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1 Summary / Zusammenfassung 

1.1 Summary 

Stem cells have the remarkable potential to differentiate into multiple cell types during early 

embryogenesis and adulthood. Given their unique regenerative abilities, stem cells offer new 

potentials for treating neurodegenerative diseases, such as Huntington’s disease (HD). In 

addition, much work is also needed to detail mechanisms underlying the regulation of neural 

stem cells (NSCs) in the adult brain and to investigate neuropsychiatric diseases in the 

context of NSC regulation.  

HD is characterized by fatal motoric failures induced by loss of striatal medium spiny 

neurons. Neuronal cell death has been linked to impaired expression and axonal transport of 

the neurotrophin BDNF (brain-derived neurotrophic factor). By transplanting embryonic stem 

cell-derived neural progenitors overexpressing BDNF, we combined cell replacement and 

BDNF supply as a potential HD therapy approach. Transplantation of purified neural 

progenitors was analyzed in a quinolinic acid (QA) induced and two genetic HD mouse 

models (R6/2 and N171-82Q) on the basis of distinct behavioral parameters, including 

CatWalk gait analysis. Explicit rescue of motor function by BDNF-overexpressing neural 

progenitors was found in QA-lesioned mice, whereas genetic mouse models displayed only 

minor improvements. Tumor formation was absent, and regeneration was attributed to 

enhanced striatal neuron differentiation. Additionally, adult neurogenesis was preserved in a 

BDNF-dependent manner. Our findings provide significant insight for establishing therapeutic 

strategies for HD to ameliorate neurodegenerative symptoms. 

Adult born neurons in the subgranular zone (SGZ) of the dentate gyrus (DG) are 

continuously generated and incorporated in the hippocampal neuronal circuitry, yet the 

molecular mechanism of this process remains still unclear. Adult NSCs contain a functional 

endocannabinoid system. Endocannabinoids are endogenous lipids, which can bind to and 

activate the cannabinoid type 1 (CB1) receptor, thereby eliciting multiple cellular responses 

such as inhibition of neurotransmitter release and activation of different intracellular signaling 

cascades. To address the direct role of CB1 receptor expressing adult NSCs in vivo, we 

generated the triple-transgenic nestin-CreERT2/R26-STOP-YFP/CB1flox/flox mouse line. 

Tamoxifen injections induced deletion of the CB1 receptor and expression of yellow 

fluorescent protein (YFP) specifically in adult nestin-expressing stem cells and their progeny. 

We found that neural stem cell-specific deletion of the CB1 receptor led to a decrease in 
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neural stem cell proliferation in the dentate gyrus as reflected by a decreased number of 

YFP+ and BrdU+ cells. In contrast, the differentiation potential of targeted NSCs was not 

shifted towards a specific neural lineage. By recording field excitatory postsynaptic potentials 

in the DG and cornu ammonis 1 (CA1) region, we found that mice with CB1 deficiency 

specifically in adult-born neurons displayed an impaired long-term potentiation. Furthermore, 

lack of functional CB1 receptor in NSCs led to a decrease in short-term spatial memory. 

Additionally, CB1-deficient animals showed an increase in depressive-like behavior. The 

present study shows that the proliferation of newborn neurons critically depends on CB1 

receptor function, reflecting their importance in synaptic transmission processes and their 

involvement on the behavioral level. 

1.2 Zusammenfassung 

Stammzellen besitzen die außergewöhnliche Fähigkeit, sich während der Embryogenese 

oder im Adultstadium in verschiedenste Zelltypen des Körpers zu entwickeln. Aufgrund ihrer 

einzigartigen regenerativen Eigenschaften können sie als neue Behandlungsmöglichkeiten 

für neurodegenerative Erkrankungen, wie z.B. die Huntington’sche Erkrankung (Huntington’s 

disease, HD), dienen. Ein weiteres großes aktuelles Forschungsgebiet umfasst die 

Aufklärung der molekularen Regulationsmechanismen neuraler Stammzellen im adulten 

Gehirn. Dies dient u.a. dazu, die Grundlagen neuropsychiatrischer Erkrankungen im Kontext 

der Stammzellregulation zu erforschen.  

HD ist durch schwerwiegende motorische Störungen charakterisiert, induziert durch das 

Absterben striataler „medium spiny“ Neurone. Der genaue Auslöser des neuronalen Zelltods 

ist bislang weitgehend ungeklärt; allerdings wurde er mit einer reduzierten Expression und 

einem verringertem axonalen Transport des Neurotrophins BDNF (brain-derived 

neurotrophic factor) in Verbindung gebracht. In der hier vorliegenden Arbeit wurden 

Zellersatz und BDNF-Versorgung als potentieller HD Therapieansatz kombiniert. Hierfür 

wurden aus embryonalen Stammzellen abstammende neuronale Vorläuferzellen, die BDNF 

überexprimieren, in drei verschiedene HD Mausmodelle transplantiert. Nachfolgend wurden 

die Auswirkungen der transplantierten Zellen auf das motorische Verhalten im 

exzitotoxischen Quinolinsäure (quinolinic acid, QA) Mausmodell und in zwei genetischen 

Mausmodellen (R6/2 und N171-82Q) auf Basis bestimmter Verhaltensparameter, inklusive 

Gangparameter Analyse mit „CatWalk“ analysiert. Eine eindeutige „Rettung“ der motorischen 

Funktion durch BDNF-neuronale Progenitoren wurde in QA-läsionierten Mäusen gefunden, 
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wohingegen die genetischen Mausmodelle nur geringe Verbesserungen zeigten. 

Histopathologisch wurde eine gesteigerte striatale Differenzierung der BDNF-

überexprimierenden Zellen beobachtet, welche die im Vergleich zu Kontrollen erhöhte 

motorische Regeneration erklärt. Zusätzlich wurde die adulte Neurogenese in einer BDNF-

abhängigen Weise erhalten. Ein weiteres wichtiges Charakteristikum der hier angewendeten 

Stammzelltherapie ist, dass keine Tumorentstehung oder entartetes Zellwachstum 

beobachtet wurden. Insgesamt liefern unsere Ergebnisse wichtige Erkenntnisse für die 

Etablierung therapeutischer Strategien für HD, um neurodegenerative Symptome zu lindern. 

In der subgranularen Zone (SGZ) des adulten Gyrus Dentatus (DG) werden kontinuierlich 

neue Neurone generiert und in die hippokampalen Schaltkreise integriert, jedoch ist der 

molekulare Mechanismus dieses Prozesses weitgehend unklar. Wie die meisten Neurone 

besitzen adulte neurale Stammzellen (neural stem cells, NSCs) ein funktionelles 

Endocannabinoid-System. Endocannabinoide sind endogene Lipide, die an den Cannabinoid 

Typ 1 (CB1)-Rezeptor binden und diesen aktivieren können, wodurch multiple zelluläre 

Reaktionen wie die Hemmung der Neurotransmitter-Freisetzung und eine Aktivierung 

verschiedener intrazellulärer Signalkaskaden hervorgerufen werden können. In der hier 

vorliegenden Arbeit wurde die dreifach transgene Mauslinie nestin-CreERT2/R26-STOP-

YFP/CB1flox/flox generiert, um die direkte Rolle des CB1-Rezeptors, der in adulten neuralen 

Stammzellen exprimiert wird, zu untersuchen. Durch Tamoxifen-Injektion kam es zur 

induzierten Deletion des CB1-Rezeptorgens und der Expression von gelbem 

Fluoreszenzprotein (YFP) spezifisch in adulten Nestin-exprimierenden Stammzellen und 

deren zellulären Nachkommen. Die neurale stammzellspezifische Inaktivierung des CB1-

Rezeptors führte zu einer Abnahme der YFP- und BrdU-positiven Zellen und damit zu einer 

Abnahme der neuralen Stammzellproliferation im DG. Im Gegensatz dazu wurde das 

Differenzierungspotential der rekombinierten NSCs nicht in eine spezifische neurale 

Differenzierungsrichtung verschoben. Durch elektrophysiologische Messungen von Feld-

exzitatorischen postsynaptischen Potentialen in der DG- und Cornu Ammonis 1 (CA1) 

Region wurde beobachtet, dass Mäuse mit einer spezifischen CB1-Rezeptor-Defizienz in 

adult-geborenen Neuronen eine beeinträchtigte Langzeitpotenzierung zeigten. Darüber 

hinaus führte der Mangel an funktionellem CB1-Rezeptor in adulten Stammzellen zu einer 

Abnahme des kurzzeitigen räumlichen Gedächtnisses. Zusätzlich zeigten CB1-Rezeptor-

defiziente Tiere eine Zunahme depressionsähnlichen Verhaltens. Die vorliegende Studie 

zeigt, dass die Proliferation von neugeborenen Neuronen entscheidend von der 

Funktionalität des CB1-Rezeptors abhängt, welches ihre Bedeutung für synaptische 

Übertragungsprozesse und ihre Beteiligung auf der Verhaltensebene widerspiegelt.  
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2 Introduction 

2.1 Stem cells 

Every organ and tissue in our bodies originates from stem cells. Highly specialized cells arise 

from an initial pool of stem cells generated shortly after fertilization. Throughout our lives we 

still rely on residing stem cells to replace cells after injury or to replenish lost cells, like skin, 

hair or blood. 

 Stem cells are characterized by two key properties:  

1) The ability to self-renew by division  

If the division yields two identical copies, the division is called symmetric. Asymmetric 

division includes the generation of one new stem cell and a daughter (progenitor) cell with 

limited self-renewal capacities.  

2) The potency to differentiate (‘multipotency’)  

The potential to differentiate into different cell types can be divided into categories of 

potency. The fertilized egg (zygote) and the subsequent first divisions are termed totipotent. 

The zygote, the ultimate stem cell, can produce an entire organism including the 

trophoblast/placenta. Further divisions lead to the morula and the blastocyst stage, where a 

cavity forms and cells accumulate to the inner cell mass (Figure 1). Embryonic stem cells 

(ESCs) are obtained from the inner cell mass. The ESCs are termed pluripotent, which 

means being able to generate all different types of cells in the body, namely the three germ 

layers: the endoderm, mesoderm and ectoderm. Human ESCs are derived from blastocysts 

that were created by in vitro fertilization (IVF) for assisted reproduction. Somatic/adult stem 

cells are called multipotent, since they are already specialized and can produce restricted 

cell types within a particular tissue/organ. Finally, differentiated somatic cells are called 

unipotent.  
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Figure 1. Derivation of embryonic and adult (somatic) stem cells (O'Connor and Crystal, 2006). During 
human fertilization sperm and egg cells fuse, generating a diploid zygote. After multiple cell divisions 
the blastocyst stage includes a blastocyst cavity, outer and inner cell mass. Embryonic stem cells are 
derived from the inner cell mass. After isolation they can self-renew and differentiate into all three 
germ layers: endoderm, mesoderm, and ectoderm. Upon implantation, the gastrula contains all three 
germ layers in utero. Somatic stem cells can be found in fetal and post-natal tissue. They are also 
capable of self-renewal and differentiation into cell types from the organ from which we they are 
derived.    

One of the most prevalent topics in stem cell research includes the study of induced 

pluripotent stem cells (iPSCs). Somatic cells (for example skin cells) can be reprogrammed 

by the introduction of four reprogramming genes to become pluripotent, behave like an 

embryonic stem cell, and develop into all cell types of the body. In 2006, Shinya Yamanaka 

made the ground-breaking discovery that won him the Nobel Prize in Physiology or Medicine 

six years later (Takahashi and Yamanaka, 2006). IPSCs from patients that carry specific 

mutations can be used for modelling a distinct disease in the dish, which can serve for drug 

testing or discovering new mechanisms to better understand the disease. IPSCs can be 

generated from any genotype, which has opened new avenues for personalized medicine, 

because the risk of rejection of patient-specific stem cells after transplantation may be 

minimized.  

2.1.1 Embryonic stem cells 

ESCs are derived from the inner cell mass of a blastocyst (Evans and Kaufman, 1981; 

Martin, 1981) and can give rise to all cell types from the three germ layers. The first human 

ESC cultures have been isolated by Thomson and colleagues in 1998 (Thomson et al., 
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1998). In cell culture, they can be expanded almost indefinitely, comprising a proper cell 

population to model development in the dish, to study disease states and to generate 

implantable cells to treat incurable diseases.  

ESCs can be genetically modified to express a gene of interest or to carry a mutation for a 

gene knock out. To generate knock out or knock-in cells ESCs are electroporated with a 

vector containing a targeting sequence. This gene sequence is then integrated into the 

genome by homologous recombination (Thomas and Capecchi, 1987). ESCs can also be 

used to create genetically modified mice. Genetically altered mouse ESCs are re-injected 

into the blastocyst and returned to the uterus of a female mouse to develop into a foetus with 

a mixture of cells, resulting in a chimera (Capecchi, 1989; Doetschman et al., 1987). The 

offspring of those chimeras contains genes from originally modified ESCs. The discovery 

was rewarded with the Nobel Prize in Physiology or Medicine 2007 for Mario R. Capecchi, 

Sir Martin J. Evans and Oliver Smithies.  

In vitro, mouse ESCs are cultured on mouse embryonic fibroblasts (Figure 2A) in the 

presence of calf serum and a differentiation-inhibiting cytokine, leukemia inhibitory factor 

(LIF) (Smith et al., 1988; Williams et al., 1988).  Human ESCs need basic fibroblast growth 

factor 2 (FGF2) to keep pluripotency. Both types of ESCs express pluripotency factors 

Octamer binding transcription factor 4 (Oct4) (Okamoto et al., 1990; Scholer et al., 1990), 

SRY-box transcription factor 2 (Sox2) (Ambrosetti et al., 1997), Nanog (Chambers et al., 

2003), and a suite of transcription factors (Esrrb, Klf4, Klf2, and Tbx3 (Nichols and Smith, 

2012)). Sox2 is also expressed later in all neuroectodermal cells, representing also a marker 

for adult neural stem cells in vivo. In this state, ESCs are pluripotent, which can also be 

identified by injecting ESCs into immune-comprised mice for the formation of a benign 

tumour, called teratoma, in which tissue derived from all three germ layers can be found 

(Stevens and Varnum, 1974). 

To initiate differentiation of ESCs in vitro, they can be cultured as embryoid bodies (EBs), 

recapitulating embryonic development as non-adherent cultures in the absence of LIF or 

FGF2. The EBs are comprised of aggregates of differentiating ESCs and consist of 

ectoderm, mesoderm, and endoderm (Desbaillets et al., 2000) (Figure 2B).  
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Figure 2. Recapitulating embryogenesis in vitro. Brightfield micrographs of mouse embryonic stem 
cells (ESCs) in culture (unpublished images). ESCs are cultured on mouse embryonic fibroblasts (A). 
In non-adherent culture conditions embryoid bodies (B) form and start differentiating in adherent 
dishes (C). After differentiation for several days (D, E) by using the lineage selection protocol 
(Butenschon et al., 2016), neuronal progenitor cells are formed (F). Scale bar, 200 µm.     

