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Summary  
“Altered brain connectivity and behavioural consequences in mice with region-specific 

deletions of the glycosyltransferase ST8SIA2” 

Melike Küçükerden 

Altered long-range connectivity is a common finding across neurodevelopmental psychiatric 

disorders, but causes and consequences are not well understood. Variations in the gene coding 

for the glycosyltransferase ST8SIA2 have been associated with neurodevelopmental 

psychiatric disorders such as bipolar disorder, autism and schizophrenia. The deletion of the 

St8sia2 gene in mice leads to distinct behavioural features and neurodevelopmental 

phenotypes, including altered long-range connectivity, which are reminiscent of findings in 

schizophrenia. Therefore, it is crucial to understand if and how the observed neuropathological 

changes of St8sia2/ mice translate into behavioural alterations. 

The current study extends and validates preliminary findings on the hypoplasia of the 

mammillary body and the mammillothalamic tract in mice with conditional ablation of St8sia2 

in the di- and mesencephalon (Foxb1-Cre;St8sia2f/f), and on deficits of the post-commissural 

fornix in mice with conditional knockout of St8sia2 in the cortex (Emx1-Cre;St8sia2f/f). As a 

novel result, substantial size reductions in the reciprocal connections of the mammillary body 

with the tegmental nuclei of Gudden could be demonstrated in St8sia2-/- and Foxb1-

Cre;St8sia2f/f mice. These changes concern the efferent principal mammillary and 

mammillotegmental tract, and the afferent mammillary peduncle. Furthermore, reductions in 

particularly the parvalbumin-positive population of excitatory projection neurons in the medial 

mammillary body and in the size of the ventral tegmental nucleus of Gudden were shown. As 

expected, none of these alterations was observed in mice, which specifically recapitulate the 

deficits of St8sia2/ mice in the parvalbumin-positive population of inhibitory interneurons in 

the prefronatal cortex (Lhx6-Cre;St8sia2f/f). Thus, specific neuroanatomical deficits of 

St8sia2/ mice can be dissected by region-specific deletion of ST8SIA2. 

Assessments of behavioural traits demonstrated that the performance in a T-maze task, in the 

prepulse inhibition of the accoustic startle response, in marble burying and in a dark-light box 

was altered in St8sia2-/- mice but in none of the conditional knockout lines. Notably, despite 

the firmly established links between parvalbumin-positive interneurons of the prefrontal cortex 
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and working memory performance in the T-maze task, the deficits of St8sia2-/- mice in this task 

were not reproduced by Lhx6-Cre;St8sia2f/f mice. By contrast, the reduced anxiety-like 

behaviour on the elevated plus maze and the exacerbated locomotor response of St8sia2/- 

animals after induction with the psychotropic glutamate receptor antagonist MK-801 were 

specifically recapitulated in mice with di- and mesencephalic deletion of St8sia2.  

Together, the results of this thesis suggest that compromised mammillary body connectivity, 

independent from hippocampal input, can lead to a hypoanxiety-like phenotype and to 

enhanced MK-801-induced hyperlocomotion as a consequence of di- and mesencephalic 

depletion of St8sia2. Therefore, the link between mammillary body connectivity and these 

behavioural traits should receive more attention in future studies on animal models of psychotic 

behavior as well as in brain imaging and postmortem studies of patients with 

neurodevelopmental psychiatric disorders linked to genetic variation in ST8SIA2. 
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Zusammenfassung  
„Veränderte zerebrale Konnektivität und Auswirkungen auf das Verhalten bei Mäusen mit 

Region-spezifischen Deletionen der Glykosyltransferase ST8SIA2“ 

Melike Küçükerden 

Ein häufiger Befund bei entwicklungsbedingten psychiatrischen Erkrankungen sind 

Veränderungen langer zerebraler Faserbahnen, über deren Ursachen und Folgen jedoch wenig 

bekannt ist. Variationen im Gen für die Glykosyltransferase ST8SIA2 wurden mit 

psychiatrischen Erkrankungen wie bipolarer Störung, Autismus und Schizophrenie in 

Verbindung gebracht, denen Veränderungen der Hirnentwicklung zugrunde liegen dürften. Die 

Deletion des St8sia2 Gens bei Mäusen führt zu Verhaltensänderungen und zu 

neuropathologischen Entwicklungsstörungen, zu denen auch Hypoplasien langer zerebraler 

Faserbahnen zählen, die an Befunde bei Schizophrenie erinnern. Daher ist es entscheidend zu 

verstehen, ob und wie sich die beobachteten neuropathologischen Veränderungen von St8sia2/ 

Mäusen in Verhaltensänderungen niederschlagen. 

Die vorliegende Arbeit erweitert und validiert vorläufige Erkenntnisse zur Hypoplasie des 

Mamillarkörpers und des mamillothalamischen Trakts bei Mäusen mit konditionaler Deletion 

von St8sia2 im Di- und Mesencephalon (Foxb1-Cre;St8sia2f/f), und zur Reduktion des 

postkommissuralen Fornix in Mäusen mit konditionalem St8sia2-Knockout im Cortex (Emx1-

Cre;St8sia2f/f). In St8sia2-/- und Foxb1-Cre;St8sia2f/f Mäusen wurde zudem erstmals eine 

Reduktion der Verbindungen des Mamillarkörpers mit Guddens tegmentalen Kernen 

nachgewiesen. Dies betrifft den efferenten Fasciculus mamillaris princeps und dessen 

Fortsetzung, den Tractus mamillotegmentalis, sowie den afferenten Pedunculus corporis 

mamillaris. Desweiteren wurde ein Verlust von Neuronen im medialen Mamillarkörper 

festgestellt, der insbesondere die Population Parvalbumin-positiver, exzitatorischer 

Projektionsneurone betraf, sowie eine Reduktion des reziprok mit dem medialen 

Mamillarkörper verbundenen Nucleus tegmentalis ventralis Gudden. Tiere, welche die in 

St8sia2/ Mäusen beobachtete Reduktion der Parvalbumin-positiven inhibitorischen 

Interneurone im präfrontalen Cortex nachbilden (Lhx6-Cre;St8sia2f/f), zeigten 

erwartungsgemäß keine dieser Veränderungen. Diese Befunde belegen, dass einzelne 

neuroanatomische Defekte der St8sia2/ Mäuse durch Region-spezifische Deletion der 
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ST8SIA2 voneinander getrennt und ihre Auswirkungen auf das Verhalten isoliert untersucht 

werden können.  

Verhaltensuntersuchungen ergaben Beeinträchtigungen der St8sia2/ Mäuse in einem T-

Labyrinth-Test, in der Präpulsinhibition der akustischen Schreckreaktion, beim Vergraben von 

Murmeln und in einem Hell-Dunkel-Präferenztest, die in keiner der konditionalen Knockout-

Linien nachgewiesen werden konnten. Aufgrund der fest etablierten Beziehung zwischen den 

Parvalbumin-positiven Interneuronen im präfrontalen Cortex und der aus dem T-Labyrinth-

Test abzuleitenden Leistung des Arbeitsgedächtnisses wurde erwartet, dass Lhx6-Cre;St8sia2f/f 

Mäuse die Defizite der St8sia2/ Tiere im T-Labyrinth-Test nachbilden. Bemerkenswerter-

weise war dies nicht der Fall. Demgegenüber wurde das reduzierte Angstverhalten der 

St8sia2/ Mäuse beim Test im erhöhten Plus-Labyrinth und die verstärkte Hyperlokomotion 

nach Induktion mit dem psychotrop wirkenden Glutamatrezeptor-Antagonisten MK-801 

spezifisch in Mäusen mit St8sia2-Deletion in Di- und Mesencephalon reproduziert.  

Zusammengenommen legen diese Ergebnisse nahe, dass ein Verlust von ST8SIA2 im Di- und 

Mesencephalon zu Störungen in der Konnektivität der Mamillarkörper führt, die, unabhängig 

von den Eingängen aus dem Hipopcampus, reduziertes Angstverhalten und verstärkte MK-

801-induzierte Hyperaktivität hervorrufen könnten. Diese Verbindung zwischen Konnektivität 

der Mamillarkörper und Verhalten sollte deshalb in zukünftigen Untersuchungen an 

Tiermodellen für psychotisches Verhalten sowie über bildgebende Verfahren oder post mortem 

Analysen an Patienten mit entwicklungsbedingten psychiatrischen Erkrankungen, die mit 

genetischer Variation im ST8SIA2-Gen assoziiert sind, stärkere Beachtung finden.  
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1. Introduction 

1.1.  NCAM and polysialic acid 

Cell adhesion molecules (CAMs) are a subset of proteins that allow cells to adhere and 

to form the tissue architecture by interacting with molecules on an opposing cell surface or in 

the extracellular matrix (ECM). In addition to the indisputable function of these transmembrane 

or membrane-linked proteins in adhesion, their interaction with surrounding molecules provide 

means for cellular communication, which eventually affects cellular functions (Buckley et al., 

1998). Among the cell adhesion molecule families, the immunoglobulin (Ig) superfamily, 

cadherins, integrins, and receptor protein tyrosine phosphatases mediate protein-protein 

interactions, while selectins and hyaluronate receptors contribute to interactions between 

proteins and glycans. The immunoglobulin superfamily is the most diverse family within the 

CAMs. Unlike cadherins, integrins, and selectins, their adhesive interactions are mediated 

calcium-independent through their N-terminal immunoglobuline (Ig)-like domains (Yoshihara 

et al., 1991).  

The neural cell adhesion molecule (NCAM) is one of the most prominent members of the 

immunoglobulin superfamily (Cunningham et al., 1987; Rutishauser et al., 1988), with 

engagement in homophilic cell-cell- and heterophilic cell-matrix interactions (Walmod et al., 

2004). While NCAM can be broadly found in many types of neural tissue and on neuronal as 

well as on glial cells, its expression is not only limited to the nervous system but also observed 

in cardiac, reproductive, and digestive organs (Lackie et al., 1994; Uhlen et al., 2015).  The 

mouse Ncam1 gene is located on chromosome 9 (D'Eustachio et al., 1985) and contains 26 

exons (Colwell et al., 1992). The murine neural cell adhesion molecule is encoded by a single 

primary transcript, but 27 different isoforms have been described as a result of alternative 

splicing (Reyes et al., 1991). The three most common NCAM isoforms (NCAM-180, -140 and 

-120) in rodents are named based on their apparent molecular weight, when analysed by 

electrophoresis (Figure 1.1) (Edelman et al., 1982; Rougon et al., 1982; Chuong et al., 1984; 

Gennarini et al., 1984). The extracellular part of all three major isoforms consists of five Ig-

like domains followed by two membrane-proximal fibronectin-type-III-like (FNIII) repeats, 

while their C-terminal regions differ. NCAM-120 is devoid of a transmembrane domain but 

linked to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor attached to a 

motive encoded by exon 15 (Rougon et al., 1982; He et al., 1986; Cunningham et al., 1987; 

He et al., 1987). Although both NCAM-140 and NCAM-180 have transmembrane regions, the 
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inclusion of exon 18 gives rise to the long cytoplasmic domain of NCAM-180 (Gennarini et 

al., 1984; Rougon et al., 1986). Soluble forms of NCAM are also described, either as secreted 

splice variants or as a truncated part of the extracellular domain released from other isoforms 

by ectodomain shedding through members of the ADAM (A Disintegrin And Metalloprotease) 

family (Bock et al., 1987; Secher, 2010).  

  

Figure 1.1: Major NCAM isoforms NCAM-120, NCAM-140 and NCAM-180.  All three isoforms share a 

similar extracellular domain consisting of two fibronectin-type-III-like repeats (FNIII-1 and FNIII-2) and five Ig-

like domains (Ig1-5). Ig-like domains contain six N-glycosylation sites (indicated by triangles). NCAM-140 and 

NCAM-180 comprise transmembrane regions with a long cytoplasmic domain, whereas NCAM-120 attaches to 

the cell membrane via a glycosylphosphatidylinositol anchor. Figure modified from Kallolimath et al. (2016). 

 

On top of its many isoforms, NCAM functions can be modulated by numerous posttranslational 

modifications. While the intracellular domain of NCAM can be modified by palmitoylation, 

phosphorylation and sulfation (Sorkin et al., 1984; Little et al., 1998), the extracellular domain 

is modified by glycosylation. The Ig-like domains of NCAM contain six potential N-

glycosylation sites, of which the fifth and the sixth can carry polysialic acid (polySia) when 

isolated from early postnatal mouse brain or calf/bovine brain (Finne et al., 1983; Nelson et 

al., 1995; Liedtke et al., 2001; Wuhrer et al., 2003). In mammals, polysialylation of NCAM 

occurs as the polymerisation of α-2,8 linked 5-N-acetylneuraminic acid (Neu5Ac) monomers 

(Finne et al., 1983).  
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As a large, negatively charged polyanionic structure, polySia increases the hydrodynamic 

radius of its carrier protein (Yang et al., 1994; Johnson et al., 2005) (Figure 1.2). This leads to 

the inhibition of cell-cell interactions (Cunningham et al., 1983; Sadoul et al., 1983; 

Rutishauser et al., 1988). It could be demonstrated that polySia not only reduces cell adhesion 

by inhibition of homophilic NCAM-NCAM binding, but also increases the intercellular space, 

and affects NCAM-independent interactions of adjacent cell surface molecules such as 

cadherins and integrins (Doherty et al., 1992; Yang et al., 1994; Fujimoto et al., 2001; Johnson 

et al., 2005; Johnson et al., 2005). This gave rise to the “steric hindrance model” as the most 

prevalent model of polySia function (Rutishauser, 2008) (Figure 1.2).  

Although NCAM is the most prominent and best-studied carrier of polysialic acid, a very small 

amount of polySia has still been detected in mice completely devoid of NCAM (Cremer et al., 

1994).  In search for alternative polysialylation targets, a small number of other polySia carriers 

have been identified, such as a sodium channel alpha subunit in rat brain (Zuber et al., 1992), 

the polySia-synthesising enzymes themselves (Mühlenhoff et al., 1996; Close et al., 2000; 

Close et al., 2001), CD36 in human milk (Yabe et al., 2003), the synaptic cell adhesion 

molecule SynCAM 1 in murine and human oligodendrocyte precusors (Galuska et al., 2010; 

Werneburg et al., 2015; Werneburg et al., 2015),  and neuropilin-2 on the surface of human 

dendritic cells and cultivated peritoneal macrophages (Curreli et al., 2007; Rey-Gallardo et al., 

2010; Stamatos et al., 2014). PolySia on neuropilin-2 has been linked to CCL-21 driven 

chemotaxis (Bax et al., 2009; Rey-Gallardo et al., 2010; Rey-Gallardo et al., 2011) but more 

recently, it was shown that polysialylation of the C-C motif chemokine receptor 7 (CCR7) is 

essential for CCL-21 recognition and chemotaxis of dendritic cells (Kiermaier et al., 2016). 

Finally, polySia on neuropilin-2 and on a further protein, the E-selectin ligand-1, was also 

detected in murine microglia and human THP-1 macrophages (Werneburg et al., 2015; 

Werneburg et al., 2016; Thiesler et al., 2021).  Quite unusually, the two polysialyated proteins 

in these cells are retained in the Golgi compartment, but released in response to inflammatory 

activation. However, as evident in particular from the comparative analyses of NCAM- and 

polysialyltransferase-deficient mice, as described under chapter 1.3, the crucial role of polySia 

during brain development and plasticity in otherwise healthy, not immunologically challenged 

mice clearly depends on polySia on NCAM.  
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Figure 1.2: Polysialic acid as modification of NCAM. Polysialic acid consists of α-2,8 linked sialic acid (5-N-

acetylneuraminic acid, Neu5Ac) monomers, which are attached to terminal sialic acids of variable N-linked core 

glycans on the fifth and sixth N-glycosylation sites on the fifth Ig-like domain of NCAM-140 or NCAM-180. 

Depicted are NCAM-180 and a simple biantennary core glycan, as one out of various possible core structures that 

can carry polySia. The shaded sphere depicts the hydrodynamic radius of polySia. Figure modified from Schnaar 

et al. (2014). 

