 

 
 
Figure 11: Testosterone signaling pathways in Sertoli cell 

The figure is modified from (Walker, 2011). Testosterone signaling pathways in Sertoli cells can be 

classified into two pathways: 1. classical and 2. non-classical. The Ca2+ influx pathway belongs to the 

non-classical category.
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1.5 Neuroplastin and its role in learning and memory 

 

1.5.1 Associative learning and associative memory 

 

Associative learning and associative memory are related psychological concepts that 

involve the formation of connections between different stimuli or events. Associative 

learning is the process by which an organism learns to associate two or more stimuli 

or events. For example, in classical or Pavlovian training, a dog may learn to identify 

the sound of a bell with the arrival of food and begin to salivate at the mere sound of 

the bell (Suzuki and Brown, 2005). 

 

Associative memory, on the other hand, involves the ability to learn and recall the 

relationship between unrelated information. This could involve recalling someone's 

name or the scent of a particular perfume (Suzuki and Brown, 2005). This type of 

memory involves the formation of connections between different pieces of information, 

allowing them to be retrieved together. For example, if someone is trying to remember 

the name of a person they met at a party, they may recall other details about the party, 

such as the location or the food that was served, to help them retrieve the name.  

 

Both associative learning and associative memory are thought to be based on the 

same underlying neural mechanisms. In particular, they involve the formation of 

connections, or synapses, between neurons in the brain. These connections are 

thought to be strengthened through a process known as long-term potentiation (LTP) 

(Gruart et al., 2017), which is a key mechanism of learning and memory. 

 

 

 

 

1.5.2 Anterograde and retrograde amnesia
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Anterograde amnesia refers to the inability to form new memories after an event that 

caused amnesia, leading to difficulty recalling recent events while long-term memories 

from before the event remain intact (Markowitsch, 2008). In contrast, retrograde 

amnesia involves the loss of memories created before an injury or disease occurred 

but the ability to form new memories remains intact task ( Hunkin et al., 1995).Both 

types of amnesia can occur concurrently in the same patient. The exact mechanism 

of memory storage in the brain is not fully understood, but it is known that specific 

areas in the temporal cortex, particularly the hippocampus and surrounding subcortical 

regions, are involved in the process. 

 

1.5.3 Ablation of neuroplastin induces retrograde amnesia 

Neuroplastins play a crucial role in learning and memory. Ablation of the neuroplastin 

gene can cause retrograde amnesia after an associative learning task (Bhattacharya 

et al., 2017). 

 

1.6 Hypothesis and aims of the study 

1.6.1 State of the art evidence underlying the hypothesis 

Neuronal cell recognition molecules have been implicated in synaptic plasticity (Smalla 

et al., 2000; Maness and Schachner, 2007; Dityatev et al., 2008). Constitutive Nptn-/- 

mice demonstrate neuroplastin actions that are related with pleiotropic consequences 

for the animal. Nptn-/- mice have a shorter life span, higher corticosterone levels, 

dysregulation of the HPA axis, male infertility, less anxious behavior, motivational 

deficits, altered social interaction, increased despair-like behavior, and learning 

deficits (Bhattacharya et al., 2017), which may be linked to psychopathologic 

conditions such as depression, autism, and affective disorders (Lin et al., 2021a). 

Neuroplastin deficiency, both constitutive and induced, affects primarily associative 

learning and memory, such as the acquisition, retention, and retrieval of learned 

associations, but does not impair all forms of memory. Retrograde amnesia following 

neuroplastin ablation was consistently detected in the active avoidance and fear 
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conditioning paradigms but spared other memories. (Bhattacharya et al., 2017). 

Neuroplastins are binding partners of fibroblast growth factor receptors (Owczarek et 

al., 2010) and gamma-aminobutyric acid type A (GABAA) receptors (Herrera-Molina et 

al., 2014). Recent studies employing hippocampus neurons produced from mice with 

altered Nptn gene expression demonstrate that Np65 regulates both the construction 

and function of glutamatergic and GABAergic synapses in the hippocampal CA1 and 

DG regions (Herrera-Molina et al., 2014). PMCA is important for the extrusion of 

cytoplasmic calcium (Strehler and Thayer, 2018). Bhattacharya et al. (2017) showed 

a knockdown of neuroplastin affects the PMCA isoforms differently in mouse neurons 

and Nptnlox/loxEmx1Cre mice learned the associative fear conditioning task in the two-way 

active avoidance (shuttle-box) paradigm and showed that expression of neuroplastins 

in glutamatergic neurons is not essential for the acquisition (Herrera-Molina et al., 

2017). 

 

1.6.2  Hypotheses 

- Loss of neuroplastin expression leads to fertility issues of male mice 

- The expression of neuroplastins in GABAergic interneurons is crucial for 

associative memories. 

 

1.6.3 Aims 

• To determine the importance of neuroplastin expression in the testes. 

• To examine the expression of neuroplastin in the testis and its correlation with PMCA 

isoforms. 

• To deduce the factors preventing reproduction in neuroplastin-deficient male mice  

• To clarify the effect of Np expression in GABAergic neurons on retrograde amnesia. 

• To determine the primary GABAergic neurons expressing neuroplastins responsible 

for retrograde amnesia. 

• To investigate the variations in PMCA2 expression among different neuroplastins 

mutant mice.
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2 Materials and methods 

2.1  Materials 

2.1.1 Antibodies 

 
Antibodies  Class/Clone Host/ 

Isotype 
Supplier Catalog 

No. 
Dilution 

Anti-Sox9 Polyclonal Rabbit EMD Millipore AB5535-
25UG 

1:500(IHF) 

Anti-PMCA ATPase Monoclonal Mouse/ 
IgG2 

Thermofisher MA3-914 1:500(IHF) 

Anti-Neuroplastin 
55/65 

Polyclonal Sheep/ 
IgG 

R&D Systems AF7818 1:300(IHF) 
1:1000(WB) 

Anti-Neuroplastin 65 Polyclonal Goat/ 
IgG 

R&D Systems AF5360 1:1000(WB) 

Anti-⍺-SMA Polyclonal Rabbit/ 
IgG  

Abcam ab5694 1:500(IHF) 

Anti-Cytochrome 
P450 17A1 

Monoclonal Rabbit Abcam ab12502
2 

1:500(IHF) 

Anti-Stra8 Polyclonal Rabbit Abcam ab49602 1:500(IHF) 
Anti-⍺-Tubulin Monoclonal Rabbit/ 

IgG  
Cell Signaling  2125 1:1000(WB) 

Anti-HSD3B1 Polyclonal Rabbit/ 
IgG  

Sigma Aldrich HPA0432
64 

1:500(IHF) 

Anti-Actin Monoclonal Sheep/ 
IgG1 

Thermofisher AM4302 1:500(IHF) 

Anti-GAPDH Monoclonal Mouse/ 
IgG1 

Santa Cruz sc-47724 1:5000(WB) 

Anti-PMCA1 Polyclonal  Rabbit/ 
IgG 

Thermofisher PA1-914 1:500(IHF) 
1:1000(WB) 

Anti-PMCA2 Polyclonal Rabbit Abcam ab3529 1:500(IHF) 
1:1000(WB) 

Anti-Parvalbumin Monoclonal Mouse Sigma Aldrich MAB1572 1:500(IHF) 
Anti-Parvalbumin Polyclonal Rabbit/ 

IgG  
Thermofisher PA1-933 1:500(IHF) 

Anti-Calbindin Monoclonal Mouse/ 
IgG1 

Swant 300 1:500(IHF) 

Anti-LH-receptor Polyclonal Rabbit/ 
IgG 

Thermofisher PA5-
115508 

1:500(IHF) 
1:1000(WB) 

Anti- anti-PKARIIa Monoclonal Mouse/ 
IgG1 

BD 
Biosciences 

612242 1:500(IHF) 
1:1000(WB) 

 
Table 3:Primary Antibodies 
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Secondary 
Antibodies  

Host/ 
Isotype 

Supplier Catalog 
No. 

Dilution 

Cy3-Anti-Sheep 
IgG(H+L) 

Donkey Jackson           
Immuno Research 

713-165-
147 

1:1000 

Cy5-Anti-Mouse 
IgG(H+L) 

Donkey Jackson  
Immuno Research 

715-175-
151 

1:1000 

Cy5-Anti-Rabbit 
IgG(H+L) 

Donkey Jackson  
Immuno Research 

711-175-
152 

1:1000 

Alexa Fluor 488-Anti-
Mouse IgG(H+L) 

Goat Jackson  
Immuno Research 

115-545-
003 

1:1000 

Alexa Fluor 488 
Phalloidin -iFluor  

- Abcam ab176753 1:1000 

Anti-Goat IgG(H+L) Donkey Jackson  
Immuno Research 

705-035-
003 

1:5000 

Anti-Sheep IgG(H+L) Donkey Jackson  
Immuno Research 

713-035-
147 

1:5000 

Anti-Rabbit IgG(H+L) Donkey Jackson  
Immuno Research 

711-035-
152 

1:5000 

 
Table 4: Secondary Antibodies 
 

2.1.2 Chemicals  

 
Chemicals  Supplier  Product/Order number  

DAPI Fluoromout-G Southern Biotech 0100-20 

Tamoxifen Sigma Aldrich T5648 

Protease inhibitor cocktail Roche  4693116001 

Acetone  Roth 9372.5 

Ethanol  Roth 9065.4 

Methanol Roth 8388.2 

 
Table 5:Chemicals 
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2.1.3  Buffers and solutions 

Solution Composition/ Catalog 
number 

Application 

PCR-Tail solution  102-T Isolation of DNA from tail 
cuts 

DNA sample loading 
buffer 

30% glycerol, 0.25% 
Bromopheol Blue, 0.25% 
Xylenecyanol,50mM 
EDTA, pH8.0  

Loading dye for agarose gel 
electrophoresis 

Protein extraction 
buffer A 

8ml (2M Sucrose) 
0.5ml (0.5M HEPES) 
41.5ml H2O 
1 Tablet Omplete ULTRA 
phosphatase inhibitor 
cocktail (Total 50ml) 

Extraction of proteins  

500 mM HEPES 5.958 g HEPES, pH 7.4, 
50 ml ddH2O 

For Buffer A 

2 M Sucrose 410,76 g Sucrose, 600 ml 
ddH2 O 

For Buffer A 

Cell lysis extraction 
buffer recipe 

0.5 m EDTA 100µl 
0.5m EGTA 100µl 
1M Tris 7.5 pH 5ml 
1M NaCl 7.5 ml 
1% Triton X-100 0.5ml 
0.5% SD 0.25g (for 50ml) 
D.H20 ca 37ml 
50ml/1 phosphatase 
inhibitor cocktail 

Extraction of proteins from 
membrane and cytoplasmic 
fractions 

Phosphate Buffer 
Saline(10XPBS) 

1.37 M NaCl, 2.7 M KCl, 
14 mM KH2PO4, 43 mM 
Na2HPO4 add pH 7.3-7.4 
with 1N NaOH 

Washing, Perfusion, 
Storage 

Tris Buffer Saline (10x 
TBS) 

200 mM Tris-HCl, 1.5 M 
NaCl, pH 7.4 

Antibody incubation and 
washing 

Wash solution Methanol: acetic acid (9:1)       
450 ml methanol, 50ml 
acetic acid 

Purification of proteins for 
determination 

Amido Black solution 14.4 g Amido Black, 1L 
wash solution 

Staining solution 

Eosin Sigma 10132 Staining solution 
Ponceau stain Sigma 78376 Staining solution 
Trypan blue Sigma T8154  Staining solution 
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BSA standard Stock solution of 1mg BSA 
in 1ml H2O(1µg/µl) 

Standard curve for protein 
determination 

Precision Plus Protein 
Standards 

Bio-Rad 161-0374 Western blot 

Mild stripping buffer 15 g glycine 
1 g SDS 
10 ml Tween 20 
Dissolve in 800 ml distilled 
water 
Adjust pH to 2.2 
Bring volume up to 1L with 
distilled water 

Reprobing a western blot 

Harsh stripping buffer 20 ml SDS 10%  
12.5 ml Tris HCl, pH 6.8, 
0.5 M 
67.5 ml distilled water 
Add 0.8 ml ß-
mercaptoethanol under the 
fume hood 

Reprobing a western blot 

LDS-Sample Buffer 4X Thermofisher B0007 Denaturing sample buffer for 
SDS-PAGE 

SDS Loading buffer 2x  125 mM Tris-HCl, pH 6.8, 
4% SDS, 20% glycerin, 
0.2% bromophenol blue, 
10% β- mercaptoethanol. 

Denaturing sample buffer for 
SDS-PAGE 

Electrophoresis buffer 
10x 

1610772 For protein electrophoresis 

Blotting buffer 10x 0.25 M Tris-base, 1.92 M 
glycine, 0.2% SDS 

Transfer buffer with 15% 
methanol and antioxidant for 
reduced samples 

Cryoprotection solution 150 ml ethylene, 150 ml 
glycerine, 50 ml 1xPBS for 
500ml 

Protect certain material from 
freezing damage 

Poly-D-Lysin solution 100 mg/ml in 0.15 M boric 
acid, pH 8.4 

Facilitate cell adhesion to 
tissue culture-treated plastic 
and glass surfaces. 