By using specific growth factors and signaling molecules ESCs can differentiate into 

cardiogenic (Wobus et al., 1991)(Maltsev et al., 1993; Maltsev et al., 1994), myogenic 

(Rohwedel et al., 1994), adipocytic (Dani et al., 1997), chondrogenic (Kramer et al., 2000), 

osteogenic (Hegert et al., 2002), hematopoetic (Schmitt et al., 1991), insulinproducing 

(Schroeder et al., 2006), and epithelial cell types (Bagutti et al., 1996). Just recently, 

researchers have created artificial oocytes from fibroblasts (via iPSCs) in vitro (Hikabe et al., 

2016). Neural cell types have also been shown to be differentiated from ESCs (Fraichard et 

al., 1995; Strubing et al., 1995). The differentiation to neuronal cell types is controlled by an 

intrinsic predefined mechanism in vivo. It has been shown in Xenopus that the 

neuroectoderm will develop from ectoderm through a default mechanism (Hemmati-Brivanlou 

and Melton, 1997).  

In general, three different strategies have been developed: 

1) To obtain neurons of different specifications, ESCs are cultured as a monolayer 

culture in the addition of growth factors or signaling molecules (Gerrard et al., 2005; Itsykson 

et al., 2005; Perrier et al., 2004; Reubinoff et al., 2001) 

2) To induce the differentiation into neurons by co-culturing ESCs with stromal 

cells/astrocytes (Kawasaki et al., 2000) 

3) To select neural precursor cells by letting ESCs form EBs in the presence of serum or 

defined media (Tropepe et al., 2001; Zhou et al., 2008) 



2.1 Stem cells 

 

9 

With these protocols it has been possible to obtain neurons of different specifications, such 

as dopaminergic (Kawasaki et al., 2000; Lee et al., 2000), serotonergic (Barberi et al., 2003), 

and motor neurons (Li et al., 2005; Wichterle and Peljto, 2008). When EBs are cultured in the 

presence of retinoic acid (RA), a high number of neurons can be generated (Bain et al., 

1995). Leschik et al. used this approach in a combination of overexpressing BDNF in ESCs 

and obtained an enriched population of GABAergic neurons (Leschik et al., 2013).   

Finally, the lineage selection protocol allows for generation of a high number of neural 

precursor cells from EBs in the presence of FGF-2 (Figure 2C-F). Here, survival and 

proliferation of ectodermal neural precursor cells are favoured in contrast to mesodermal and 

endodermal cell differentiation (Okabe et al., 1996). Terminal differentiation into neurons is 

induced by withdrawal of FGF-2 (Figure 2G). We were using this protocol in Chapter 3 to 

derive telencephalic precursor cells in vitro, which then can be transplanted into Huntington’s 

disease mouse models to obtain medium spiny neurons in vivo.  

Current challenges facing applied ESC research include their pluripotency and their highly 

tumorigenic potential if not fully differentiated before transplantation, which could result in 

dysontogenetic tumors, teratomas or teratocarcinomas (Asano et al., 2003; Langa et al., 

2000; Reubinoff et al., 2001).  

2.1.2 Adult stem cells  

Various types of adult stem cells have been identified in distinct organs and tissues, creating 

stem cell niches in the entire body (Figure 3). Adult stem cells form different kinds of tissues 

or some of the cells of a particular tissue. Mesenchymal stem cells generate cartilage, bone, 

tendon, ligaments, muscle, skin, and fat cells. In contrast, hematopoietic stem cells form 

blood cells only, while neural stem cells give rise to cells in the adult nervous system, such 

as neurons, astrocytes, and oligodendrocytes (Gage, 2000). 

Blood, skin, and intestines are the classic regenerative tissues, whereas the brain 

regenerates poorly. 
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Figure 3. Overview of somatic stem cell niches, stem cell types and their progeny (modified from (Sun 
and Lai, 2013)). 

2.1.2.1 Adult neural stem cells 

Adult-born neurons are continuously generated in neurogenic regions in the mammalian 

brain throughout life, in the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) 

and in the subventricular zone (SVZ) of the lateral ventricle (Altman and Das, 1965) (Figure 

4). 

 
 

Figure 4. Neurogenic niches in the adult brain. The subventricular zone (SVZ) of the lateral ventricles 
and the subgranular zone (SGZ) of the dentate gyrus give rise to newborn neurons (Ma et al., 2009). 

In the SGZ, new granule neurons are generated and incorporated in the hippocampal 

circuitry. Subsequently, they regulate multiple physiological functions (Kee et al., 2007). In 

the SVZ, stem cells generate transiently amplifying progenitor cells, which give rise to 

migratory progenitors travelling along the rostral migratory stream (RMS) to the olfactory 

bulb. Here, they terminally differentiate into local interneurons and integrate into the network 

(Doetsch et al., 1999).  
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Adult neurogenesis itself is a complex process in the neural stem cell niche and is regulated 

at many stages of cell development. A self-renewing precursor cells divides either 

symmetrical or asymmetrical, giving rise to progeny, which can become neuronal or glial. A 

part of the daughter cells survives and migrates. Differentiation includes dendrite and axon 

extension and formation of synapses. Finally, newborn neurons integrate into the existing 

network and establish new connections. 

Despite the two niches SGZ and SVZ, the hypothalamus has been identified as a neurogenic 

region. The presence of BrdU (Bromdesoxyuridin)-incorporating cells has been confirmed, 

but neurogenesis occurs at a lower rate than in the SVZ or SGZ, and the identification of the 

exact cell of origin of newborn neurons is still under debate (Cheng, 2013; Evans et al., 

2002).  

Under normal conditions, the adult brain appears to be essentially non-neurogenic.  

However, under the condition of acute cell death (e.g. ischemia) in the striatum of mice, 

reactive neurogenesis seems to be possible, even though the response does not seem to 

originate from local stem cells rather based on precursor cells recruited from the SVZ  

(Arvidsson et al., 2002; Thored et al., 2006). Further studies have shown that overexpression 

of BDNF in the SVZ can lead to striatal neurogenesis as well (Benraiss et al., 2001; 

Chmielnicki et al., 2004), thus creating a neurogenic permissiveness.  

To gain insights about function and properties of adult neural stem cells for the situation in 

vivo, neural stem cells can be studied in vitro. They can be isolated from the niche and 

propagated and differentiated in vitro as adherent cultures or as floating aggregates, the 

neurospheres (Ray et al., 1993; Reynolds and Weiss, 1992). Major conclusions about 

stemness, self-renewal, and multipotency were drawn from these techniques. However, they 

have to be cultured in the presence of FGF-2 and epidermal growth factor (EGF), resulting in 

an artificial system, which can only serve as a model for the in vivo situation.      

The unique microenvironment in the SGZ regulates activation, development, and 

maintenance of adult neural precursor cells by a number of signaling molecules (Mu et al., 

2010). In Chapter 4 we are going to assess the influence of the CB1 receptor on the process 

of adult neurogenesis in the SGZ. 
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2.2 Aims of the thesis 

Stem cells are a powerful tool to study neural development, to model a disease or to serve 

as a therapy for diseases of the central nervous system. This thesis pursues two main aims: 

first, the regenerative potential of neurally differentiated embryonic stem cells (ESCs) 

genetically modified to overexpress BDNF in mouse models of Huntington’s disease and 

second, the functional role of the CB1 receptor in adult neural stem cells (NSCs) of the 

hippocampus.  

Regarding the first aim, we established a combination therapy approach composed of 

cellular replacement by ESC-derived neural progenitors linked to BDNF supply for 

Huntington’s disease (HD). HD is a neurodegenerative disease characterized by dramatic 

motor dysfunction, cognitive decline, and psychiatric symptoms, which lead to progressive 

dementia and death. To date, treatment has been regarded only as symptomatic and cell 

transplantation might be a suitable alternative. The transplanted cells might replace 

degenerated neurons and improve functional behavior by re-establishing neuronal circuits. 

For this reason, we have generated BDNF overexpressing mouse ESCs by knock-in 

technology that display an enhanced neuronal differentiation in vitro. In the present study, we 

grafted cells into three different mouse models for HD, assessed the efficient regeneration 

with multiple behavioral tests and analyzed the cells for potential tumor formation, survival, 

differentiation, and the effect on endogenous adult NSCs in the subventricular zone (SVZ) 

(Chapter 3). The results obtained in this study are of high impact for therapeutic 

interventions, as they add knowledge to former and future cell replacement approaches in 

HD patients. 

The second chapter of this thesis (Chapter 4) aimed at understanding to what extent adult 

NSCs in the neurogenic niche in the subgranular zone (SGZ) of the hippocampus are 

regulated by the CB1 receptor. The unique microenvironment has been shown to modulate 

activation, development, and maintenance of adult neural precursor cells by a number of 

signaling molecules. Since CB1 deletion in all cells of the nervous system caused a decrease 

in adult neurogenesis and a reduced differentiation into the glial lineage, we were interested 

to know if this process is regulated by a direct (CB1 on adult NSCs) or an indirect (CB1 on 

surrounding neurons and astrocytes) mechanism. We used triple transgenic mice to 

specifically delete CB1 on adult NSCs and assessed the rate of proliferation and 

differentiation of neuronal progenitors. Furthermore, we were interested, whether this loss of 

CB1 receptor only in adult NSCs in the SGZ leads to alterations in synaptic plasticity in the 

hippocampal circuit and to behavioural deteriorations, such as depression-like behavior and 
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memory. With this approach we shed light on the exact role of CB1 receptor on adult NSCs 

in regulating adult neurogenesis and behavior.     
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3 Cell replacement therapy with BDNF-overexpressing 

stem cells in mouse models of HD 

3.1 Introduction 

3.1.1 Huntington’s disease 

Huntington’s disease (HD) is the most common monogenic neurological disorder in the 

developed world (Fisher and Hayden, 2014) and is a devastating condition for patients and 

their families. Prevalence studies show that 1 in 7,300 individuals are affected in Western 

populations (Fisher and Hayden, 2014). HD is also known as Huntington's chorea 

(involuntary muscle jerks and twitches), while chorea was first defined by Paracelsus (1493–

1541) to define this movement disorder. HD is known since the last 17th century, but it has 

been first classically described by George Huntington in 1872 (Huntington, 1872). HD is a 

neurodegenerative disease, which is characterized by dramatic motor dysfunction, cognitive 

decline, and psychiatric symptoms, leading  to progressive dementia and death 

approximately 15-20 years after onset (Landles and Bates, 2004). It is an autosomal 

dominant inheritable disease, caused by an expanded CAG (cytosine adenine guanine) 

trinucleotide repeat in the huntingtin (HTT) gene, leading to an increased number of poly-

glutamine repeats in the encoded protein (Group, 1993). The gene HTT is located at 

chromosome 4p16.3 (Group, 1993). The length of the CAG trinucleotide repeat in this 

segment can be determined in any individual - healthy, at risk, or clinically diagnosed with 

HD - by a polymerase chain reaction (PCR) assay with specific primers. The age of motor 

onset is dependent on the number of CAG repeats, with higher numbers of repeats causing 

earlier onset and faster progression (Langbehn et al., 2010).  

Average CAG repeats in HTT in healthy individuals are 18.4–18.7 repeats in people of 

European descent, whereas HD patients carry more than 36 CAG repeats (Squitieri et al., 

1994). The history of clinical HD (Figure 5) is characterized by a pre-manifest period (Ross et 

al., 2014), where no symptoms can be detected.  
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Figure 5. Natural history of clinical Huntington’s disease (HD). The pre-manifest period occurs before 
diagnosable symptoms of HD. The manifest phase involves slow progression of motor and cognitive 
difficulties and Chorea is observed (Bates et al., 2015). 

In the prodromal phase, subtle motor, cognitive, and behavioral changes are detected and 

often precede a formal clinical diagnosis. The mean age of disease onset is 45, but there is 

substantial inter-individual variability, which also depends on the CAG repeat length. Signs 

and symptoms develop over the course of the disease, such as progressive dementia, 

gradual impairment of the mental processes involved in comprehension, reasoning, 

judgment, and memory. Patients become unable to walk, have poor dietary intake, they 

cease to talk, and become unable to care for themselves. They potentially require long-term 

institutional care. Most HD patients eventually die from aspiration pneumonia because of 

difficulties to swallow (Bates et al., 2015).  

The protein huntingtin consists of 3,144 amino acids and has a molecular weight of 348 kDa. 

It is expressed at varying levels in cells throughout the whole body. In the cell, it is found in 

the cytoplasm and the nucleus, shuttling between both compartments. The normal functions 

of huntingtin are not well understood, however, it has been implicated in the development of 

the nervous system, in brain­derived neurotrophic factor (BDNF) production and transport, 

and in cell adhesion (Zuccato and Cattaneo, 2014).  

HD is primarily a toxic gain­of­function disease, and chronic expression of mutant HTT leads 

to multiple pathological events in the cell (Figure 6).  
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Figure 6. Pathological events in a cell of HD (Bates et al., 2015). Translation of HTT leads to 
production of full-length huntingtin and HTT exon1 fragment (1) and full-length native huntingtin is 
cleaved to generate protein fragments (2). These fragments enter the nucleus (3), aggregate, and 
form inclusions, leading to a transcriptional dysregulation (4). In the cytoplasm, huntingtin fragments 
generate massive huntingtin­rich inclusions (5). These aggregates lead to impairments of the 
proteostasis network (6), and further result in synaptic dysfunction, mitochondrial toxicity, and a 
decreased rate of axonal transport (7).  

Nuclear HTT aggregates are multiple micrometres in diameter, contain >100,000,000 

molecules of HTT­related peptides (Wetzel and Mishra, 2014), and lead to dysregulated 

transcription. Cytoplasmic aggregates interfere with the proteostasis network and lead to 

synaptic dysfunction, mitochondrial toxicity, and axonal transport impairment.   

The pathology of HD consists of prominent cell loss in the brain and atrophy in the caudate 

nucleus and putamen. Especially GABAergic medium spiny neurons of the striatum are 

particularly vulnerable to mutant HTT­induced harm and are primarily responsible for typical 

HD symptoms (Reiner et al., 1988). Additionally, GABAergic neurons degenerate in other 

areas of the brain, such as the substantia nigra (pars reticulata), the subthalamic nucleus, 
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the thalamus, the hippocampus, and also in cortical areas (Vonsattel et al., 1985). This leads 

to shrinkage of the striatum, to enlarged lateral ventricles, and to cortical atrophy. The 

striatum is an important brain structure that initiates and modulates voluntary movements 

and influences emotional and cognitive behavior (Alexander et al., 1990). It is comprised of 

the caudate nucleus and the putamen that are connected with the substantia nigra (pars 

compacta and pars reticulata). The putamen is primarily involved in motor control by 

projecting to the supplementary motor area and premotor cortex. The caudate nucleus is 

connected with the lateral orbitofrontal cortex mediating limbic functions such as motivation, 

emotion, and reward. It also projects to the dorsolateral prefrontal cortex, which is involved in 

cognitive functions (Alexander et al., 1990).  

How mutant HTT protein causes neuronal dysfunction and neurodegeneration has not yet 

been understood in detail, but depletion of neurotrophins, especially BDNF, is a prominent 

feature of HD and a high priority therapeutic target (Sari, 2011). 