 

1.2.  Polysialyltransferases 

Sialic acids are transferred to terminal sugars of glycans by sialyltransferases with type 

II transmembrane topology, a short cytoplasmic N-terminal and a stem region (Harduin-Lepers 

et al., 2001) (Figure 1.3). The catalytic domain of sialyltransferases contains three conserved 

sialylmotifs required for their catalytic activity (Drickamer, 1993; Livingston et al., 1993; 

Geremia et al., 1997).  These are the sialylmotif large (SML) which binds the donor substrate 

CMP-Neu5Ac, the sialylmotif small (SMS) binding both donor and carbohydrate acceptor 

substrate, and the sialylmotif very small (SMVS) which contains a conserved histidine residue 

(Datta et al., 1995; Datta et al., 1998; Kitazume-Kawaguchi et al., 2001).  

The synthesis of polySia is catalysed by two Golgi-resident polysialyltransferases, ST8SIA2 

(ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 2) (Kojima et al., 1995; 

Scheidegger et al., 1995) and ST8SIA4 (ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-

Sialyltransferase 4) (Eckhardt et al., 1995; Nakayama et al., 1995). In addition to the three 

motifs common to all, polysialyltransferases (polySTs) contain two more structurally unique 
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motifs, the polysialyltransferase domain (PSTD) and the polybasic region (PBR) which 

recognises the fibronectin type III repeat (FNIII) of NCAM as docking site (Bhide et al., 2017) 

(Figure 1.3). PolySia on NCAM can be produced by ST8SIA2 and ST8SIA4. The occurrence 

of polySia correlates with enzyme expression, where polySTs can be expressed in the same 

cells or differentially/individually which is consistent with the observation that they can act 

together or independently in vitro (Kojima et al., 1995; Mühlenhoff et al., 1996; Hildebrandt 

et al., 1998; Mendiratta et al., 2005).  

 

Figure 1.3: Polysialylation of NCAM by ST8SIA2 / ST8SIA4.  ST8SIA2 and ST8SIA4 are two Golgi-

resident sialyltransferases independently capable of catalysing the polysialylation of NCAM in 

the brain. Figure modified from Mühlenhoff et al. (2013) 

 

1.3.  Expression of polysialic acid and polysialyltransferases during brain 

development 

In rodents, polySia immunoreactivity increases dramatically after embryonic day (E) 

10.5 and reaches plateau levels between E13.5 and E14.5 (Ong et al., 1998). At the time of 

birth, the entire pool of NCAM-180 and NCAM-140 carries polySia. In contrast, NCAM-120 

is devoid of polySia during postnatal mouse brain development and seems to be limited to 



 

| 10 

mature oligodendrocytes (Trotter et al., 1989; Seki et al., 1991; Probstmeier et al., 1994; 

Hildebrandt et al., 1998; Galuska et al., 2006; Oltmann-Norden et al., 2008). 

First St8sia4 transcripts can be detected in the neural tube and neural crest on E8, and polySia 

appears from E9 onwards (Probstmeier et al., 1994; Ong et al., 1998) but during further 

embryonic brain development both polysialyltransferases are expressed simultaneously 

(Kojima et al., 1995; Mühlenhoff et al., 1996; Angata et al., 1997; Hildebrandt et al., 1998).  

A comparative analysis of ST8SIA2 and ST8SIA4 mRNA expression in whole brain lysates 

shows that ST8SIA2 and ST8SIA4 are both detectable at E10 (Schiff et al., 2009). ST8SIA2 

expression increases steadily until E13.5 and reaches a plateau level around P1. In contrast, 

ST8SIA4 displays a dramatic increase at E13.5 and reaches its peak expression level at E14.5. 

Expressions levels of both polysialyltransferases drop significantly after birth. ST8SIA2 is 

reduced by more than 95% while ST8SIA4 levels decline around 60% by P21. While ST8SIA2 

is highly expressed during embryonic development and early postnatal period, at P9 this pattern 

changes as ST8SIA4 becomes the prominent enzyme and its expression persists into adulthood, 

especially in the regions of neurogenesis and synaptic plasticity (Scheidegger et al., 1995; 

Angata et al., 1997; Hildebrandt et al., 1998; Ong et al., 1998; Oltmann-Norden et al., 2008; 

Nacher et al., 2010).  

In early postnatal animals, comparisons of St8sia2 and St8sia4 single knockout mice have 

shown that ST8SIA2 ablation was only partially compensated by ST8SIA4, whereas loss of 

ST8SIA4 was shown to be fully compensated by ST8SIA2 (Galuska et al., 2006; Oltmann-

Norden et al., 2008). However, the alterations affect the ratio between polysialylated and 

unpolysialylated NCAM but also the number and length of polySia chains on NCAM 

molecules (Galuska et al., 2006; Galuska et al., 2008). 

1.4.  NCAM- and polysialyltransferase-deficient mouse models 

NCAM has been implicated in many developmental processes such as tissue formation, 

regulation of cytoskeletal functions, neuronal migration, neurite outgrowth, neuromuscular 

interactions and synaptogenesis (Edelman et al., 1983; Rieger et al., 1985; Sandig et al., 1994). 

In addition, a role of NCAM in synaptic plasticity, learning and memory processes is firmly 

established (Hinsby et al., 2004), showing that the amount and distribution of NCAM is 

essential for brain development and plasticity. Since the first description of polySia in the 

developing mammalian brain (Finne 1982) a plethora of studies elucidated the fundamental 
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roles of this glycan modification on mainly NCAM-mediated but also NCAM-independent 

interactions in the developing and adult brain (Schnaar et al., 2014).  

However, despite the assumed importance of NCAM and polySia based on ex vivo assays, 

mice deficient of NCAM and therefore almost completely negative for polySia displayed a 

surprisingly mild phenotype (Tomasiewicz et al., 1993; Cremer et al., 1994). The mice were 

healthy and fertile and developed overtly normal with only few deficits in brain morphology, 

such as smaller olfactory bulbs as a result of impaired migration of olfactory interneuron 

precursors in the rostral migratory stream, delamination of the hippocampal mossy fibre tract 

with ectopic synapse formation, and hypoplasia of the corticospinal tract (Tomasiewicz et al., 

1993; Cremer et al., 1997; Seki et al., 1998; Chazal et al., 2000; Rolf et al., 2002). Only later, 

polyST-deficient mouse models made it possible to assess the consequences of a loss of polySia 

in the presence of NCAM. Brains of St8sia2-/- St8sia4-/- double knockout mice showed normal 

levels of NCAM, but were completely devoid of polySia, indicating that all polysialylation 

processes in the brain are carried out by these two enzymes (Weinhold et al., 2005). These 

mice were born at normal Mendelian ratios and had no obvious morphological defects at birth. 

However, their postnatal growth was retarded, with over 80% fatality within the first four 

postnatal weeks. St8sia2-/-;St8sia4-/- animals recapitulated major deficits of brain development 

observed in Ncam-/- animals, i.e. delamination of mossy fibres and smaller olfactory bulbs with 

impaired precursor migration, which is in good agreement with former studies showing that 

both of these phenotypes can also be reproduced by enzymatic removal of polySia (Ono et al., 

1994; Seki et al., 1998). In addition, the polySia-negative, NCAM-positive mice displayed 

severe defects of brain development that were not observed in NCAM -/- mice. These included 

a high incidence of postnatal hydrocephalus with cortical thinning and the malformation of 

major brain axon tracts, such as the complete agenesis of the anterior commissure and 

hypoplasia of corticospinal tract, internal capsule, mammillothalamic tract, and corpus 

callosum (Weinhold et al., 2005; Hildebrandt et al., 2009; Schiff et al., 2009; Schiff et al., 

2011). Importantly, all of  these deficits were rescued by the additional knockout of Ncam, i.e. 

by generating St8sia2-/-;St8sia4-/-;Ncam-/- triple knockout animals, disclosing that the observed 

malformations are caused by a gain of polySia-negative NCAM functions (Weinhold et al., 

2005). 

As decribed in the previous chapter (1.3), St8sia4 single knockout mice show no reduction of 

polySia at birth, but with the exception of early neuroblasts in the neurogenic niches and a 
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population of immature neurons in the piriform cortex, they are negative for polySia in most 

parts of the adult brain (Eckhardt et al., 2000; Nacher et al., 2010). Despite the fact that 

hippocampal mossy fibres were devoid of polySia in St8sia4-/-, the impaired lamination of the 

mossy fibres observed in Ncam-/- was not reproduced. However, impaired long-term 

potentiation (LTP) and long-term depression (LTD) in Schaffer collateral-CA1 synapses has 

been detected (Eckhardt et al., 2000).  

1.5.  Neurodevelopmental deficits in mice with constitutive and conditional knockouts 

of ST8SIA2  

Neurodevelopmental investigations and studies of brain morphology in the adult have 

shown a range of deficits in St8sia2-/- animals that partially or fully recapitulate phenotypic 

traits of completely polySia-negative, NCAM-positive St8sia2-/-;St8sia4-/- double knockout 

mice. As specified below, the most notable changes are detected in cortical interneurons and 

axonal tracts. In order to track down the mechanisms causing the neurodevelopmental deficits 

of ST8SIA2 deficient mice, a series of mouse lines with conditional knockout of St8sia2 in 

cortical interneurons, thalamus or cortex has been established. Mice, in which exon 4 of St8sia2 

has been flanked by loxP sites (“floxed”, St8sia2f/f) (Figure 1.4), were crossbred with lines 

expressing the Cre recombinase under the promoter of Lhx6, causing Cre expression in 

populations of cortical interneurons derived from the embryonic medial ganglionic eminences 

in the subpallium (Lhx6-Cre; Fragkouli et al., 2009), under the dorsal telencephalon-specific 

promoter Emx1 (Emx1-Cre; Gorski et al., 2002), or under the Foxb1 promoter, expressed in 

the diencephalon and the brain stem, but not in the telencephalon (Foxb1-Cre; Zhao et al., 

2007).  

 

Figure 1.4: Conditional knockout of St8sia2. Conditional knockout of St8sia2 was created with Cre-Lox 

recombination system. Exon 4 of St8sia2, encoding parts of the sialyl motif L, was flanked by LoxP sites to create 

a “floxed” St8sia2 allele. The expression of the phage-derived enzyme Cre-recombinase under a particular gene 

promotor leads to the excision of the fragment flanked by the loxP sites and results in the loss of functional St8sia2 

transcripts. 
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Similar to the St8sia2-/-;St8sia4-/- double knockout line, a comparative analysis of St8sia2-/- and 

St8sia4-/- single knockout mice showed reductions in calbindin (CB)- positive cells in the 

glomerular layer of the olfactory bulb (OB) (Röckle et al., 2016). Moreover, single knockouts 

also recapitulated the parvalbumin (PV)- and somatostatin (SST)- expressing interneurons 

reduction in the medial prefrontal cortex (Kröcher et al., 2014). The latter phenotype was as 

pronounced as in Ncam-/- mice, which demonstrates that the impact of polysialylation on the 

establishment of these interneuron populations is independent of NCAM functions. Evaluation 

of the embryonic cortical interneuron migration stream showed that ST8SIA2 depletion causes 

an accumulation of interneuronal precursors in the ganglionic eminences (Kröcher et al., 2014). 

Parvalbumin (PV)- and somatostatin (SST)- expressing interneurons which are derived from 

medial ganglionic eminences (MGE) and migrate into the cortex were found to be significantly 

reduced in the medial prefrontal cortex in response to the ST8SIA2 removal (Kröcher et al., 

2014; Röckle et al., 2016). Observed deficits were fully recapitulated with the MGE-derived 

interneuron-specific knockout (Lhx6-Cre;St8sia2f/f) but not the cortex specific knockout 

(Emx1-Cre;St8sia2f/f) of St8sia2. Lhx6-Cre;St8sia2f/f showed reduced PV+ interneurons in the 

rostral levels of the anterior cortex (Schuster et al., 2020).  

Thalamus-cortex connectivity deficits are another axonal example that are among the most 

prominent axon tract impairments observed in St8sia2-/-;St8sia4-/- double knockout mice. 

During their formation, corticothalamic and thalamocortical fibres grow reciprocally. 

Thalamocortical axons pass through the internal capsule and meet with the corticothalamic 

fibres in the basal telencephalon around E14.5; This process is referred to as the “handshake” 

(Braisted et al. 2009, Blakemore and Molnar 1990). Although less pronounced than in St8sia2-/-

;St8sia4-/-, loss of ST8SIA2 alone also causes hypoplasia of the rostrocaudal extent of the 

internal capsule, containing among others all fibres connecting between thalamus and cortex  

(Hildebrandt et al., 2009). Compromised pathfinding of the thalamocortical fibres in St8sia2-/-

;St8sia4-/- animals results in a highly disorganised  fasciculation of thalamocortical and 

corticothalamic axons, which is particularly evident in the reticular thalamic nucleus (Rt),  a 

shell-shaped GABAergic nucleus, which is located between the internal capsule and thalamus 

(Guillery et al. 1998; Pinault 2004) and traversed by all thalamocortical and corticothalamic 

fibres (Harris 1987). A similar deficit in the organisation of corticothalamic and 

thalamocortical fibres was also observed in St8sia2-/- mice (Kröcher et al., 2015; Schuster, 

2017). However, conditional knockout of ST8SIA2 in the diencephalon (Foxb1-Cre;St8sia2f/f), 

or the cortex (Emx1-Cre;St8sia2f/f), or in both regions together (Foxb1-Cre;Emx1-
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Cre;St8sia2f/f) was not able to reproduce these fasciculation deficits or the hypoplasia of the 

internal capsule, indicating that the conditional ablation of St8sia2 in corticothalamic and 

thalamocortical projection neurons is not sufficient to cause this phenotype (Schuster 2017).  

Hypoplasia of the mammillothalamic tract (mt) is another pronounced axonal tract deficit in 

St8sia2-/-;St8sia4-/- mice (Weinhold et al., 2005), which is reproduced in St8sia2 knockout 

mice.  A first analysis of the mt in the conditional knockout lines indicated that this phenotype 

was recapitulated in Foxb1-Cre;St8sia2f/f mice with a diencephalic ablation of St8sia2 

(Schuster 2017). In addition, a significant reduction of mammillary body size was detected in 

St8sia2-/- and in Foxb1-Cre;St8sia2f/f mice . In contrast, hypoplasia of the fornix as detected in 

St8sia2-/- mice seems to be caused by the cortex-specific knockout (Emx1-Cre; St8sia2f/f) and 

preliminary data indicated that this may have a small effect on the size of the 

mammillothalamic tract (Schuster 2017).  

Hypoplasia of the corpus callosum, one of the observed fibre tract deficits in the absence of 

ST8SIA2, was equally observed in St8sia2-/- and in the cortex-specific knockout of St8sia2 

(Emx1-Cre;St8sia2f/f, Foxb1-Cre;Emx1-Cre;St8sia2f/f) (Schuster, 2017). 

1.6.  Mammillary body connections as a part of the Papez circuit 

In the late 30s, James Papez described a distinct closed circuit (Papez, 1937). This so-

called Papez circuit connects the hippocampal formation to the mammillary bodies (MB), 

continues to the anterior thalamic nuclei (ATN), then projects into the cingulate gyrus and 

ultimately closes the loop by infiltrating back to the hippocampus. Until today, numerous 

studies indicated that the Papez circuit forms the anatomical substrate for many aspects of 

emotional processing and memory (Bubb et al., 2017). The mammillary body is a di- and 

mesencephalic structure formed by several nuclei in the basal hypothalamus that receives 

afferents from the hippocampus via the postcommissural fornix (pcf) and sends efferents to the 

ATN and tegmentum (Figure 1.5). The MB efferents arise in dorsal direction and form the 

principal mammillary tract (pm), which turns caudally and splits off collaterals that form the 

mammillothalamic tract (mt) projecting to the ATN (Alvarez-Bolado et al., 2000). After that 

point the remaining axon bundle is called mammillotegmental tract (mtg) and continues to 

Gudden’s tegmental nuclei in the mesencephalon. In return, the tegmental nuclei send 

projections to the MB via the mammillary peduncle (mp) (Vann et al., 2015). Gudden’s 

tegmental nuclei contain the dorsal tegmental nuclei (DTg) and the ventral tegmental nuclei 
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(VTg). The connections between MB and Gudden’s tegmental nucleus are topographically 

specialised in two distinct ways. The DTg makes reciprocal connections with the lateral MB, 

while the VTg is linked to the medial MB (Petrovicky, 1971). A similar segregation is observed 

in the hippocampal afferents of MB. Fibres originating in the postsubiculum innervate the 

lateral MB, while projections from the dorsal and ventral subiculum innervate the medial 

MB (Hayakawa et al., 1984; Allen et al., 1989; Vann, 2013). 