HEPES saline (HS) 
medium 

135 mM NaCl, 5 mM KCl, 
2 mM CaCl2, 1 mM MgCl2, 
30 mM Hepes, 10 mM 
glucose, 10 mM lactic acid, 
and 1mM sodium pyruvate 
(pH 7.4) 

Sperm isolated medium 

 

Table 6: Buffers and solution 
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2.1.4 Kits and equipment 

 

Kits /Devices Supplier  Catalog number  
PCR core kit QIAGEN 201225 
Rneasy QIAGEN 74104 
Testosterone ELISA Kit  TECAN IBL International RE52151 
Follicle Stimulating 
Hormone ELISA Kit 

TECAN IBL International RE52121 

Luteinizing Hormone 
ELISA Kit 

USCN life sciences E90441Mu 

 
Table 7: Kits  
 
Equipment  type Supplier  
Confocal Microscope SP5 Leica 
Microscope Axiplan2 Zeiss 
Centrifuge 

 
Eppendorf AG 

ECL-Imaging 
 

Intas  
Flowcytometer PAS III Sysmex Deutschland 
QIAxcel Advanced  QIAGEN 
PCR Cycler  Eppendorf 

 
Table 8: Equipment 
 

2.1.5 Gene expression assays  

Tagman gene expression assay  Assay ID 
Neuroplastin Mm00485993_m1  

Mm00485990_m1 

Corticotropin Releasing Hormone  Mm04206019_m1 
Glucocorticoid receptor  Mm00433832_m1 

 

Table 9:  Gene expression assays  
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2.2 Mice 

Mouse lines Detail 
Nptnloxlox Floxed neuroplastin allele(lox) mice 
Nptn-/- Neuroplastin-deficient(ko) mice 
NptnloxloxAmhCre  Lacking neuroplastin conditionally in Sertoli cells  
NptnloxloxStra8Cre  Lacking neuroplastin conditionally in spermatogonia 

cells 
NptnloxloxAmhCre+Stra8Cre  Lacking neuroplastin conditionally in Sertoli cells and 

spermatogonia cells 

NptnloxloxEmx1Cre Glutamatergic neuron-specific Neuroplation-deficient 
mice  

NptnloxloxPrCreERT Inducible neuron-specific neuroplastin-deficient mice 
Nptnlox/loxGAD2CreERT  GABAergic neuron-specific inducible-Np-deficient 

mice  
Nptnlox/loxEmx1CreGAD2CreERT Glutamatergic neuron-specific and GABAergic 

neuron-specific inducible-Np-deficient mice  

 

Table 10: List of mouse lines 
 

Neuroplastin-deficient mice Nptn−/− (Nptntm1.2Mtg) and floxed Nptnloxlox mice with 

neuronspecific inducible PrCreERT (NptnloxloxPrCreERT) or with conditional lack of 

neuroplastin in Emx1-expressing cells (NptnloxloxEmx1Cre) were described and used in 

previous studies by Bhattacharya et al. (2017) and Herrera-Molina et al. (2017). Mice 

lacking neuroplastin conditionally in Sertoli cells (NptnloxloxAmhCre) or spermatogonia 

cells (NptnloxloxStra8Cre) were obtained by crossing floxed Nptnloxlox mice with 129S.FVB-

Tg (Amh-cre)8815Reb/J (The Jackson Laboratory) or B6.FVB-Tg(Stra8-

icre)1Reb/LguJ (The Jackson Laboratory), respectively, and further backcrossing to 

Nptnlox/lox mice. Double Cre-mutants (NptnloxloxAmhCre+Stra8Cre) lacking neuroplastin in 

Sertoli cells and in spermatogonia were obtained by intercrossing the single mutants. 

 
To obtain NptnloxloxEmx1Cre mice, B6.129S2-Emx1tm1(Cre) (The Jackson Laboratory) 

were crossed with Nptnloxlox mice and maintained on a Nptnloxlox background. Similarly, 

Gad2-CreERT2- mice (The Jackson Laboratory) were crossed with Nptnloxlox mice and 

maintained on a Nptnloxlox background. Nptnlox/loxGAD2CreERT mice allowed inactivation of 
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the neuroplastin gene in GABAergic interneurons by tamoxifen activation of the GAD2 

promoter driven Cre recombinase. Gad2-CreERT2 drivers provide robust and flexible 

genetic tools to manipulate GABAergic neurons throughout the mouse CNS 

(Taniguchi, He et al. 2011). For double Cre mutants (Nptnlox/loxEmx1CreGAD2CreERT), the 

glutamatergic neuron-specific and GABAergic neuron-specific inducible-Np-deficient 

mice were obtained by intercrossing the mutants NptnloxloxEmx1Cre and 

Nptnlox/loxGAD2CreERT. 

 

Mice were housed under a 12-hour light/dark cycle with ad libitum access to food and 

water. Animal husbandry and tissue collection were conducted in accordance with 

German (Tierschutzgesetz TierSchG) and European legislation (European 

Communities Council Directive (2010/63/EU) for the care of laboratory animals) and 

with the respective legal approval by the legal authorities (Landesverwaltungsamt 

Halle, Sachsen-Anhalt, Germany). 

 

2.3 Methods 

 

2.3.1 DNA isolation from mouse tails/ears 

DNA isolation is the process of extracting DNA from cells or tissues in order to obtain 

pure DNA for downstream applications such as PCR, sequencing, or cloning. Here we 

did the DNA isolation from the tails. Tissue lysis: The tail was cut about 0.5 cm long 

and first lysed with 200µl PCR-Tail solution containing 4µl Proteinase K in 1.5ml 

Eppendorf Tubes to release the DNA. The DNA-lysis solution was left to shake 

overnight at 55°C, then allowed to settle at 85°C	for 1 hour. 

Removal of protein and other contaminants was done after cooling down the DNA-

lysis solution to room temperature. This step was proceeded by centrifugation at 4°C 

with 8000 rmp in 10 minutes. The DNA suspension was collected as the resulting DNA 

solution could then be quantified and used for downstream applications. 

 

 



 MATERIALS AND METHODS 
 

 34 

2.3.2 Genotyping for dectection of the Nptn alleles  

The PCR procedure used for genotyping involves the following steps: 

 

Step Temperature Time 
Initial Denaturation  94°C  3 minutes 

 

Denaturation 94°C 30 seconds 45 Cycles  

Annealing 57°C 45 seconds 

Extension 72°C  1 minute 

Final Extension  72°C  7 minutes  
 

Hold  4°C  ⏤ 
 

 
Table 11:PCR procedure 

 
Sample preparation: PCR was carried out using Qiagen Taq PCR core kit. 

Denaturation: The reaction mixture was heated to a high temperature of 94°C for 3 

minutes, to denature the double-stranded DNA into single-stranded DNA.  

Annealing: The temperature was lowered to 57°C for 45 seconds, which allows the 

primers to bind to the single-stranded DNA at the target site. The primers define the 

boundaries of the DNA segment to be amplified.  

Extension: The temperature was raised to 72°C for 1 minute, which is the optimal 

temperature for the Taq-DNA polymerase to attach to the primers and synthesize a 

complementary strand of DNA. 

Repeat: Steps of 94°C for 30 seconds, 57°C for 45 seconds and 72°C for 1 minute 

were repeated for 45 cycles. Each cycle doubles the amount of DNA present in the 

reaction mixture. After the final cycle, the reaction mixture was cooled to room 

temperature. The amplified DNA product was then used immediately for detection of 

Nptn allels by QIAxcel Advabced System (Ex=600bp, WT=180bp, Lox=270bp). 
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Reagent 3 Primer 2Primer 
DNA sample solution 4µl 4µl 

H2O 11.75µl 12.25µl 

10X PCR master mix  2.5µl 2.5µl 

5Q-solution 5.0µl 5.0µl 

dNTPS 0.5µl 0.5µl 

1 Primer NP1 0.5µl 0.5µl 

2 Primer NP2 0.5µl 0.5µl 

3 Primer NP5 0.5µl 
 

Taq 0.25µl 0.25µl 

 
Table 12: PCR reaction 
 
NP1 (AGCAGGGTTTTGATAAGGGGTA) 

NP2 (CATCCTCTGCTCATTTTCCTCT) 

NP5 (GGCGGAGTACAGTTCTCACTTC) 

 
Table 13: Primer 
 

2.3.3 Protein Extraction 

 
The tissue (brain, testis, sperm) was dissected with clean tools, preferably on ice, and 

as quickly as possible to prevent degradation by proteases. 

The different tissues were placed in round bottom microfuge tubes and immersed in 

liquid nitrogen to ‘snap freeze’. Samples were stored at -80°C for later use or kept on 

ice for immediate homogenization. For every 1mg of tissue, 10µl Buffer A was added 

to the tube and the mixture was homogenized with an electric homogenizer. The 

constant agitation was maintained for 2 hours at 4°C by placing it on an orbital shaker 

in the cold room. The solution was then centrifuged for 20 min at 13,000rpm at 4°C. 

The prepared aliquot supernatant (the soluble protein extract) placed on ice was 

poured into a fresh, chilled tube and the sample was stored at -80°C. Freeze/thaw 

cycles were minimized from this step on. 
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A second option was occasionally pursued. For a ~5mg piece of tissue, ~300µl 

complete extraction buffer was added into the tube and the mixture was homogenized 

with an electric homogenizer. The blade was rinsed twice using 300µl complete 

extraction buffer for each rinse, then constant agitation was maintained for 2 hours at 

4°C; and again, placed on an orbital shaker in the cold room. The solution was 

centrifuged for 20 min at 13,000rpm at 4°C. The aliquot supernatant (the soluble 

protein extract) placed on ice was poured into a fresh, chilled tube and stored sample 

at -80°C. Freeze/thaw cycles were minimized from this step on. 

 

2.3.4 Protein determination, SDS-PAGE, Western Blotting 

 
Protein determination:  
Protein concentration was determined by Amido Black assay using 1mg/ml BSA 

solution as a standard. For every estimation, double 2ml Eppendorf cups (EP) were 

prepared for each value. Standards curves were prepared for the samples:1µg, 2µg, 

4µg, 8µg,16µg (10 cups). BSA and water were added to make up a total volume of 

100µl, which equates to 2µl per sample (the remaining 98µl was supplemented with 

water). The added 200µl Amido black solution for each EP was incubated with the 

mixture of each sample for at least 20 minutes at room temperature or placed on an 

orbital shaker at 4°C. After incubation, all samples were centrifuged for 5 minutes with 

14000rmp at room temperature. All sample protein were removed from the centrifuge 

and 1 ml of wash solution was added to each. Centrifugation was repeated for 5 

minutes with 14000rmp at room temperature and the supernatant was discarded. The 

washing procedure was repeated 3x until the supernatant remained colorless. Lastly, 

the pellet was dried for around 10 minutes until no solution remained in the Eps. The 

pellet was dissolved in 300µl 0.1N NaOH and shaken briefly. The absorbance of the 

supernatant is measured in a spectrophotometer, using a short path-Iength flow-

through cuvette at a fixed wavelength, the protein estimation was measured at OD620 

against 0.1N NaOH. 
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per Gel Seperation Gel 
8% 

Seperation Gel 
10% 

Seperation Gel 
15% 

Stacking Gel 
5% 

Water 3.32ml 2.91ml 2.16ml 1.83ml 
Tris pH6.8(0.5M) - - - 0.75ml 
Tris pH8(1.5M) 1.5ml 1.5ml 1.5ml - 
20% SDS 30µl 30µl 30µl 15µl 

40% Pac 1.2ml 1.5ml 2.25ml 375µl 
10%APS 60µl 60µl 60µl 30µl 

TEMED 2.4µl 2.4µl 2.4µl 3µl 

 
Table 14: SDS-PAGE Gels 
 
Western blot progress:  
The protein samples were denatured using either 2X SDS loading buffer at 95°C for 5 

minutes or 4X LDS loading buffer at 70°C for 10 minutes. The electrophoretic gel was 

prepared according to Table 14. The running buffer was poured into the 

electrophoresis chamber, the gel was placed inside, and the system was connected 

to a power supply. Care was taken to ensure that the gel was completely covered with 

buffer and the comb was carefully removed once the gel had solidified. Each well was 

loaded with a 5µl Dual-Color prestained Protein Marker followed by 15µl of the protein 

samples. The gel was run at a low voltage of 60V for approximately 30 minutes for the 

separating gel, followed by a higher voltage of 110V for the stacking gel, which took 

about 1.5 hours until the dye migrated from the front to the bottom of the gel. For the 

electrotransfer step, filter sheets were cut to fit the gel dimensions accurately, and a 

nitrocellulose (NC) membrane was cut to the same size. The sponge, filter paper, and 

NC membrane were wetted with methanol in the transfer buffer. The glass plates were 

separated, and the gel was retrieved. A transfer sandwich was assembled as follows: 

sponge-filter paper-gel-NC membrane-filter papers. To eliminate any air bubbles 

between the gel and NC membrane, excess liquid was gently squeezed out. The 

transfer sandwich was placed in the transfer apparatus, which was kept on ice at 4°C. 