3.1.2 BDNF 

Brain-derived neurotrophic factor (BDNF) is a key regulator of neuronal circuit development 

and function. It promotes cell survival and differentiation, and is essential for neurite 

outgrowth and synaptogenesis (Huang and Reichardt, 2001). BDNF is a member of the 

neurotrophins, a group of polypeptide growth factors (Binder and Scharfman, 2004). The 

group includes nerve growth factor (NGF) and neurotrophin (NT)-3 and NT-4/5. BDNF binds 

with high-affinity to tropomyosin-receptor kinase B (TrkB) receptor (Squinto et al., 1991) and 

with low affinity to p75 neurotrophin receptor (p75NTR) (Curtis et al., 1995). Activation of the 

TrkB receptor leads to dimerization of the receptor and autophosphorylation of tyrosine 

residues. Src homology 2 domain-containing adapter protein (Shc) and phospholipase C 

(PLC) dock at the domain and activate intracellular signaling cascades such as Ras, 

phosphoinositide 3-kinase (PI3K) and PLC (Kaplan and Miller, 2000), which are involved in 

multiple aspects of neuronal survival and neurite outgrowth (Dimitropoulou and Bixby, 2000; 

Vaillant et al., 1999). Activation of p75NTR is important for pro- and anti-trophic processes, 

such as neurite outgrowth and apoptosis (Kaplan and Miller, 2000). Since BDNF plays a role 

in neuronal survival and apoptosis, numerous studies have focused on the role of BDNF in 

development. BNDF knock-out mice die shortly after birth, emphasizing the importance of 

BDNF for postnatal survival. Surviving mice show poorer peripheral nervous system 

development, but display mild deficiencies in central nervous system (CNS) development 

(Jones et al., 1994). Infusion of BDNF in the adult brain has been shown to promote 
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neurogenesis (Pencea et al., 2001; Scharfman et al., 2005) in multiple brain regions, such as 

hippocampus, septum, thalamus, hypothalamus, and striatum. In the developing striatum, 

selective removal of TrkB from the lateral ganglionic eminence led to a loss of medium spiny 

neurons and an increase in apoptosis in the subventricular zone (Baydyuk et al., 2011), 

highlighting the significance of BDNF for striatal cell survival and development.  Furthermore, 

conditional deletion of BDNF from postmitotic neurons resulted in smaller striatal neurons, 

fewer dendritic segments, and reduced spine density (Rauskolb et al., 2010), thus 

underlining the role of BDNF in neuronal maturation. Striatal neurons require BDNF to 

survive, which is mainly produced in the cortex and transported anterogradely to the striatum 

via corticostriatal afferents. It facilitates glutamate release and controls striatal output. This 

process is regulated by wildtype HTT, which upregulates transcription of BDNF (Zuccato et 

al., 2001) (Figure 7).  

 

 

Figure 7. BDNF is transported anterogradely from the cortex to the striatum via the corticostriatal 
afferents (Control). In HD, loss of wildtype huntingtin results in a decreased production and transport 
of BDNF to the striatum resulting in increased vulnerability of striatal neurons (Cattaneo, 2003). 

In HD mouse models, BDNF or BDNF/TrkB signaling is strongly reduced due to a mutant 

HTT-mediated mechanism (Plotkin et al., 2014; Zuccato and Cattaneo, 2009). Besides 

causing changes in vesicular transport of BDNF (Gauthier et al., 2004), mutant HTT has also 

been described to cause transcriptional downregulation of the BDNF gene through 

translocation of RE1 silencing transcription factor (REST) to the nucleus (Buckley et al., 

2010). In addition to HD mouse models, a systematic and quantitative assessment of BDNF 

levels in human cerebral cortex samples, examined post-mortem, confirmed that the 

production of this neurotrophin was impaired in the brains of HD patients (Zuccato et al., 
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2008). As striatal medium spiny neurons (MSNs) depend on BDNF activity, a number of 

studies intended striatal neuroprotection by providing exogenous BDNF delivered to the 

diseased rodent striatum either by adeno-associated viral transfer or by the transplantation of 

diverse genetically-modified cell types (e.g. fibroblasts) (Connor et al., 2016; Sari, 2011). 

Altogether, these studies showed enhanced neuroprotection, but no or only mild effects on 

long-term functional improvement in HD rodent models. 

3.1.3 Huntington’s disease mouse models 

At present, a variety of different HD mouse models exists, chemically- or genetically-induced, 

which match with some aspects of HD pathology. However, to date, none of them perfectly 

recapitulates human neuropathological hallmarks as well as progressive cognitive and motor 

impairments.  

Genetic models are divided into three groups depending on how they were generated. First, 

N-terminal transgenic animals carry the 5’ portion of the human HTT gene with CAG repeats. 

In contrast, full-length transgenic models carry the full- length HTT sequence and CAG 

repeats, encoding for polyglutamines. Third, in knock-in models, the HD mutation is 

engineered by directly introducing CAG repeats of varying length into the mouse huntingtin 

genomic locus. All HD mouse models differ in their CAG repeat numbers, size and species of 

origin of the huntingtin protein, the promoters that drive huntingtin expression, and the 

background strain (Menalled, 2014).  

So far, genetic HD mouse models were only used in a few cell transplantation studies. 

Instead in most cases, cell transplantation was mainly performed in toxin-lesioned mice, 

where vast neurodegeneration occurs. This is clearly an advantage over genetic mouse 

models, which harbour less neurotoxicity. In contrast, genetic accuracy is missing in toxin-

induced lesions, and therefore, it is questionable whether this represents an appropriate 

model system to test therapeutics for human pathology. For this reason, we decided to use 

for our cell-transplantation approach, besides the toxin-lesioned model with quinolinic acid 

(QA), the two widely used transgenic mouse lines R6/2 and N171-82Q, which differ in their 

extent of pathological features and degree of impairment (Ramaswamy et al., 2007). 

The induction of an excitotoxic lesion in the striatum of healthy rodents is generally obtained 

by injection of QA, which acts as a N-methyl-D-aspartat (NMDA) receptor agonist. 

Overstimulation leads to a selective degeneration of striatal medium-sized GABA (gamma-

aminobutyric acid)-ergic projection neurons and spares GABAergic interneurons and 
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dopaminergic and serotonergic afferent projections (Beal et al., 1991). The lesion leads to 

striatal shrinkage, enlargement of the lateral ventricles, and reactive gliosis (Beal et al., 

1989), secreting also neurotrophic factors and creating a permissive environment for 

transplantation of cells. Animals with a unilaterally lesioned striatum display hyperkinesia and 

HD-like behaviors (Bernreuther et al., 2006; Giralt et al., 2010; Pineda et al., 2007). However, 

dyskinesia and chorea-like movements are missing. It is rather an acute model and does not 

resemble the progressive development of HD (Sanberg and Coyle, 1984).  

One of the most extensively studied mouse models for HD is the R6/2 mouse line. It is one of 

the fastest progressing mouse models (life span: 12 weeks) and displays behavioral deficits 

such as ataxia, tremor, and cognitive impairments. The R6/2 mouse line expresses mutant 

human exon 1 HTT (Mangiarini et al., 1996) with 145 CAG repeats under the control of 1 kb 

of the human huntingtin promoter. Motor deficits can be seen from 5 weeks of age on, even if 

drastic motor impairments are obvious from 8 weeks of age on. Neuropathologically, massive 

huntingtin aggregates can be found in the striatum. Surprisingly, these animals display only 

25% neuronal cell death in the striatum (Stack et al., 2005). R6/2 mice primarily die of 

metabolic deterioration and/or epileptic seizures.   

Another N-terminal-HTT transgenic mouse is the N171-82Q line (Schilling et al., 1999), 

which expresses a 171 amino acid mutant HTT fragment with 82 CAG repeats under the 

regulation of the mouse prion promoter, directing expression primarily in the brain. This 

mouse model (life span: 21 weeks) shows a delayed onset of disease compared to the R6/2 

line, since it contains less CAG repeats. From 11 weeks of age on N171-82Q mice display 

resting tremor, hypokinesia, and impairment in Rotarod performance (McBride et al., 2006). 

Neuropathological hallmarks are comprised of massive huntingtin aggregates in the cortex 

and selective neuronal death in the striatum. At the age of 16 weeks, 25% of neurons in the 

striatum are lost, and the striatal volume is decreased by 20% (McBride et al., 2006).  

To date, no perfect mouse model, which models all neuropathological and progressive 

cognitive and motor impairments of the human HD, exists. A perfect model should have the 

following features: robust phenotype, fast disease onset and progressive course, well-

defined behavior impairments, neuropathological hallmarks resembling the human disease, 

and limited variability.  To mimic all features of HD, we used all three mouse models for our 

transplantation therapy approach. 
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3.1.4 Cell replacement therapy 

For more than two decades, scientists have used different neural cell sources to find a 

promising cell replacement therapy for the loss of striatal neurons in HD. Cell transplantation 

represents a promising therapeutic strategy, which aims to replace striatal neurons. It has 

yielded some preliminary, but only modest and short-lived clinical benefits when using fetal 

neural cells (Bachoud-Levi et al., 2006; Gallina et al., 2010). Therefore, specifically ESCs 

and iPSCs are considered to be an appropriate cell source, as ESCs can be differentiated in 

vitro into a MSN-like phenotype (Aubry et al., 2008; Danjo et al., 2011; Ma et al., 2012b; Shin 

et al., 2012). However, their long-term survival, long-term functional improvement and safety 

in vivo still need to be proven.  

In the present study, we aimed at establishing a combination therapy approach, composed of 

cellular replacement by ESC-derived neural progenitors linked to BDNF supply. For this 

reason, we have generated BDNF overexpressing mouse ESCs by knock-in technology that 

display an enhanced neuronal and GABAergic differentiation in vitro (Leschik et al., 2013). 

Very recently, we could show that polysialylated-neural cell adhesion molecule (PSA-NCAM) 

positive progenitors derived from these ESCs led to functional improvement when 

transplanted into mice with contusion spinal cord injury (Butenschon et al., 2016). With small 

modifications to the published protocol, which comprises magnetic-activated cell sorting 

(MACS) technology for purification, we tested in this study the efficiency and safety in three 

divergent HD mouse models.  
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3.2 Materials and Methods 

3.2.1 Production of ESCs  

Recombinant ESCs had been obtained by knock-in targeting strategy into the Rosa26 (R26) 

locus. The targeting vector R26-BDNF-GFP (Figure 8) contained the coding sequence of 

mouse pre-pro-BDNF-GFP (fused to the long 3’ untranslated region (UTR) of the BDNF 

gene), which has been produced and published by Leschik and colleagues (Leschik et al., 

2013). The ubiquitous CAG promoter (cytomegalovirus enhancer element and the chicken -

actin promoter) was placed upstream of the coding sequence. Furthermore, a floxed-stop 

cassette was introduced as a transcriptional blocker, which included a neomycin resistance 

gene. 

  

Figure 8. Plasmid maps of R26-BDNF-GFP and R26-GFP. R26, ROSA26 locus; CAG, 
cytomegalovirus enhancer/chicken β-actin promoter; neo cds, neomycin resistance coding sequence; 
floxed stop, transcriptional terminator flanked by loxP sites; polyA site, polyadenylation site; BDNF-
eGFP cds, brain-derived neurotrophic factor coding sequence; 3’UTR, untranslated region; eGFP cds, 
enhanced green fluorescent protein.  Vector backbone: pBluescript II KS (Stratagene). 

For this thesis, we modified the vector by deleting the coding sequence of mouse pre-pro-

BDNF-GFP and by introducing the green fluorescent protein (GFP) coding sequence, 

respectively. The GFP coding sequence was produced by PCR from the R26-BDNF-GFP 

vector. The resulting fragment was cloned into pCR™2.1-TOPO® TA cloning vector 

(Invitrogen, Carlsbad, CA, USA). The TOPO-GFP vector was then digested with restriction 

enzymes XmaI and AscI and the resulting GFP fragment purified. The R26-BDNF-GFP was 

also digested with XmaI and AscI and the resulting vector backbone purified. Finally, the 

GFP fragment was ligated into the R26 vector backbone and sequenced.  DNA construct 

design was performed using Vector NTI software (Invitrogen, Carlsbad, CA, USA).  
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The target construct R26-GFP (Figure 8) was linearized by AsisI digestion and V6.5 or Bl6 

ESCs were electroporated. Neomycin resistant target clones were picked and DNA 

extracted. In a PCR screen for GFP homologous recombined clones were selected and 

Southern blotting was performed as described previously (Sambrook and Russell, 2001) 

after EcoRI restriction digest of genomic DNA. The hybridization probe (5’) was produced by 

PCR. Sequence of the 5’ probe fw: 5’-CAGGCAAAAAGGGGAGACCA-3’, 5’ probe rev: 5’-

CGTTGGGCCTAACTCGAGTC-3’. Successful recombined clones were electroporated with 

pCrepac and subsequently selected with puromycin. Expression of Cre recombinase led to 

excision of the floxed neo-stop cassette and to transcriptional activation of the GFP 

sequence. Puromycin-resistant clones were clonally expanded and screened for GFP 

fluorescence. To finish, a Southern blot with the 5’ probe and neo probe was performed. 

Sequence of the neo probe fw: 5’-TGCTCGACGTTGTCACTGAAGC-3’, Neo probe rev: 5’-

TACCGTAAAGCACGAGGAAGC-3’. 

3.2.2 Differentiation and purification of ESCs by MACS 

ESCs were maintained on mitomycin-treated feeder cells (mouse embryonic fibroblasts) and 

cultured in the presence of LIF according to standard protocols (Hogan, 1994). For 

differentiation, cells were cultured for two passages on gelatin (stage 1) and then 

differentiated according to the protocol of Bernreuther et al. (Bernreuther et al., 2006). This 

protocol includes EB formation of ESCs (stage 2), selection of nestin-positive cells from 

plated EBs (stage 3) and expansion of nestin-positive cells (stage 4). EB formation was 

induced by plating 2.5 x 104 cells/cm² on non-adherent bacterial plastic dishes (Starlab) in ES 

culture medium without LIF. Embryoid bodies kept in suspension culture for 4 days were 

plated onto a tissue culture surface (Starlab).  On the next day, the medium was switched to 

(insulin, transferrin, selenium chloride, fibronectin) ITSFn medium and nestin-positive cells 

were selected for 10 days with a medium change every other day. Cells maintained in ITSFn 

medium were dissociated and replated at a density of 1.5 x 105 cells/cm2 on precoated poly-

ornithin/laminin dishes. The expansion medium containing bFGF was changed every 2 days. 

See a list of ESC culture and differentiation reagents below (Table 1).  
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Table 1. List of ESC culture and differentiation reagents. 