 

Figure 1.5: Schematic representation of mammillary body connections in adult mouse brain. The axonal 

connections of the mammillary body (MB) are depicted in orange (postcommissural fornix, pcf), black (principal 

mammillary tract, pm), red (mammillothalamic tract, mt), green (mammillotegmental tract, mtg), and brown 

(mammillary peduncle, mp). The connected structures, thalamus (Th), ventral tegmental nucleus (VTg), dorsal 

tegmental nucleus (DTg), are designated with the respective abbreviations. The arrows on each tract indicate the 

projection directions. Figure modified from Senova et al. (2020) 

 

1.7.  Behavioural alterations linked to ST8SIA2 deficiency  

In addition to the neurodevelopmental phenotypes, ST8SIA2 depletion has also been 

associated with various behavioural alterations, which are reminiscent of the features of 

psychiatric disorders. Observed working and recognition memory deficits together with the 

prepulse inhibition of the acoustic startle response deficits in St8sia2-/- animals (Tantra et al., 
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2014; Kröcher et al., 2015), have been linked to defined schizophrenia phenotypes (Green et 

al., 2000; Braff et al., 2001; Sodhi et al., 2011).  

Increased locomotor activity and exploratory drive are strong phenotypes repeatedly observed 

in St8sia2-/- animals (Angata et al., 2004; Calandreau et al., 2010; Kröcher et al., 2015). 

Moreover, these animals were observed to have an increased locomotor sensitivity to 

amphetamine treatment, an often-used method to test schizophrenia-like symptoms (van den 

Buuse, 2010; Anticevic et al., 2012; Kröcher et al., 2015). ST8SIA2-deficient animals display 

reduced social interaction, supported by the observation that animals spend significantly less 

time on sniffing newly introduced animals, as well as hypoanxiety, in addition to impaired fear-

conditioning (Angata et al., 2004; Calandreau et al., 2010; Bacq et al., 2020). It was also 

reported that St8sia2-/- animals have a lack of sucrose preference (Kröcher et al., 2015), 

indicating anhedonia which is a widely seen symptom in depression and schizophrenia 

(Ellenbroek et al., 2000; Anticevic et al., 2012).  

There are a number of behavioural phenotypes described, and the first attempt to dissect the 

neuroanatomical of behavioural alterations was performed in a study where the neonatal 

amygdala-specific ST8SIA2 silencing was found to reproduce pathological aggression 

behaviour which could be rescued by partial NMDA receptor agonist D-cycloserine 

administration (Bacq et al., 2020). However, the neuroanatomical contributors of the the 

anxiety-like traits remained unclear.  

1.8.  Association between St8sia2 and psychiatric disorders 

Altered levels of polySia or NCAM have been repeatedly linked to cognitive impairments  

and psychiatric disorders, especially schizophrenia, but also autism, bipolar disorder and 

depression (reviewed by Brennaman et al., 2010). Increased soluble NCAM levels were 

detected in the cerebrospinal fluid, prefrontal cortex, and hippocampus of patients suffering 

from schizophrenia (Poltorak et al., 1995; Vawter et al., 2000; Vawter et al., 2001). Reductions 

of polySia-immunoreactive cells were observed in the dentate gyrus and the hilus region of the 

hippocampus, and reduced polySia immunoreactivity was detected in the prefrontal cortex of 

schizophrenic patients (Barbeau et al., 1995; Gilabert-Juan et al., 2013).  More recently, 

elevated polySia-NCAM serum levels could be correlated with negative symptoms, blunted 

effect and declarative memory impairment, and with volume changes in Brodmann area 46 of 

the left prefrontal cortex, a site implicated in cognitive functions (Piras et al., 2015). 
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In support of these findings, NCAM1 and ST8SIA2 have been implicated in genetic 

predisposition to schizophrenia (Lewis CM et al., 2003; Maziade et al., 2003; Lindholm et al., 

2004; Zhang et al., 2014). Single nucleotide polymorphism (SNP) and genome-wide 

association studies revealed gene coding for the developmentally predominant 

polysialyltransferase ST8SIA2, but not for ST8SIA4, with schizophrenia, bipolar disorder, 

autism spectrum disorder (Purcell et al., 2001; Arai et al., 2006; Atz et al., 2007; Tao et al., 

2007; Anney et al., 2010; McAuley et al., 2012; Gilabert-Juan et al., 2013; Yang SY et al., 

2015). Some of these studies have also shown alternating ST8SIA2 mRNA expression levels in 

schizophrenia and bipolar disorder patients with different risk haplotypes, especially in the 

prefrontal cortex (Arai et al., 2006; McAuley et al., 2012). Together, these studies imply a 

contribution of ST8SIA2-dependent glycosylation of NCAM in various psychiatric diseases, 

particularly in schizophrenia.  

In support of the genetic studies, disturbed neurodevelopment and altered brain connectivity in 

schizophrenic patients (Lewis DA et al., 2002; Innocenti et al., 2003; Begre et al., 2008) 

overlap with features observed in ST8SIA2-loss of function animal models. The detection of 

ventricular enlargements by MRI is one of the earliest and most prominent features of 

schizophrenia patients (Shenton et al., 2001). Similarly, mice with a loss of NCAM-180 (Wood 

et al., 1998), the completely polySia-negative St8sia2-/-;St8sia4-/- as well as the St8sia2-/- mice 

display ventricular enlargements, but incidences and extent differ between the models 

(Weinhold et al., 2005; Kröcher et al., 2015). Size reductions of the olfactory bulbs indicate 

that predisposition to schizophrenia may involve aberrant OB development (Turetsky et al., 

2000; Turetsky et al., 2009; Moberg et al., 2014) and smaller olfactory bulbs are also reported 

for Ncam1-/- (Cremer et al., 1994) and St8sia2-/-;St8sia4-/- mice (Weinhold et al., 2005). Both 

reticular thalamic nucleus and thalamocortical connectivity defects were also demonstrated in 

St8sia2-/-;St8sia4-/- and, less pronounced, in St8sia2-/- mice (Schiff et al., 2011; Kröcher et al., 

2015; Schuster 2017). Axonal tract deficits observed in schizophrenic patients are smaller 

corpus callosum and internal capsule (Innocenti et al., 2003; Hulshoff Pol et al., 2004; Douaud 

et al., 2007; Mitelman et al., 2007; Begre et al., 2008; Rosenberger et al., 2012; Ellison-Wright 

et al., 2014), which both was also observed in the polySia-negative, NCAM-positive St8sia2-/-

;St8sia4-/-  mice and recapitulated in St8sia2-/- animals (Hildebrandt et al., 2009; Schiff et al., 

2011; Kröcher et al., 2015). Moreover, dysfunction of the reticular thalamic nucleus, all 

thalamocortical and corticothalamic projections, has been suggested to contribute the 

hallucinations in schizophrenia (Behrendt, 2006; Byne et al., 2009).  
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Finally, altered mammillary body size and a more than 50% reduction of parvalbumin-positive 

neurons in the mammillary body are other reported features in schizophrenic patients (Briess 

et al., 1998; Bernstein et al., 2007; Bernstein et al., 2012), and strong size reductions of the 

mammillary bodies were observed in the St8sia2-/- (Schuster, 2017).  

Altered densities of GABAergic and particularly reductions of parvalbumin-immunoreactive 

interneurons in the prefrontal cortex, as well as reduced parvalbumin mRNA levels were 

repeatedly reported in postmortem studies on schizophrenic patients (Beasley et al., 2002; 

Hashimoto et al., 2003; Lewis DA et al., 2004; Morris et al., 2008; Lewis DA, 2012; Stan et 

al., 2012). Reminiscent of these findings, polySia deficient mouse models also revealed 

reduced interneuron densities in the medial prefrontal cortex (Kröcher et al., 2014).  

Collectively, these parallels between neurodevelopmental phenotypes of St8sia2-/- mice and 

traits of neuropsychiatric disorders suggest ST8SIA2 as a strong candidate in explaining a 

neurodevelopmental predisposition to these psychiatric disorders. These links call for a better 

understanding of how neurodevelopmental traits of St8sia2-/- mice may translate into distinct 

behavioural phenotypes.  

1.9.  Objectives  

The first aim of the current study was a further characterisation of altered mammillary 

body connectivity, particularly its reciprocal tegmental connections, in the different conditional 

knockout lines of St8sia2. Furthermore, we targeted possible morphological and cellular 

changes in the ventral tegmental nucleus and medial mammillary nucleus due to their 

previously described link with the behavioural changes that are also observed in St8sia2-/- 

animals, i.e. hyperlocomotion, hypoanxiety, and working memory deficits.  

The second aim of the study was to find links between specific neurodevelopmental traits and 

behavioural alterations of St8sia2-/- mice. To this end, the established conditional knockouts of 

St8sia2 were analysed in a series of tests examining locomotor activity, prepulse inhibition, 

anxiety-like behaviour, and working memory.    
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2. Materials and Methods 

2.1.  Mice  

All experimental procedures were conducted according to the guidelines for animal 

experiments established by the German Animal Welfare Act and approved by the local 

authorities (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, 

permissions no. 33.12-42502-04-18/2932).  All animals were bred in the central animal facility 

of Hannover Medical School and housed under a 12-hour light/dark cycle in a temperature and 

humidity-controlled room. The cohorts assigned for the behavioural testing were transported 

to the Lower Saxony Centre for Biomedical Engineering, Implant Research and Development 

(NIFE), where all behavioural tests were performed in the laboratories generously provided by 

Kerstin Schwabe (Department of Neurosurgery, Hannover Medical School). Mice were given 

two weeks for acclimation to the new housing facility. All mice had free access to food and 

water except for animals of the second behavioural testing cohort, which were kept on a 

reduced diet prior to the T-maze alternation task (see 2.6.1 below).  All animals were housed 

with their littermates in groups of 2-5 mice per cage.  

Conditional knockout mouse lines for the region- or cell-type-specific ablation of a target gene 

were generated using the Cre-Lox recombination system, originating from the bacteriophage 

P1 (Hoess et al., 1982). As briefly described in Schuster et al. (2020), a St8sia2 conditional 

allele was developed utilising a vector fragment containing the fourth exon of St8sia2 flanked 

by two 34 base-pair loxP (locus of crossover P1) sites and inserted into the third intron, which 

was later transfected into C57BL/6N Tac embryonic stem cells (generated by Taconic 

Biosciences GmbH). The expression of the 38 kDa cyclisation recombination recombinase 

enzyme (Cre-recombinase) under a particular gene promotor leads to excision of the fragment 

flanked by the loxP sites inserted into the target gene. For the loxP-flanked (“floxed”) St8sia2 

allele, this results in a deletion of the fourth exon encoding parts of the sialyl motif L leading 

to a loss of sialyltransferase function (Angata et al., 2004). Mice expressing Cre-recombinase 

under the zona pellucida 3 (Zp3) gene promoter, which is expressed in the growing oocyte 

prior to the completion of the first meiotic division (Lewandoski et al., 1997; de Vries et al., 

2000), were obtained from The Jackson Laboratory (RRID: IMSR_JAX: 003651; Bar Harbor, 

USA) and cross-bred with mice homozygous for the conditional St8sia2-allele (St8sia2f/f) to 

generate a line with complete depletion of enzymatic ST8SIA2 function. This line will be 

referred to as St8sia2-/- in the following sections.  
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St8sia2f/f  mice were also cross-bred with Lhx6-Cre and Emx1-Cre mice expressing Cre-

recombinase either under the Lhx6 promoter, which is specific for MGE-derived interneurons 

(Fragkouli et al., 2009) [RRID: IMSR_JAX:026555; created by Nicoletta Kessaris, University 

College London and generously provided by Oscar Marin, King’s College London] or under 

the dorsal telencephalon-specific promotor Emx1 [RRID: IMSR JAX:005628; Jackson 

Laboratories] targeting Cajal–Retzius cells, glutamatergic neurons, astrocytes and 

oligodendrocytes, but not GABAergic neurons, (Gorski et al., 2002). The resulting Lhx6-

Cre;St8sia2f/f and Emx1-Cre;St8sia2f/f lines have been used previously to characterise the cell-

autonomous impact of St8sia2 on cortical interneuron development (Schuster et al., 2020). To 

obtain animals with ablation of ST8SIA2 in the diencephalon, St8sia2f/f  mice were cross-bred 

with a line expressing the Cre recombinase under the Foxb1(forkhead b1) gene promotor (Zhao 

et al., 2007) to obtain Foxb1-Cre;St8sia2f/f mice. Foxb1-Cre mice were kindly provided by 

Gonzalo Alvarez-Bolado, University of Heidelberg. The Foxb1-driven Cre expression profile 

of these mice is confined to the diencephalon, including the thalamus and mammillary bodies 

of the hypothalamus, the brainstem including the mesencephalic tegmentum, and the ventral 

spinal cord (Zhao et al., 2007). All of these mouse strains were backcrossed with C57BL/6J 

mice for at least six generations. In addition, Foxb1-Cre;St8sia2f/f mice were cross-bred with 

Emx-1-Cre;St8sia2f/f mice to obtain Foxb1-Cre; Emx-1-Cre; St8sia2f/f double mutant mice with 

combined deletion of St8sia2 in the di- and mesencephalon and in the cortex. 

Genotyping of the “floxed” St8sia2 allele, the conditionally recombined St8sia2 allele and the 

different Cre-alleles was performed using the following primers: Cond-1b (5’-

GAGACAGCAACTAGAGGAATAACA-3') and cond-2 (5’-CCTAGATGGGTTGGTGTT 

GC-3') for the floxed St8sia2 allele; cond-1b and cond-4 (5’-ACAGTTAGAACACCAC 

CTTC-3') for the recombined St8sia2 allele; iCreF (5’-GAGGGACTACCTCCTGTACC-3'), 

iCreR (5’-TGCCCAGAGTCATCCTTGGC-3'), ctrl-F (5’-ACTGGGATCTTCGAACTCTTT 

GG-3'), and Ctrl-R (5’-GATGTTGGGGCACTGCT CATTCA-3') for the Lhx6-Cre allele; 

Foxb1-iCre-1 (5’-CTCGGCATGGACGAGCTG TACAAG-3'), Foxb1-iCre-2 (5’-CACTGG 

GATGGCGGGCAACGTCTG-3'), and Foxb1-iCre-3 (5’-CATCGCTAGGGAGTACAAGAT 

GCC-3') for the Foxb1-Cre allele; Emx-s (5’-GCGGTCTGGCAGTAAAAACTATC- 3'), 

Emx-as (5’-GTGAAACAGCATTGCTGTCAC TT-3'), EmxWT-s (5’-AAGGTGTGGTTCC 

AGAATCG-3'), and EmxWT-as (5’-CTCTCCACC AGAAGGCTGAG-3') for the Emx1-Cre 

allele.  
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2.2.  Animal perfusion and brain sectioning  

All morphometric and immunohistochemical analyses were performed with three 

months old male mice. Mice were deeply anaesthetised with 100 mg/kg Ketamine (CP-Pharma, 

Burgdorf, Germany) and 8 mg/kg Xylazine (Rompun, Bayer Health Care, Leverkusen, 

Germany) in 0.9 % (w/v) NaCl and perfused transcardially with ~5 ml 0.1 M phosphate buffer 

(PB), followed by ~50 ml 4% (w/v) paraformaldehyde (PFA) in 0.1 M PB solution (pH 7.4). 

The perfused brain was then removed and transferred into a 4% PFA solution for an additional 

overnight post-fixation. After post-fixation, brains were washed three times with cold 0.1 M 

PB and stored in 0.1 M PB at 4°C. Free-floating 50 μm thick coronal sections were obtained 

from brains embedded in agar (0.1 M phosphate buffer, pH 7.4 containing 4% (w/v) agar) by 

using a vibrating blade microtome (Leica Biosystems, Buffalo Grove, IL. USA; RRID: 

SCR_016495). Serial sections were collected individually in 24-well plates with 0.1 M PB and 

stored at 4°C until further processing.    