Transfer buffer was added to the apparatus, ensuring that the sandwich was fully 

submerged. The electrode was positioned on top of the sandwich, with the NC 

membrane between the gel and the positive electrode. The transfer was conducted 
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for 90 minutes at a constant current of 200mA. Following the transfer, the membrane 

was subjected to blocking and antibody incubation. The membrane was blocked with 

5% skimmed milk (5mg milk powder in 100ml of 5%TBST) for 1 hour. Primary 

antibodies at a dilution of 1:1000 (based on specific antibody requirements) in a 

blocking buffer of 5% skimmed milk and 5%TBST (1:1) were added and incubated 

overnight at 4°C. The membrane was then washed four times for 10 minutes each with 

5%TBST. A secondary antibody at a dilution of 1:5000 in the blocking buffer was 

added, and the membrane was incubated for 1 hour at room temperature. Finally, an 

ECL mix was prepared, and the results were visualized. 

 

2.3.5 Enzyme-linked Immunosorbent assay of hormones 

ELISAs were performed exactly according to the instructions provided by the 

manufacturer. Pipetted volumes of 25µl of each standard, control and sample (5µl 

sample with 20µl standard A) into the respective wells of a microtiter plate, followed 

by pipetted volumes of 200µl of Enzyme Conjugate into each well. the plate was 

covered with adhesive foil, then thoroughly mixed for 10 seconds. The plate was 

incubated for 60 minutes at room temperature(18-25°C) on an orbital shaker. The 

adhesive foil was removed, and the incubation solution was discarded. The plate was 

washed 3 times with 300µl of diluted wash buffer, and excess buffer solution was 

removed by tapping the inverted plate onto a paper towel. Pipetted volumes of 100µl 

of TMB substrate were placed into each well and left to incubate for 15 minutes at 

room temperature. The reaction was stopped by adding 100µl of TMB stop solution 

into each well. The contents were briefly mixed by gently shaking the plate. Colours 

would change from blue to yellow if the reaction was successfully stopped. The optical 

density was measured with a photometer at 450nm within 10 minutes of pipetting the 

stop solution. 

 

2.3.6 Histological techniques and immunohistochemistry 

The experiment performed according to (Bhattacharya et al., 2017):   

Testis Immunofluorescence staining:  
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Adult mice were anesthetized using isoflurane and transcardially perfused with PBS, 

followed by freshly prepared 4% paraformaldehyde (PFA). The testis was dissected 

and post-fixed in the same fixative at 4 °C overnight, sequentially infiltrated with 15% 

and 30% sucrose for 24-48 hours each until it sank to the bottom. Coronal sections, 6 

µm thick, were obtained on glass coverslips at -19°C. Subsequently, soaking the glass 

coverslips with testis for 5-minute in a container filled with cold acetone, the sections 

were placed in a fume hood for drying. 

 

The testis sections were blocked with 20% horse serum in DPBS for one hour at room 

temperature and then incubated with primary antibodies in DPBS containing 0.3% 

Triton X-100 and 20% horse serum overnight at 4°C. Primary antibodies included 

sheep polyclonal anti-neuroplastin detecting Np65 and Np55 (pan-Np55/65; 1:500, 

R&D Systems), rabbit polyclonal anti-PMCA1 (1:500, ThermoFisher, Germany), rabbit 

polyclonal anti-Stra8 (Stimulated By Retinoic Acid 8, used as a marker for 

spermatogonia and spermatocytes, 1:500, Abcam, Berlin, Germany), anti-CPY11A1 

(Cytochrome P450 Family 11 Subfamily A Member 1, marker for Leydig cells, 1:500, 

Abcam), anti-alpha smooth muscle actin (marker for myoid cells, 1:500, Abcam), and 

anti-Sox9 (SRY-Box Transcription Factor 9, marker for Sertoli cells, 1:500, EMD 

Millipore, Darmstadt, Germany). Secondary antibodies were Alexa Fluor 488-

conjugated anti-mouse (1:1000, Jackson Immunoresearch), Cy3-conjugated anti-

sheep, and Cy5-conjugated anti-rabbit (1:1000, Jackson Immunoresearch). After 

washing with PBS and briefly with water, the sections were mounted on glass slides 

using fluoromount-G with DAPI (Southern Biotech, Birmingham, AL). 

 
Sperm Immunofluorescence staining:  
Two cauda epidydimus were collected in a petri dish which was previously prepared 

with DMEM and prewarmed to 37°C. A sharp scalpel blade was used to open the 

epididymal duct and the sperm was released by shaking the testes softly. The tissue 

was incubated at 37°C for 10-15 min to allow sperm to swim out. The sperm 

suspension was thoroughly mixed several times with a pipet. The diluted sperm 

solution was placed in centrifuge tube and centrifuged at 300 rpm for 5 min, and the 

supernatant was carefully aspirated with a 200 μL pipette and discarded. Then, 4% 

paraformaldehyde solution was added to the centrifuge tube, fixed for 3 h, and 

centrifuged at 300 rpm for 5 min. After removing the supernatant, 0.1 M sucrose 
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solution was added at room temperature for 3 h, and a pipette was used to smear it 

on the poly-L-lysine-coated glass coverslips in 12-well plate, predropped with 1% 

paraformaldehyde and 0.15% TritonX-100. After air-drying, the slides were washed 

three times in PBS for 5 minutes each to eliminate any residual paraformaldehyde, 

sucrose, and TritonX-100. Then the sperm were permeabilized in ice-cold acetone 

(−20 °C) for 5 min and washed in PBS. After washing in PBS, the samples were 

blocked in 20% horse serum in PBS for 1 hour at room temperature (RT). Sperm were 

stained using sheep polyclonal antibodies against neuroplastin detecting Np65 and 

Np55 (pan-Np55/65 1:500, R&D systems). Counterstaining used phalloidin-iFluor 488 

green (1:1000, Abcam, Berlin, Germany) and fluoromount-G DAPI (Southern Biotech). 

Immunofluorescence was visualized using a Leica SP5 confocal microscope. 

 

Brain imunofluorescence Staining:  
Adult mice were anesthetized with isoflurane and transcardially perfused with PBS 

followed by freshly prepared 4% PFA. The brain was dissected and post fixed in the 

same fixative at 4 °C overnight, serially infiltrated with 15% and 30% sucrose for 24-

48 hours each. Coronal sections 30 µm thick were obtained on glass coverslips by 

using cryostat at -19°C. The Brain sections were blocked (20% horse serum in PBS, 

one hour, room temperature) and incubated with primary antibodies in DPBS 

containing 0.3% Triton X-100 and 20% horse serum (overnight, 4°C). Primary 

antibodies used were sheep polyclonal anti-neuroplastin detecting Np65 and Np55 

(pan-Np55/65; 1:300, R&D systems), and rabbit polyclonal anti-PMCA1(1:500, 

Thermofisher,Germany), rabbit polyclonal anti-PMCA2 (1:500, Abcam,Berlin, 

Germany), and rabbit polyclonal anti-Parvalbumin, mouse monoclonal anti-Calbindin 

(1:500, Swant, Switzerland). Secondary antibodies were Alexa Fluor 488-conjugated 

anti-mouse (1:1000, Jackson Immunoresearch), Cy3-conjugated anti-sheep and Cy5-

conjugated anti-rabbit (1:1000, Jackson Immunoresearch). After washing with PBS 

and briefly with water, the sections were mounted on glass slides with fluoromount-G 

DAPI (Southern Biotech, Birmingham, AL).  

 
 

2.3.7 Mouse sperm count  
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Euthanasia was performed using isoflurane, followed by decapitation of the mouse. 

The testes were removed from the mouse via a small lateral abdominal incision, 

creating a cavity using small surgical scissors. The cauda, located at the end of the 

epididymis and beneath the testes, was identified. Excess fat was trimmed away by 

making a cut from the junction area. The weight of the cauda was measured and 

recorded. Next, the cauda was placed in a prewarmed petri dish containing DMEM 

(Dulbecco's Modified Eagle Medium) at 37°C. Using a sharp scalpel blade, the 

epididymal duct was opened, and the sperm were released by gently shaking the 

testes. The tissue was incubated for 15 minutes at 37°C, and the sperm suspension 

was thoroughly mixed several times using a pipette. Then, 0.5ml of the sperm 

suspension was transferred from the petri dish into a pre-prepared 1.5ml DMEM tube, 

being careful to avoid including the epididymal tissue. The contents were gently mixed. 

The tube was submerged in a water bath set at 60°C for 10-15 minutes. Afterward, 

the diluted sperm suspension was mixed again, and 20µl of the solution was measured 

with a pipette and loaded onto one side of a hemocytometer. To assess sperm viability, 

5µl of trypan blue was added to the solution and mixed. The loaded hemocytometer 

chamber was covered with a moistened coverslip. The hemocytometer was then 

placed on the microscope stage, and the lens was focused on the secondary square 

before proceeding to count the sperm. 

 

2.3.8 Behavioral experiments 

In this section, I provide an introduction to the behavioral experiments that were 

conducted as part of this study. It is important to note that these experiments were not 

personally conducted by the author, but they will be discussed in the thesis. Sex- and 

age-matched littermate wild-type mice were used as control animals for comparison. 

During the light phase of a 12-hour light-dark cycle, mice underwent a series of 

behavioral tests. The experimenter conducting the tests was blinded to the genotype 

of the mice to minimize bias. Initially, general parameters related to health and 

neurological function were assessed, following the neurobehavioral examination 

described in previous studies (Montag-Sallaz & Montag, 2003). Subsequently, several 

behavioral paradigms were employed to evaluate different aspects of mouse behavior. 

These paradigms included: 
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Two-way active avoidance test: A standard two-chambered shuttlebox (TSE) was 

used for conditioning. During the conditioning stimulus (CS, 10 seconds of light), the 

animals had to move to the dark side of the shuttlebox to avoid an electrical footshock 

(US, 5 seconds, 0.3 mA pulsed) delivered after the light.  The mice were injected with 

tamoxifen for 10 days and were tested 8 weeks later (80 trials per day). Compartment 

transitions during the CS were counted as correct or conditioned avoidance reactions, 

while transitions during the US were counted as unconditioned avoidance reactions. 

 

Mating analysis: Adult socially naive male mice were exposed to socially naive wild-

type females for a 30-minute period, and their behavior was recorded using an 

overhead camera. The latency to mount, number of mounts with thrusts, and duration 

of sniffing behavior were scored. 

 

Fear conditioning: Mice were trained and tested over two consecutive days. Training 

involved placing the subject in an operant chamber (San Diego Instruments) and 

allowing exploration for 2 minutes. An auditory cue was then presented for 15 seconds, 

followed by a footshock for 2 seconds (1.5 mA unpulsed). This procedure was 

repeated, and the mice were returned to their home cage 30 seconds after the last 

trial. After a 24-hour interval, the mice were placed back in the same chamber (context) 

for a 5-minute test, and freezing behavior was recorded. Following the context test, 

the mice were placed in a novel environment, and freezing behavior was recorded for 

3 minutes. The auditory cue (CS) was then presented for 3 minutes, and freezing 

behavior was recorded. Freezing scores were expressed as a percentage for each 

portion of the test. 

 

2.3.9 Statistical analysis 

Statview 5.0.1 (SAS Institute, Inc., Cary, NC) was used for analysis of variance, post 

hoc analysis (Scheffé or Fisher’s protected least significant difference), repeated-

measures analysis of variance, and t-tests. GraphPad Prism 9.4.1 (San Diego, CA) 

was used for t-tests and graph design. A p-value less than 0.05 was considered 

statistically significant.
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3 Results 
 

This chapter comprises two parts: the expression of neuroplastins in relation to fertility 

(Chapter 3.1 to 3.3) and the expression of neuroplastins concerning associative 

learning and memory (Chapter 3.4 to 3.8). In the first part (Chapter 3.1 to 3.3), built 

upon prior experimental findings from Bhattacharya et al. 2017 observing that Nptn-/- 

male mice exhibited no mating behavior, leading to a lack of offspring. Additionally, 

testosterone levels in the blood of Nptn-/- male mice were consistently lower than those 

in wild-type male mice from the age of 3 months to 11 months. Notably, collaborative 

efforts with our partners Wennemuth & Wiesehoefer (University Hospital Duisburg-

Essen) revealed that the quantity and concentration of sperm isolated from the cauda 

of the epididymis in adult Nptn−/− mice were comparable to those of their wild-type 

littermate males. In the second part (Chapter 3.4 to 3.8), drawing on results from 

Bhattacharya et al. findings in 2017 demonstrated that mice Nptn-/- and those induced 

with Nptnlox/loxPrCreERT exhibited impaired learning capacity. The work of Herrera-Molina 

et al. (2017) also reported that the expression of neuroplastins is not critical in 

glutamatergic neurons for associative learning. 