Medium Components Final concentration Company Catalog number 

ESC culture medium DMEM 1x Sigma D5671 

  FBS 10% PAA A15-101 

  Non-essential AA 0.1 mM Invitrogen 11140035 

  Sodium Pyruvate 1 mM Sigma S8636 

  2-Mercaptoethanol 0.1 mM Sigma M7522 

  L-Glutamine 2 mM Sigma G7513 

  Pen/Strep  100 U/ml Sigma P0781 

  LIF 
          recombinant LIF from supernatant of transfected  

HEK cells (kind gift from Ari Weissmann) 

ITSFn medium DMEM/F12 with Glutamax 1x Invitrogen 10565-018 

  Fibronectin 5 µg/ml Sigma F2006 

  Insulin 5 µg/ml Sigma I4011 

  Transferrin 50 µg/ml Sigma T8158 

  Selenium Chloride 30 nM Sigma 323527 

  L-Glutamine 2 mM Sigma G7513 

  Pen/Strep 100 U/ml Sigma P0781 

Expansion medium DMEM/F12 with Glutamax 1x Invitrogen 10565-018 

  bFGF 10 ng/ml Sigma F0291 

  B27 1x Invitrogen 17504-044 

  L-Glutamine 2 mM Sigma G7513 

  Pen/Strep 100 U/ml Sigma P0781 

Gelatin 0.1% Sigma 1393 

Poly-L-ornithine hydrobromide (poly-O) 10 mg/ml Sigma P3655 

Laminin 1 µg/ml Sigma L2020 

 

After 6 days expansion of nestin-positive cells, cells were enriched for PSA-NCAM positive 

cells and depleted for stage-specific embryonic antigen 1 (SSEA-1) positive cells by MACS 

(Figure 9, Table 2) (Miltenyi Biotec, Bergisch Gladbach, Germany) as described previously 

(Butenschon et al., 2016).  

 

Figure 9. Magnetic-activated cell sorting principle. Cells were labeled with magnetic beads with 
specific antibodies against SSEA-1 and PSA-NCAM and isolated through columns placed in a 
magnetic field of a separator (picture modified from Miltenyi Biotec). 

 



3 Cell replacement therapy with BDNF-overexpressing stem cells in mouse models of HD 

 

26 

Table 2. List of microbeads for MACS. 

Microbeads Company Catalog number 

anti-SSEA-1 Micro Beads Miltenyi 130-094-530 

anti-PSA-NCAM-APC Micro Bead Kit Miltenyi 130-097-859 

 

Successful sorting was verified via flow cytometric analysis. SSEA-1−/PSA-NCAM+ sorted 

cells were plated onto poly-ornithin/laminin coated dishes at a density of 2.0 x 105 cells/cm2 

in DMEM/F12/Glutamax supplemented with B27 and differentiated for 3 days by the 

omission of FGF2. To ensure cell detection after transplantation, cells were treated with 5 µM 

BrdU (Sigma Aldrich) for 48 h before transplantation. 

3.2.3 Animals 

Animals were single housed in a temperature- and humidity-controlled room with a 12 h/12 h 

light/dark cycle (lights on 5 am - 5 pm) and had access to food and water ad libitum. All 

experiments were carried out in accordance with the European Community’s Council 

Directive of 22 September 2010 (2010/63EU) and were approved by the local animal care 

committee (Landesuntersuchungsamt Koblenz, permit number G 12-1-097). This study was 

performed on male C57BL/6J mice (Harlan Laboratories), lesioned with quinolinic acid 

(Sigma Aldrich), male R6/2 mice (Jackson’s laboratories, mouse strain stock number: 

002810) and wild-type littermates maintained on the F1 hybrid B6CBA strain and N171-82Q 

mice (Jackson’s laboratories, mouse strain stock number: 003627) and wild-type littermates 

maintained on the F1 hybrid B6C3H strain. Animals were subjected to genotyping to confirm 

the presence of the transgene with the mutated huntingtin. CAG repeat sizes were 

determined from genomic DNA by Laragen Inc. (Culver City, CA). The N171-82Q mice used 

in this study had a mean CAG repeat length of 84.00 ± 0.06 and the R6/2 mice used in this 

study a mean CAG repeat length of 167.40 ± 0.91. There was no difference in CAG repeats 

between transgenic groups. For randomization littermates were split among groups. 

Experimenters were blind to the genotype of mice and to the treatment.  

3.2.4 Quinolinic acid lesion and cell transplantation 

Mice were anaesthetized with isoflurane anesthesia and received a subcutaneous injection 

of buprenorphine (0.05 mg/kg) after the surgery. Mice that were lesioned before the cell 

transplantation received an additional injection of midazolam (50 mg/kg), to reduce quinolinic 
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acid-induced seizures after waking up from surgery. One week before transplantation, the 

right striatum (0.0 mm AP, −2.0 mm ML, −3.0 mm DV from bregma) of C57BL6/J mice was 

lesioned by stereotactic injection of 1 µl 60 nmol quinolinic acid (Sigma, P63204). ESCs, 

differentiated for 3 days to yield neural progenitor cells (NPCs), were trypsinized and 

resuspended at a concentration of 100,000 cells/µl in HBSS (Hanks' balanced salt solution) 

without Ca2+ and Mg2+ (Gibco, 14175-046). Before transplantation, viability (>95%) of NPCs 

was validated by Trypan blue exclusion. 1 µl of the cell suspension was injected either in the 

right striatum of quinolinic acid lesioned mice (same coordinates as for lesioning) or 

bilaterally in transgenic mice (0.0 mm AP, ±2.0 mm ML, −3.0 DV from bregma) with a flow 

rate of 500 nl/min with a 26G beveled NanoFil needle. The injection needle was left in place 

for additional 5 min and then slowly removed. Sham-injected animals received an injection of 

1 µl HBSS instead of the cell suspension.  

3.2.5 Behavioral assays 

All behavioral tests were performed during the light phase of the cycle, starting at 8 am. QA-

lesioned and transgenic (R6/2 or N171-82Q) animals had been randomized into treatment 

groups before transplantation.  

3.2.3.1 Body Weight  

Body weight was measured once per week to observe any possible weight loss because of 

tumor formation of transplanted cells, or as a measure of physical recovery.  

3.2.3.2 Rotation Test 

To assess the functional lesion of the right striatum, mice were injected intraperitoneally with 

apomorphine (Sigma) at a concentration of 2 mg/kg body weight and immediately placed in 

an acrylic cylinder (20 cm diameter, 25 cm tall) in an Open Field box. The behavior of the 

mouse was video recorded for 45 min. 5 min after the injection, rotations were counted for 

30 min with EthoVision. Net rotations were calculated: number of ipsilateral rotations − 

number of contralateral rotations. 
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3.2.3.3 Rotarod 

The rotarod apparatus (Ugo Basile) was used to measure motor coordination and balance. 

Mice were placed on the rotarod at an accelerating speed ranging from 4 to 40 rpm over 

5 min. Mice received three trials per day with a rest period of at least 1 hour in between trials 

for three consecutive days. On the third day (testing day) the maximum latency to fall off the 

rotarod for each mouse was recorded. The testing day was repeated every 2 weeks. 

3.2.3.4 Quantitative gait analysis using the CatWalk system  

CatWalk XT 9 (Noldus, The Netherlands) was used to assess gait and locomotion. Mice 

traversed a green illuminated glass plate, the reflected light from the paws that touch the 

glass was captured with a high-speed video camera and the illuminated paw prints were 

recorded. The recorded section was 9 mm long and automatic detection settings were 

applied. The intensity threshold was set to 0.25, the camera gain was set to 37.5. The testing 

was performed in the dark. Animals were placed on the glass plate and allowed to explore 

the walkway freely for 3 min. Then the runs were acquired, while the animal was running 

back and forth voluntarily. The maximum variation was set to 20% and the three fastest trials 

were used for subsequent analysis.  

The following parameters were analyzed (RF= right forepaw, RH= right hindpaw, LF= left 

forepaw, LH= left hindpaw):  

Temporal parameters: walk speed (distance of the runway divided by the time needed to 

cross), cadence (number of steps per second), stance duration (average time in seconds that 

the paw is in contact with the glass plate), swing duration (average time in seconds that the 

paw is not in contact with the glass plate) and swing speed. Individual paw statistics: 

maximum contact area, maximum intensity, print area, print width, print length. Comparative 

paw statistics: stride length (distance between successive placements of the same paw), 

duty cycle (percentage of time the paw accounts for the total step cycle of the paw), base of 

support (average distance between front paws or hind paws).  

3.2.3.5 Open Field 

Mice were placed in the center of a white box (40 x 40 x 40 cm) illuminated at 90 lux and 

their behavior was video recorded for 10 min and tracked using EthoVision (Noldus). The 

distance moved was analyzed. 
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3.2.3.6 Grip Strength 

To measure forelimb grip strength, a mouse was suspended by the tail and lowered towards 

the apparatus (Ugo Basile) until it grasped a handle with both front paws. The mouse was 

pulled back until it released its grip from the handle. All mice were tested for five consecutive 

trials, the peak pull-force (g) was recorded and the mean pull-force of all five trials was 

calculated. 

3.2.3.7 Hindlimb Clasping 

A marker for disease progression of neurodegeneration in R6/2 mice is hindlimb clasping. 

Mice were taken by the tail and lifted up in the air for 30 sec (Lee et al., 2009). The foot-

clasping time was scored as the following: no clasping equals a score of 0, 0 to 5 sec a score 

of 1, 5 to 10 sec a score of 2, and more than 10 sec a score of 3. 

3.2.6 Immunofluorescent staining 

For immunocytochemistry, cells were fixed 15 min with 4% paraformaldehyde (PFA) and 

washed with phosphate buffered saline (PBS). Coverslips were rinsed for 5 min in 0.2% 

PBS-Triton X-100 (TX) and blocked with 4% goat serum for 20 min. Cells were incubated 

with primary antibodies in 4% goat serum overnight at 4°C. The second day, coverslips were 

washed three times for 5 min with PBS and incubated with the secondary antibody for 2 h at 

room temperature. Afterwards, cells were washed, counterstained with 4',6-diamidino-2-

phenylindole (DAPI) and mounted on (SuperFrostPlus, Menzel, Braunschweig, Germany) 

slides with Mowiol (Sigma Aldrich). 

The following primary antibodies were used: mouse anti-nestin (1:200), mouse anti-PSA-

NCAM (1:100), mouse anti-microtubule-associated protein 2 (MAP2, 1:200), mouse anti- 

oligodendrocyte transcription factor 2 (OLIG2, 1:1000, all Merck Milipore), rabbit anti-KI67 

(1:500), guinea pig anti-doublecortin (DCX, 1:500), rabbit anti-glial fibrillary acidic protein 

(GFAP, 1:1000) and rabbit anti-forkhead box protein G1 (FOXG1, 1:500), rabbit anti-BDNF 

(1:100, all Abcam, Cambridge, UK). Prior to immunostaining with anti-BDNF antibody, 

antigen retrieval at 98°C in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 

6.0) was performed. For PSA-NCAM staining, all buffers were used without TX.  

For immunohistochemistry, mice were perfused transcardially with PBS followed by 4% PFA, 

brains were removed, post-fixed overnight in 4% PFA and treated with 30% sucrose for 48 h. 
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Then brains were sectioned 30 µm thick in coronal plane and stored at 4°C in cryoprotection 

solution until use. Sections were blocked in PBS containing 5% normal donkey serum (NDS), 

2.5% bovine serum albumin (BSA) and 0.3% TX for 90 min and incubated with the respective 

primary antibody in PBS containing 1% NDS, 0.1% BSA and 0.3% TX overnight: goat anti- 

dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP32) (1:50, Santa Cruz 

Biotechnologies Inc., Santa Cruz, CA, USA) or guinea pig anti-DCX (1:500, Abcam). For 

double staining with BrdU, sections were washed 5 min with 0.2% tris buffered saline (TBS)-

TX and incubated in 1 N HCl for 1 h at 37°C to denature DNA, followed by 3 x 5 min washes 

with TBS. Brain slices were then blocked in TBS with 1% NDS, 0.1% BSA and 0.3% TX for 

90 min and incubated with the primary antibodies in blocking buffer overnight at 4°C. On the 

next day, appropriate secondary antibodies were applied for 2 h. To visualize cell nuclei in 

non-BrdU treated sections, brain slices were incubated with DAPI for 5 min, washed with 

PBS and mounted with Mowiol onto slides. The following primary antibodies were used: rat 

anti-BrdU (1:500), rabbit anti-FOXP1 (1:500), rabbit anti-GFAP (1:1000), rabbit anti- S100 

calcium-binding protein B (S100B) (1:500, all Abcam), rabbit polyclonal anti-MAP2, 1:200 

(Merck Milipore), and rabbit anti-aspartoacylase (ASPA) (1:1000, kind gift from Matthias 

Klugmann, Sydney, Australia).  

The respective secondary antibodies were applied: goat anti-mouse IgM or donkey anti-

mouse, goat anti-rabbit, goat anti-guinea pig, donkey anti-goat or goat anti-rat AlexaFluor546 

and goat anti-mouse, anti-rabbit or anti-rat AlexaFluor647 (all 1:1000; Invitrogen). See a list 

of all used antibodies and working dilutions below. 
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Table 3. List of antibodies. 

Antibody  Species Dilution Company Catalog number 

NESTIN mouse 1:200 Merck Milipore MAB353 

PSA-NCAM mouse  1:100 Merck Milipore MAB5324 

MAP2 mouse 1:200 Merck Milipore MAB3418 

OLIG2 mouse 1:1000 Merck Milipore MABN50 

KI67 rabbit 1:500 Abcam ab15580 

DCX guinea pig 1:500 Abcam ab2253 

GFAP rabbit 1:1000 Abcam ab7260 

FOXG1 rabbit 1:500 Abcam ab18259 

DARPP32 goat 1:50 Santa Cruz sc-8483 

BrdU rat 1:500 Abcam ab6326 

FOXP1 rabbit 1:500 Abcam ab16645 

S100B rabbit 1:500 Abcam ab41548 

ASPA rabbit 1:1000 kind gift from Matthias Klugmann 

anti-mouse IgM AlexaFluor546 goat 1:1000 Invitrogen A-21045 

anti-mouse IgG AlexaFluor546 donkey 1:1000 Invitrogen A-10036 

anti-rabbit IgG AlexaFluor546 goat 1:1000 Invitrogen A-11010 

anti-guinea pig IgG AlexaFluor546 goat 1:1000 Invitrogen A-11074 

anti-goat IgG AlexaFluor546 donkey 1:1000 Invitrogen A-11056 

anti-rat IgG AlexaFluor546 goat 1:1000 Invitrogen A-11081 

anti-mouse IgG AlexaFluor647 goat 1:1000 Invitrogen A-21235 

anti-rabbit IgG AlexaFluor647 goat 1:1000 Invitrogen A-21244 

anti-rat IgG AlexaFluor647 goat 1:1000 Invitrogen A-21247 

3.2.7 Flow cytometric analysis 

To determine the amount of PSA-NCAM and SSEA-1 positive cells in the expansion culture, 

cells were analyzed via flow cytometry and immunofluorescence. The following antibodies 

were used: primary mouse IgM monoclonal PSA-NCAM (1:100, Chemicon, Billerica, MA) or 

primary mouse IgM monoclonal SSEA-1 (1:50, Developmental Studies Hybridoma Bank, 

University of Iowa, USA), secondary antibody anti-mouse AlexaFluor546 IgM (1:1000, 

Invitrogen, Carlsbad, CA, USA). For flow cytometric analysis before MACS purification, cells 

were trypsinized and gently triturated. Cells were filtered through a 30 µm pre-separation 

filter to obtain single cell suspensions. 1 x106 cells were fixed 15 min with 4% PFA, washed 

and incubated with the primary antibody for 1 h. Subsequently, cells were incubated with the 

secondary antibody for 45 min. All washing and incubation steps were performed in 0.5% 

BSA/PBS at room temperature.  