2.3.  Morphological assessment  

 As applied previously for similar evaluations (Weinhold et al., 2005, Hildebrandt et 

al., 2009), images of all unstained serial sections were obtained under a modified darkfield 

illumination using a SteReo Discovery.V12 stereomicroscope equipped with a AxioCam MRm 

digital camera and AxioVision software (Carl Zeiss Microscopy, Göttingen, Germany). Suited 

images with cross sections of each structure of interest at comparable rostrocaudal levels were 

selected. Together with representative images, the respective Bregma levels for the evaluation 

of each structure are detailed in the Results section. The Paxinos Mouse Brain Atlas (Paxinos 

and Franklin 2001) was used for the identification of anatomical structures. For morphometric 

evaluation, all images were coded and randomised to ensure that the observer was blind to the 

experimental conditions. The cross-sectional areas of the mammillothalamic tract (mt), 

mammillary body (MB), the principle mammillary tract (pm), the mammillotegmental tract 

(mtg), and the mammillary peduncle (mp) were confined and determined using the polygon 

contour tool of ZEN 2012 Imaging Software (Zeiss). For each animal and structure, one section 

was evaluated and mean values of structures in both hemispheres were averaged.  
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2.4.  Immunofluorescence 

Sections at approximately -2.8 mm and -4.9 mm from bregma were selected from each 

animal for immunofluorescent staining of the mammillary body and ventral tegmental nucleus, 

respectively. The Paxinos Mouse Brain Atlas (Paxinos and Franklin 2001) was used for the 

identification of anatomical structures. For immunofluorescent staining, free-floating 

vibratome sections were permeabilized for 15 minutes in phosphate-buffered saline (PBS) / 

Triton (1x PBS pH 7.4 containing 0.4% (v/v) Triton X-100), and then incubated for one hour 

in blocking buffer (10% (v/v) fetal calf serum (FCS) in PBS / Triton). All incubations were 

performed on an orbital shaker at room temperature. After blocking, sections were incubated 

overnight at 4°C with a primary antibody mixture prepared in the blocking buffer. The 

following primary antibodies were used with the indicated dilutions: Goat anti-parvalbumin 

(1:5000; Swant, Cat# PVG214 RRID: AB_10000345), rabbit anti-calbindin D-28k (1:5000; 

Swant Cat# CB38, RRID:AB_10000340), and mouse anti-NeuN, clone A60, biotin-conjugated 

antibody (1:1000; Millipore Cat# MAB377B, RRID:AB_177621). After incubation with 

primary antibodies, sections were washed with PBS / Triton three times for five minutes and 

incubated with the secondary antibody mixture for one hour at room temperature. The 

secondary antibody mixture contained the following fluorescently labelled antibodies and 

reagents at the indicated dilutions in blocking buffer: Donkey anti-rabbit IgG, Alexa Fluor 647 

(1:500; Thermo Fisher Scientific, Cat# A-31573, RRID AB_2536183), donkey anti-goat IgG, 

Alexa Fluor 555 (1:500; Thermo Fisher Scientific, Cat# A21432, RRID AB_2535853), 

streptavidin Alexa Fluor 488 (1:500; Jackson ImmunoResearch, Cat# 016-540-084, RRID: 

AB_2337249). After incubation with the secondary antibody mixture, sections were washed 

with PBS / Triton three times for five minutes. Finally, they were transferred onto object slides 

and mounted using Vectashield mounting medium with DAPI as a nuclear counterstain (Vector 

laboratories, Cat# H1200). 

2.5.  Microscopy, cell counting and area measurements 

Images of fluorescently labelled NeuN, parvalbumin, and calbindin expressing cells 

were acquired using an Axio Observer.Z1 microscope equipped with an AxioCam MRm digital 

camera and ZEN 2012 software (Carl Zeiss Microimaging, Göttingen, Germany). Optical 

sections of 1.62 μm (NeuN), 1.78 μm (parvalbumin) or 2.09 μm (calbindin) thickness out of 

each 50 µm vibratome section were obtained by structured illumination using the ApoTome 

technology and a 20x Plan-Apochromat objective with a numerical aperture of 0.8 (Zeiss). 
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Single images were stitched using the tiles module of ZEN 2012 (Zeiss), and the same image 

threshold was used for each processing batch. After blinding and randomisation of the images, 

the areas for the ventral tegmental nuclei and mammillary bodies were defined and determined 

with the polygon contour tool, while all immunopositive cells within the defined area were 

manually counted with the event counting tool of ZEN Imaging Software (Zeiss), respectively. 

Data for both hemispheres of each section were averaged.  

2.6.  Behavioural assessment 

For the behavioural assessments, two separate cohorts of mice were tested. Cohort 1 

consisted of mice from five different lines (St8sia2f/f, St8sia2-/-, Lhx6-Cre;St8sia2f/f, Foxb1-

Cre;St8sia2f/f, Emx1-Cre;St8sia2f/f). In addition to these five lines, cohort 2 also included mice 

of the Foxb1-Cre;Emx1-Cre;St8sia2f/f line. Test in the T-maze, open field locomotor activity 

tests and assessments of prepulse inhibition of the acoustic startle response were performed 

with both cohorts, but different protocols were applied, as detailed in the respective sections 

below. The other behavioural assessments, i.e. elevated plus maze, dark-light box, and marble 

burying, were only performed with cohort 2. Before any experimental procedure, mice were 

handled for four days for habituation to the experimenter. All behavioural tests were performed 

on a different day than the day of weekly bedding change.  

In open field locomotor activity, elevated plus maze, and dark-light box experiments, the 

activity of the mice was recorded by a real-time digital recorder (4-Kanal 4CIF, TVVR41100, 

Abus) with a light-sensitive digital camera, kindly provided by Marc Muschler, Department of 

Psychiatry, Social Psychiatry and Psychotherapy, Hannover Medical School. The recordings 

were collected by computer at a rate of 29 frames/second in .MP4 format and converted into 

.MPEG using the Videomach 5.15.1 multimedia converter (Gromada). Converted videos were 

then analysed by the video-tracking software TopScan 2.0 (TopView Analyzing System 2.0; 

Clever Sys Inc.). 

 2.6.1. Delayed nonmatch-to-place T-maze (DNMT) task 

The delayed nonmatch-to-place T-maze (DNMT) task was performed to assess working 

memory based on the innate tendency of mice to alternate their choice of a goal arm on the T-

maze (Deacon et al., 2006). With the aim of a reinforcement of the performance, food 

deprivation is  frequently applied in this test. Therefore, the test was performed in the two 

cohorts under different dietary regimens. Mice in cohort 1 had free access to food, while the 
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mice in cohort 2 were maintained on a restricted feeding schedule starting one week before the 

experiment to reach a weight loss of up to 10% of their free-feeding weight. The T-maze was 

made of black plexiglass and consisted of one main platform (89 cm x 12 cm), with a start 

compartment at one end and two identical goal arms (32 cm x 12 cm) at the other. The goal 

arms were positioned opposite each other and perpendicular to the main platform, surrounded 

by 15 cm high walls. The start compartment and both goal arms open to the main platform with 

remotely controlled sliding doors, as illustrated in Figure 2.1. Two 3 cm diameter food 

containers were placed at the end of each goal arm. 

 

Figure 2.1: Schematic representation of the delayed nonmatch-to-place T-maze testing phases. The arrow 

in the sample run (black) represents a forced direction. Following the delay period, the choice in the test run is 

scored “correct” (green) or “false” (red), as detailed in the text. Brown filled circles at the end of each goal arm 

indicate the location of containers with food, the open circle represents an empty container.   

 

Two days before the experiment starts, each mouse had a 10-minute habituation session for 

two consecutive days with all the doors open and sweetened food pellets as a reward present 

in the containers. As illustrated in Figure 2.1, each trial consisted of a sample and a choice run 

separated by a delay period. The intertrial interval was a minimum of 10 minutes, and mice 

performed four trials per day for two consecutive days. On the sample run, mice were placed 

into the start compartment and forced to move into one arm by keeping the door to the other 

arm closed. After receiving the bait located in the food container, mice were placed back into 

the start compartment, and the gate was opened after a delay period of 15 or 60 sec, as specified 

below. In order to prevent the smell of food from helping the mice find the correct arm, the 

food containers on both sides of the maze were smeared with food reward pellets before placing 

them on the maze. Thereafter, on the choice run, mice were offered two open goal arms to 

choose from, and the animal was rewarded for alternating by receiving food in the previously 

unvisited arm. The order of the open arm in the sample run was defined in a randomised 

sequence in which the same arm was not chosen for more than two consecutive trials, and the 
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same number of left and right open arms were offered per daily session. All tests were 

performed at a light intensity of 30 lux. In the first cohort, eight trials with a forced delay period 

of 15-seconds were performed on the first two consecutive days (day 1 and day 2). After a 

period of at least one week, eight trials with a 60-second delay period were performed on 

another two consecutive days (day 3 and day 4). In the second cohort, mice performed only 

eight trials with a 15-second delay period. Mice that did not leave the start compartment within 

5 min (cohort 1), or 2 min (cohort 2) were disqualified for that trial. Entry into the arm was 

defined when all four paws were in the arm. If the mouse had alternated the chosen arm in the 

choice run, the trial was rated “correct”; if not, it was rated “false”. 

 2.6.2. Open-field locomotor activity and MK-801 treatment 

For habituation to the laboratory environment, all mice were transferred from the 

housing unit at least half an hour before each experimental procedure started. Open field 

locomotor activity was tested in both cohorts before and after injection of saline and MK-801 

but under slightly different experimental conditions. The first cohort of mice performed 

locomotor activity in 33 cm (L) x 23 cm (W) x 50 cm (H) cm polypropylene boxes obtained 

from a local hardware store. Each mouse was placed in the centre of the activity box and 

allowed to explore the box for one hour freely. The activity of four mice was recorded 

simultaneously (as described under 2.6) with the camera mounted on a 116 cm high scaffold 

and centred above four activity boxes, as illustrated in Figure 2.2a.  

Following a one-hour baseline locomotion recording, mice were returned to their home cage. 

The drug-induced locomotor activity screening was performed on another day with the same 

setup and following the same procedure. Mice first received an i.p. injection of vehicle (0.9 % 

saline) at a volume corresponding to 1% of body weight (e.g., a mouse weighing 30 g was 

given 0.3 ml) and were monitored for 60 minutes. After this vehicle run, mice received an i.p. 

injection of the non-competitive antagonist of the N-methyl-D-aspartate receptor, MK-801 

[(+)-5-methyl-10,11-dihydroxy-5H-dibenzo(a,d) cyclohepten-5,10-imine] (A4393, Sigma-

Aldrich, Germany)at a concentration of 0.5 mg/kg body weight and dissolved in the same 

volume of 0.9% saline as in the vehicle injection. Monitoring continued for one more hour.  

In contrast to the first cohort, the locomotor activity of the second cohort was assessed in 

custom-made, 36 cm (L) x 26 cm (W) x 50 cm (H) cm sized polyvinyl chloride (PVC) coated 

boxes under 300 Lux luminous intensity. Moreover, the MK-801 concentration was reduced to 
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0.25 mg/kg body weight. The baseline, saline, and MK-801 induced locomotor activities were 

recorded on the same day in continuous order, with again one hour recording time for each 

condition.  

Thigmotaxis, the tendency to remain close to vertical surfaces, is a characteristic anxiety-like 

behaviour of mice in an open field (Simon et al., 1994). To assess this behaviour, an inner zone 

of the open field arena was defined in the tracking software, starting at a distance of  9 cm from 

the walls (i.e. the approximate length of a mouse) and activity was evaluated either for the 

entire arena, as for cohort 1, or separately for the inner and the outer zone. Due to a previously 

defined and automated analysis protocol, no blinding was applied for the evaluation of the open 

field recordings. Evaluation parameters were overall distance travelled in different time 

windows and the number of entries into the inner zone. 

 

 

Figure 2.2: Open field activity field and of the elevated plus maze. (a) Locomotor activity tests in animals were 

performed in four adjacently located, brightly illuminated (300 Lux luminous intensity) open field activity boxes. 

(b) Elevated plus maze consisted of perpendicularly located two open and two closed arm under dim light (10-20 

Lux luminous intensity). Recordings were captured by an above-mounted video camera. 
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 2.6.3. Stereotypic behaviour 

Stereotypy was measured by scoring previously acquired and blinded recordings of 

MK-801 induced locomotor activity in the open field. Between 15 and 45 minutes after drug 

administration, the time spent engaged in stereotypy was determined during the first two 

minutes of every 5-minute interval. Stereotypy was defined as “the focused engagement in 

repetitive head and limb movements in a stationary posture”, as described by Yates et al. 

(2007). 

 2.6.4. Elevated plus-maze 

The elevated plus-maze was kindly provided by Manuela Gernert (Dept. of 

Pharmacology, Toxicology and Pharmacy, University of Veterinary Medicine Hannover). The 

maze consisted of two opposing 30 cm (L) x 5 (W) cm open and closed arms, respectively, 

extending perpendicularly from a 5 × 5 cm common central platform and elevated 85 cm above 

the floor as illustrated in Figure 2.2b. The luminous intensities were 10, 15, and 20 Lux for the 

closed, central, and open parts, respectively. Each mouse was placed on the central platform 

facing an open arm and was allowed to freely explore the maze for 5 minutes. After each test, 

the arms were cleaned with 10% ethanol. All runs were recorded from above (as described 

under 2.6) to calculate the time a mouse spent in each type of arm and the number of arm 

entries.  

 2.6.5. Dark-light box  

A modified dark-light box test was conducted using a custom-made system in which 

one larger compartment (48 cm x 36 cm) was brightly illuminated with 500 lux, while a second, 

smaller compartment (24 cm x 36 cm) received only 10 lux. As illustrated in Figure 2.3a, the 

two compartments were connected by a small opening. Mice were placed in one of the outer 

corners of the light compartment, i.e. at a maximal distance from the entrance to the dark 

compartment, facing the wall and left undisturbed in the arena for 10 minutes. The activity of 

mice was recorded from above (as described under 2.6), and the time a mouse spent in the light 

compartment was calculated.  
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Figure 2.3: Dark-light box and marble burying (a) The dark-light box testing field consisted of a dark 

compartment (10 Lux) and a twice as big brightly illuminated compartment (500 Lux) interconnected with a small 

gateway. (b) The representative figure of a marble burying test illustrates evenly distributed twenty marbles on 

thick bedding material in a standard polycarbonate cage at the beginning of the test (left). After a test period of 

30 min, marbles that where covered by bedding for at least two-thirds of their diameter were counted as buried.  

 

 2.6.6. Marble burying 

Marble burying test was performed in standard 30 cm (L) x 20 (W) cm x 14 (H) cm 

polycarbonate cages with fitted filter-top covers. Twenty dark blue marbles (15 mm diameter, 

5.7 gram) were placed evenly spaced on five cm deep fresh, unscented, hand-pressed mouse 

bedding, as illustrated in Figure 2.3b. Pictures of all the cages were taken before and after the 

test. Mice were carefully placed into a corner of the cage without touching marbles, and the 

filter-top cover was placed on the cage. Mice were left undisturbed in the cages for 30 minutes 

under 250 Lux luminous intensity, then removed from the cages carefully without causing any 

further displacement of the marbles. Marbles were counted on coded pictures and marked as 

buried if a minimum of two-thirds of their diameter was covered with bedding. The bedding 

was discarded and marbles were wiped with 50% alcohol before the next experiment started.    

 2.6.7. Prepulse inhibition of the acoustic startle response 

In order to assess possible deficits of sensory gating, the acoustic startle response (ASR) 

and the prepulse inhibition (PPI) of the acoustic startle response were tested in three SDI Startle 

Response System chambers with loudspeakers attached to the ceiling for auditory stimulation 

(San Diego Instruments). In the test chamber, a mouse is placed in a plexiglass cylinder on a 
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piezo-accelerometer, which records the movements of the mouse, such as the startle reaction 

to noise.  