 

3.1  Testis and sperm in Nptn-/- male mice show no anatomical differences 

To investigate potential anatomical differences in the testes and sperm between 

Nptn+/+ and Nptn-/- male mice, I conducted an assessment of the testicular weight and 

morphology in adult Nptn-/- males, comparing them to Nptn+/+ males at 6 months of 

age. The results of the examination revealed that the overall testicular morphology in 

Nptn-/- males was comparable to that of their wild-type littermates (Figure 12A). 

Moreover, the testicular weights in Nptn-/- males during adulthood were similar to those 

in their wild-type littermates (Figure 12B). Quantitative analysis and comparison of the 

circumference of seminiferous tubules per cross-section, obtained from the testis of 

different genotypes, did not show any statistically significant differences (Figure 12C). 

Additionally, there were no statistically significant differences observed in the sperm 

count per cauda (Figure 12D). 
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A.                B.  

C.            D.   
Figure 12: Normal appearance of testis of Nptn-/- male mice 

A. Testicular morphology and size appear normal in Nptn-/- male mice (scale: mm). B. The average 

testicular weight of Nptn-/- and Nptn+/+ male littermates is not significantly different. C. The average 

circumference of seminiferous tubules is similar in Nptn-/- and Nptn+/+ male mice. D. The number of 

sperm in the cauda epididymidis of Nptn-/- and Nptn+/+ male mice is similar. 
 

3.2  Neuroplastin expression in testis and sperm  

At the protein level, polyclonal antibodies against neuroplastin revealed two bands at 

55 kDa and 65 kDa in the brain from Nptn+/+ male mice, and a single band at 50 kDa 

in the testis and a band at 45 kDa in sperm (Figure 13A). The Np65 isoform was 

detected specifically in the brain and was not detectable in testicular tissue or sperm. 

Neuroplastin was found with punctate surface staining in isolated wild-type sperm in 

both the head and tail regions (Figure 13B), but was undetectable in sperm from    

Nptn-/- male mice. 
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A.  

B.  

Figure 13: Neuroplastin expression in testis and sperm 
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A. Immunoblot analysis revealed neuroplastin expression in the testis and sperm of Nptn+/+ male mice, 

but not in Nptn-/- males. Differences in molecular weight reflected variations in glycosylation, with lower 

molecular weights observed in the testis (50 kDa) and sperm (45 kDa) compared to the brain (55 and 

65 kDa). B. Immunofluorescence staining demonstrated neuroplastin (in red) expression in the isolated 
mature sperm in both the head and tail regions (Nptn+/+/ Nptn-/-, top row: scale bar = 20 μm; bottom row: 

scale bar = 10 μm). Co-staining was performed using phalloidin (in green) and DAPI (in blue).  

 

Next, we examined the expression of neuroplastin in the mouse testes using 

immunohistochemistry. Neuroplastin was detected in the seminiferous tubules of 

Nptn+/+ males with the highest concentration in the outermost layer of the tubules, but 

no neuroplastin was detected in the testes of Nptn-/- males (Figures 14 and 15). In 

adult male Nptn+/+ mice, neuroplastin expression was observed in myoid cells, 

interstitial cells, spermatogonia, spermatocytes, and Sertoli cells. Notably, the 

expression patterns revealed by antibodies against alpha-smooth muscle actin (myoid 

cells) (Figure 14A), CYP11A (interstitial cells) (Figure 14B), Stra8 (spermatogonia and 

spermatocytes) (Figure 15A), and Sox9 (Sertoli cells) (Figure 15B) showed no 

differences between Nptn+/+ and Nptn-/- indicating normal testicular development and 

maturation in Nptn-/- male mice. 

 

A.  
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B.  

Figure 14: Neuroplastin expression by Leydig and peritubular myoid cells 

Antibodies targeting the two neuroplastin isoforms (shown in red) clearly revealed the expression of 

neuroplastin in the testes. Neuroplastin was undetectable in the testes of Nptn-/- mice. A. Antibodies 

against alpha-smooth muscle actin (⍺-SMA, in green) identified peritubular myoid cells, confirming the 

expression of neuroplastin by myoid cells in Nptn+/+ mice but not in Nptn-/- mice (scale bar left = 50 µm; 

middle = 20 µm; right = 10 µm; for Nptn−/−, scale bar = 50 µm). The expression of α-smooth muscle 

actin remained unchanged in Nptn-/- mice. B. Antibodies targeting CYP11A (in green) identified Leydig 

cells, confirming the expression of neuroplastin in Leydig cells of Nptn+/+ mice but not in Nptn-/- mice 

(scale bar left = 50 µm; middle = 20 µm; right = 10 µm; for Nptn−/−, scale bar = 50 µm). It is important to 

note that the expression of CYP11A was unaltered in Nptn-/- mice. 
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A.  

B.  

Figure 15: Neuroplastin expression by spermatogonia, spermatocytes, and 
Sertoli cells 

A. Spermatogonia and spermatocytes were identified by antibodies against Stra8, confirming the 

expression of neuroplastin in spermatogonia and spermatocytes in Nptn+/+ mice but not in Nptn-/- mice 
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(scale bar left = 50 µm; middle = 20 µm; right = 10 µm; for Nptn−/−, scale bar = 50 µm). B. Antibodies 

against Sox9 recognized the Sertoli cells, confirming the expression of neuroplastin by Sertoli cells in 

Nptn+/+ mice but not in Nptn-/- mice (scale bar left = 50 µm; middle = 20 µm; right = 10 µm; for Nptn−/−, 

scale bar = 50 µm). It's important to note that, whether it's Stra8 or Sox9, their expression in Nptn-/- is 
consistent with that in Nptn+/+ mice. 

 

To investigate whether reproduction relies on the expression of neuroplastin during 

spermatogenesis or in Sertoli cells, gene inactivation through Cre recombinase was 

employed.  

 

 
 

Figure 16: Ablation of neuroplastin expression in spermatocytes, spermatogonia, and 
Sertoli cells 

When Cre recombinase expression was guided by the Stra8 promoter in NptnloxloxStra8Cre mice, 

neuroplastin expression was no longer detected in spermatogonia and spermatocytes. In NptnloxloxAmhCre 

mice, neuroplastin expression in Sertoli cells was eliminated. In NptnloxloxAmhCre+Stra8Cre mice, neuroplastin 
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expression in interstitial cells and myoid cells remained unaffected, but it was completely absent in 

spermatocytes, spermatogonia, and Sertoli cells (first and second row images: lower magnification, 

scale bar = 50 μm, third row: higher magnification, scale bar = 20 μm). 

 

However, NptnloxloxStra8Cre, NptnloxloxAmhCre, and NptnloxloxAmhCre+Stra8Cre males 

successfully produced offspring, indicating that neuroplastin expression in 

spermatocytes, spermatogonia, and Sertoli cells in the testes is not essential for 

fertility or reproduction. 

 

To address the potential neuronal function of neuroplastin that might interfere with 

reproduction, the fertility of male NptnloxloxEmx1Cre mice was analyzed, which specifically 

lack neuroplastin expression in glutamatergic neurons (Herrera-Molina et al., 2017), 

and male NptnloxloxPrCreERT mice, where the Nptn gene can be inactivated by tamoxifen 

injection selectively in neurons (Bhattacharya et al., 2017). NptnloxloxEmx1Cre males 

reproduced offspring similar to wild-type males. Likewise, male NptnloxloxPrCreERT mice 

continued to reproduce offspring for over 2 months after Nptn gene inactivation. 

 

 

3.3 The testosterone level in the testis of adult neuroplastin-deficient (Nptn−/−) 
male mice is not different from that in wild-type (Nptn+/+) male mice 

 

In males, testosterone helps to develop and maintain the male reproductive system, 

including the penis, testes, prostate gland, and seminal vesicles. It also promotes the 

development of male secondary sexual characteristics, such as increased muscle 

mass and bone density (Nassar and Leslie, 2023). To determine whether there were 

differences in intratesticular testosterone levels between Nptn+/+ and Nptn−/− mice, we 

conducted ELISA tests. The results indicated that there was no statistically significant 

difference in intratesticular testosterone levels between the two genotypes of mice. 
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Figure 17: Intratesticular testosterone in Nptn+/+ and Nptn−/− mice 

Intratesticular testosterone levels, as determined by ELISA in adult Nptn+/+ (n=6) and Nptn−/− (n=6) male 

mice, were found to be similar (one-way ANOVA). 

 

Costa et al. (2010) clearly demonstrated how testosterone is released into the testes 

and bloodstream. Upon binding of LH to its receptor on the interstitial cell membrane, 

LH receptor-G protein coupling leads to an increase in cAMP formation. cAMP 

stimulates the mobilization and transport of cholesterol to the mitochondria via 

activation of PKA signaling. Cholesterol is transferred to the mitochondria, where it is 

converted to pregnenolone by binding with CYP11A1 and then transported from the 

mitochondria to the smooth endoplasmic reticulum. Within the smooth endoplasmic 

reticulum, pregnenolone is converted to testosterone by enzymes (HSD3b, CYP17A1, 

and HSD17b) and subsequently released. Therefore, I examined the expression of 

LHR, HSD3B, CYP17A1, and PKA in the testis by Western blotting and observed no 

changes between mice Nptn+/+ and Nptn−/− as depicted in Figure 18A and Figure 18B. 

But the fluorescence staining intensity of PKA[RIIa] was significantly reduced by 

immunohistochemistry (Figure 18C and Figure 18D).  
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A. B.  

C.   D.  

Figure 18: Analysis of adult testis   

A. The Western blot analysis of adult mice testis (left three bands: Nptn+/+; right three bands: Nptn-/-) 

utilizing antibodies against PKARIIa, ß-actin, LH-receptor, HSD3B1, CYP11A1, neuroplastin55/65, and 
GAPDH. B. No statistically significant differences of the staining intensity of PKA[RIIa], ß-actin, LH-

receptor, HSD3B1, CYP11A1 were observed between Nptn+/+ and Nptn−/− mice by Western blot C. 
Immunohistochemical staining of PKA[RIIa] in testis sections from Nptn+/+ and Nptn−/− mice. D. A 

notable reduction in PKA[RIIa] staining intensity was observed in the testis of Nptn-/- male mice 

compared to Nptn+/+ counterparts (one-way ANOVA), Nptn-/- n=14 sections (132 tubules), Nptn+/+ n=9 

sections (100 tubules), F (1,21) =5.795, p=0.0254). 

 

3.4 PMCA1 is reduced in Leydig cells of neuroplastin- deficient (Nptn-/-) mice 

Our analysis did not reveal abnormal testicular morphology or altered 

spermatogenesis in Nptn−/− males arguing against the possibility of LH or FSH deficits. 

Additionally, we noted normal blood concentrations of LH and FSH in Nptn−/− males, 
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providing evidence for a functional HPA axis. Report from Costa et al. (2010) provided 

a potential explanation for the low testosterone level in the blood of Nptn−/− male mice 

could be a partially abnormal response to LH signal processing which is associated 

with elevation of intracellular Ca2+. Therefore, I used immunohistochemistry to 

investigate whether the loss of neuroplastin might potentially interfere with the 

expression of PMCA, as previously observed in other cell types (Herrera-Molina et al., 

2017; Korthals et al., 2017; Schmidt et al., 2017). Reduced expression levels of 

PMCA1 were observed in the testes of Nptn-/- males, particularly in Leydig cells when 

compared to Nptn+/+ littermates (Figure 19). 

 
 

Figure 19: PMCA1 expression in the testis and particularly in the Leydig cells 
 
Immunohistochemistry reveals decreased expression of PMCA1 in the testes of Nptn-/- males compared 

to Nptn+/+ males (top row: Nptn+/+, scale bar left = 50 µm, scale bar right = 20 µm;  bottom row: Nptn-/- , 
scale bar left = 50 µm, scale bar right = 20 µm). 

 

The expression of PMCAs is reduced in mice lacking neuroplastin（Bhattacharya et 

al., 2017）. To investigate this further, I also investigated the expression of PMCA1 in 

the brain and testis of Nptn+/+ and Nptn−/− male mice (Figure 20). 
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Figure 20: PMCA1 expression in the brain and testis 

Reduced expression of PMCA1 in brain (46% decrease) and testis (39% decrease) of adult Nptn−/− (n 

= 3) compared to Nptn+/+ (n = 3) male mice was revealed by Western blot analysis (one-way ANOVA). 

Equal loading was revealed by Western blot analysis using tubulin as reference protein.  