Cell analysis was performed at the Core Facility Flow Cytometry at the Institute of Molecular 

Bioscience (IMB) in Mainz.  Stained cells were analyzed on a flow cytometer (BD 
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LSRFortessa™). PSA-NCAM and SSEA-1 positivity was determined according to negative 

controls where no primary antibody was used and by comparing to undifferentiated ES cells, 

which do not express PSA-NCAM, but SSEA-1.   

3.2.8 Microscopic analysis of histology  

Slides were observed under a Leica DM5500 (Leica Camera, Wetzlar, Germany) 

fluorescence microscope or a Zeiss Axiovert LSM 710 (Carl Zeiss, Oberkochen, Germany) 

laser scanning confocal microscope. For laser scanning confocal microscopy, z-stacks with 

optical sections of 1 µm of the graft were recorded.  

Lesion volume and cell survival were assessed based on the Cavalieri principle of 

stereology. Lesion size was determined by staining every 10th brain section of the entire 

striatum of QA-lesioned animals for DARPP32, a medium spiny neuron marker. The lesion 

area was outlined on digitized images and measured by ImageJ, National Institutes of 

Health, Bethesda, MD, USA. The lesion volume was calculated by multiplying the distance 

between sections (300 µm), number of sections and the measured area. Transplanted cells 

were quantified by staining marked cells with a BrdU antibody. Positive cells were counted in 

every 6th section (180 µm apart) and calculated for the whole graft. For each parameter four 

animals were analyzed.   

To dissect the differentiation pattern of transplanted cells, BrdU positive cells and BrdU cells 

positive for the respective cell fate marker were counted in 2 sections of each graft in eight 

animals per group, analyzing at least 1000 cells per marker and animal.    

For evaluation of endogenous precursor proliferation, every 10th brain section was 

immunostained with DCX and DAPI, and positive cells in the ipsilateral dorsolateral 

subventricular zone (SVZ) were counted. 

3.2.9 Statistical analysis 

Data are represented as the mean ± standard error of the mean (SEM). Statistical analysis 

was done using GraphPad Prism 4 (GraphPad Software Inc, La Jolla, CA, USA) and IBM 

SPSS Statistics 22v software (IBM Corporation, Armonk, NY, USA). For analysis of behavior 

over time, analysis of variance (ANOVA) with repeated measures and consecutive Tukey's 

post hoc tests (for significant group differences) or simple effects analysis with Sidak 

correction (for significant group x time interaction) was conducted. The factors were groups x 
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time. Motor behavior at distinct time points was analyzed with one-way ANOVA with post-hoc 

Tukey’s test. For analysis of immunostaining of cells in-vitro, two-way ANOVA followed by 

Bonferroni’s corrected multiple comparisons was applied. When comparing only two groups 

in immunohistology (BDNF-GFP NPCs and GFP NPCs), the two-tailed unpaired Student’s t-

test was applied. For lesion volume (three groups) and endogenous precursor proliferation 

(four groups), one-way ANOVA with post-hoc Tukey’s or Dunnett's test was used. 

Differences were assumed to be significant if p<0.05.  
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3.3 Results 

3.3.1 Generation of recombinant ESCs expressing GFP 

Previously, BDNF-GFP expressing ESCs via homologous recombination have been 

generated in our lab (Leschik et al., 2013). To use these cells in transplantation studies we 

needed to produce proper control cells via knock-in targeting strategy into the Rosa26 locus 

(Figure 10A). Therefore, the same targeting vector with the GFP instead of the BDNF coding 

sequence was produced by the cloning strategy described in material and methods (3.2.1).  

 

 

Figure 10. Schematic representation of gene targeting of a GFP-encoding allele into the Rosa26 locus 
and analysis of ESC clones. (A) Overview of recombination steps in alleles of ESCs, positions of 
hybridization probes for Southern blotting and lengths of generated fragments (modified from (Leschik 
et al., 2013)). (B) Southern blots of newly generated GFP ESCs with either 5’ probe or neo probe. 
Red: newly generated control GFP clones, green: existing BDNF-GFP clones. (C) Fluorescent 
micrograph depicting a positive clone (B8) and a mixed clone (G4) after homologous recombination 
Scale bar, 50 µm.  

After electroporating V6.5 or Bl6 #6 ESCs with the R26-GFP vector and homologous 

recombination we obtained clones with a stop GFP allele (recombination efficiency V6.5: 

5.0%, Bl6 #6: 9.3%). GFP expression was transcriptionally blocked by a stop cassette with a 

neomycin resistance gene, which allowed selection with G148 for positive clones. By using 
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the Cre recombinase expressing plasmid pCrepac and subsequent selection with puromycin, 

the floxed stop cassette was excised and GFP activated. Picked clones were clonally 

expanded and checked on Southern blot with the 5’ probe and neo probe for successful 

recombination (Figure 10B). The 5’ probe hybridized to EcoRI digested DNA from target 

clones with the heterozygous Cre-activated GFP allele and the neo probe to the 

heterozygous stop-GFP allele. Target clones contained the 15.6 kb and the 8.0 kb fragment 

(5’ probe). Clones A8, B8, D10, E4, 9B, H4, and D8 were selected as positive. As a control, 

clone E2 (BDNF-GFP ESC, green) depicts the fragment sizes 15.6 and 12.3 kb (see also 

(Leschik et al., 2013). When testing four of the positive 5’ clones (H4, B8, 9B, D8) with the 

neo probe to verify excision of the stop cassette, only clones H4 and B8 were negative for 

the 6.9 kb fragment. Clones 9B and D8 were discarded. Here, BDNF-GFP clones (green) E2 

and #6 were used as controls. Finally, clones were examined for GFP fluorescence (Figure 

10C. The positive clone B8 showed GFP fluorescence in every cell (DAPI stained), whereas 

a mixed clone showed cells positive and negative for GFP. The here generated clone H4 and 

the previously produced BDNF-GFP clone #6 were used for differentiation to NPCs and 

subsequent transplantation into the spinal cord (Butenschon et al., 2016), the background of 

those cells was exclusively Bl6. In this thesis, the GFP clone B8 and the previously produced 

BDNF-GFP clone E2 (background V6.5 (Sv129/Bl6 hybrid)) were used for transplantation in 

different HD mouse models.  

3.3.2 Efficient in vitro preparation and purification of neural precursor cells for 

transplantation 

Mouse ESCs either overexpressing BDNF-GFP or GFP as control were differentiated as 

described previously via an EB protocol followed by neural lineage selection (Butenschon et 

al., 2016) with one further differentiation step (for details see materials and methods 3.2.2). 

Cells were enriched for the intermediate neural progenitor marker PSA-NCAM and depleted 

of undifferentiated ESCs positive for SSEA-1 by MACS (Figure 11).  

 

Figure 11. General concept of the study. BDNF-GFP and GFP ESCs were differentiated to NPCs and 
sorted by MACS for a PSA-NCAM+/SSEA-1− population. After three days of differentiation, cells were 
transplanted into the striatum of three different HD mouse models: the QA lesioned, the R6/2 and the 
N171-82Q mouse model. 
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On day 24 of differentiation, flow cytometric analysis showed that 50.8% of all cells were 

PSA-NCAM positive (Figure 12A), and 5.07% positive for SSEA-1 Figure 12B). To obtain a 

pure neural population for transplantation, the PSA-NCAM positive fraction was enriched by 

MACS, and the undifferentiated ES cells positive for SSEA-1 were removed. After MACS, all 

cells were positive for PSA-NCAM, and no SSEA-1 positive cells were detected (Figure 

12A,B). 

 

Figure 12. Immunocytochemistry and flow cytometric analysis of NPCs before and after MACS. 
Before MACS, 50.8% of all cells were positive for PSA-NCAM (A, pre sort) and 5.07% positive for 
SSEA-1 (B, pre sort). After MACS, immunofluorescence showed that cells are positive for PSA-NCAM 
(A, post sort) and negative for SSEA-1 (B, post sort). Scale bar, 25 µm. 

Cells were replated, and differentiation was induced by removal of FGF2. Three days later, 

cells were analyzed by staining for multiple markers to ensure that BDNF-GFP and GFP cells 

were in the same stage of differentiation prior to transplantation (Figure 13A, B).  
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Figure 13. BDNF-GFP and GFP cells do not differ in expression of neural, glial and neuronal markers 
before transplantation. (A) Generation of NPCs was analyzed after MACS and three subsequent days 
of differentiation by immunostaining for NESTIN, PSA-NCAM, KI67, DCX, MAP2, GFAP, FOXG1, and 
OLIG2 (BDNF-GFP cells, all stained in red). (B) Respective percentages of marker expression of all 
cells (DAPI). No significant difference (p=0.3656) between BDNF-GFP and GFP cells was detected 
(n=3 independent experiments). (C) Overlay of fluorescent and brightfield microscopic images 
demonstrates that all cells were labelled with BrdU and hence proliferative. (D) Anti-GFP 
immunocytochemistry of purified BDNF-GFP NPCs shows the vesicular distribution of BDNF-GFP 
throughout the cell, whereas in GFP NPCs, GFP is detected in the whole cytoplasm. Scale bar, 
50 µm. 

Cultured cells (n=3 independent experiments) expressed the neural stem cell markers 

NESTIN (20.9 ± 3.2% BDNF-GFP, 23.9 ± 1.4% GFP cells) and PSA-NCAM (76.2 ± 4.4% 

BDNF-GFP and 65.4 ± 3.1% GFP cells). Only 1.5 ± 0.6% of BDNF-GFP and 2.5 ± 0.7% of 

GFP cells were positive for DCX. All neural progenitors expressed FOXG1, one of the 

earliest markers of the telencephalic lineage. Few cells expressed the neuronal marker 

MAP2 (1.3 ± 0.3% BDNF-GFP and 1.2 ± 0.1% GFP) and the astrocytic marker GFAP (1.3 ± 

0.3% BDNF-GFP and 2.8 ± 0.6% GFP), whereas no cells expressed the oligodendrocytic 

marker OLIG2. A fraction of proliferating cells was detectable by the M-phase marker KI67 

(14.1 ± 1.2% BDNF-GFP and 10.9 ± 0.2% GFP NPCs), but all cells were positive for BrdU 

(Figure 13C). No significant differences for any marker were detected between the two 
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groups of cells. In vitro, BDNF-GFP cells were detectable with GFP immunostaining (Figure 

13D) and showed BDNF-GFP positive vesicular structures, while GFP NPCs displayed a 

uniform staining of the whole cell. As already shown by Butenschön et al. (Butenschon et al., 

2016), BDNF-GFP signal was barely detectable in vivo. Therefore, BrdU was used to label 

cells for transplantation, which was carried out in three different HD mouse models: QA 

lesion, R6/2 and N171-82Q. Figure 14 depicts the experimental outline of the transplantation 

studies with subsequent behavioral assays.  

 

Figure 14. Experimental timeline. Overview of mouse models and respective behavioral assays at 
distinct time points of age. 

3.3.3 BDNF-GFP cells induce locomotor recovery in QA-lesioned mice 

First, we addressed the functional effect of transplanting BDNF-GFP NPCs into the chemical 

HD mouse model with QA-induced lesion (Figure 15). Therefore, NPCs were transplanted at 

an animal age of 10 weeks, and groups (n=10/group) were tested every other week for 

apomorphine-induced rotations.  
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Figure 15. BDNF-GFP cells improve locomotor function in QA lesioned mice 8 weeks after 
transplantation. (A) QA-lesioned mice display rotation behavior in the open field after injection of 
apomorphine. (B) Analysis of rotational behavior in response to apomorphine. At all time points, non-
lesioned animals (PBS+HBSS) displayed significant fewer rotations (*p<0.05) than QA-lesioned 
(QA+HBSS, QA+GFP NPCs and QA+BDNF-GFP NPCs) animals. (C) At an age of 18 weeks (8 weeks 
after transplantation), all lesioned groups were different from the non-lesioned group (QA+HBSS: 
p<0.001, QA+GFP NPCs: p<0.001, QA+BDNF-GFP NPCs: p=0.03). However, BDNF-GFP NPCs 
showed a highly significant decrease in net rotations compared to untreated, lesioned animals 
(**p=0.005). Values represent mean ± SEM, §§§p<0.001, §p<0.05 vs PBS+HBSS. (D) Analysis of motor 
behavior on the Rotarod. An overall group effect was observed (p=0.006), without a significant 
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interaction for cell groups x time (p=0.076).  BDNF-GFP NPCs did not differ from non-lesioned animals 
(p=0.144), but GFP NPC grafted (p=0.022) and non-grafted animals (p=0.009) were significantly 
different from non-lesioned animals. *p<0.05 and ***p<0.001. (E) Analysis of Rotarod performance at 
an age of 18 weeks (8 weeks after transplantation). Only lesioned, non-grafted animals were 
significantly different to non-lesioned mice (p=0.023), showing a beneficial effect of transplanted cells 
on Rotarod performance. *p<0.05 vs PBS+HBSS. (F) List of affected CatWalk gait parameters, 
analyzed by one-way ANOVA with post-hoc Tukey’s test between groups for each paw. At 14 weeks 
of age, the following parameters were significantly different (p<0.05) between lesioned and non-
lesioned animals: walk speed, swing and swing speed. NPCs affected beneficially swing and swing 
speed. At 18 weeks of age, the following parameters were additionally significantly different: cadence, 
stride length, stand and duty cycle. RF= right forepaw, RH= right hindpaw, LF= left forepaw, LH= left 
hindpaw. Explanatory graphs and statistics: supplemental Figure S1. Data represent mean (n=10 
animals) ± SEM. 

Immediately prior to transplantation, animals of all QA-lesioned groups displayed similar 

numbers of net rotations, which were significantly different from those mice that had only 

received a PBS injection instead of QA (p<0.001). After transplantation and repeated testing 

over time, QA-lesioned animals (QA+HBSS, QA+GFP NPCs and QA+BDNF-GFP NPCs) 

exhibited significant higher net rotations at all time points than non-lesioned animals 

(PBS+HBSS) (Figure 15A and B). Recovery became significant 8 weeks after transplantation 

(age of 18 weeks), when animals in the BDNF-GFP transplant group displayed 85 ± 22.65 

net rotations compared to 132.6 ± 19.84 in the QA-HBSS group (p=0.005) (Figure 15C). GFP 

cell transplanted animals did not display significant improvement of locomotor function 

compared to control animals (QA+HBSS) 8 weeks after transplantation.  

Rotarod data showed similar results, with BDNF-GFP cells improving motor function of QA-

lesioned mice (Figure 15D). Mice with BDNF-GFP transplants improved in their latency to fall 

and were not significantly different (p=0.144) when compared to non-lesioned control animals 

during repeated testing. In contrast, GFP transplants did not ameliorate motor function over 

time, as they still differed significantly from the non-lesioned control group with p=0.022 

during repeated testing. However, when looking at a single time point at 18 weeks of age (8 

weeks after transplantation), the mean latency of 153.2 ± 13.61 s detected for the GFP cell 

transplanted group did not significantly differ anymore from non-lesioned control animals 

(PBS+HBSS; 202.8 ± 13.31 s latency) (Figure 15E). This means that also GFP cells exerted 

a significant functional recovery, which was similar to the improvement of BDNF-GFP cell 

transplanted animals at 8 weeks after transplantation, as no significant difference between 

both groups was detected. Only HBSS-vehicle treated QA-animals still displayed significantly 

lower motor performance than the healthy control group (p=0.023). 