Mice of both cohorts were tested under three different conditions. They received either no 

injection (control run), i.p. injections of 0.9% NaCl (vehicle run) at a volume corresponding to 

1% of body weight (e.g., a 30 gr mouse was given 0.3 ml), or i.p. injections of the nonselective 

dopamine agonist R-(−)-apomorphine hydrochloride hemihydrate (A4393, Sigma-Aldrich, 

Germany) in the same volume of 0.9% NaCl. Apomorphine was administered at 5 mg/kg body 

weight in cohort 1 or at 2 mg/kg in cohort 2. Tests under the different conditions were at least 

seven days apart.  

The same test protocol was applied under all three conditions, but protocols differed between 

the two cohorts. In the first cohort, injected mice were directly transferred to the test chamber 

and acclimated to the setup for five minutes while exposed to white noise at 60 dB sound 

pressure level (SPL), which was present as background noise the entire testing period. After 

the acclimation period, mice received five random stimuli at 105 dB SPL for 20 ms (pulse-

only) in order to habituate the animals to the pulse stimuli and to reach a stable ASR as a 

baseline. In the next step, six different acoustic stimuli were applied: pulse-only (105 dB SPL 

for 20 ms), no stimulus (only white noise), prepulse only (72 dB SPL, 20 ms), and three 

different prepulse stimuli (64; 68; 72 dB SPL, 20 ms each) followed by a pulse (105 dB SPL 

for 20 ms) 100 ms after the prepulse (Figure 2.4a). Stimuli were presented in a randomised 

order with intertrial intervals (ITI) of 20-30 seconds, and overall, each stimulus type was 

applied ten times. After the prepulse inhibition testing period, mice received five more pulse-

only stimuli with randomised ITIs. The peak amplitude (highest amplitude value) of the 

response to each stimulus was recorded as “startle response”.  

In the second cohort, injected mice were transferred to the test chamber after a waiting period 

of 10 min. The white noise during the five-minute acclimation and the following testing was 

65 dB SPL. After acclimation, mice received four pulse-only stimuli (115 dB SPL for 40 ms). 

In the PPI testing period, mice were again tested on six different acoustic stimuli in a 

randomised order, but this time each type of stimulus was presented 12 times, and the ITI was 

5-25 s. The following stimuli were applied: pulse-only (115 dB SPL for 40 ms), no stimulus 

(65 dB SPL), prepulse only (80 dB SPL, 40 ms), and three different prepulse stimuli 70; 75; 

80 dB SPL, 20ms) followed by a pulse (115 dB SPL, 40 ms) after 100 ms (Figure 2.4b). Mice 

then received four more pulse-only stimuli. The maximal startle amplitude of each trial was 
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measured averaged over the trial repetitions. Percent prepulse inhibition of startle response was 

calculated as: [1- (startle response to prepulse + pulse) / startle response to pulse alone)] x 100. 

 

Figure 2.4: Prepulse inhibition of the acoustic startle response. The figure represents two different 

experimental protocols (a, b) for testing the prepulse inhibition of the acoustic startle response. (a) Startle to a 

lower pulse (105 dB SPL) was compared to the startles to pulses that are coupled to the prepulses with lower 

intensities (64-68-72 dB SPL) in the presence of lower background noise (60 dB). (b) In contrast, startles to a 

higher pulse (115 dB SPL) were compared to the startles to pulses that are coupled with higher prepulses (70-75-

80 dB SPL) in the presence of higher background noise (65 dB). Startles to only pulse stimuli is represented with 

the solid line, whereas the prepulse-coupled pulse startle is illustrated with the dotted line. 

 2.6.8. Statistical analysis 

GraphPad Prism version 8.0 was used for statistical analysis. Data were tested for 

normality and equality of variances using the Shapiro–Wilk and the Brown–Forsythe test, 

respectively, and comparisons were performed by ordinary one-way, two-way, or repeated 

measure (RM) two-way ANOVA. In some cases, square root transformation had to be 

performed to meet the assumptions of normal distribution and/or equal variances. Welch’s 

ANOVA was applied if equality of variances could not be achieved. In the case of a significant 

main effect, post hoc tests for group comparisons were applied as specified in the respective 

parts of the Results section. The ROUT method was used to identify outliers with a false 

discovery rate of Q = 1%. If data were transformed for statistical analysis or outliers excluded, 

this is explicitly stated in the respective figure legend. The critical alpha value was set at 0.05 

for all ANOVA tests.  
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3. Results 

3.1.  Morphological assessment of the mammillary body and its afferent and efferent 

axonal tracts 

Extending previous results (Schuster, 2017), a comparative morphometric evaluation 

of the postcommissural fornix, the mammillary bodies and the mammillothalamic tract was 

performed with additional n=11-13 St8sia2f/f, n=5-6 St8sia2-/-, n=6-7 Foxb1-Cre;St8sia2f/f, 

n=8-10 Emx1-Cre;St8sia2f/f, and n=5-6 Foxb1-Cre;Emx1-Cre;St8sia2f/f mice. Genotype-

specific alterations of these major components of the Papez circuit are summarised in Fig. 3.1.  

 

Figure 3.1: Ablation of St8sia2 in Emx1- or Foxb1-expressing cells results in hypoplasia of the post-

commissural fornix (a,b) or size reductions of the mammillothalamic tract (c-d) and mammillary body (e-

f). (a, c, e) Unstained coronal brain sections at bregma level -0.22 mm (fornix), -1.82 mm (mammillothalamic 

tract, mt), and -2.80 mm (mammillary body, MB) based on Paxinos & Franklin (2001), exemplarily shownfor 

St8sia2f/f and St8sia2-/- mice as indicated. (b, d, f) Graphs show values for individual animals and means ± SEM 

of area measurements of the respecting anatomical structures in n=30-31 St8sia2f/f (control), n=11-12 St8sia2-/-, 

n=6 Lhx6-Cre;St8sia2f/f, n=12-13 Foxb1-Cre;St8sia2f/f, n=13-15 Emx1-Cre;St8sia2f/f, and n=9-11 Foxb1-

Cre;Emx1-Cre;St8sia2f/f animals. Data evaluation with one-way ANOVA indicated significant differences for all 

structures (b, d, f, P<0.0001, each; F5,73= 49.55 in b, F5,71= 99.75 in d, F5,68= 29.94 in f). Comparisons between 

genotypes were evaluated with Tukey’s multiple comparisons post hoc test. Significant differences against the 

St8sia2f/f control are indicated (****P<0.0001, ***P<0.001, **P<0.01). Scale bars, 1 mm (overviews), 500 µm 

(magnifications). Modified from Schuster (2017) and extended by including additional data points as 

specified in the text. 
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Indistinguishable from St8sia2 -/- mice, recombination of St8sia2 in the dorsal telencephalon 

gave rise to marked hypoplasia of the postcommissural fornix in Emx1-Cre; St8sia2f/f and, 

consequently, also in Foxb1-Cre;Emx1-Cre;St8sia2f/f mice, while the conditional knockout of 

St8sia2 in cortical interneurons (Lhx6-Cre;St8sia2f/f) or diencephalic structures (Foxb1-

Cre;St8sia2f/f) had no effect on the size of this axon tract (Fig. 3.1a-b). On the other hand, 

diencephalic ablation of St8sia2 in Foxb1-Cre;St8sia2f/f animals caused a substantial size 

reduction of both the mammillothalamic tract (Fig. 3.1c-d) and mammillary body (Fig. 3.1e-f). 

Remarkably, hypoplasia of the mammillothalamic tract was more pronounced in Foxb1-

Cre;Emx1-Cre;St8sia2f/f and St8sia2-/- mice and a small but significant size reduction was also 

observed in Emx1-Cre;St8sia2f/f mice. 

 

 

Figure 3.2: Ablation of St8sia2 in Foxb1-expressing cells affects tegmental connectivity of the mammillary 

bodies. (a,d) Representative images were acquired from coronal sections of St8sia2f/f (overviews) and St8sia2f/f 

or St8sia2-/- mice at P90 as indicated. For the evaluation of the principle mammillary tract (pm) and the 

mammillotegmental tract (mtg) images at bregma level -2.70 were chosen, which display cross sections of both 

structures (a). Evaluations of the mammillary peduncle (mp) were performed at bregma level -3.28, right before 

the rostral extend of the mammillary peduncle located dorsally to the lateral mammillary nucleus (d; based on 

Paxinos & Franklin, 2001). Area measurements of the principle mammillary tract (b), the mammillotegmental 

tract (c), and the mammillary peduncle (e) are shown as values for individual animals and means ± SEM of n=23-

24 St8sia2f/f (control), n=6-12 St8sia2-/-, n=6 Lhx6-Cre;St8sia2f/f, n=12 Foxb1-Cre;St8sia2f/f, n=11-12 Emx1-

Cre;St8sia2f/f, and n=9-11 Foxb1-Cre;Emx1-Cre;St8sia2f/f. One-way ANOVA indicated significant differences 

for all three analyses (P<0.0001; F5,70= 76.61 in b, F5,70= 48.90 in c, F5,60=19.24 in e) and results from Tukey’s 

multiple comparisons post hoc-test are shown for comparisons against the St8sia2f/f control (****, P<0.0001). 

Scale bars,  1 mm (overviews), 500 µm (magnifications).   

 

The morphological assessment of the connections between the mammillary body (MB) and the 

tegmental nuclei revealed a substantial effect of di- and mesencephalic St8sia2 depletion on 

the integrity of the reciprocal connections between MB and the tegmental nuclei. The data also 
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show a dramatic reduction in the size of the principle mammillary tract accompanied by a 

significantly smaller mammillotegmental tract in St8sia2-/-, and to the same extent, also in 

Foxb1-Cre;St8sia2f/f, and Foxb1-Cre;Emx1-Cre;St8sia2f/f mice (Fig. 3.2a-c). No changes were 

observed in Lhx6-Cre;St8sia2f/f and Emx1-Cre;St8sia2f/f animals compared to the St8sia2f/f 

control. The same pattern was observed for the mammillary peduncle (Fig. 3.2d-e).  

Taken together, this substantial effect of St8sia2 depletion on the reciprocal connections 

between MB and the tegmental nuclei is consistent with the reduced MB volume and 

mammillothalamic tract hypoplasia observed in Foxb1-Cre;St8sia2f/f mice. In contrast, the 

integrity of the fornix, i.e. the MB afferents from the hippocampus, relies on the cortical 

expression of St8sia2 and its hypoplasia has a moderate effect on the mammillothalamic tract 

but is not causing noticeable size reductions of the MB, the principle mammillary tract or the 

mammillotegmental tract. 

3.2.  Calcium-binding protein alterations in the mammillary body and ventral 

tegmental nucleus of Gudden 

Major populations of projection neurons in the medial mammillary nuclei are 

immunoreactive for parvalbumin and calbindin (Celio, 1990). Therefore, these two markers 

were used to stain the mammillary body and to address whether the detected size reduction is 

due to a loss of neurons. As shown in Fig. 3.3a-b, parvalbumin and calbindin double 

immunofluorescence allowed for a clear delineation and evaluation of particularly the medial 

mammillary nucleus, pars medialis (MM). In agreement with the size assessment of the entire 

MB (see Fig. 3.1), a comparative evaluation of the MM area revealed a clear reduction in 

St8sia2-/- mice, which was fully reproduced in the two lines with di- and mesencephalic ablation 

of St8sia2 (Foxb1-Cre;St8sia2f/f and Foxb1-Cre;Emx1-Cre;St8sia2f/f Fig. 3.3a,c). No 

significant reduction was observed for Emx1-Cre;St8sia2f/f mice.  

Correspondingly, there was no reduction in the overall numbers of parvalbumin- or calbindin-

positive cells in the MM of Emx1-Cre;St8sia2f/f animals, whereas all three mouse lines with di- 

and mesencephalic St8sia2 depletion, St8sia2-/-, Foxb1-Cre;St8sia2f/f, Foxb1-Cre;Emx1-

Cre;St8sia2f/f, showed significant reductions of parvalbumin- and, less pronounced, calbindin-

positive cells (Fig. 3.3d,e). A calculation of cell densities disclosed a specific decrease of the 

parvalbumin-positive population, while the densities of calbindin-positive cells were not 

altered in any of the conditional knockout lines (Fig. 3.3f-g). These results suggest that 



 

| 34 

neuronal loss is a major cause for the reduced MB size in response to St8sia2 deficiency and 

that the parvalbumin-positive population is particularly vulnerable.  

 

Figure 3.3: Altered neuron numbers in the medial mammillary body of mice with St8sia2 depletion in the 

di- and mesencephalon. (a, b) Double immunofluorescent staining of parvalbumin (PV, red) and calbindin (CB, 

magenta) on a coronal section at bregma -2.8 (Paxinos & Franklin 2001). Overview with outlines of the different 

parts of the medial and lateral mammillary body (MM, pars medialis and ML, pars laterals of the medial 

mammillary nucleus; LM, lateral mammillary nucleus; pm, mammillary peduncle) (a) and representative single-

channel images obtained from St8sia2f/f, Foxb1-Cre;Emx1-Cre;St8sia2f/f, and St8sia2-/- mice as indicated (b). (c-

f) Area measurements of the MM (c), and quantification of parvalbumin-immunoreactive (PV+, d,e), and 

calbindin-immunoreactive cells (CB+, e,g) in the MM. Total cell numbers per area (d,e) or cells per µm2 (f,g) are 

plotted as single values for individual animals and means ± SEM from n=6 St8sia2f/f, n=6 St8sia2-/-, n=6 Foxb1-

Cre;St8sia2f/f, n=6 Emx1-Cre;St8sia2f/f, and n=6 Foxb1-Cre;Emx1-Cre St8sia2f/f mice. One-way ANOVA 

indicated significant differences, as indicated (F4,26=27.10 in c, F4,26=16.20 in d, F4,26=8.831 in e, F4,27=7.211 in f, 

F4,27=1.002 in g), and results from Dunnett’s multiple comparisons post hoc test for comparisons against the 

St8sia2f/f control are shown. (****, P<0.0001, ***, P<0.001, **, P<0.01, *, P<0.05). Scale bars, 200 µm.   

 

Based on the observed alterations in the reciprocal connections between MB and the tegmental 

nuclei, VTg area size as well as the number and density of cells positive for the neuronal 

markers neuronal nuclei (NeuN) or parvalbumin (PV) were evaluated. NeuN is considered a 

pan-neuronal marker, and parvalbumin was chosen because it has been demonstrated that many 

of the VTg neurons that project to the MB are positive for this calcium-binding protein 

(Dillingham et al., 2015). In addition, sections were stained for calbindin, which in the VTg 
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labels mainly neuropil, but allows for a precise delineation of the structure (Fig. 3.4a-b). A 

considerable reduction of VTg area was detected in St8sia2-/-, Foxb1-Cre;St8sia2f/f, and Foxb1-

Cre;Emx1-Cre;St8sia2f/f mice compared to St8sia2f/f, while the Emx1-Cre;St8sia2f/f animals 

showed no apparent changes (Fig. 3.4c).  

 

Figure 3.4: Altered ventral tegmental nucleus of Gudden (VTg) area in mice with St8sia2 depletion in the 

di- and mesencephalon. (a-b) Representative images showing the defined border of VTg (dotted lines, a) and the 

staining for calbindin (CB, magenta), parvalbumin (PV, red), and neuronal nuclear antigen NeuN (NeuN, green) 

(b) of St8sia2f/f, Foxb1-Cre;Emx1-Cre;St8sia2f/f, and St8sia2-/- coronal sections at the bregma level -4.9 (based on 

Paxinos & Franklin 2001). The VTg was defined based on the observed borders in the three channels, including 

overexposure in the CB channel. (d-g) The graphs indicate the mean ± SEM values of PV- and NeuN-

immunoreactive cell counts (d-e) and the density values obtained by dividing the cell counts by the respective 

VTg area size (f-g) in n=6 St8sia2f/f, n=6 St8sia2-/-, n=6 Foxb1-Cre;St8sia2f/f, n=6 Emx1-Cre;St8sia2f/f, and n=5 

Foxb1-Cre;Emx1-Cre;St8sia2f/f brain slices. Statistical comparisons by one-way ANOVA indicated significant 

differences in c (F4,24=6.992, P=0.0007 in c; F4,24=2.630, P=0.0594 in d; F4,24=1.550, P=0.22 in e; F4,24=0.1885, 

P=0.94 in f, F4,24=0.7856, P=0.55 in g), and results from Dunnett’s multiple comparisons post hoc test for 

comparisons against the St8sia2f/f control are shown ***P<0.001, **P<0.019. Scale bar represents 100 µm. 
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Despite the reduced VTg area, no significant alterations were observed for the cell counts (Fig. 