 

 

3.5 Inducible Cre recombinase with promoter GAD2 mediated inactivation of 
the neuroplastin gene results in retrograde amnesia with significantly 
reduced memory 

As mentioned at the beginning, Nptn-/- mice and induced Nptnlox/loxPrCreERT mice both 

exhibit impaired learning in the two-way active avoidance test (Bhattacharya et al., 

2017). The concept of disinhibition, defined as 'a momentary interruption in the 

balance of excitation and inhibition' within glutamatergic projection neurons regulated 

by GABAergic interneurons, emerges as crucial for the acquisition and expression of 

associative fear conditioning (Augustine et al., 2003). The findings by Herrera-Molina 

et al. (2017) suggest that the expression of neuroplastins in glutamatergic neurons is 

not essential for acquisition. Instead, they propose that GABAergic interneurons 

expressing neuroplastins may play a modulatory role in inhibiting glutamatergic 

neurons in the Nptnlox/loxEmx1Cre mutant. 
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To support the above hypothesis, Nptnlox/loxGAD2CreERT mice allowing inactivation of the 

neuroplastin gene in GABAergic interneurons by tamoxifen activation of the GAD2 

promoter driven Cre recombinase were generated. The rate-limiting enzyme glutamic 

acid decarboxylyase produces gamma-aminobutyric acid (GABA) (GAD). GAD 65 is 

encoded by the GAD2 gene, which is important for GABAergic transmission (Wu et 

al., 2007).Gad2-CreERT2 drivers provide robust and flexible genetic tools to 

manipulate GABAergic neurons throughout the mouse CNS (Taniguchi et al., 2011). 

In GAD2tm1(Cre/ERT2) mouse (The Jackson Laboratory, Stock No:010702), the insertion 

both abolishes Gad 2 gene function and expresses a Cre-ERT2 fusion protein from 

the Gad2 promoter. These mice were crossed with Nptn-floxed mice and further 

intercrossing resulting in homozygously floxed Nptn mice with and without GAD2-Cre-

ERT2 allele allowing tamoxifen inducible conditional neuroplastin-deficiency. The 

homozygous floxed Nptn mice carrying the GAD2-Cre-ERT2 allele were designated 

Nptnlox/loxGAD2CreERT mice (Figure 21). 

 

 

 
 
Figure 21: GABAergic neuron-specific inducible neuroplastin-deficient mice 
Tamoxifen (Tam)-inducible System of estrogen receptor fused to Cre (CreER)( Kim et al. 2018). 1. The 
GAD2 promoter leads to specific expression of the transgene in GABAergic neurons. In the absence of 

tamoxifen, the expressed fusion protein, CreERT, interacts with heat shock protein 90 (HSP90) and in 

the cytoplasm. 2. Administration of Tam disrupts the interaction between HSP90 and CreER. 3. 
Interaction of ER with Tam makes the nuclear localization signal accessible allowing nuclear 

translocation of Cre. 4. In the nucleus, the CreER recognizes the loxP sites introduced into the Nptn 
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gene. 5. Exision of the region between the lox sites inactivates the gene Nptn in GABAergic 

interneurons.  
 

 

Neuroplastins expression were analyzed by immunofluorescence staining in brains of 

Nptn+/+ mice,  neuroplastin-deficient (Nptn-/-) mice, Nptnlox/loxEmx1Cre mice (mice ablated 

neuroplastin in cortical and hippocampal glutamatergic neurons), Nptnlox/loxGAD2ERT 

(mice allowed inactivation of the neuroplastin gene in GABAergic interneurons by 

tamoxifen activation of the GAD2 promoter driven Cre recombinase) and 

Nptnlox/loxEmx1CreGAD2ERT mice (inactivation of the neuroplastin both of glutamatergic and 

GABAergic neurons). Figures 22-24 show staining of the brains of Nptn+/+, Nptn-/-, 

Nptnlox/loxEmx1CreGAD2ERT, Nptnlox/loxEmx1Cre, Nptnlox/loxGAD2ERT mice using anti-Neuroplastin 

55/65, anti-Calbindin, and anti-Parvalbumin antibodies (Figure 22, scale bar = 1mm; 

Figure 23, scale bar=100 µm and scale bar = 5 µm; Figure 24, scale bar=100 µm and 

scale bar = 5 µm). 
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Figure 22: Expression of neuroplastins, a-calbindin and parvalbumin in various mutant mice brain 
The staining of the mice brains of five different genotypes using primary antibodies (scale bar = 1mm): anti-Neuroplastin 55/65 (sheep, 1:300), anti-Calbindin 

(mouse, 1:500), anti-Parvalbumin (rabbit, 1:500), and secondary antibodies Cy3-anti-Sheep IgG(H+L) (1:1000), Cy5-Anti-Rabbit IgG(H+L) (1:1000), and Alexa 

Fluor 488-Anti-Mouse IgG(H+L) (1:1000).
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A.  

B.  

Figure 23: Expression of neuroplastins, a-calbindin and parvalbumin in various 
mutant mice motor cortex  
A. Expression of neuroplastins, a-calbindin and parvalbumin in various mutant mice motor cortex (scale 

bar =100µm).  B. Expression of neuroplastins, a-calbindin and parvalbumin in various mutant mice 

motor cortex (higher magnification, scale bar = 5µm). 
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A.  

B.  

Figure 24: Expression of neuroplastins, a-calbindin and parvalbumin in various 
mutant mice hippocampus 
A. Expression of neuroplastins, a-calbindin and parvalbumin in various mutant mice hippocampus 

(scale bar =100µm).  B. Expression of neuroplastins, a-calbindin and parvalbumin in various mutant 

mice hippocampus (higher magnification, scale bar = 5µm). 
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From the neuroplastins staining results presented in Figure 22, it is apparent that the 

brains of Nptn-/- mice exhibit a lack of neuroplastins expression. In the cortex and 

hippocampus of Nptnlox/loxEmx1CreGAD2CreERT mice, there are very limited neuroplastins 

expression. In the brains of Nptnlox/loxEmx1Cre mice, where neuroplastin in glutamatergic 

neurons is knocked out, the staining remarkably resembles that of 

Nptnlox/loxEmx1CreGAD2CreERT mice. Nptnlox/loxGAD2CreERT, characterized by the specific 

elimination of neuroplastin expression in GABAergic interneurons, exhibits staining 

nearly identical to the wild type. This is attributed to the fact that GABAergic neurons 

represent a very small proportion in the cortex and hippocampus. Figures 23 and 24 

were examined at higher resolutions, focusing on the motor cortex and the 

hippocampal region. Antibodies anti-Calbindin and anti-Parvalbumin were employed 

to stain two different types of GABAergic neurons, providing a more detailed illustration 

of the findings presented in Figures 23 and 24. 

 

The induced ablation of neuronal neuroplastins mice Nptnlox/loxPrCreERT yielded no 

significant impact on Water Maze performance or in the light/dark avoidance 

experiment. However, after training in active avoidance and fear conditioning 

paradigms, ablation of Nptn in neurons did reveal impairments indicating selective 

retrograde amnesia for associative memories, as demonstrated by Bhattacharya et al. 

in 2017. In our study, the same two-way active avoidance test (Figure 25) was used 

to explore the potential reduction in memory and learning abilities in 

Nptnlox/loxGAD2CreERT mice following tamoxifen administration. The experimental design 

was specifically tailored to assess associative learning and associative memory 

capabilities as described by Bhattacharya et al. 2017. 
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Figure 25: Shuttle box for two-way active avoidance test 

A standard two-chambered shuttlebox (TSE) was used. During the conditioning stimulus (CS, 10 
seconds light), the animal had to move to the dark side of the shuttlebox to avoid an electrical footshock 

(US, 5 seconds, 0.3mA pulsed) delivered after the light. Inter-trial duration ranged from 5 to 15 seconds 

when the animals could move between the compartments. The mice were trained for 5 days with 80 

trials each day. Compartment transitions during presentation of the CS were counted as correct or 

conditioned avoidance reactions while transition during the US were counted as unconditioned 

avoidance reaction. 

 

The learning experiment involved the administration of tamoxifen at a dosage of 2 

mg/day for a duration of 10 days initially. Subsequently, an 8-week waiting period was 

implemented to facilitate neuroplastins degradation. Following this waiting period, the 

mice underwent a training phase, encompassing 80 trials per day over a period of five 

days, to assess their learning ability (Figure 26). The results show that ablation of 

neuroplastins in GABAergic interneurons does not affect associative learning (Figure 

27). 

 

 

 
 

Figure 26: Two-way active avoidance test for associative learning  

Nptnlox/lox and Nptnlox/loxGAD2CreERT   were injected with tamoxifen for 10 days and then trained 2 months 

later in the two-way active avoidance test.  
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Figure 27: Learning skill from two-way active avoidance test 

Two-way active avoidance test shows similar learning ability with no significant difference between 

Nptnlox/loxGAD2CreERT  and Nptnlox/lox mice. Tamoxifen induced mice performed normal in acquiring 

associative learning skills in the two-way active avoidance.  

 

In the memory test, mice Nptnlox/lox and Nptnlox/loxGAD2CreERT  underwent training with 80 

trials per day for 5 days. Mice that attained a performance level of more than 75% 

correct responses were selected and subjected to tamoxifen treatment, constituting 

the memory experiment group. This group received tamoxifen treatment for a duration 

of 10 days, followed by an 8-week waiting period to facilitate neuroplastins degradation. 

Subsequently, associative memory was assessed in two-way active avoidance test 

(Figure 28).  

 
 

 
 
Figure 28: Two-way active avoidance test for associative memory  

Nptnlox/lox and Nptnlox/loxGAD2CreERT  mice were trained for two-way active avoidance to more than 75% 

correct responses for 5 days, then induced with tamoxifen for 10 days and 2 months later tested for 

associative memory.  
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Figure 29: Associative memory from two-way active avoidance test 

Adult Nptnlox/lox (n = 14, black) and Nptnlox/loxGAD2-CreERT (n = 14, blue) exhibited differences in memory 

for the two-way active avoidance test after ablation of neuroplastin in GABAergic neurons. 

 

Nptnlox/loxGAD2CreERT mice exhibited low performance in associative memory during the 

two-way active avoidance task. This outcome (Figure 29) indicates that the loss of 

neuroplastins in GABAergic interneurons resulted in retrograde amnesia. 

 
 

3.6 Ablation of neuroplastins expression in Parvalbumin positive interneurons 

 

Inhibitory GABAergic interneurons are a specific type of neurons that are distinguished 

by the co-expression of several small proteins that primarily function as 

neuromodulators or Ca2+-binding proteins (Hu et al., 2014). One such type of inhibitory 

GABAergic interneuron, the PV+ interneurons, is defined by the expression of the 

Ca2+-binding protein parvalbumin (PV), which has a molecular weight of approximately 

12 kD in mice. PV plays a critical role in accelerating Ca2+ sequestration, decreasing 

presynaptic Ca2+ levels, influencing short-term synaptic plasticity, and inhibiting 

cumulative facilitation (Caillard et al., 2000). Because PV rapidly sequesters Ca2+, it 

significantly reduces the Ca2+-activated potassium conductance that is responsible for 

post-spike hyperpolarization, thereby enabling PV+ interneurons to repolarize and fire 

faster than other neurons. As a result, PV+ interneurons are characterized by fast-

spiking action potentials at high energy costs (Hu et al., 2014).  
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I conducted studies on mice with different neuroplastin mutations (Nptnlox/loxEmx1Cre, 

Nptnlox/loxGAD2CreERT, Nptnlox/loxEmx1CreGAD2ERT) using fluorescent immunostaining and 

confocal microscopy (Figure 30). Analyzing over 1204 images and 1571 neurons in 

the mouse motor cortex and hippocampal regions (CA1-3 and DG), we found that the 

distribution of PV+ interneurons in the motor cortex regions and hippocampal areas 

showed no statistically significant differences among the three genotypes of mice. The 

distribution of PV+ interneurons in Nptnlox/loxGAD2CreERT mice was 4.66x103 mm2 in the 

motor cortex and 5.73 x103mm2 in the hippocampus. For Nptnlox/loxEmx1CreGAD2ERT mice, 

the distribution was 4.93 x103mm2 in the motor cortex and 5.76 x103mm2 in the 

hippocampus, while for Nptnlox/loxEmx1Cre mice, it was 4.82 x103mm2  in the motor cortex 

and 5.24 x103mm2 in the hippocampus. 

 

 
 

Figure 30: Ablation of neuroplastins in GABAergic Interneurons  

Immunolabelling of brain cryosections using anti-neuroplastin(red) and anti-parvalbumin antibodies 

(white) counterstained with DAPI (blue). Nptnlox/lox and Nptnlox/loxEmx1Cre mice express neuroplastins in 
parvalbumin positive interneurons delineating the cell membrane whereas in Nptnlox/loxGAD2CreERT after 

induction parvalbumin positive interneurons are not surrounded by neuroplastin (scale bar left =200 µm; 

scale bar right = 5 µm). 
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A.

 
 

B.

  
 

Figure 31: The expression of PV+ interneurons in mice motor cortex and 
hippocampus 

A. Quantified region in cortex and hippocampus B. Average number of PV+ interneurons 

  

I also quantified the expression of neuroplastins in PV+ interneurons among 

Nptnlox/loxEmx1Cre and Nptnlox/loxGAD2CreERT mice. In Nptnlox/loxEmx1Cre mice, 98.92% of PV+ 

interneurons expressed neuroplastins in the cortex, 99.47% in the hippocampus. In 
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contrast, in Nptnlox/loxGAD2CreERT mice, only 4.8% of PV+ interneurons expressed 

neuroplastins in the cortex, and 3.32% in the hippocampus. 