In addition to the analysis of motor performance by the Rotation and the Rotarod assay, we 

established the use of the CatWalk gait system in the QA-lesion HD model. Figure 15F 

further demonstrates qualitatively in tabular representation which gait parameters of which 

paw could be partially rescued by either or both types of NPCs. Figure 16 graphically 
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demonstrates distinct gait parameters, which were significantly affected in QA-lesioned mice 

compared to non-lesioned control animals.  

 

 

Figure 16. Affected CatWalk parameters of QA lesioned mice. Detailed graphs for the table in Figure 
11F. An influence of NPCs can be seen at 14 weeks of age (A) and 18 weeks of age (B). One-way 
ANOVA with post-hoc Tukey’s test between groups for each paw (n=10-12). Data represent mean ± 
SEM. Values of bars with a different letter (a or b) were significantly different (p<0.05) from each other. 
Values of bars with the same letter (a or b) were not significantly different from each other, hence 
values of bars marked with “ab” (marked in red) are not significantly different from either a or b, 
thereby indicating a partial/incomplete rescue of the phenotype.  
RF= right forepaw, RH= right hindpaw, LF= left forepaw, LH=left hindpaw. 
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At 14 weeks of age, QA-lesioned mice displayed significantly reduced walk speed 

(PBS+HBSS: 282.4 ± 16.2 mm/s, QA+HBSS: 225.3 ± 7.4 mm/s, p=0.009) and swing speed 

(e.g. PBS+HBSS(left forepaw, LF): 623.7 ± 25.9 mm/s, QA+HBSS(LF): 534.7 ± 14.0 mm/s, 

p(LF)=0.038) and enhanced swing (e.g. PBS+HBSS(left hindpaw, LH): 0.1095 ± 0.0032 s, 

QA+HBSS(LH): 0.1215 ± 0.0030 s, p(LH)= p=0.018) compared to non-lesioned control mice. 

At 18 weeks of age, additionally cadence (PBS+HBSS: 18.6 ± 0.86 steps/s, QA+HBSS: 

15.11 ± 0.62 steps/s, p= p=0.005) and stride length (e.g. PBS+HBSS(right forepaw, RF): 

81.28 ± 0.80 mm, QA+HBSS(RF): 67.13 ± 1.19 mm, p(RF)=0.0001) were significantly 

reduced, whereas stand (e.g. PBS+HBSS(RF): 0.1079 ± 0.0047 s, QA+HBSS(RF): 0.1440 ± 

0.0057 s, p(RF)=0.001) and duty cycle (e.g. PBS+HBSS(RF): 51.60 ± 0.51%, 

QA+HBSS(RF): 55.60 ± 0.47%, p(RF)=0.001) were significantly enhanced. In general, 

measuring at 14 weeks of age (4 weeks after transplantation) seemed to be more effective 

than at a later time point. Here, swing (QA+GFP NPCs (LH): 0.1201 ± 0.0027 s, p(LH) vs 

PBS+HBSS(LH)=0.057) and swing speed (e.g. QA+GFP NPCs (LF): 582.00 ± 31.69 mm/s, 

p(LF) vs PBS+HBSS(LF)=0.109, QA+BDNF-GFP NPCs (LF): 546.59 ± 19.60 mm/s, p(LF) vs 

PBS+HBSS(LF)=0.596) were improved by either GFPcells alone or both cell types, which 

was not measurable anymore at 18 weeks of age. At this time point, only duty cycle was 

positively affected by GFP and BDNF-GFP NPCs (QA+GFP NPCs: 55.05 ± 3.54%, p vs 

PBS+HBSS=0.088, QA+BDNF-GFP NPCs:  54.97 ± 3.05%, p vs PBS+HBSS=0.100).  

3.3.4 CatWalk gait parameters of the R6/2 model are affected by transplantation 

of NPCs 

Next, we asked how transplantation of NPCs affects pathology in the transgenic R6/2 mouse 

model of HD. The middle panel of Figure 14 describes the experimental outline with cell 

transplantation into R6/2 animals (n=10-12/group) at 5 weeks of age and consecutive 

behavioral assays until the age of 12 weeks. Rotarod and hindlimb clasping, the two mainly 

used assays for functional assessment of the R6/2 line, revealed no differences between 

NPC transplanted animals and vehicle control R6/2 animals (Figure 17A, B).  
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Figure 17. Few gait parameters of the R6/2 model are affected by transplantation of NPCs. (A) 
Behavioral performance on the Rotarod was assessed every 2 weeks. R6/2 mice show significantly 
lower latency to fall from the Rotarod for compared to wildtype mice after transplantation starting at 6 
weeks of age (**p<0.01). No effect of transplanted NPCs on transgenic R6/2 mice was observed at 
any time point. (B) Paw Clasping was analyzed weekly.  R6/2 mice had a significantly higher clasping 
score compared to wildtype animals at 12 weeks of age. Cell transplantation did not have any effect 
on performance in the paw clasping test. (C) Grip Strength of wildtype and R6/2 mice was measured 
at 8 and 12 weeks of age. Non-treated and grafted R6/2 mice displayed a significant decrease in Grip 
Strength at both time points. No effect of transplanted NPCs was observed. (D) Quantification of total 
distance of wildtype and R6/2 mice in the Open Field. (E) Body weight was measured weekly. ANOVA 
with repeated measures (cell groups x time, p=0.001) and consecutive simple effects analysis with 
Sidak correction show a significant decrease of body weight in all transgenic R6/2 compared to 
wildtype animals from 10 weeks of age on. (F) Gait parameters of R6/2 mice were analyzed on the 
CatWalk at 10 weeks of age, revealing differences in stride length and lateral support. Stride length of 
R6/2 mice was partially rescued by transplantation of NPCs, except for the right hind paw. Lateral 
support of R6/2 mice was partially decreased when BDNF-GFP NPCs were transplanted. Values of 
bars with a different letter (a or b) were significantly different (p<0.05) from each other. Values of bars 
with the same letter (a or b) were not significantly different from each other, hence values of bars 
marked with “ab” (marked in red) are not significantly different from either a or b, which indicates a 
partial/incomplete rescue of the phenotype. Data represent mean (n=10-12 animals) ± SEM, *p<0.05 
and **p<0.01, ***p<0.001 vs WT, n.s. not significant. RF= right forepaw, RH= right hindpaw, LF= left 
forepaw, LH= left hindpaw. 
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Similar results were obtained with the Grip Strength and Open Field test. Only the wildtype 

group behaved significantly different as compared to the transplanted and non-transplanted 

R6/2 groups in both tests (Figure 17C,D). Furthermore, body weight, an increase of which 

can be taken as a measure of physical recovery, was unchanged between R6/2 groups 

(Figure 17E). However, when we tested animals in the CatWalk gait system, we detected 

functional improvements in certain parameters after cell transplantation. Partial rescue 

effects in stride length (e.g. WT(LF): 80.46 ± 1.22 mm, TG(LF): 71.18 ± 2.59 mm, p(LF)= 

0.014) were detected in animals that had received GFP (LF: 74.74 ± 1.36 mm, p(LF) vs 

WT=0.231) or BDNF-GFP (LF: 72.97 ± 2.54 mm, p(LF) vs WT=0.071) cell transplants. In 

contrast, lateral support (WT: 0.55 ± 0.36%, TG: 5.67 ± 1.94%, p=0.041) was partially 

rescued only by BDNF-GFP cells (5.43 ± 1.47%, p vs WT=0.064) (Figure 17F). 

3.3.5 Transplantation of NPCs into the N171-82Q mouse model exerts beneficial 

effects in the CatWalk test 

Similar to cell transplantation into R6/2 mice, the robust Rotarod assay as well as the Grip 

Strength test revealed no differential effects by transplanted NPCs compared to vehicle-

injected N171-82Q animals (n=10-12/group) (Figure 18A, B; experimental outline Figure 14, 

lower panel). Furthermore, the Open Field test did not result in significant reduction of moved 

distance in transgenic compared to wildtype animals (Figure 18C) and the lack of body 

weight gain in transgenic animals could not be rescued (Figure 18D). Hence, a visible 

improvement due to NPC transplantation was not detectable. 
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Figure 18. Transplantation of NPCs into the N171-82Q mouse model exerts beneficial effects in the 
CatWalk test. (A) Analysis of motor behavior on the Rotarod. N171-82Q mice showed a significant 
decrease in the latency to fall compared to wildtype animals from 12 weeks of age on. No difference 
between NPC transplanted and non-transplanted mice was detected. (B) Grip Strength of transgenic 
animals was not influenced by transplantation of NPCs at 13 or 18 weeks of age, but was lower than 
in wildtype. (C) Total distance moved in the Open Field was not changed in transgenic animals 
compared to wildtype mice at 13 or 18 weeks of age. Transplantation of GFP NPCs in transgenic 
N171-82Q animals reduced the distance moved at both time points compared to wildtype mice, but 
had no effect when comparing to transgenic N171-82Q mice. (D) Weekly body weight measurement 
showed a slow loss of body weight in transgenic animals, whereas wildtype mice gained body weight 
over time (ANOVA with repeated measures (cell groups x time, p=0.001) and consecutive simple 
effects analysis with Sidak correction) from 9 weeks of age on. No difference was detected between 
transplanted and non-transplanted animals. (E) Footprints of WT and N171-82Q mice were detected 
with the CatWalk system. (F) Overview of different gait parameters as quantified by the CatWalk test 
(p<0.05). NPCs affected positively altered cadence, stride length, print area, print length, maximum 
intensity of distinct paws and phase dispersion. Explanatory graphs see Figure 15. Data represent 
estimated marginal mean (A) or mean (B-D) (n=10-12 animals) ± SEM, *p<0.05 and **p<0.01, 
***p<0.001 vs WT, n.s. not significant. RF= right forepaw, RH= right hindpaw, LF= left forepaw, LH= 
left hindpaw. 

In order to identify the occurrence of subtler motor effects after cell transplantation, we also 

established the CatWalk gait system for the analysis of the N171-82Q mouse line. Indeed, 

we uncovered many gait parameters, which were significantly different in N171-82Q 

transgenic and wildtype mice (Figure 19).  
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Figure 19. Affected CatWalk parameters in the N171-82Q mouse model. Detailed graphs for the table 
in Figure 14F. Transplanted NPCs had a lasting effect on transgenic compared to wildtype mice. One-
way ANOVA with post-hoc Tukey’s test between groups for each paw (n=10-12). Data represent mean 
± SEM. Values of bars with a different letter (a or b) were significantly different (p<0.05) to each other. 
Values of bars with the same letter (a or b) were not significantly different from each other, hence 
values of bars marked with “ab” (marked in red) are not significantly different from either a or b, which 
indicates a partial/incomplete rescue of the phenotype. RF= right forepaw, RH= right hindpaw, LF= left 
forepaw, LH= left hindpaw. 

Affected gait parameters were cadence (WT: 26.41 ± 1.75 steps/s, TG: 32.59 ± 1.50, 

p=0.031), swing (e.g. WT (RF): 0.0761 ± 0.0027 s, TG(RF): 0.0605 ± 0.0019 s, p=0.0001), 

stride length (e.g. WT(RF): 88.37 ± 3.39 mm, TG(RF): 73.54 ± 2.82 mm, p(RF)=0.01), print 

area (WT(LF): 24.85 ± 0.98 mm², TG(LF): 20.74 ± 1.32 mm², p=0.047), print length (e.g. 

WT(RF): 8.54 ± 0.18 mm, TG(RF): 7.79 ± 0.19 mm, p(RF)=0.028), print width (e.g. WT(RF): 

8.09 ± 0.14 mm, TG(RF): 6.64 ± 0.24 mm, p(RF)=0.001), maximum (max) intensity (WT(RF): 

50.14 ± 1.29 a.u., TG(RF): 35.95 ± 2.11 a.u., p(RF)=0.001), and phase dispersion (e.g. 

WT(LF_right hindpaw, RH): 3.89 ± 1.24%, TG(LF_RH): 11.43 ± 1.72%, p(LF_RH)=0.009). 

This demonstrates that the CatWalk can be used as a valid system to address motor function 

in the N171-82Q mouse line. With this method changes of defined motor parameters due to 

NPC transplantation were detected. These are summarized in tabular representation (Figure 
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18F). Most of the parameters (stride length (e.g. TG+GFP NPCs (RF): 80.46 ± 1.68 mm, 

p(RF) vs WT=0.359, TG+BDNF-GFP NPCs (RF): 77.02 ± 3.71 mm, p(RF) vs WT=0.058); 

print area (TG+GFP NPCs (LF): 22.16 ± 1.04 mm², p(LF) vs WT=0.359, TG+BDNF-GFP 

NPCs (LF): 22.26 ± 1.01 mm², p(LF) vs WT=0.304), print length (e.g. TG+GFP NPCs (RF): 

8.04 ± 0.22 mm, p(RF) vs WT=0.286, TG+BDNF-GFP NPCs (RF): 8.32 ± 0.17 mm, p(RF) vs 

WT=0.816) ; phase dispersion (e.g. TG+GFP NPCs(LF_RH): 8.56 ± 1.39%, p(LF_RH) vs 

WT=0.222, TG+BDNF-GFP NPCs (LF_RH): 8.57 ± 1.92%, p(LF_RH) vs WT=0.151) were 

partially rescued by both NPC types, and no significant difference between transplantation 

with GFP and BDNF-GFP cells was measured. However, cadence was only positively 

affected after transplantation with BDNF-GFP NPCs (TG+BDNF-GFP NPCs: 31.70 ± 1.53 

steps/s, p vs WT=0.069). 

3.3.6 Cell survival is differentially altered in NPC transplanted groups in the 

three mouse models 

Stereotaxic injection of QA into the striatum of C57BL/6J mice led to an almost complete 

depletion of medium spiny neurons positive for DARPP32 (Figure 20A).  

 

Figure 20. Representative photomicrographs of mouse brain sections from lesioned (QA) and non-
lesioned (PBS) mice. Immunostaining for DARPP32 (red) showed that lesioning leads to a widespread 
loss of medium spiny neurons in the striatum. Scale bar, 500 µm. Dotted lines indicate lesioned area. 
(B) Quantitative analysis showed that lesion volume does not differ (p=0.97) between vehicle-treated 
and transplanted groups (n=4 animals). Values are expressed as mean ± SEM. 

The lesion volume did not differ between the groups (QA+HBSS: 1.13 ± 0.13 mm3, QA+GFP 

NPCs: 1.09 ± 0.16 mm3 and QA+BDNF-GFP NPCs: 1.17 ± 0.28 mm3, Figure 20B, 

n=4/group). Differentiated ESCs injected into the lesion center one week after lesioning were 

detected by BrdU staining (Figure 21A), and most importantly showed no sign of tumor 

formation. The initial graft contained 100,000 cells, and stereological estimation (n=4/group) 

revealed 20.10 ± 4.51% BDNF-GFP and 21.65 ± 2.98% GFP NPCs survived 9 weeks after 
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transplantation in the striatum (Figure 21B). No significant differences were detected 

between both transplantation groups.  