3.4d,e) or for the densities (Fig. 3.4f,g) of parvalbumin- or NeuN positive cells in the VTg. 

However, it is important to note that NeuN staining in subcortical regions, particularly in the 

VTg, was much weaker than in e.g. cortical areas. This hampered reliable counting of 

particularly the NeuN positive cells and may be the reason for a high variation. This 

uncertainty, together with the significant area differences and considering that the one-way 

ANOVA for NeuN cell counts gave a P value of 0.0594, prompted group comparisons by 

Fisher’s least significant difference test (Fisher’s LSD), which does not correct for multiple 

comparisons. By Fisher’s LSD the reduction in NeuN+ cell numbers of St8sia2-/-, Foxb1-

Cre;St8sia2f/f and Foxb1-Cre;Emx1-Cre;St8sia2f/f were significant with P=0.050, P=0.019, 

and P=0.044, respectively. 

3.3.  Spatial working memory evaluations on the delayed nonmatch-to-place T-maze 

The delayed nonmatch-to-place T-maze (DNMT) task was performed in two cohorts 

under different experimental conditions. Mice in cohort 1 had unrestricted access to food and 

were tested on four days with two different delay periods between the sample and the choice 

run. Eight trials with a 15-sec delay period were performed over the first two consecutive days 

(day 1 and 2). After a minimum of one week, 8 trials with a 60 sec delay period were performed 

on the second two consecutive days (day 3 and 4). Over the two consecutive days of the 15-

sec-delay testing, the St8sia2f/f and Foxb1-Cre;St8sia2f/f mice displayed significant 

improvements in their correct choices (Fig. 3.5a, see figure legend for details on the statistics). 

A similar increase was observed for Lhx6-Cre;St8sia2f/f and Emx1-Cre;St8sia2f/f mice, but 

without reaching statistical significance. Correspondingly, a stepwise improvement of correct 

choices is evident from plotting the data in four trial blocks, consisting of two consecutive 

trials, each (Fig. 3.5c). By contrast, the scores on both days were almost equal in the St8sia2-/- 

group, and there was no stepwise improvement over the four trial blocks. However, unlike in 

the other test groups, the level of “correct” choices, i.e. of alternating to the novel, previously 

unexplored arm was already above chance level in the first trial block. This unexpected finding 

may be linked to different activity and/or anxiety levels of these mice, as evident e.g. by their 

higher number of open field inner zone entries (see Fig. 3.9h, below).  

On day 3 and 4, the animals of the first cohort were tested with a 60-sec delay period. As 

expected, based on their previous experience, all groups started above the chance level (50%), 

and analysis by repeated measure two-way ANOVA indicated no significant differences 
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between the performance on these two days (Fig. 3.5b). In contrast, there was a significant 

main effect of genotype, and post-hoc analyses revealed an impaired performance of the 

St8sia2-/- mice on both days (Fig. 3.5b).  

 

Figure 3.5: Spatial working memory assessment on the delayed nonmatch-to-place T-maze (DNMT) task 

with different delay durations (i.e. 15 and 60 seconds). (a-b) Bar graphs represent means + SEM of the 

percentages of correct choices (arm alteration) on two consecutive test days with four test runs per day. Eight 

trials with a 15 sec delay period were performed over the first two days, i.e. day 1 (D1) and day two (D2), and 

followed by two consecutive days of testing with a 60 sec delay period on day 3 (D3) and day 4 (D4). The data 

were acquired from n=32 (a) or n=37 St8sia2f/f controls (b), n=25 St8sia2-/-, n=17 Lhx6-Cre;St8sia2f/f, n=16 Foxb1-

Cre;St8sia2f/f and n=14 Emx1-Cre;St8sia2f/f mice. Statistical comparisons for the 15-second and 60-second delay 

tests were performed with two-way repeated-measures ANOVA (interaction: F4,99=1.765, P=0.142; day: 

F1,99=22.44, P<0.0001, genotype: F4,99=1.009, P=0.407 in a; interaction: F4,104=0.592, P=0.669; day: F1,104=2.271, 

P=0.135; genotype: F4,104=4.651, P=0.0017 in b). Post-hoc comparisons between days (a) or genotypes (b) were 

performed by Bonferroni’s multiple comparisons tests, respectively, and results of selected group comparisons 

(a), or comparisons against St8sia2f/f controls (b) are indicated (**P <0.01, *P <0.05). (c-d) Means ± SEM of correct 

choices over four trial blocks, each representing the average of two consecutive trial scores, were plotted to 

illustrate the learning progress. Chance level is indicated by the dashed line.  
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Reminiscent of the 15-sec delay test, no stepwise improvement over the four trial blocks was 

observed in the St8sia2-/- group (Fig. 3.5d), but this was also not the case for the other 

conditional knockouts, with the exception of Lhx6-Cre; St8sia2f/f, which  showed a consistent 

stepwise improvement over the four trial blocks (Fig. 3.5d).  

 

Figure 3.6: Spatial working memory assessment of mice on restricted feeding schedule in the delayed 

nonmatch-to-place T-maze (DNMT) test. (a) Bar graphs represent means + SEM of the percentages of correct 

choices (arm alteration) on two consecutive test days with four test runs per day. Eight trials with a 15 sec delay 

period were performed over the first two days, i.e. day 1 (D1) and day two (D2). The data were acquired from 

n=23 St8sia2f/f, n=23 St8sia2-/-, n=17 Lhx6-Cre;St8sia2f/f, n=22 Foxb1-Cre;St8sia2f/f, n=24 Emx1-Cre;St8sia2f/f, 

and n=10 Foxb1-Cre;Emx1-Cre;St8sia2f/f mice. Statistical comparisons were performed with two-way repeated-

measures ANOVA (interaction: F5,112=1.046, P=0.394; day: F1,112=9.528, P=0.0026; genotype: F5,112=0.536, 

P=0.748). Post-hoc comparisons between days or genotypes were performed by Bonferroni’s multiple 

comparisons tests, respectively, indicated no significant group differences. (b) Means ± SEM of correct choices 

over four trial blocks, each representing the average of two consecutive trial scores, were plotted to illustrate the 

learning progress. Chance level is indicated by the dashed line. 

 

Mice in cohort 2 were kept on a restricted feeding schedule and were only tested on two 

consecutive days with a 15-second delay period. In addition to the genotype groups assessed 

in cohort 1, Foxb1-Cre;Emx1-Cre;St8sia2f/f mice were included in cohort 2. As evident from 

Fig. 3.6, all mouse lines performed either equal to or slightly above the chance level on the first 
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day (Fig. 3.6a) as well as in the first trial block (Fig.3.6b). Repeated measure two-way ANOVA 

indicated a significant effect for “day” but not for genotype (see figure legend for details), and 

post-hoc testing yielded no significant group differences (not shown). Although not statistically 

significant, it is worth noting that in contrast to all other groups, the performance of St8sia2-/- 

and Foxb1-Cre;St8sia2f/f animals did not improve on day 2 (Fig. 3.6a). Likewise, their learning 

curves over the four consecutive trial blocks were fluctuating, and their performance in the last 

trial block stayed below that of the other groups (Fig. 3.6b). Moreover, the stepwise increase 

in the learning curves of St8sia2f/f and Lhx6-Cre;St8sia2f/f animals were consistent with the 

respective findings in the first cohort. Despite the fact that Emx1-Cre;St8sia2f/f and Foxb1-

Cre;Emx1-Cre; St8sia2f/f animals displayed very poor learning scores over the first three trial 

blocks, a clear increase was observed for both genotype groups in the last trial block. 

Taken together, the major conclusion that can be drawn from the DNMT experiments is a clear 

impairment of working memory performance in St8sia2-/- mice tested under conditions of a 60 

sec delay period. This is not recapitulated by any of the conditional St8sia2 deficient lines.  

3.4.  Prepulse inhibition of the acoustic startle response 

Sensorimotor gating in otherwise untreated St8sia2-/- mice has been previously assessed 

by prepulse inhibition (PPI) of the acoustic startle response with conflicting results (Angata et 

al., 2004; Kröcher et al., 2015). Treatment with apomorphine is frequently used to precipitate 

effects in cases of subtle or inconsistent PPI deficits (van den Buuse, 2010). To address possible 

PPI deficits in the two cohorts of St8sia2-deficient mouse lines, we conducted PPI experiments 

in animals that either received no injection (Fig. 3.7a, 3.8a), or consecutive i.p. injections of 

vehicle (saline; Fig. 3.7b, 3.8b) and apomorphine (Fig. 3.7c, 3.8c). Protocols with different 

prepulse intensities and two different apomorphine doses (2 mg/kg and 5 mg/kg) were applied 

in the two cohorts.  

For data obtained with lower prepulse intensities (64-68-72 dB SPL) and 5 mg/kg apomorphine 

(cohort 1), two-way ANOVA indicated significant main effects for genotype and prepulse in 

all three treatment groups (no injection, saline, apomorphine). No significant disruption of PPI 

was detected in untreated St8sia2-/- mice or any of the conditional knockout lines. However, in 

the apomorphine treated group, St8sia2-/- mice displayed significantly reduced PPI after a 72 

dB SPL prepulse (Fig. 3.7c).  
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Figure 3.7: Prepulse inhibition (PPI) of the acoustic startle response in cohort 1 tested with prepulse stimuli 

of 64, 68, and 72 dB SPL combined with i.p. injections of saline or 5 mg/kg apomorphine.  PPI for the three 

prepulse intensities is shown for n=37 St8sia2f/f, n=27 St8sia2-/-, n=18 Lhx6-Cre;St8sia2f/f, n=18 Foxb1-

Cre;St8sia2f/f , and n=17 Emx1-Cre;St8sia2f/f mice in three different treatment groups, i.e. no injection (a), saline 

injection (b), and 5 mg/kg apomorphine injection (c). Values represent means + SEM of %PPI. Results were 

analysed by two-way ANOVA followed by comparisons between genotype and prepulse intensities with 

Bonferroni’s multiple comparisons post hoc tests. Under all three conditions, significant main effects were 

obtained for prepulse and genotype (prepulse: F2,336=87.37, P<0.0001 in a; F2,336=165.0, P<0.0001 in b; F2, 

336=105.0, P<0.0001 in c; genotype: F4,336=3.017, P=0.0182 in a; F4,336=6.362, P<0.0001 in b; F4, 

336=5.528,P=0.0003 in c; interaction: F8,336 =0.8369, P=0.5706 in a; F8,336=0.5678, P=0.8042 in b; F8, 336=1.897, 

P=0.0597 in c). The only significant result for the post-hoc genotype comparisons is indicated (c, **, P<0.01).  

 

PPI measurements with higher prepulse intensities (70-75-80 dB SPL) and 2 mg/kg 

apomorphine (cohort 2) indicated no differences between genotypes for any of the applied 

prepulse intensities (Figure 3.8a-c). However, compared to the St8sia2f/f controls, startle 

responses to the 115 dB SPL pulse without prior prepulse were significantly lower in the 

Foxb1-Cre;St8sia2f/f and Foxb1-Cre;Emx1-Cre;St8sia2f/f groups (Fig. 3.8d). All other groups 

displayed similar levels of the startle response and a comparable habituation to the startle 

stimulus.  
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In summary, only the St8sia2-/- animals displayed significantly impaired PPI when treated with 

5 mg/kg apomorphine and exposed to a prepulse with 72 dB SPL.   

 

 

Figure 3.8: Prepulse inhibition of acoustic startle response in cohort 2 tested with higher prepulse stimuli 

(70, 75, 80 dB SPL) combined with i.p. injections of saline or 2 mg/kg apomorphine. (a-c) PPI for the three 

prepulse intensities is shown for n=21-24 St8sia2f/f, n=21-23 St8sia2-/-, n=19-25 Lhx6-Cre;St8sia2f/f, n=21-23 

Foxb1-Cre;St8sia2f/f, n=23 Emx1-Cre;St8sia2f/f, and n=16 Foxb1-Cre;Emx1-Cre;St8sia2f/f mice in the three 

treatment groups, i.e. no injection (a), saline injection (b), and 2 mg/kg apomorphine injection (c). Values 

represent means + SEM of %PPI. Two-way ANOVA indicated significant prepulse effects in all three treatment 

groups (F2,252 =178.9, P<0.0001 in a; F2,250=195.6, P<0.0001 in b; F2,234=133.5, P<0.0001 in c) but no genotype 

effects (F5,126=1.350,P=0.2479 in a; F5,125=0.6019, P=0.6986 in b; F5,117=1.231, P=0.2990 in c) or interactions 

(F10,252=0.5823, P=0.8279 in a; F10,250=1.583, P=0.1120 in b, F10, 234=1.209, P=0.2859 in c). Accordingly, no 

significant differences were detected for genotype comparisons against the St8sia2f/f control using Dunnett’s 

multiple comparisons post hoc tests. (d) Average startle amplitudes in response to the presentation of pulse alone 

(115 dB SPL) in the different phases of the protocol (see method section for details), i.e., startle initial (I), startle 

(S), startle post (P). Values represent means + SEM of startle amplitudes for the three groups. Two-way ANOVA 

indicated a significant main effects for genotype and treatment (genotype: F5,378=11.21, P <0.0001; treatment: 

F2,378=9.105, P=0.0001; interaction: F10,378=0.5956, P=0.8176). Genotype comparisons against the respective 

St8sia2f/f controls were performed with Dunnett’s multiple comparisons post hoc tests and significant results are 

indicated (**** P <0.0001, **P <0.01). 
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3.5.  Analysis of locomotor activity in the open-field 

In the open field test for locomotor activity, the two cohorts were again tested with and 

without drug treatment, i.e. without injection, or after consecutive injections with saline and 

the psychotropic NMDA receptor antagonist MK-801. Untreated mice in cohort 1 (Fig. 3.9a-

e) were naïve to the arena, while the untreated mice in cohort 2 (Fig. 3.9f-j) were experienced 

because they previously underwent the dark-light box test in a modified version of the same 

activity box. Moreover, a considerably bigger open field arena was used for cohort 2.   

For naïve, untreated mice in cohort 1, all genotypes showed a gradual decline in motor activity 

during the four 15 min bins of the one hour observation period (Fig. 3.9a). In all 15 min bins, 

St8sia2-/- animals demonstrated significantly higher locomotor activity compared to the 

St8sia2f/f controls, resulting in a significantly higher overall distance covered in one hour (Fig. 

3.9b). Similarly, Foxb1-Cre;St8sia2f/f mice displayed increased activity in all four 15 min bins 

as well as in the overall distance travelled. Emx1-Cre;St8sia2f/f mice showed higher activity 

during the first two 15 min bins, but their overall activity was not significantly increased. The 

activity of Lhx6-Cre;St8sia2f/f animals was indistinguishable from the level of the St8sia2f/f 

controls.   

One week after the test of untreated cohort 1, effects of i.p. injections of saline and MK-801 

(0.5 mg/kg) were tested. The test was initiated by a 15 minute run without any treatment, 

followed by one-hour observation periods after saline and MK-801 applications, respectively. 