 

 
 
Figure 32: Neuroplastins expression in PV+ interneurons 

Neurons were collected from 3 Nptnlox/loxEmx1Cre mice (7-8 months old) and 3 induced Nptnlox/loxGAD2CreERT 

mice (7-8 months old), with 3 sections per mouse (Nptnlox/loxEmx1Cre , n=9, neuron number from cortex 

285, from hippocampus 292; Nptnlox/loxGAD2CreERT , n=9, neuron number from cortex 262, from 

hippocampus 241) taken from the same dissection region to assess the percentage of Np expression 
in PV+ interneurons. In Nptnlox/loxEmx1Cre, nearly 100% of PV+ interneurons showed Np expression, 

whereas the Nptnlox/loxGAD2CreERT mice after induction exhibited significantly lower Np expression 

compared to Nptnlox/loxEmx1Cre mice (*p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA). 

 

The result is that over 98,92% of the PV+ interneurons express neuroplastins in 

Nptnlox/loxEmx1Cre mice whereas in the induced NptnloxloxGADCreERT2 mice only less than 

4.8% of the PV+ neurons express neuroplastins, thus neuroplastin expression can be 

specifically ablated in GABAergic interneurons in Nptnlox/loxGADCreERT2. 

 

3.7 PMCA2 is reduced in GABAergic neuron-specific inducible Neuroplastin - 
deficient mice 

PMCAs expression levels are significantly reduced in Nptn-/- and induced 

Nptnlox/loxPrCreERT mice (Bhattacharya et al., 2017). To determine the alterations in the 

levels of PMCAs, we performed Western blot analysis using individual cortex, 
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hippocampus and striatum obtained from Nptn+/+, Nptn-/-, Nptnlox/loxEmx1Cre, induced 

Nptnlox/loxGAD2CreERT, and induced Nptnlox/loxEmx1CreGAD2ERT (Figure 33).  

 
Figure 33: PMCAs expressed in different genotype mice 

By Western blot analysis of PMCAs, the expression levels of PMCAs in different neuroplastin mutant 

mice were examined, indicating a positive correlation between PMCAs expression and neuroplastin 
expression. 

 
Additionally, ablation of Nptn in glutamatergic neurons affected the expression of 

PMCA1, 3, and 4, whereas PMCA2 expression was not affected (Herrera-Molina et 

al., 2017), suggesting expression of PMCA2 predominantly by GABAergic 

interneurons. Therefore, I investigated the expression of PMCA2 in GABAergic 

neuron-specific induced-neuroplastin-deficient mouse brains using a paralog-specific 

PMCA2 antibody and Western blot analysis (Figure 34). 

 

 
A. 
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B. C.  

D.  
Figure 34: PMCA2 expressed in different genotype mice 

A.The decrease in PMCA2 expression in the cortex, hippocampus and striatum were confirmed by 

Western blot analysis. B.Quantification of PMCA2 levels in cortex, C.hippocampus and D.striatum of 

Nptn+/+, Nptn-/-, induced Nptnlox/loxEmx1CreGAD2ERT and induced Nptnlox/loxGAD2ERT mice (* p<0.05, ** p<0.01, 

*** p<0.001), each genotype n³3. 

 
This finding is consistent with the assumption that in the mouse cortex and 

hippocampus, PMCA2 is predominantly expressed by GABAergic interneurons, 

displaying minimal expression in glutamatergic neurons. This is substantiated by the 

similar reduced PMCA2 expression observed in induced Nptnlox/loxGAD2ERT and 

Nptnlox/loxEmx1CreGAD2ERT mice, in which Nptn ablation in glutamatergic neurons does not 

further affect PMCA2 expression compared to induced Nptnlox/loxGAD2ERT. 

Immunohistochemistry (IHC) double-staining of PMCA2 and PV+ interneurons (refer 

to chapter 3.8 Figure 35) also lends support to this proposition. Furthermore, these 

results reinforce the observations made by Herrera-Molina et al. (2017), suggesting 

that unchanged PMCA2 expression in Nptnlox/loxEmx1Cre mice is associated with the 

expression of neuroplastins in GABAergic neurons. 
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3.8 PMCA2 is reduced in PV+ GABAergic interneurons 

PMCA2 is expressed in the hippocampus, with particular isoforms restricted to 

GABAergic presynapses (Burette et al., 2009) or glutamatergic spines (Burette et al., 

2010). To further explore the expression of PMCA2 in Nptn-/-, Nptnlox/loxEmx1CreGAD2ERT 

and Nptnlox/loxGAD2ERT mice, we performed staining in the hippocampal region using 

anti-PMCA2 and anti-Parvalbumin antibodies. The results showed that the expression 

of PMCA2 on PV interneurons was significantly reduced in Nptn-/-, and induced 

Nptnlox/loxEmx1CreGAD2ERT and Nptnlox/loxGAD2ERT mice consistent with the Western blot 

experiments in chapter 3.7, Figure 34. 

 

 
 
Figure 35: PMCA2 expressed in parvalbulmin interneurons 

Immunolabelling of brain cryosections using anti-Neuroplastins, anti-PMCA2, and anti-parvalbumin 

antibodies. Compared to the Nptn+/+ hippocampus region, PMCA2 was substantially reduced in Nptn-/-, 

and induced Nptnlox/loxEmx1CreGAD2ERT and Nptnlox/loxGAD2ERT mice, consistent with the results of the Western 

blot analysis (scale bar = 10 µm).
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4 Discussion 
 

4.1 Neuroplastin-deficient (Nptn-/-) male mice do not reproduce nor display 
normal mating behavior 

In a preceeding unpublished study conducted by Soumee Bhattacharya in our group, 

it was found that homozygous Nptn−/− male mice did not sire offspring. Additionally, 

the Nptn−/− male mice displayed abnormal investigatory behavior by spending 

significantly less time engaged in anogenital sniffing (1.4 ± 0.4 min) compared to the 

wild-type Nptn+/+ counterparts (2.8 ± 0.2 min). However, the total interaction time, 

which includes body sniffing, anogenital sniffing, and direct contact, did not show any 

difference between the genotypes. These mating abnormalities and the observed 

infertility of homozygous Nptn−/− male mice were the basis to investigate the role of 

neuroplastin for fertility in this current study. 

 

4.2 The ability of male mice to produce offspring was not affected by the 
ablation of Neuroplastins expression in spermatogonia, Sertoli cells or 
central nervous system  

According to Langnaese et al. (1997), Np55 is expressed in the testis of rats. The 

polyclonal antibody against neuroplastins detects two bands at 55 kDa and 65 kDa in 

the brain of Nptn+/+ male mice. Immunofluorescence staining using the same antibody, 

as shown e.g in image 22, confirms the expression of neuroplastin in the central 

nervous system. RT-PCR experiments show that Nptn mRNA is also expressed in 

other organs, including the testis of Nptn+/+ male mice (Chen, et al., 2023). This aligns 

with the data from Green et al. in 2018, who reported the expression of neuroplastin 

mRNA by several cell types (e.g., in myoid, Leydig, Sertoli cells, spermatogonia, 

spermatocytes, and spermatids) in the testis of adult male mice using single-cell RNA 

sequencing. We further confirmed this by immunofluorescence staining. Expression 

patterns of markers for Leydig cells (CPY11A), Sertoli cells (Sox9), spermatogonia, 

spermatocytes (Stra8), and myoid cells (alpha smooth muscle actin) appear normal in 
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the adult Nptn−/− testis. As shown in Figure 14 and Figure 15, the expression of 

neuroplastin in the testis, specifically in Leydig cells, peritubular myoid cells, 

spermatogonia, spermatocytes, and Sertoli cells was revealed at the protein level 

confirming the mRNA expression data. In Figure 16, we utilized Cre recombinase-

mediated gene inactivation to investigate whether reproduction depends on 

neuroplastin expression during spermatogenesis or in Sertoli cells. Specific ablation 

of neuroplastin in spermatogonia and spermatocytes (NptnloxloxStra8Cre), or in Sertoli 

cells (NptnloxloxAmhCre), or all (NptnloxloxAmhCre+Stra8Cre), as confirmed by our 

immunohistochemistry results, did not affect the ability of male mice to produce 

offspring. This suggests that the expression of neuroplastin in spermatocytes, 

spermatogonia, and Sertoli cells in the testis is not essential for reproduction or fertility. 

These findings indicate that neuroplastin expression is not necessary for 

spermatogenesis. Additionally, the expression of neuroplastin in Sertoli cells, 

spermatogonia, and spermatocytes is dispensable for reproduction. This is in stark 

contrast to basigin expression, which is essential on Sertoli cells for the maturation of 

spermatogonia into spermatocytes (Toyama et al.,1999). Notably, the pattern of 

neuroplastin staining on mature sperm is punctate, whereas basigin exhibits a more 

uniform expression along sperm heads and tails. However, the selective lack of 

neuroplastins from glutamatergic neurons or inactivation of the neuroplastin gene in 

the adult central nervous system (CNS) also did not interfere with the reproductive 

abilities of males. 

 

Expression of neuroplastin can clearly be observed in sperm (Figure 13A), by Western 

blot analysis the neuroplastin band detected in sperm is slightly lower at approximately 

45 kDa than in the testis. Differences in glycosylation may account for this. In further 

experiments conducted by our cooperation partners Wennemuth & Wiesehoefer (Univ. 

Hospital Duisburg-Essen), the quantity and concentration of sperm isolated from the 

cauda of the epididymis in adult Nptn−/− mice (140 days old, n=6, 18.25 ± 0.78 x 106 

/cauda) were found to be similar to those of wildtype littermate males (n=6, 15.08 ± 

1.30 x 106 /cauda) (Chen, et al., 2023). The isolated sperm from both Nptn+/+ and 

Nptn−/− male mice exhibited comparable beat frequencies, which were similarly 

increased after activation with 15mM bicarbonate. To investigate whether neuroplastin 

is essential for sperm development or if there might be a delay in sperm maturation in 

Nptn−/− male mice, we examined spermatogenic activity in the testes of male mice at 
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different ages during maturation. The assessment of the ploidy status of testicular cell 

nuclei by K. Müller (Cooperation IZW Berlin) at 20, 28, 34, and 45 days of age revealed 

that the proportion of haploid, diploid, and tetraploid cells did not differ between Nptn+/+ 

and Nptn−/− male mice. 

 

Anatomical differences of the testis or sperm from Nptn-/- compared to Nptn+/+ male 

mice were not detected (Figure 12), clearly ruling out the possibility that issues with 

testicular development are affecting the generation of offspring by Nptn−/− mice. 

Statistically significant differences in testicular perimeter or the number of seminiferous 

tubules were not observed in Nptn+/+ and Nptn−/− male mice testicular sections. 

Additionally, testosterone levels in the testes of both Nptn+/+ and Nptn−/− male mice 

also showed no significant difference (see Figure 17). 

 

Unfortunately, due to the absence of suitable Cre-deleter mouse strains, it was not 

possible to conditionally eliminate neuroplastin specifically in Leydig or smooth muscle 

cells. This leaves open the possibility that neuroplastin expression by these cells may 

be crucial. 

 

4.3 Testosterone plays a crucial role in the development and maintenance of 
the male reproductive system 

In males, testosterone helps to develop and maintain the male reproductive system, 

including the penis, testes, prostate gland, and seminal vesicles. It also promotes the 

development of male secondary sexual characteristics (Nassar and Leslie, 2023). The 

anterior pituitary gland releases the gonadotropins LH and FSH which synergistically 

stimulate the production of testosterone in the Leydig cells of the testis 

(O'Shaughnessy et al., 2006). Chronic stress and elevated circulating corticosterone 

levels inhibit the secretion of LH (Li et al., 2004). Leydig cells in the interstitial tissue 

of the seminiferous tubules in the testes are the primary site of testosterone production 

in mammals (Quigley et al., 1995). Testosterone synthesis is triggered by LH and FSH, 

which are two essential gonadotropic hormones secreted by the anterior pituitary 

gland (O'Shaughnessy et al., 2006; Lejeune et al., 1998). FSH influences testis size 

and is necessary for supporting normal Sertoli and germ cell numbers; the absence of 
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FSH reduces sperm motility (Kumar et al., 1997; Wreford et al., 2001). Mice with FSH 

receptor gene knockout exhibit decreased testosterone levels, reduced testis size, 

impaired sperm production and motility, abnormal sperm morphology, and diminished 

fertility (Krishnamurthy et al., 2000). LH receptor knockout mice completely lack LH 

signaling, preventing postnatal (rather than prenatal) Leydig cell maturation and 

testosterone production, resulting in developmental and morphological defects leading 

to infertility, which can be partially overcome by testosterone replacement (Pakarainen 

et al., 2017). Notably, as observed in Nptn−/− mice (Bhattacharya et al., 2017), cortisol 

levels above physiological levels may inhibit testosterone production in Leydig cells 

(Rengarajan and Balasubramanian, 2007). 