 

Figure 21. Representative micrographs for all three mouse models. (A) GFP cells are positive for 
BrdU and showed robust GFP expression. However, GFP signal of BDNF-GFP expressing cells is 
very weak and almost undetectable by confocal microscopy, but cells could be efficiently traced by 
BrdU. Scale bar, 250 µm. Dotted lines indicate the lateral ventricle (LV). Quantification of cell survival 
(n=4 animals) in the QA (B), the R6/2 (C) and N171-82Q (D) mouse model. Cell survival in the QA and 
R6/2 model is not different between BDNF-GFP and GFP transplanted cells, whereas in the N171-
82Q model cell survival was significantly increased (p=0.039) by transplanting BDNF-GFP cells. Data 
represent mean ± SEM, *p<0.05. 

Additionally, we investigated cellular survival for the two genetic mouse models. Cell survival 

in the transgenic R6/2 model (Figure 21C, n=4/group) was lower than in the QA model; 9.61 

± 2.96% BDNF-GFP and 9.78 ± 1.48% GFP cells survived after transplanting 100,000 

cells/hemisphere. In contrast, quantification of transplanted cells in the transgenic N171-82Q 

model (Figure 21D, n=4/group) shows that 17.89 ± 1.09% BDNF-GFP cells and 10.65 ± 

2.52% survive. Here, cell survival was increased when transplanting BDNF-GFP cells 

(p=0.039).  

In both transgenic mouse lines, BDNF-GFP cells produce BDNF as detected by BDNF-

antibody staining (Figure 22). In high magnification, BDNF-GFP can also be detected with 
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the GFP antibody, however at an almost undetectable level (Figure 22B). In contrast, GFP 

cells are only positive for GFP without showing BDNF expression (Figure 22A,B).  

 

Figure 22. NPC transplants expressing GFP or BDNF. (A) Grafts (dotted lines) of GFP and BDNF-
GFP expressing NPCs in the striatum of R6/2 mice seven weeks after cell transplantation in low 
magnification, Scale. 250 µm, or (B) in N171-82Q mice nine weeks after cell transplantation in higher 
magnification, Scale: 50 µm. Representative micrographs prove BDNF expression in BDNF-GFP 
NPCs with very weak detection of GFP signal in higher magnification (lower panels in A and B). In 
contrast, BDNF-signal was absent in GFP expressing cells (upper panels in A and B). 

3.3.7 BDNF-GFP NPCs differentiate preferably towards a neuronal cell fate in 

the QA-lesioned striatum and influence endogenous neurogenesis 

QA-induced lesion was the only HD mouse model that exhibited a robust functional 

improvement after injection of BDNF-GFP NPCs. For this reason, we analyzed positive NPC 

effects in detail in order to elucidate their mechanism of action. To determine the cell fate of 

transplanted cells, BrdU cells (n=8 animals/group) were double stained with antibodies 

against the three neural cell lineages (Figure 23A). 
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Figure 23. BDNF-GFP cells in the QA-lesioned striatum showed enhanced neuronal differentiation. 
(A) Maximum intensity projections of confocal micrographs of BDNF-GFP and GFP grafted cells. 
Transplanted cells were detected with BrdU staining (red) and were positive for DCX, MAP2, FOXP1, 
S100B and ASPA (all in blue). Scale bar, 100 µm. (B) Corresponding counts of double positive cells 
(n=8 animals). BDNF-GFP cells differentiated significantly more into a neuronal (MAP2+, p=0.0446) 
and striatal (FOXP1+, p=0.0022) lineage as compared to GFP cells, whereas GFP cells differentiated 
more into the glial (S100B+, p=0.0486 and ASPA+, p=0.0015) lineage as compared to BDNF-GFP 
cells. Additionally, BDNF-GFP cells favor highly significant neuronal (MAP2+) differentiation over 
astrocytic (S100B+) differentiation (§§§p=0.0001 vs BDNF-GFP MAP2). 

Figure 23B shows that nine weeks after transplantation, the number of BrdU-positive 

neurons was significantly higher (p=0.0446) in BDNF-GFP grafts (MAP2, 56.14 ± 3.83%) 

than in GFP grafts (45.88 ± 2.74%). In contrast, the number of corresponding S100B+ 

astrocytes (BDNF-GFP: 32.29 ± 1.63%, GFP: 47.57 ± 6.77%) was decreased (p=0.0486). 

This means that BDNF-GFP NPCs favor neuronal (MAP2+) over astrocytic (S100B+) 

differentiation (p=0.0001). Only few aspartoacylase (ASPA)+ oligodendrocytes were 

observed in BDNF-GFP grafts (1.29 ± 0.18%), but less (p=0.0015) than in GFP grafts (5.50 ± 

0.96%). BDNF-GFP NPCs differentiated strikingly (p=0.0022) into the striatal lineage, as 

assessed by staining for the striatal specific transcription factor forkhead box protein 1 

(FOXP1) (BDNF-GFP graft: 42.67 ± 3.55%, GFP graft: 24.00 ± 3.22%). Analysis of DCX 
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immunolabeling showed no significant difference in the percentage of DCX-positive cells in 

BDNF-GFP (1.13 ± 0.79%) and GFP (5.25 ± 3.44%) grafts.  

Endogenous neurogenesis in the dorsal SVZ was increased upon QA lesioning of the 

striatum, as evaluated by staining (n=4 animals/group) for the neuronal precursor marker 

DCX (Figure 24A).  

 

Figure 24. BDNF-GFP cells grafted into the QA-lesioned striatum showed preserved adult 
neurogenesis of the SVZ. (A) Representative sections through the SVZ of NPC transplanted, vehicle 
treated and non-lesioned animals immunostained for DCX (red) and DAPI (blue). Scale bar, 200 µm. 
(B) Stereological counts through the dorsolateral SVZ of BDNF-GFP NPC grafted, GFP NPC grafted, 
non-grafted lesioned and non-lesioned mice (n=4 animals). A significant increase in the number of 
DCX cells of BDNF-GFP NPC grafted (p=0.010) and non-grafted, lesioned animal (p=0.039) 
compared to non-lesioned mice was detected. Transplantation of GFP NPCs also led to an increase in 
number of DCX cells, but not significantly (p=0.124). Values represent mean ± SEM, *p<0.05 and 
**p<0.01, ***p<0.001. 

Quantification of DCX numbers (Figure 24B) revealed a significant increase in the number of 

DCX cells of BDNF-GFP NPC grafted (16430 ± 1567 cells) and non-grafted, lesioned (14690 

± 2327 cells) animals compared to healthy (8335 ± 885 cells) animals. GFP NPC 

transplantation (13210 ± 1241 cells) did not significantly (p=0.124) affect endogenous neural 

precursor proliferation.    
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3.4 Discussion 

Stem cell therapy and BDNF supply are two individual approaches for the treatment of HD. 

Given that a combination of both might be particularly promising, we tested the use of BDNF 

overexpressing NPCs, which had been derived from mouse embryonic stem cells. We 

compared the functional outcome after transplantation into three different HD mouse models 

and observed robust motor improvements only in the QA toxin-induced lesion model of HD. 

In contrast, transplantation into both transgenic HD mouse models R6/2 and N171-82Q 

resulted only in minor general NPC effects. 

The standard behavioral paradigm to test motor function in the QA model is the 

apomorphine-induced rotation assay, which tests the unilateral dysfunction of the striatum 

(Bernreuther et al., 2006; Ramaswamy et al., 2007). Furthermore, the Rotarod as a test for 

motor coordination and motor learning, which is widely used for QA-lesioned rats, has been 

also described for mice with QA-lesion (Chiarlone et al., 2014). With both assays, we 

detected a functional improvement after transplantation of BDNF-GFP NPCs. Instead, GFP 

NPCs were only supportive when animals were tested in the Rotarod. Both types of NPCs 

exerted beneficial effects when looking at distinct CatWalk gait parameters. The CatWalk 

method is an automated, computerized gait analysis technique that allows objective analysis 

of very confined motor function. In HD research, it has so far only been described for the 

analysis of the R6/2 mouse model (Chiang et al., 2010) and of HD transgenic rats 

(Vandeputte et al., 2010). Our data show that the CatWalk assay is also a valuable 

behavioral paradigm for the analysis of the QA-lesioned mouse model. Specific gait 

characteristics (walk and swing speed; swing; cadence; stride length; duty cycle) were 

significantly different in QA-lesioned and non-lesioned mice. Furthermore, we established the 

CatWalk gait system for the N171-82Q mouse model and could show that multiple gait 

parameters were significantly changed when comparing wildtype and transgenic mice. With 

this tool, we further identified functional improvements after transplanting NPCs into N171-

82Q mice, which we were not able to detect with the Rotarod and Grip Strength tests. 

Therefore, we assume that the CatWalk system is a more sensitive assay for detection of 

subtle, but profound, well-defined motor functions, which can be related to patients’ 

symptoms. Besides chorea, HD patients display a more general progressive deterioration of 

skilled movements, which may also affect essential motor skills such as manual dexterity, 

locomotion and specific gait parameters (Folstein et al., 1983; Koller and Trimble, 1985). The 

CatWalk test is able to detect these gait impairments in mice. Other behavioral measures, 

such as the Rotarod test, detect general coordination, especially chorea. With our transplant 
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intervention, we were able to detect partial improvements in several gait parameters. 

However, due to small differences in absolute values between wildtype and transgenic 

animals, it was difficult to reveal intermediate improvements, such as those between BDNF-

GFP and GFP transplants. In most gait parameters, both NPC types partially rescued the 

pathological phenotype, but effects were not different when comparing both transplant 

groups. However, cadence, as a single gait parameter, was only positively affected by 

BDNF-GFP cells in the N171-82Q mouse model. In contrast to N171-82Q mice, the R6/2 line 

behaved differently on the CatWalk, only stride length and lateral support were significantly 

changed, which is in agreement with published data (Chiang et al., 2010). Both gait 

parameters could be partially rescued either by GFP or BDNF-GFP cells, or by both NPC 

types. In general, we did not detect a considerable improvement of functional recovery in the 

R6/2 mouse line, as the two vigorous behavioral paradigms Rotarod and Paw Clasping were 

unchanged.  

One possible explanation for the differential behavioral improvements in the three distinct HD 

mouse models could be the different cell survival rate with the highest survival rate in QA-

lesioned animals. NPCs transplanted into transgenic animals generally displayed lower cell 

survival, a phenomenon which has already been demonstrated in other publications (Ebert et 

al., 2010; El-Akabawy et al., 2012; Snyder et al., 2010), possibly due to the progressive 

pathology in transgenic mice. Particularly after transplantation into R6/2 animals, 

approximately only half of the cells compared to QA-lesioned animals were detectable. 

Transplantation into the N171-82Q mice resulted in an intermediate cell survival rate 

compared to both other mouse models. Interestingly, only in the N171-82Q mouse model we 

detected a difference in the cell survival rate of both NPC types. Here, BDNF-GFP cells 

survived better than GFP cells, which might explain why more gait parameters were 

significantly changed by BDNF-GFP NPCs compared to the R6/2 line. Furthermore, the 

different degree of survival may be explained by the fact that in the transgenic lines, the 

absence of a lesion leads to a densely packed graft core, which might hinder survival, 

migration and integration of grafted cells (Behrstock et al., 2008). Although transgenic mouse 

models are genetically more accurate, and neurodegeneration is progressive, they still lack 

the feature of extensive neuronal cell death, which seems to be a prerequisite for survival 

and integration of transplanted cells (Labandeira-Garcia et al., 1991; Watts and Dunnett, 

1998). Therefore, most of studies addressing cellular therapies for HD used QA-lesioned 

rodent models, which display massive and predictable cell loss (Aubry et al., 2008; 

Bernreuther et al., 2006; Ma et al., 2012b; Shin et al., 2012).   Only few cell transplantation 

studies with different types of stem or progenitor cells used transgenic HD mouse models 

and obtained minor or no motor outcome. Especially with the R6/2 line, it was difficult to 



3 Cell replacement therapy with BDNF-overexpressing stem cells in mouse models of HD 

 

54 

obtain any kind of improvement (El-Akabawy et al., 2012; Fink et al., 2013), whereas N171-

82Q seemed to be the more appropriate transgenic model for cell transplantation (Ebert et 

al., 2010; Snyder et al., 2010). We can affirm these observations with our CatWalk data, as 

more gait parameters were changed by NPC transplantation in N171-82Q mice than in the 

R6/2 line. Both mouse models differ in their extent of neuropathology, life span and most 

importantly in their disease progression. Compared to N171-82Q mice, R6/2 animals display 

a very drastic, accelerative phenotype with a very short life span of 12 weeks, which could 

hinder cellular survival, proper differentiation and functional integration after transplantation. 

In conclusion, toxin-induced lesions, causing massive cell death, serve as the most 

appropriate HD mouse model for cellular transplantation to date. Even if not optimal in terms 

of acute cell death, clear positive effects of BDNF NPCs were obtained in the present study. 

For this reason, we analyzed the mode of action of BDNF NPCs in the QA lesion model. 

NPCs either expressing GFP or BDNF-GFP similarly survived grafting and no differential 

effect of proliferation was observed. Furthermore, due to the use of MACS purification, no 

tumor formation was induced by either cell type. Instead, in vivo differentiation was affected 

in a cell type-specific manner. BDNF expressing progenitors mainly differentiated into 

neurons compared to GFP control cells, which favored glial, and specifically astrocytic 

lineage differentiation. Enhanced neuronal and GABAergic differentiation by BDNF has been 

already shown by us and others (Butenschon et al., 2016; Leschik et al., 2013; Ortega and 

Alcantara, 2010; Trzaska and Rameshwar, 2011). Furthermore, BDNF is known to be an 

important factor for the postnatal growth of the striatum (Rauskolb et al., 2010) and is 

essential for the in vitro and in vivo differentiation of striatal neurons (Gokce et al., 2009; 

Ivkovic and Ehrlich, 1999). Indeed, we found more neurons positive for the striatal marker 

FOXP1 in BDNF cell grafts than in GFP cell grafts, which underlines the HD-therapeutic 

potential of BDNF NPCs.  

FOXP1 labels striatal precursors and differentiated MSNs (Delli Carri et al., 2013). Diverse 

studies so far attempted to pre-differentiate stem cells into transplantable striatal progenitors 

or MSNs by using various kinds of differentiation protocols. Human ESCs were demonstrated 

to terminally differentiate into GABAergic DARPP32 positive neurons in vitro and in vivo by 

the use of sonic hedgehog and BDNF as key molecules (Aubry et al., 2008; Ma et al., 

2012b). Therefore, our approach with mouse ESCs was to analyze whether very early PSA-

NCAM positive neural progenitors, which expressed one of the earliest telencephalic markers 

FOXG1, could differentiate in vivo into MSNs through continuous BDNF supply. To obtain 

NPCs, we used the differentiation protocol of (Bernreuther et al., 2006) with minor 

modifications. This study used mouse ESC-derived neuronal cell adhesion molecule L1 

overexpressing NPCs in QA-lesioned mice, which led to short-term functional improvement. 
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Here, we show that functional improvement was accompanied by increased striatal 

differentiation of BDNF NPCs, meaning that BDNF as signaling molecule is sufficient to 

trigger in vivo differentiation into MSNs. Likewise for in vitro striatal differentiation of human 

ESCs, alternatively, the potent telencephalic morphogen sonic hedgehog could be used at 

early stages of differentiation to obtain MSNs after transplantation (Danjo et al., 2011).  