Due to their previous experience in the open field arena, all mice started and remained at low 

activity levels after saline injection, except for St8sia2-/- mice, which displayed significantly 

increased activity during the 15 min prior to saline injection (Fig. 3.9c). 
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Figure 3.9: Locomotor activity in the open field. Evaluation of cohort 1 (a-e) and cohort 2 (f-j). (a, b) The 

distance travelled by untreated mice with no previous experience in the open field arena was evaluated in 15 min 

bins (a) or as total distance for the one-hour observation period (b). Graphs show mean values with SEM obtained 

from n=27-28 St8sia2f/f, n=20-23 St8sia2-/-, n=12-13 Lhx6-Cre;St8sia2f/f, n=9-11 Foxb1-Cre;St8sia2f/f, and 

n=10-11 Emx1-Cre;St8sia2f/f mice. In (a) repeated measures two-way ANOVA indicated significant interactions 

and main effects for time and genotype (interaction: F12, 225=3.670, P<0.0001; time: F3,225=152.4, P<0.0001; 

genotype: F4,75=20.13, P<0.0001) and Dunnett’s multiple comparisons post hoc test was applied for comparisons 

against St8sia2f/f controls. Data in (b), were analysed by one-way ANOVA (F4,75=18.84, P<0.0001) followed by 

Tukey’s post hoc test for comparisons between the groups. (c-d) The distance travelled by mice after saline and 

MK-801 injection (0.5 mg/kg) was evaluated in 15 min bins (c) or as total distance for the one-hour observation 
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period (d). Graphs show mean values with SEM obtained from n=27-28 St8sia2f/f, n=20-23 St8sia2-/-, n=12-13 

Lhx6-Cre;St8sia2f/f, n=9-11 Foxb1-Cre;St8sia2f/f, and n=10-11 Emx1-Cre;St8sia2f/f mice. In (c) repeated 

measures two-way ANOVA indicated significant interactions and main effects for time and genotype 

(interaction:F28,532=2.028, P=0.0016, time: F7,532=280.5; P<0.0001; genotype: F4,76=4.863; P=0.0015)  and 

Dunnett’s multiple comparisons post hoc test was applied. Data in (d), were analysed by one-way ANOVA 

(F4,78=3.923, P=0.0059) followed by Tukey’s post hoc test for comparison between the genotypes. (e) The time 

spent by mice with stereotypic behaviour during the second and third 15 min bin after MK-801 injection. Graphs 

show mean values with SEM obtained from n=11 St8sia2-/-, n=11 Foxb1-Cre;St8sia2f/f, and n=11 St8sia2f/f mice. 

Two-way ANOVA indicated significant time but no genotype effect (interaction: F2,60=2.939, P=0.0606, time: 

F1,60=16.60, P=0.0001; genotype: F2,60=1.928, P=0.1543). (f, g) The distance travelled by untreated mice, which 

had previous experience in the open field arena, was evaluated in 15 min bins (f) or as total distance for the one 

hour observation period (g). Graphs show mean values with SEM obtained from n=16 St8sia2f/f, n=18 St8sia2-/-, 

n=12 Lhx6-Cre; St8sia2f/f, n=18 Foxb1-Cre;St8sia2f/f, n=14 Emx1-Cre;St8sia2f/f, n=14 Foxb1-Cre;Emx1-

Cre;St8sia2f/f mice. In (f) repeated measures two-way ANOVA indicated a significant genotype effect (genotype: 

F5, 272=14.86, P<0.0001). In (g) one-way ANOVA indicated a significant effect (F5,86=6.825, P<0.0001) and 

Dunnett’s multiple comparisons post hoc test was applied for comparison against controls. (h) Inner zone entry 

numbers in the testing phase of mice with no treatment. Graphs show mean values with SEM obtained from n=27-

28 St8sia2f/f, n=20-23 St8sia2-/-, n=12-13 Lhx6-Cre;St8sia2f/f, n=9-11 Foxb1-Cre;St8sia2f/f, and n=10-11 Emx1-

Cre;St8sia2f/f mice.  One-way ANOVA indicated significant differences (F5, 86=5.297, P=0.0003) and Dunnett’s 

multiple comparisons post hoc test was applied. (i-j) The distance travelled by mice after saline and MK-801 

injection (0.25 mg/kg) was evaluated in 15 min bins (i) or as total distance for the one hour observation period (j). 

Graphs show mean values with SEM obtained from n=18 St8sia2-/-, n=12 Lhx6-Cre;St8sia2f/f, n=18 Foxb1-

Cre;St8sia2f/f, n=14 Emx1-Cre;St8sia2f/f, n=14 Foxb1-Cre;Emx1-Cre; St8sia2f/f, and n=16 St8sia2f/f mice. In (i) 

RM two-way ANOVA indicated main effect for genotype (genotype: F5, 688=12.31; P<0.0001) and Dunnett’s 

multiple comparisons post hoc test was applied. In (j) RM two-way ANOVA indicated significant effects of 

treatment and genotype (treatment: F1,172=57.75, P<0.0001; genotype: F5,172=4.024, P=0.0018) and Dunnett’s 

multiple comparisons post hoc test was applied. Significant results of post hoc tests are indicated (**** P <0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05 ). 

 

In response to the MK-801 injections, a dramatic increase in locomotor activity was observed 

in all genotypes (Fig. 3.9c). Only in the third of the four 15 minute bins, the activity of 

St8sia2-/- animals was slightly above the level of the St8sia2f/f controls. Despite the higher 

locomotor activity of the Foxb1-Cre; St8sia2f/f and Emx1-Cre;St8sia2f/f mice in the run with 

no treatment, the MK-801 induced hyperactivity in these genotypes escalated significantly less 

than in the control mice (Fig. 3.9c). The activity of the Lhx6-Cre;St8sia2f/f mice closely 

followed the increase observed in the St8sia2f/f control mice. Compared to the St8sia2f/f 

controls, there was no statistically significant difference in the overall activity of any of the 

St8sia2 deficient genotypes during the one-hour MK-801 induced testing period. However, the 

activity levels of Foxb1-Cre;St8sia2f/f and Emx1-Cre;St8sia2f/f mice were significantly lower 

when compared to the St8sia2-/- group (Fig 3.9d). This unexpected effect could be caused by a 

lower sensitivity towards MK-801 treatment, or by the displacement of hyperactivity with 

increased stereotypic behaviour, as described in response to higher amphetamine 

concentrations (Yates et al., 2007) or observed in e.g. mice with a conditional knockout of the 

NMDA receptor subunit GluN1 under the parvalbumin promoter, which sensitised these 

animals to MK-801 responses (Bygrave et al., 2016). Indeed, a respective analysis revealed 
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enhanced stereotypic behaviour of Foxb1-Cre;St8sia2f/f compared to St8sia2-/- mice during the 

second fifteen minutes after drug application (Fig 3.9e).    

In cohort 2, untreated St8sia2-/- and Foxb1-Cre;Emx1-Cre;St8sia2f/f mice displayed 

significantly higher locomotion compared to the St8sia2f/f controls (Fig. 3.9f, g). The activity 

of St8sia2-/- animals was increased in all four of the 15 minute bins, whereas the activity of 

Foxb1-Cre;Emx1-Cre;St8sia2f/f mice was higher in three bins (Fig. 3.9f). The evaluation over 

the entire observation period confirmed an increased activity of both lines (Fig. 3.9g). In 

contrast, untreated Lhx6-Cre; St8sia2f/f;Foxb1-Cre;St8sia2f/f and Emx1-Cre;St8sia2f/f mice did 

not show any notable activity changes. As a measure of anxiety-like behaviour, the entry into 

the inner zone of the arena over the one-hour observation period was evaluated for the untreated 

mice in cohort 2. Consistent with previous reports on the lower anxiety-like profile of 

St8sia2-/- mice (Angata et al., 2004; Calandreau et al., 2010; Bacq et al., 2020), the number of 

inner zone entries was significantly increased in St8sia2-/-, but not in any of the conditional 

knockout lines (Fig 3.9h).  

Based on the reduced hyperactivity with increased stereotypy of the MK-801-treated Foxb1-

Cre;St8sia2f/f mice in cohort 1, MK-801-induced hyperactivity in cohort 2 was tested with a 

lower dose of 0.25 mg/kg. Again, no significant activity changes were observed after saline 

injection. As expected, the lower MK-801 dose induced a more moderate response, but 

hyperlocomotion was observed in all genotypes (Fig. 3.9i, j). Remarkably, this time, the 

increase of the MK-801-induced hyperactivity was highly significant for the St8sia2-/- mice, 

and a similar increase was observed for Foxb1-Cre;St8sia2f/f, and Foxb1-Cre;Emx1-

Cre;St8sia2f/f mice. In contrast, the MK-801-induced hyperactivity of Lhx6-Cre;St8sia2f/f and 

Emx1-Cre; St8sia2f/f mice was not significantly different from the St8sia2f/f controls, neither in 

any of the 15 min bins (Fig. 3.9i) nor in the overall activity measurements over one hour (Fig. 

3.9j).  

Taken together, the results of the open field activity test demonstrate a higher sensitivity of 

St8sia2-/- mice to MK-801-induced hyperlocomotion, which is specifically recapitulated by 

mice with a di- and mesencephalic ablation of St8sia2 (Foxb1-Cre;St8sia2f/f and Foxb1-

Cre;Emx1-Cre;St8sia2f/f). Similarly, without drug treatment, the overall higher activity of 

unexperienced, but not of experienced St8sia2-/- mice in the open field is also reproduced by 

Foxb1-Cre;St8sia2f/f mice. In contrast, the higher number of inner zone entries, which is 

typically interpreted as a sign of reduced anxiety, was exclusively observed in St8sia2-/- mice.  
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3.6.  Assessment of anxiety-like behaviour in the dark-light box, marble burying, and 

elevated plus maze  

Further tests for anxiety-related behaviour were applied to assess possible links to 

neurodevelopmental defects caused by the loss of ST8SIA2. In the dark-light box test, St8sia2/- 

mice spent a significantly higher percentage of the 10 min observation period in the light 

compartment as compared to the St8sia2f/f controls. No significant difference was detected for 

the conditional knockout lines, although the mean values for Lhx6-Cre;St8sia2f/f and Emx1-

Cre; St8sia2f/f mice were also increased (Fig. 3.10a). Similarly, in the marble-burying test only 

the St8sia2-/- animals displayed a significant change with lower numbers of buried marbles as 

compared to the St8sia2f/f controls (Fig. 3.10b). 

 

 

Figure 3.10: Dark-light box and marble burying test. (a) Dark-light box. Percent time spent in the in the light 

compartment of the dark-light box. Means ± SEM are shown for n=16 St8sia2f/f, n=18 St8sia2-/-, n=21 Lhx6-

Cre;St8sia2f/f, n=15 Foxb1-Cre;St8sia2f/f, and n=17 Emx1-Cre;St8sia2f/f mice. A significant outlier was identified 

in the St8sia2f/f group (ROUT, Q=1) and removed.  One-way ANOVA indicated significant differences 

(F4,81=4.484, P=0.0025) and Dunnett’s multiple comparisons post hoc test was applied for comparisons against 

St8sia2f/f controls. (b) Marble burying test. Mean numbers ± SEM of buried marbles are shown for n=23 St8sia2f/f, 

n=20 St8sia2-/-, n=24 Lhx6-Cre;St8sia2f/f, n=23 Foxb1-Cre;St8sia2f/f, n=19 Emx1-Cre;St8sia2f/f, and n=9 Foxb1-

Cre;Emx1-Cre;St8sia2f/f mice. One-way ANOVA indicated no significance  (F5,111=1.987, P=0.086) but 

Dunnett’s post hoc test for comparisons against St8sia2f/f controls pointed towards a significant effect for St8sia2-

/ mice. *, P <0.05. 

 

Due to operational restraints, the elevated plus maze testing of all subgroups in cohort 2 had to 

be performed in a short (ten days) time window. Therefore, the age of mice at the time of this 

test was exceptionally diverse. Consistent with a previous report (Albani et al., 2015), an age-

dependent difference in the performance of mice on the elevated plus maze was observed. As 

evaluated for the St8sia2f/f control, mice younger than P100 exhibited significantly higher 

numbers of open arm entries and spent more time on the open arm (Fig. 3.11a-b). On the basis 

of these results, mice younger than P100 were eliminated from further analysis. To formulate 
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the arm preferences of each mouse, ratios of closed to open arm entries and of the time spent 

in the closed versus the open arm were calculated for each mouse. As shown in Fig. 3.11c and 

d, St8sia2f/f controls and Lhx6-Cre;St8sia2f/f mice had a clear preference for the closed arm, 

which was visited more than 50% more often and, overall, almost twice as long as the open 

arm. In contrast, St8sia2-/- and Foxb1-Cre;St8sia2f/f mice exhibited almost equal preferences 

for both types of arms and both genotypes were statistically significant different from the 

St8sia2f/f controls. Foxb1-Cre;Emx1-Cre;St8sia2f/f animals displayed significantly lower ratios 

for the time spent in the closed relative to the  open arm..  

 

Figure 3.11: Anxiety-related behaviour in the elevated plus-maze. (a-b) Age-based comparisons of St8sia2f/f 

mice older (n=16) or younger than P100 (n=6) in the number of entries (a) and the time spent on the open arm of 

the elevated plus-maze (b). Unpaired two-tailed t-tests indicated significant differences between the age groups 

(**P =0.0054 in a; *P=0.0164 in b). (c-d) Ratios of entries (c) and time spent (d) in the closed relative to the open 

arm. The graphs show mean values with SEM obtained from n=16 or n=15  St8sia2f/f, n=22 or n=21 St8sia2-/-, 

n=24 or n=23 Lhx6-Cre;St8sia2f/f, n=19 or n=17 Foxb1-Cre;St8sia2f/f, n=6 Emx1-Cre;St8sia2f/f, and n=6  or n= 5 

Foxb1-Cre;Emx1-Cre;St8sia2f/f mice in (c) or (d), respectively. Data in (c) met the assumptions of normal 

distribution and equal variances. One-way ANOVA indicated a significant genotype effect (F5,87=4.376, 

P=0.0013), and Dunnett’s multiple comparisons post hoc test was applied for comparisons against St8sia2f/f 

controls. Data in (d) met the criterion of normal distribution after square root transformation and elimination of 

overall six significant outliers (ROUT, Q=1). With standard deviations still significantly different between the 

groups (Brown-Forsythe test, P=0.0087), Welch’s ANOVA was performed, indicating a significant genotype 

effect (P=0.0026), and Dunnett’s T3 multiple comparisons post-test was applied for comparisons against St8sia2f/f 

controls. ***P <0.001, **P <0.01, *P <0.05.    
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4. Discussion 

The current study validates the preliminary data presented by Schuster (2017) 

indicating that the size reduction of the mammillary body (MB) and the mammillothalamic 

tract (mt) observed in St8sia2-/- mice is recapitulated in mice with conditional ablation of 

St8sia2 in the di- and mesencephalon (Foxb1-Cre;St8sia2f/f and Foxb1-Cre;Emx1-Cre; 

St8sia2f/f). Likewise, hypoplasia of the postcommissural fornix (pcf) is reproduced by 

cortex-specific knockout of St8sia2 (Emx1-Cre;St8sia2f/f and Foxb1-Cre;Emx1-Cre;St8sia2f/f). 

A novel finding was the marked hypoplasia of the reciprocal MB connections with the 

tegmental nuclei of Gudden, which was equally pronounced in St8sia2-/- mice and in the lines 

with Foxb1-Cre–driven conditional knockout of St8sia2. None of these alterations was 

observed in mice, which recapitulate the deficits of parvalbumin-positive interneurons in the 

prefrontal cortex (Lhx6-Cre;St8sia2f/f). As shown before (Schuster, 2017), the marked deficits 

in thalamocortical connectivity of St8sia2-/- cannot be reproduced by any of the conditional 

knockout lines used in the current study. This leaves the deficits of parvalbumin-positive 

interneurons in the prefrontal cortex, the hypoplasia of the fornix, or the defects of 

mammillothalamic tract and tegmental connections of the mammillary body as the only known 

neuroanatomical phenotypes of Lhx6-Cre;St8sia2f/f, Emx1-Cre;St8sia2f/f, or Foxb1-

Cre;St8sia2f/f, respectively. Therefore, comparative behavioural analysis of these conditional 

knockout lines can provide insights how the respective malformations of the brain contribute 

to the aberrant behaviour of St8sia2-/- mice. Among the behaviours addressed in the current 

thesis, reduced anxiety-like behaviour on the elevated plus maze and the exacerbated MK-801-

induced hyperlocomotion of St8sia2/- animals were specifically recapitulated in mice with di- 

and mesencephalic deletion of St8sia2. In contrast, the performance in a T-maze task, in the 

prepulse inhibition of the acoustic startle response, in marble burying and in a dark-light box 

was altered in St8sia2-/- mice but in none of the conditional knockout lines.  