 

Figure 17 illustrates the intratesticular testosterone levels between Nptn+/+ and Nptn−/− 

mice, revealing no statistically significant difference. Therefore, Soumee Bhattacharya 

investigated serum levels of testosterone in Nptn−/− and littermate Nptn+/+ male mice 

at various developmental stages. Indicated by her experimental results, testosterone 

levels as determined by ELISA in the blood of juvenile males were low. At 3 months 

of age, testosterone levels in Nptn+/+ male mice were approximately 19-fold higher 

compared to juvenile 1-month-old Nptn+/+ males. At an age of 11 months, Nptn+/+ 

males displayed approximately 3-fold lower levels of testosterone compared to the 3-

month-old male mice. In contrast, testosterone levels of Nptn−/− males examined at 1, 

3, or 11months age were not significantly different from each other. These results 

reveal the absence of the anticipated increase of testosterone levels in blood from 

puberty to adulthood in Nptn−/− males. This observation is remarkable, as the interstitial 

cells evidently produce sufficient testosterone to enable the normal development of 

testes and sperm. However, the amount of testosterone released into the bloodstream 

during adulthood is insufficient to meet the continuous demand. 

 

Furthermore，our analysis did not provide any clues to abnormal testicular 

morphology or changes in sperm capacity in Nptn−/− males, arguing against LH or FSH 

deficiencies. Additionally, we observed that blood concentrations of LH and FSH in 

Nptn−/− males were normal, supporting the functionality of the HPA axis, and the 

testosterone levels in the testes themselves were not affected by the absence of 

neuroplastin. 
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4.4 The reduced PMCA1 level in Leydig cells of Nptn-/- male mice may result in 
an elevated intracellular Ca2+ level preventing a correct response to LH 
signals triggering testosterone production 

 

Leydig cells are responsible for secretion of testosterone into the blood stream. LH 

mediated stimulation of testosterone production by Leydig cells is accompanied by 

elevation of the intracellular Ca2+ level (Gorczynska et al., 1995). 

 

Costa et al. (2010) have demonstrated that the release of calcium from internal stores 

is a significant mechanism triggering testosterone secretion. Following signal 

transduction, PMCA extrudes Ca2+ into the extracellular space, thereby restoring 

normal intracellular Ca2+ levels (Lopreiato et al., 2014). The formation of a complex 

between neuroplastin and PMCA is crucial for maintaining normal PMCA expression 

levels (Bhattacharya et al., 2017; Korthals et al., 2017; Schmidt et al., 2017; Herrera-

Molina et al., 2017; Lin et al., 2021b). However, a reduction in PMCA1 levels may 

elevate intracellular calcium, disrupting the balance of calcium ions both inside the cell, 

and may lead to a partially abnormal response in LH signal processing due to 

decreased PMCA1. 

 

I observed that PMCA1 levels, particularly in Leydig cells within the testes of Nptn−/− 

males, were lower compared to wild-type males. Similar to the alterations in Ca2+ 

extrusion dynamics due to decreased PMCA observed in various cell types (e.g., 

neurons, T cells; Herrera-Molina et al., 2017; Korthals et al., 2017), the reduction in 

PMCA1 levels in Leydig cells may result in changes in intracellular Ca2+ dynamics, 

ultimately leading to an inadequate response to LH signaling. Potentially, the increase 

in intracellular Ca2+ to trigger testosterone production by Leydig cells via LH receptor 

signal transduction is silenced due to neuroplastin loss decreasing PMCA1 and, 

consequently, raising intracellular Ca2+ levels and altering Ca2+ dynamics,	resulting in 

less testosterone being released. Thus, neuroplastin is required to achieve 

testosterone levels in the adult bloodstream, ensuring successful mounting and male 

mating behavior (Figure 36). 
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Figure 36:  Regulation of testosterone release in Leydig cells of Nptn-/- males 
by PMCA1 levels 

Upon LH binding to LHCGR, the activation of LHCGR stimulates adenylate cyclase (AC), leading to an 

increase in the conversion of ATP to cyclic AMP (cAMP). This, in turn, causes the influx of Ca2+ into the 

cells and induces the activation of various kinases, including protein kinase A (PKA). This results in the 

upregulated expression of genes involved in steroidogenesis, ultimately leading to increased 

testosterone production. PMCA1, in conjunction with neuroplastin, regulates intracellular Ca2+ 

concentration. 

 
This represents a novel discovery of neuroplastin function in other organ and could 

potentially serve as an entry point for studying male reproduction. Nevertheless, some 

questions could not be explored due to limitations in experimental conditions. For 

example, if testosterone is injected into these mice, could it alter their behavior? Could 

artificial insemination or in vitro fertilization be successful? These questions would help 

further to investigate the role of neuroplastin in male fertility. 

 

4.5 Ablation of neuroplastin in GABAergic interneurons after associative 
learning is sufficient to induce retrograde amnesia of associative 
memories 
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Neuroplastins are essential for associative learning and memories (Bhattacharya et 

al., 2017). Various mutant mouse models with altered expression of neuroplastin have 

been utilized to investigate its impact on learning and memory function (Bhattacharya 

et al., 2017). Research on Nptn-/- mice, which lack neuroplastins in all cells, has 

revealed that despite no gross anatomical differences in the nervous system 

compared to wild-type mice, they exhibit reduced locomotor capacity and abnormal 

swimming behavior (Bhattacharya et al., 2017). In addition, they display reduced 

anxiety behaviors in the open field and light/dark avoidance tests, altered social 

interactions, depression-like behaviors, and are unable to achieve associative learning 

even with extensive training in the shuttle box (Bhattacharya et al., 2017). 

Bhattacharya et al. (2017) used Nptnlox/loxPrCreERT mice, in which selective ablation of 

neuroplastins in all CNS neurons can be induced by tamoxifen treatment. To further 

investigate the role of neuroplastins in memory acquisition and retention, 

Nptnlox/loxPrCreERT mice and control mice (Nptnlox/lox without Cre recombinase) were first 

trained in a shuttle box to achieve high performance (greater than 75% correct 

responses) before inducing neuroplastin gene ablation. Two months after tamoxifen 

treatment, control mice retained more than 50% of their previous performance, while 

Nptnlox/loxPrCreERT mice performed poorly, displaying retrograde amnesia. Hence, the 

expression of neuroplastins is critical for both associative learning and associative 

memory (Bhattacharya et al., 2017). 

 

In 2017, Herrera-Molina et al. utilized NptnloxloxEmx1Cre mice, which have selective 

ablation of neuroplastins in glutamatergic interneurons, to investigate the role of 

neuroplastins in different neurons and revealed the indispensable role of neuroplastins 

in specific neural circuits related to neural circuits cognition. The experiments indicate 

that ablating neuroplastins in glutamatergic neurons of the cortex and hippocampus 

results in pronounced and specific behavioral deficits, closely associated with reduced 

neural activity and decreased levels of PMCAs in the mutant brain regions and 

demonstrated that neuronal neuroplastin is critical for PMCA expression and 

regulation of cytosolic Ca2+ levels (Herrera-Molina et al. 2017). 

 

However, in the associative learning experiment, NptnloxloxEmx1Cre mice exhibited better 

learning compared to normal mice, suggesting that the expression of neuroplastins in 

glutamatergic neurons is not necessary for associative learning. This contrasts 
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strongly with the performance of both Nptn-/- mice and induced Nptnlox/loxPrpCreERTmice, 

as neither group demonstrated associative learning in the two-way active avoidance 

task. The disparity between Nptn-/- and NptnloxloxEmx1Cre suggests that the key to 

associative learning and memory lies in the expression of neuroplastins in GABAergic 

neurons (Herrera-Molina et al., 2017). 

 

To test the above hypothesis, Nptnlox/loxGAD2CreERT mice were utilized, resulting in the 

selective ablation of neuroplastins in GABAergic interneurons upon tamoxifen 

treatment. Both Nptnlox/loxGAD2CreERT mice and control mice (Nptnlox/lox without Cre 

recombinase) initially underwent training in a shuttle box, achieving over 75% correct 

responses before inducing neuroplastin gene ablation. Two months after tamoxifen 

treatment, control mice retained over 50% of their previous performance, whereas 

Nptnlox/loxGAD2CreERT mice exhibited behavior similar to Nptnlox/loxPrCreERT mice, displaying 

retrograde amnesia. However, unlike Nptn-/- mice and Nptnlox/loxPrCreERT mice, 

Nptnlox/loxGAD2CreERT mice retained the capacity for associative learning (refer to Figure 

27). When induced by tamoxifen injection to ablate the expression of neuroplastins in 

GABAergic interneurons after acquisition, Nptnlox/loxGAD2CreERT mice demonstrated an 

impact on their associative memory. This underscores the crucial role of neuroplastins 

expressed by GABAergic neurons for associative memory, contributing to retrograde 

amnesia. 

 

To better prove this hypothesis, another mutant mouse model, Nptnlox/loxEmx1CreGAD2ERT 

has been utilized, which was generated by crossing NptnloxloxEmx1Cre mice and 

Nptnlox/loxGAD2CreERT mice. This resulted in genetic ablation of neuroplastins expression 

in glutamatergic and GABAergic interneurons when treated with tamoxifen (see 

Figures 22-24). Similar to Nptn-/- mice or tamoxifen-treated Nptnlox/loxPrCreERT mice, 

Nptnlox/loxEmx1CreGAD2ERT mice showed problems in the associative memory task (as 

seen in table 15, below) as Nptnlox/loxGAD2CreERT mice (also see Figures 28 and 29). 

These results further support the notion that the expression of neuroplastins in 

glutamatergic neurons is not essential for acquisition but suggest that the loss of 

neuroplastins in GABAergic interneurons is responsible for inducing retrograde 

amnesia. Therefore, the expression of neuroplastins in GABAergic interneurons is 

critical for associative memory. 
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Mice                                                                                                                                                                                                                                                                                                                                                                                                                                   
 

Behavior Experiment   

 
 

NPTNlox/lox 

 
 

NPTN-/- 

 
 

NptnloxloxEmx1Cre 

Nptnlox/loxPrCreERT    Nptnlox/loxGAD2CreERT     Nptnlox/loxEmx1CreGAD2ERT     

  Ablation 
before Training 

 Ablation 
after 

Training 

  Ablation 
before 

Training 

 Ablation 
after 

Training 

  Ablation 
before 

Training 

 Ablation 
after 

Training 
Fear conditioning + - 

  
- 

    

Grip strength + - - + 
     

Light-dark Avoidance + - + + 
   

  
 

Light/Dark Avoidance 
Memory 

+ + + + + 
    

Morris Water maze + - - 
 

+ 
    

O-Maze + + 
 

+ 
     

Open field + - - + 
     

Social Interaction test + - 
 

+ 
     

Startle response and 
repulse inhibition (PPI) 

+ - + - 
     

Rotarod + - ++ ++ 
     

Tail Suspension + - 
       

Two-way active 
avoidance test (Shuttle 
Box) 

+ - + 
 

- + - - - 

 

Table 15: Behavior of neuroplastin mutants Mice 
The results are based on the studies by Bhattacharya et al. and Herrera- Molina et al. that were previously discussed. The ‘+’, positive; ‘++’, better than 

control; ‘-’ negative; ‘X’, no acquisition of the task. ‘Associative learning test’, ablation before test, ‘Associative memory test’, ablation after test.
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4.6 Parvalbumin positive interneurons play an important role in associative 
learning and memories 

In 1997, Gonchar et al. demonstrated the predominant expression of PV (parvalbumin), 

CR (calretinin), and SOM (somatostatin) in three distinct groups of GABAergic 

interneurons in the rat prefrontal and visual cortices using double-label 

immunocytochemistry. In 2008, Gonchar et al. further confirmed through triple 

immunostaining with PV, CR, and SOM antibodies that during postnatal development, 

PV never colocalized with CR and SOM in mice. PV+ interneurons, comprising 

approximately 40% of interneurons, emerged as the largest interneuron group. As 

early as 1982, Celio and Heizmann reported the importance of Parvalbumin as a 

calcium-binding protein involved in many cellular processes, such as cell movement, 

muscle excitation-contraction, nerve impulse transmission, neurotransmitter release, 

membrane permeability, and cellular secretion. Recent research indicates that PV+ 

interneurons have a role in plasticity and learning control and not only control learning 

but also induce plastic changes in themselves (Donato et al., 2013). Activation of PV+ 

interneurons in the prefrontal cortex accelerates the extinction of reward-seeking 

behavior (Sparta et al., 2014). During monocular deprivation, PV+ interneurons in the 

visual cortex are temporarily suppressed; this down-regulation appears to be 

necessary to allow ocular dominance plasticity during the critical period (Yazaki-

Sugiyama et al., 2009; Kuhlman et al., 2013). In an auditory fear-conditioning 

paradigm, unpleasant foot shocks block PV+ interneurons in the auditory cortex, and 

this inhibition is required for associative fear learning (Letzkus et al., 2015).  

 
Through fluorescent immunostaining and confocal microscopy observations (Figure 

28), we found that neuroplastin is expressed in PV+ interneurons in both Nptnlox/lox and 

Nptnlox/loxEmx1Cre mice. The experiments conducted by Herrera-Molina et al. in 2017 

demonstrated that in associative learning experiments, Nptnlox/loxEmx1Cre mice exhibited 

better learning abilities compared to the wild-type. Hence the expression of 

neuroplastins in glutamatergic neurons is not essential for the acquisition/learning skill. 

Here, the key factor driving associative learning and memory may be the expression 

of neuroplastins in PV+ interneurons. Further experiments supported this point, in 

Nptnlox/loxGAD2CreERT mice, the expression of neuroplastins in PV+ interneurons is 

notably absent. In the conducted two-way active avoidance experiment, the 
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Nptnlox/loxGAD2CreERT mice exhibited retrograde amnesia, as shown in results chapter 

3.5, Figures 29 and results chapter 3.6, Figure 30. Therefore, we infer that the 

observed retrograde amnesia in Nptnlox/loxGAD2CreERT mice, related to associative 

memory, is associated with the expression of neuroplastins in PV+ interneurons, and 

is linked to the regulation of GABA release from these PV+ interneurons. 

 
Furthermore, Hashemi et al. (2017) suggested that the quantification of the number of 

PV+ interneurons in three cortical areas (BA46, BA47, and BA9) revealed a significant 

reduction in the number of these neurons in autistic patients compared to the control 

group. This reduction in the number of parvalbumin-positive interneurons is believed 

to disrupt the balance of excitation/inhibition and alter gamma oscillations in the 

cortical regions of autistic subjects. In my study, I quantified PV+ interneurons in mice 

with different neuroplastin genotypes and found no significant differences in the 

distribution of PV+ interneurons in the motor cortex and hippocampal regions (see in 

results chapter 3.6, Figure 31). Therefore, this rules out a decrease in the number of 

PV+ interneurons as a factor in the retrograde amnesia observed in Nptnlox/loxGAD2CreERT 

mice and further supports the idea that it is related to the absence of neuroplastins 

expression on PV+ interneurons. 
 

4.7 Reduced PMCA2 levels may affect GABA release from PV+ interneurons, 
leading to retrograde amnesia of associative memories 

The results from Figure 34 indicate that in the mouse cortex and hippocampus, only a 

small amount of PMCA2 is expressed by glutamatergic neurons, as there is almost no 

difference in the expression of PMCA2 in the cortex and hippocampus between 

induced Nptnlox/loxGAD2CreERT and Nptnlox/loxEmx1CreGAD2ERT mice. This further confirms that 

PMCA2 is primarily expressed by GABAergic interneurons.  

 

PV+ interneurons are characterized by their fast-spiking profiles and can be found 

almost everywhere in the brain. It is linked to short-action potentials and the capacity 

to maintain a high firing frequency (Bartholome et al., 2020). The unique calcium buffer 

composition of FS basket cells serves to limit Ca2+ transients at their terminals, 

preventing asynchronous release and adaptation (Aponte et al., 2008). It is important 

to note that non-FS basket cells may have longer calcium transients at their synapses, 
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and their GABA release is mediated by different VDCCs than FS basket cells. (Tao et 

al. 2006; Kawamoto et al., 2012; Stafford et al., 2017).  

 

In addition to their distinct calcium buffer composition, recent research has revealed 

that GABA release from FS basket cells is exclusively mediated by P/Q-type VDCCs, 

while N-type VDCCs solely mediate GABA release from CCK-positive basket cells 

(Hefft and Jonas, 2005). However, the downregulation of PMCA2 in these cells may 

decrease calcium excretion efficiency, resulting in increased intracellular Ca2+ 

concentration (see Figure 37).  

 

 
Figure 37: Functional changes in PV+ interneurons with reduced PMCA2 
expression 

Activation of the P/Q-VGCC Ca2+ channel leads to excessive Ca2+ influx and overload due to decreased 

PMCA2 expression in mice. GABA release also interacts with other GPCRs, leading to the production 

of IP3, which potentiates Ca2+ release via IP3R from the ER to the cytosol. Intracellular Ca2+ 
concentration increases, causing Ca2+ to enter the ER via SERCA and resulting in ER stress. Modified 

from Boczek et al. 2019. 
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Through Western blot experiments and immunofluorescence staining on different 

neuroplastin mutant mice, we have shown that PMCA2 expression is correspondingly 

reduced in different neuroplastin-deficient mice Nptn-/-, Nptnlox/loxEmx1CreGAD2ERT and 

Nptnlox/loxGAD2ERT (Figure 34 and Figure 35). Consequently, we hypothesize that in PV+ 

neurons, the decrease in PMCA2 leads to an elevated intracellular Ca2+ concentration, 

causing Ca2+ overload and disrupting the intracellular calcium ion balance, ultimately 

resulting in retrograde amnesia. 

 

Research from Thanawala and Regehr in 2013 showed that the presynaptic Ca2+ 

influx controls neurotransmitter release and the calcium dependence of 

neurotransmitter release is determined jointly by the calcium dependence of the 

probability of vesicular exocytosis and the effective size of the readily releasable pool 

(RRP), which depends on calcium influx through the VGCC. Splice variants of PMCA2 

have a much lower Ca2+ Kd value compared to other PMCAs, which allows it to extrude 

Ca2+ to significantly lower levels than other PMCA isoforms (Elwess et al., 1997). 

PMCA2 has a high affinity for CaM, which results in a sluggish inactivation rate, 

meaning that PMCA2 remains pre-activated during ongoing activity, ready to respond 

to the next Ca2+ spike. The noteworthy is, unlike other PMCA2 variations, PMCA2a 

activates extremely quickly in response to an increase in Ca2+ (Caride et al., 2001). All 

of these properties make PMCA2a an excellent fit for the Ca2+ handling needs of 

parvalbumin terminals, allowing for consistent transmitter release even during 

continuous high-frequency firing (Burette et al., 2009).  

 

The current status of GABA release from my study remains unclear and awaits further 

validation. Neurotransmitter release is closely related to calcium ion concentration, 

and it is well-established that neurotransmitter release is triggered by exceptionally 

high concentrations within microdomains (Neher et al., 2008). However, the findings 

of Lisek et al. (2022) suggest that PMCA2b regulation is involved in the gene 

expression related to both glutamate and GABA signaling. Thus, could a reduction in 

PMCA2 expression correspondingly lead to decreased GABA release? Moreover, 

calcium overload or dysregulation may activate negative feedback mechanisms or 

cellular damage pathways, ultimately reducing GABA release to prevent cellular 

damage or death. In the following experiments, it is necessary to compare and 

measure the level of GABA release. 
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Figure 38: GABA release changes in reduced PMCA2 PV+ interneuron 

A. Scheme showing a nerve terminal from a PV+ GABA interneuron shortly after an action potential 

triggered Ca2+-dependent GABA release, highlighting components currently hypothesized to be altered 
by PMCA2 reduction. In PV+ terminals, GABA release is tightly synchronized with Ca2+ influx by P/Q-

VGCC. GAD65 and GAD67 drive GABA synthesis in the cytosol near synaptic vesicles. Vesicles uptake 

newly synthesized GABA via the vesicular GABA transporter vGAT. Ca2+ triggers the fusion pore 

opening to release the GABA. B. Reduced PMCA2 increase Ca2+ concentration due to lowered Ca2+ 

extrusion. Ca2+ buffering by PV mainly accelerates the decay of the interterminal Ca2+ transient and 

resulting permanent increase in intercellular Ca2+.  

 

Carlen et al. (2012) reported that disruptions in the excitability of PV+ interneurons 

could result in selective impairments in working memory and associative learning. 

Basar-Eroglu et al. (2007) showed, task-evoked gamma oscillations, a frequency band 

believed to be reliant on the firing of PV+ interneurons, exhibit reductions in individuals 

with schizophrenia and are closely associated with the extent of functional impairment 

in working memory. My studies surmise that neuroplastins change GABAergic 

signaling by modulating the expression of PMCA2 in PV+ interneurons. Reduced 

expression of PMCA2 in PV+ interneurons of induced Nptnlox/loxGAD2CreERT mice may 

affect the GABA release resulting in an imbalance of glutamate/GABA metabolism and 

further affecting disinhibition. This may ultimately affect learning and memory abilities 
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and result in retrograde amnesia. Further investigation of the molecular pathways of 

neuroplastins may potentially identify new targets for neurodegenerative diseases. 

 

4.8  Conclusion 

Neuroplastins play an essential role in male mouse fertility and in learning and memory, 

especially associative memory. Its close association with PMCA expression means 

that a decrease in neuroplastin levels leads to a reduction in PMCA expression. PMCA 

acts as a regulator of calcium ions, pumping out excess calcium ions to maintain 

suitable calcium levels. A decrease in PMCA expression leads to an increase in 

intracellular calcium concentration, disrupting calcium homeostasis and impairing 

hormone and neurotransmitter release, which may even result in premature cell aging. 

The reduced expression of PMCA1 in Leydig cells of NPTN-/- male mice may lead to 

an elevated intracellular Ca2+ level, disrupting the normal response to LH signals 

responsible for triggering testosterone release. This disruption can ultimately result in 

impaired fertility in these male mice. 

PMCA2 is primarily expressed by GABAergic interneurons but not by glutamatergic 

neurons. PMCA2 expression in PV+ interneurons could be critical for associative 

learning and memory. As a calcium pump that removes Ca2+ ions from the cytosol, 

PMCA2 works in concert with PV to accelerate the sequestration of Ca2+. The 

interaction between PMCA2 and PV is therefore essential in regulating Ca2+ levels in 

PV+ interneurons. Our study suggests that the reduced expression of PMCA2 in PV+ 

interneurons may be associated with impaired learning and memory. 

Reduced PMCA2 expression in PV+ interneurons caused by reduction of 

neuroplastins expression may dysregulate the excitation/inhibition balance by altering 

GABA release, which can impact disinhibition and result in impaired learning and 

memory in neuroplastin-ablated mice, including Nptn-/- mice, Nptnlox/loxPrCreERT mice, 

Nptnlox/loxGAD2CreERT mice or Nptnlox/loxEmx1CreGAD2ERT mice. Therefore, the expression of 

PMCA2 in PV+ interneurons appears to be a critical factor in the formation and 

retention of associative memories, hence, the expression of neuroplastins in 

GABAergic interneurons is critical for associative memory.
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6 Appendix 
 

6.1 Abbreviations 

aa       Amino acid   
ABP    Androgen binding protein   
AC      Adenylyl cyclase    
AD      Alzheimer's disease   
Asp     Conserved aspartate    
AR      Androgen receptor    
ATP         Adenosine triphosphate  
CAMs     Cell adhesion molecules  
cAMP  cyclic adenosine monophosphate   
CNS  Central nervous system   
DAG  Diacylglycerol    
DDEP  4 amino acid acidic 340-Asp-Asp-Glu-Pro-(DDEP)343 
DHEA   Dehydroepiandrosterone   
DHT  Dihydrotestosterone    
ECM Extracellular matrix    
ER   Endoplasmic reticulum   
EGFR  Epidermal growth factor receptor  
FC Fragment crystallizable region of immunoglobulin 
FGF   Fibroblast growth factor  
FGFR   Fibroblast growth factor receptor  
FSH Follicle-stimulating hormone   
GABAA            Gamma-aminobutyric acid type A   
GnRH         Gonadotropin-releasing hormone   
GnIHn          Gonadotropin-Inhibitory Hormone   
GPCR         G-protein coupled receptor   
3-HSD  3-hydroxysteroid dehydrogenase   
17-HSD  17-hydroxysteroid dehydrogenase   
ICSH  Interstitial cell-stimulating hormone  
Ig   Immunoglobulin   
IgSF  Immunoglobulin superfamily  
kDA  Kilodalton    
Kd  Dissociation constant   
LTD  Long-term depression   
LTP  Long-term potentiation   
LH  Luteinizing hormone    
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LHR  Luteinizing hormone receptor   
L-VGCC   L-type voltage-gated calcium channel 
LTSP  Long-term synaptic plasticity   
MAO  Monoamine oxidase    
NC  Nitrocellulose    
NCX  Na+/ Ca2+ exchanger    
NMDA  N-Methyl-d-Aspartate    
NMDAR  N-Methyl-d-Aspartate ionotropic glutamate receptor  
Np  Neuroplastin   
Np55  Neuroplastin 55   
Np65  Neuroplastin 65   
NPTN  Neuroplastin gene   
NCAM  Neural cell adhesion molecule   
PBR  Peripheral benzodiazepine receptors  
PLC  Phospholipase C    
PMCA  Plasma membrane calcium ATPase  
PV+  Parvalbumin-positive   
PSD  Postsynaptic density   
RRP  Readily releasable pool   
SERCA  Sarco/endoplasmic reticulum Ca2+ ATPase  
SPCA  Secretory pathway Ca2+ ATPase   
StAR  Steroidogenic acute regulatory protein 
STSP  Short-term synaptic plasticity   
T  Testosterone    
TNF  Tumor necrosis factor    
TRAF6   Receptor-associated factor 6  
T-VGCC   T-type voltage-gated calcium channel 
VGCCs  Voltage-gated Ca2+ channels   
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