Similar to the compromised integrity of the mammillary body connectivity, hypoplasia of 

selected brain axon tracts has been demonstrated for St8sia2-/-;St8sia4-/-  mice completely 

devoid of polySia due to ablation of both polysialyltransferases (Weinhold et al., 2005; 

Hildebrandt et al., 2009; Schiff et al., 2011). Collectively, these studies indicate that 

compromised axonal outgrowth and fasciculation give rise to these malformations. Similarly, 

the deficits of the reciprocal connectivity between thalamus and cortex in St8sia2-/- mice arise 

from impaired axonal pathfinding during embryonic development (Schuster, 2017). It is 
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therefore reasonable to assume that the deficits of mammillary body connectivity described in 

the current thesis for mice with constitutive and conditional ablations of St8sia2 are caused by 

defects of axonal growth during embryonic development.  

Together with the connections between MB and Gudden’s tegmental nuclei, the overall size of 

the MB as well as the neuron numbers in the pars medialis of the medial MB were reduced, 

indicating that neuronal loss is the primary reason for the size reduction of the MB in response 

to ST8SIA2 deficiency. In particular, the density of the parvalbumin-positive population of 

projection neurons was strongly affected. It has been shown before that defective thalamus-

cortex connectivity in polySia-negative St8sia2-/-;St8sia4-/- mice leads to a loss of 

glutamatergic input to the parvalbumin-positive projection neurons of the reticular thalamic 

nucleus, which in turn causes the loss of these neurons by apoptotic cell death (Schiff et al., 

2011). It therefore will be interesting to analyse in future studies, if the reduced neuron numbers 

in the medial MB of St8sia2-/- and Foxb1-Cre;St8sia2f/f mice are caused by neuronal death due 

to the loss of excitatory input from the ventral tegmental nucleus of Gudden (VTg). This 

nucleus is specifically connected to the medial mammillary body by fibres of the mammillary 

peduncle (Vann et al., 2015), for which prominent hypoplasia was demonstrated in the same 

St8sia2-deficient lines. Reversely, the size reduction of the VTg in St8sia2-/- and 

Foxb1-Cre;St8sia2f/f mice may be caused by a loss of afferents from the MB via the 

mammillotegmental tract, showing the same pattern of hypoplasia. However, in contrast to the 

medial MB, a loss of neurons in the VTg could not be finally clarified. One reason may be that 

the exceptionally weak staining of the pan-neuronal marker NeuN in the VTg hampered a 

reliable evaluation of neuron numbers in this nucleus. Therefore, this point also needs further 

investigation.  

The hippocampal afferents of the MB were affected in the animals with cortical loss of 

ST8SIA2 (Emx1-Cre;St8sia2f/f and Foxb1-Cre;Emx1-Cre;St8sia2f/f). Interestingly, the size of 

the MB was unaffected in Emx1-Cre;St8sia2f/f mice, but the mammillothalamic tract, i.e. the 

axon collaterals that form the thalamic branch of the mammillary efferents, was slightly but 

significantly reduced. In contrast, the principal mammillary tract formed by the fibres that give 

rise to these collaterals, and also the mammillotegmental tract, formed by the remaining axons 

after collateral sprouting, remained unaffected. Finally, the marked hypoplasia of the 

mammillothalamic tract in Foxb1-Cre;St8sia2f/f mice was further aggravated in Foxb1-

Cre;Emx1-Cre;St8sia2f/f mice. Together, these data indicate an independent impact of the 
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hippocampal input on specifically the axon collaterals of the mammillothalamic tract, but not 

on the MB itself or on its other efferents.  

Another possible scenario for the observed axonal tract deficits could be a loss of myelin, with 

secondary axon damage that may lead to neuronal loss. Impaired developmental myelination 

has been reported for St8sia2-/- mice (Szewczyk et al., 2017), but another study revealed that 

this is merely a transient developmental delay, which is fully equalised in eight-week old 

animals (Werneburg et al., 2017). Nevertheless, a progressive reduction of cortical myelin in 

3 and 8 months old mice indicates accumulating deficits in myelin maintenance, which may 

have an effect on axon tract integrity of older animals. Reversely, axonal damage may cause 

myelin thinning and, in this way, contribute to the hypoplasia of fibre tracts. 

The major aim of the current study was to explore possible links between specific 

neuropathological traits and behavioural alterations of St8sia2-/- mice. It has been repeatedly 

demonstrated that St8sia2-/- animals show higher aggression and reduced anxiety-like 

behaviour (Angata et al., 2004; Calandreau et al., 2010; Bacq et al., 2020). In a previous study, 

a first attempt was made to identify neurodevelopmental phenotypes that may cause 

behavioural changes in St8sia2-/- animals (Bacq et al., 2020). Specific silencing of St8sia2 in 

the neonatal amygdala by siRNA injection was shown to reproduce the abnormal aggressive 

behaviour of St8sia2-/- mice, and this could be reverted by administration of the partial 

NMDAR agonist D-cycloserine into the amygdala. In contrast, the hypoanxiety-like behaviour 

of St8sia2-/- mice, as shown by testing on the elevated plus-maze, could not be reproduced by 

the amygdala specific silencing (Bacq et al., 2020) and was affected only by global 

administration of D-cycloserine but not by local injection into the amygdala. This indicates that 

this aspect of abnormal behaviour is linked to other pathological changes of glutamatergic 

transmission caused by the loss of ST8SIA2.  

In this regard, the current study reveals that the di- and mesencephalic ablation of St8sia2 leads 

to the increased open arm exploration of St8sia2-/-, Foxb1-Cre;St8sia2f/f, and Foxb1-Cre;Emx1-

Cre;St8sia2f/f mice on the elevated plus-maze indicating a hypoanxiety-like phenotype. Based 

on the observation that MB lesions lead to hypoanxiety with more entries and more time spent 

in the open arms of an elevated plus-maze (Beracochea et al., 1991), it appears plausible that 

the size reduction of the MB and its hypoconnectivity is able to cause the alteration of this 

behaviour in the respective constitutive and conditional St8sia2 knockout lines. Reminiscent 

to these findings, a recent study in a mouse model of chronic alcohol consumption showed a 
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reduction of fear reactivity that was linked to damage of the MB (Beracochea, 2005). 

Moreover, MB lesions in nonalcoholic mice produced the same impairments that can be 

rescued with anxiogenic drug application. These results suggest that the MB is an important 

effector in fear and anxiety-like behavioural processing and support the assumption that 

hypoplasia of the MB and its connectivity is the cause for the hypoanxiety traits linked to the 

loss of ST8SIA2 in the di- and mesencephalon. However, reduced fear or anxiety-like 

behaviour is also indicated by the higher entry numbers of St8sia2-/- into the inner zone of the 

open field, but this was not observed in any of the conditional knockouts. This behaviour might 

be linked to reduced stress levels of these animals. Indeed, a reduced stress response of 

St8sia2-/- mice has been observed (Calandreau et al., 2010), and it might be worthwhile to 

comparatively assess alterations of stress hormone levels in the constitutive and conditional 

St8sia2 knockout lines.  

Increased locomotor activity was one of the prominent behavioural outcomes detected after 

MB lesions in rodents (Santacana et al., 1972). Similar to the complete lesions, lesions that 

were confined to the medial part of the MB were also able to produce hyperlocomotion (Field 

et al., 1978). Furthermore, lesions of the VTg, which is reciprocally connected with the medial 

MB, also resulted in a significantly higher locomotor activity (Vann, 2009). A comparison 

between animals with lesions of either the mamillotegmental or the mammillothalamic tract 

demonstrated elevated locomotion for the former, while animals with lesions of the 

mammillothalamic tract showed lethargic behaviour in the open field (Field et al., 1978). The 

distinct and persistent hyperactivity profile of St8sia2-/- animals in the open field was 

recapitulated by Foxb1-Cre;St8sia2f/f animals, which had no prior experience in the activity 

box. However, when the same mouse line was tested after previous experience in the activity 

box, only St8sia2/- but not Foxb1-Cre;St8sia2f/f mice displayed higher activity. This 

experience-dependent change in locomotion of Foxb1-Cre;St8sia2f/f mice might indicate a 

sensitivity to novelty which disappears by repetition of testing in the same arena, a phenomenon 

known as one trial sensitisation (Rodgers et al., 2010). Nevertheless, the results from lesion 

experiments suggest that altered MB input from the VTg in the mesencephalon could be a 

primary cause of hyperactivity in St8sia2-deficient mice.   

In mice with di- and mesencephalic knockout of St8sia2, increased hyperlocomotion in 

response to 0.25 mg/kg of the non-competitive N-Methyl-D-aspartate receptor (NMDAR) 

antagonist MK-801 was observed. In contrast, treatment of Foxb1-Cre;St8sia2f/f mice with 0.5 
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mg/kg MK-801 caused a sharp decline of locomotor activity and increased stereotypic 

behaviour. A similar conversion of hyperactivity into stereotypic behaviour has been show in 

response to high concentrations of amphetamine (Yates et al., 2007) or in mice that are 

sensitized to MK-801-induced responses by silencing of glutamatergic input to parvalbumin-

expressing neurons (Bygrave et al., 2016). Thus, both responses of Foxb1-Cre;St8sia2f/f mice 

indicate a higher sensitivity towards treatment with the psychotropic drug MK-801.  

MK-801 injection has been shown to cause reduced expression of the immediate-early gene c-

fos in the MB, indicating reduced activity (Jiang et al., 2018). This response has been linked 

to the high expression level of NR1-subunit-containing NMDA receptors in the MB (Cull-

Candy et al., 2001; Jiang et al., 2018). Hence, the reduced number of excitatory glutamatergic 

neurons in the MB could be the cause for the increased sensitivity of St8sia2-/- or Foxb1-

Cre;St8sia2f/f mice to MK-801. Moreover, the MB also has the highest population of 

parvalbumin-positive cells among all regions of the mouse hypothalamus (Bjerke et al., 2021). 

These cells are mainly confined to the dorsal part of the medial mammillary nucleus, pars 

medialis (MM) (Dillingham et al., 2015). In the current study, reduced numbers and densities 

of parvalbumin-positive cells were detected in the MM of mice with di- and mesencephalic 

ablation of St8sia2. Therefore, the observation that mice, which lack glutamatergic input to 

parvalbumin-expressing neurons are sensitised to MK-801-induced responses (Bygrave et al., 

2016), could also be due to a reduced excitation of parvalbumin-expressing glutamatergic 

neurons of the MB.  

Taken together, the increased locomotor activity as one of the most prominent findings in the 

animal model of psychiatric disorders and the higher sensitivity to MK-801 as a widely used 

drug to induce schizophrenia-like symptoms in animals (van den Buuse, 2010) support the idea 

that the hypoplasia of the MB and its tegmental connections can cause psychotic-like behaviour 

in mice with di- and mesencephalic knockout of St8sia2.  

Considering that the mammillary body atrophy is described as one of the most common 

neuropathologic markers of Korsakoff’s syndrome, which is characterised by severe amnestic 

features (Korsakoff S. S. , 1887; Korsakoff S. S., 1889; Gudden, 1896; Gamper, 1928) it was 

suprising that the animals with di- and mesencephalic ablation of St8sia2 with severe MB 

deficits showed no aberrant phenotype in spatial working memory. Moreover, none of the 

conditional knockouts that show deficits in postcommissural fornix, MB, or mammillothalamic 

tract, displayed spatial working memory deficits, despite many human cases and animal studies 



 

| 53 

that have linked these constituents of the Papez circuit to memory impairments (Aggleton et 

al., 1999; Vann et al., 2003; Tsivilis et al., 2008; Kim et al., 2009; Vann, 2010; Vann, 2013). 

Particularly, lesions of the postcommissural fornix have been repeatedly shown to cause spatial 

memory deficits in rats (Ennaceur et al., 1997; Warburton et al., 1999). However, it is 

important to note that there are also studies that demonstrated only subtle or no effect of fornix 

lesions on spatial memory (Vann et al., 2011; Vann, 2013). Furthermore, working memory 

deficits caused by lesions of the mammillothalamic tract in rodents were only transient (Vann 

et al., 2003; Dalrymple-Alford et al., 2015). Similarly, monkeys that received bilateral lesions 

of postcommissural fornix and MB showed impairments in a delayed nonmatching to sample 

task 6–8 weeks after the surgery that were no longer detectable after 18 months (Zola-Morgan 

et al., 1989). In contrast, to the acute and transient consequences of these lesions, the deficits 

in mammillary connectivity of St8sia2 knockout animals are permanent. This may explain the 

unaffected working memory performance in animals with deficits of MB connectivity by 

conditional ablation of St8sia2 in the di- and mesencephalon. Another reason can be that the 

severity of observed hypoplasia is not sufficient to reproduce the working memory deficits. 

However, for both of these possibilities, one has to assume that the working memory deficit of 

the St8sia2 knockout mice has other causes.  

It was shown before that the mediodorsal thalamus and medial prefrontal cortex connectivity 

is required for working memory maintenance and retrieval (Bolkan et al., 2017). Therefore, as 

hypothesised before (Kröcher et al., 2015), altered gating and working memory deficits might 

be linked to the impaired thalamocortical connectivity observed in St8sia2-/- but not in any of 

the conditional St8sia2 knockout lines investigated in the current study. Possibly, the 

occurrence of the detected working memory deficits in St8sia2-/- might require combined 

deficits of thalamus-cortex connectivity and interneurons. Despite considerable efforts, it was 

so far not possible to create conditional knockout mice that recapitulate the thalamocortical 

deficit of St8sia2-/- mice and thus would enable to analyse its behavioural consequences.   

In humans, genetic variation in ST8SIA2 has been associated with schizophrenia, and it is 

assumed that reduced interneuron levels in the prefrontal cortex of schizophrenic patients are 

linked to deficits of working memory and PPI as hallmarks of cognitive impairments and 

attention deficits in this disease (Eryilmaz et al., 2016; Mena et al., 2016). Particularly the 

parvalbumin-positive interneurons of the prefrontal cortex were described to have a crucial role 

in working memory and cognitive flexibility (Murray et al., 2015). In St8sia2-deficient mice, 
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parvalbumin-immunoreactive cells in the medial prefrontal cortex were found to be reduced 

and this phenotype was fully produced by the interneuron-specific ablation of St8sia2 in Lhx6-

Cre;St8sia2f/f mice (Kröcher et al., 2014; Schuster et al., 2020). Thus, the interneuron deficits 

in St8sia2-/- would be a plausible cause for the observed impairments in working memory and 

PPI. However, despite the firmly established links between parvalbumin-positive interneurons 

of the prefrontal cortex and working memory performance in the T-maze task none of the tests 

performed in the current study detected any behavioural alterations in Lhx6-Cre;St8sia2f/f mice. 

Likewise, the mildly impaired PPI of apomorphine-treated St8sia2-/- mice were not reproduced 

by the Lhx6-Cre-mediated knockout of St8sia2.  

In postmortem studies, reduced ST8SIA2 mRNA levels in the prefrontal cortex of individuals 

carrying schizophrenia risk variants were demonstrated (McAuley et al., 2012). While 

schizophrenia is mainly implicated in the cortical GABAergic PV+ cells (Woo et al., 1998; 

Beasley et al., 2002; Woloszynowska-Fraser et al., 2017), postmortem studies in schizophrenic 

brains also reported reduced neuronal densities and PV+ cell numbers in the mammillary 

bodies, which are mainly glutamate/aspartate-containing neurons projecting to the anterior 

thalamus (Briess et al., 1998; Bernstein et al., 2007). On the other hand, the clinical reports 

demonstrated varying results in the volumetric measurements of the mammillary bodies in 

postmortem schizophrenic brains (Briess et al., 1998; Bernstein et al., 2007; Goldstein et al., 

2007). However, the MRI based volumetric evaluations in nonpsychotic relatives of 

schizophrenic patients positively correlated with anxiety findings (Goldstein et al., 2007).   

In conclusion, the results of this thesis suggest that di- and mesencephalic depletion of St8sia2 

causes compromised MB connectivity, independent from hippocampal input. This 

dysconnectivity segregates hypoanxiety in the elevated plus-maze and MK-801-induced 

hyperlocomotion from other psychotic and cognitive symptoms of St8sia2 knockout mice and 

might be sufficient to cause these changes in behaviour. Therefore, the link between 

mammillary body connectivity and these behavioural traits should receive more attention in 

future studies on animal models of psychotic behaviour. Furthermore, mammillary body 

connectivity should be addressed by brain imaging and in postmortem studies of patients with 

neurodevelopmental psychiatric disorders that have been linked to genetic variation in 

ST8SIA2. 
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