In addition to the analysis of in vivo differentiation of transplanted cells, precursor 

proliferation of endogenous DCX positive cells was investigated as a potential mechanism 

leading to improved motor behavior. It is known that striatal QA-lesion by itself induces 

proliferation and migration of adult neuronal stem cells from the dorsal SVZ as an attempt to 

regenerate the lesioned striatum (Tattersfield et al., 2004). BDNF is known to be an 

important trigger of adult neurogenesis (Vilar and Mira, 2016). Therefore, transplantation of 

BDNF expressing cells could induce a higher migration rate, better survival, increased 

proliferation and/or differentiation of SVZ precursor cells. However, we found no difference in 

the number of DCX-positive cells in QA-lesioned animals with or without BDNF cell 

transplants, which implies that BDNF exerted no positive effect on endogenous progenitors. 

Interestingly, GFP transplants significantly reduced the number of DCX-cells. In conclusion, 

this would mean that NPC transplantation by itself induces negative changes in tissue 

homeostasis or endogenous regeneration, which might be overcome by BDNF. The 

differences in the motor outcome after transplantation of both cell types could be hence due 

to a combination of BDNFs positive effects on differentiation of transplanted cells and its 

preserving effects of lesion-induced SVZ neurogenesis. 

Although incurable, Huntington disease is not untreatable. Clinical care of patients focuses 

on expert assessment and the multidisciplinary management of symptoms, through medical 

and non­medical means, to maximize function and quality of life. The results obtained in this 

study are of high impact for therapeutic interventions as they add knowledge to former and 

future cell replacement approaches in HD patients. 

  



3 Cell replacement therapy with BDNF-overexpressing stem cells in mouse models of HD 

 

56 

 

  



4.1 Introduction 

 

57 

4 Functional role of CB1 receptor on adult neural stem cells 

in vivo 

4.1 Introduction  

Adult-born neurons are continuously generated in the SGZ of the DG of the mammalian brain 

throughout life (Altman and Das, 1965). Newborn neurons are then integrated in the 

hippocampal circuitry and regulate multiple physiological functions (Kee et al., 2007).  

4.1.1 Adult neurogenesis in the subgranular zone  

In the SGZ, the process of adult neurogenesis is comprised of slowly dividing radial glial cells 

(type 1 cells) and the rapidly amplifying NPCs (type 2 cells), the latter differentiating into 

neuroblasts. Immature neurons migrate into the inner granule cell layer and differentiate into 

dentate granule cells (Figure 25). They extend dendrites towards the molecular layer, 

receiving input from the entorhinal cortex and project axons through the hilus toward the 

Cornu Ammonis region (CA) 3 (Aimone et al., 2014). Finally, they become integrated into the 

hippocampal network (Figure 26), which involves the trisynaptic circuit of neurons. It 

connects neurons from the entorhinal cortex via the medial perforant path, dentate gyrus, 

CA3, and via the Schaffer collateral pathway CA1. 
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Figure 25. Development of dentate gyrus granule cells from stem cells to mature neurons. Slowly 
dividing type 1 cells (radial glial cells) and rapidly amplifying type 2 cells give rise to new neurons over 
the course of few weeks, developing dendritic arborizations and axonal projections (Aimone et al., 
2014).  

 

Figure 26. Adult-born neurons integrate into the hippocampal network. Adult-born neurons extend 
their dendrites towards the molecular layer and receive input from the entorhinal cortex layer 2 and 
from GABAergic interneurons. Axonal projections are found in the CA3 region on pyramidal neurons, 
which project to the CA1 region. CA1 pyramidal neurons send their projections back to the entorhinal 
cortex layer 5 (Aimone et al., 2014). 
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In the SGZ, type 1 cells are radial-glia like precursor cells, have astrocytic properties and 

express the marker GFAP (Filippov et al., 2003; Seri et al., 2001). They have a triangular-

shaped soma with long apical processes reaching into and branching out of the granular cell 

layer (Filippov et al., 2003), appearing with a tree-like structure. In contrast to fully mature 

astrocytes, they do not express the astrocytic marker S100B (Seri et al., 2004; Steiner et al., 

2004). However, they are positive for nestin, a class IV intermediate filament protein (Palmer 

et al., 2000), and the transcription factor Sox2 (Garcia et al., 2004; Suh et al., 2007). Type 1 

cells are rarely dividing (Kronenberg et al., 2003) and can divide asymmetrically, giving rise 

to a daughter cell, which lacks radial morphology and is named type 2 cell (Filippov et al., 

2003; Goncalves et al., 2016). In contrast to type 1 cells, they are highly proliferative, and 

have a plump morphology with short processes (Steiner et al., 2006). They express the 

markers nestin and Sox2, but not GFAP.  The prevalent view is that the fate choice between 

glial and neuronal phenotype occurs at the level of type 1 cells, since at no later stage an 

overlap between glial or neuronal properties has been found. Type 2 cells are divided in two 

populations (Kronenberg et al., 2003). Type 2a cells are negative for DCX, whereas type 2b 

cells are positive for DCX. The expression of DCX is associated with the expression of PSA-

NCAM, which creates a starting point for neuronal differentiation and migration (Seki and 

Arai, 1993). In the course of development, type 2 cells differentiate into type 3 cells, which 

are the migratory neuroblasts in the SGZ. They are negative for all glial markers as well as 

Sox2 and nestin. Many cells show a first apical dendrite (Plumpe et al., 2006) and have a 

horizontal orientation. Once they exit the cell cycle, they start the terminal differentiation into 

postmitotic granule cells. These young neurons express the neuronal marker neuronal nuclei 

(NeuN) and start to integrate into the hippocampal network, establishing dendritic trees, 

spines, and axonal projections to the CA3 region (Zhao et al., 2006). 

The unique microenvironment in the SGZ regulates activation, development and 

maintenance of adult neural precursor cells by a number of signaling molecules (Mu et al., 

2010). These include the endocannabinoids, their receptors, and the endocannabinoid 

synthesizing and degrading enzymes (Aguado et al., 2005).  

4.1.2 The endocannabinoid system 

Marijuana has been used for therapeutic and recreational purposes for many centuries 

(Lemberger, 1980; Li, 1973). The cannabis plant Cannabis sativa contains among others, the 

cannabinoids ∆9-tetrahydrocannabinol (THC) and cannabidiol (CBD). THC, the psychoactive 

constituent of marijuana, has been isolated in 1964 (Gaoni and Mechoulam, 1964) and the 
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structure has been solved in the same year. It was then synthesized in 1967 (Mechoulam et 

al., 1967) and became available for research. The structure of CBD was elucidated in 1963 

(Michoulam and Shvo, 1963). 

Cannabinoids act through endogenous receptors (Devane et al., 1988; Herkenham et al., 

1990; Howlett et al., 1986) called cannabinoid receptors. The CB1 receptor is one of the 

most abundant G-protein coupled receptors (GPCR) in the brain with high expression levels 

in multiple neuronal subtypes (Marsicano and Kuner, 2008), whereas the CB2 receptor, 

another member of the GPCR superfamily, has been found in peripheral tissue, but has also 

been identified in the CNS, mainly on microglia (Nunez et al., 2004; Stella, 2004). CB1 and 

CB2 share 48% of their amino acid sequence identity, signal through inhibitory Gi/o 

heterotrimeric G proteins (Howlett, 1985), interact with β-arrestins (Jin et al., 1999) and elicit 

distinct intracellular signaling cascades (Katona and Freund, 2012). Just recently, the crystal 

structure of human CB1 in complex with the agonist AM6538 has been reported (Hua et al., 

2016).   

Endogenous compounds synthesized in the body to activate cannabinoid receptors are 

called endocannabinoids. The predominant endocannabinoids are 2-arachidonoylglycerol (2-

AG) (Mechoulam et al., 1995) and anandamide (N-arachidonoylethanolamine, AEA) (Devane 

et al., 1992), which are endogenous lipids. They are synthesized on-demand by the 

synthesizing enzymes diacyl glycerol lipase-α (DAGL) and N-acyl phosphatidylethanolamine 

phospholipase D (NAPE-PLD), respectively, and act as retrograde synaptic messengers. 

The synthesis is triggered by a postsynaptic depolarization-induced rise in intracellular 

calcium concentrations (Di et al., 2005; Kim et al., 2002) and by stimulation of metabotropic 

glutamate receptors (Maejima et al., 2001; Varma et al., 2001). By binding to presynaptic 

CB1, they inhibit the active neurotransmitter release. They are then removed by the 

endocannabinoid degradading enzymes. AEA is degraded by fatty acid amide hydrolase 

(FAAH) in the postsynaptic terminal. Monoacyl-glycerol lipase (MAGL) degrades 2-AG in the 

presynaptic terminal, while α/β-hydrolase domain containing 6 (ABHD6) limits 2-AG 

availability at the site of production. Activity of endocannabinoids can be prolonged by 

suppression of these enzymes (Gaetani et al., 2009).  

As mentioned above, CB1 is one of the most abundant GPCRs in the brain (Herkenham et 

al., 1990) (Figure 27).  
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Figure 27. Autoradiography of mRNA expression in a sagittal mouse section. Cells expressing CB1 
are found in the basal ganglia, cerebellum, hippocampus (arrow), and cerebral cortex (arrow) (Howlett 
et al., 2002).  

Highest densities of CB1 are in the basal ganglia, substantia nigra, globus pallidus, 

cerebellum, hippocampus, cerebral cortex, but CB1 is almost not detected in the brainstem 

(Howlett et al., 2002; Mackie, 2005; Marsicano and Lutz, 1999). CB1 is localized on 

GABAergic and glutamatergic neurons, on central and peripheral neurons in the presynapse. 

After activation, it induces the inhibition of excitatory (glutamate) neurotransmitter release 

(Figure 28). The process is called transient eCB-mediated short-term depression (eCB-STD) 

or eCB-mediated long-term depression (eCB-LTD) of synaptic transmission or depolarization 

induced suppression of excitation (DSE) for the suppression of glutamate release. Inhibition 

of inhibitory GABA release is named depolarization-induced suppression of inhibition (DSI) 

(Kano et al., 2009).  

 

Figure 28. Signaling of endocannabinoids suppresses synaptic excitatory and inhibitory transmission 
(Lutz et al., 2015). Depolarization of the presynaptic terminal leads to glutamate or GABA release and 
subsequent activation of the postsynaptic neuron. This stimulates production and release of 
endocannabinoids (eCB) AEA and 2-AG to the synaptic cleft to activate CB1 receptors (CB1R) in the 
presynaptic terminal. Glutamate (eCB-STD, eCB-LTD) and GABA release are suppressed. AEA acts 
also through the transient receptor potential vanilloid type 1 (TRPV1) cation channel and produces 
AEA-TRPV1-LTD.  
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Other types of receptors have also been related to endocannabinoid signaling; e.g. the 

transient receptor potential vanilloid type 1 (TRPV1) cation channel (Toth et al., 2009), GTP-

binding protein-coupled receptor GPR55 (Ross, 2009), and the peroxisome-proliferator-

activated receptor PPAR family (O'Sullivan, 2007).  AEA acts through both cannabinoid 

receptors, which leads to eCB-LTD, but also activates TRPV1, which results in a specific 

AEA-TRPV1-LTD.       

Intracellularly, activation of CB1 leads to a decrease in cAMP accumulation and to the 

inhibition of protein kinase A (PKA) and a stimulation of the MAP kinase activity. One 

immediate early gene of CB1 signaling includes BDNF (Khaspekov et al., 2004; Marsicano et 

al., 2003). Thereby, synaptic plasticity, cell migration, and neuronal growth are affected. CB1 

is also coupled to different types of calcium and potassium channels.  

Furthermore, recent studies showed that the CB1 receptor is expressed on astroglial cells 

and oligodendrocytes (Benito et al., 2007; Navarrete and Araque, 2010). In astrocytes, CB1 

is coupled to Gq signaling. Upon agonist stimulation of the receptor, intracellular Ca2+ 

concentration rises, and then so-called ‘gliotransmitter’ (e.g. glutamate, GABA, ATP) are 

released, modulating synaptic transmission (Metna-Laurent and Marsicano, 2015; Navarrete 

et al., 2014). The astroglial CB1 seems to potentiate synaptic glutamate signaling (Navarrete 

and Araque, 2010), whereas CB1 at the presynapse is reducing neurotransmitter release. 

Both cannabinoid receptors CB1 and CB2 are also localized on microglial cells and are 

involved in immune reactions (Stella, 2009).  

The endocannabinoid system has been implicated in multiple physiological functions in the 

nervous system, such as locomotion, appetite, fear, anxiety, depression, and cognition. Many 

of the pharmacological effects of cannabis are biphasic (Moreira and Lutz, 2008; Rey et al., 

2012), probably originating from the differential expression of CB1 in multiple brain regions 

and its localization on distinct neuronal populations. Mostly, psychotropic effects depend 

mainly on the dose and on the personality of the user (Bortolato et al., 2010).  

To study the role of CB1 in the nervous system and to dissect cell-type specific CB1 

functions, conditional CB1 knockout mice have been generated. In the hippocampus, CB1 is 

expressed on glutamatergic principal neurons, but not on glutamatergic granule cells in the 

dentate gyrus. It is also expressed on GABAergic interneurons. Together, they exert 

opposing effects on the neuronal circuitry (Lutz et al., 2015). Even though CB1 density is 

lower in glutamatergic than in GABAergic neurons, G protein signaling is stronger in 

glutamatergic neurons (Steindel et al., 2013). Consequently, glutamatergic CB1 is engaged 

in the majority of CB1-mediated physiological effects such as behavioral studies. Low doses 
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of cannabinoids activate glutamatergic CB1 and high doses activate CB1 on GABAergic 

terminals (Rey et al., 2012).  

The endocannabinoid system modulates synaptic transmission, and thereby regulates 

behavioral outputs. Cognition involves acquisition, storage, and retrieval of new information. 

Learning and memory impairments are among the most commonly reported behavioral 

effects of cannabinoids (Lichtman et al., 1995). By using the most widely used spatial 

learning task, the Morris water maze, systemic administration of cannabinoid agonists has 

been shown to impair the learning in the hidden platform task (Ferrari et al., 1999). However, 

the learning performance was intact in CB1 knockout (KO) mice (Varvel and Lichtman, 

2002), but was impaired in the extinction process. Fear conditioning is another behavioral 

test to study memory acquisition, particularly aversive memory. The endocannabinoid system 

has been revealed to be involved in contextual and auditory cued fear conditioning 

(Marsicano et al., 2002; Pamplona and Takahashi, 2006). Furthermore, a hypo- or 

hyperfunctional endocannabinoid system has been implicated in depression (Hill et al., 

2008). Additionally, an enhanced endocannabinoid signaling is associated with 

antidepressant efficacy (Bambico et al., 2007; Haring et al., 2013; Hill et al., 2005). One 

hypothesis of the development of depression is that it is linked to neurogenesis (Yun et al., 

2016). It is based on the downregulation of neurogenesis in depressive-like behaviors in 

animals and its upregulation by antidepressants. Over the last years, studies have shown 

that the endocannabinoid system plays a central role in neurogenesis (Galve-Roperh et al., 

2009; Oudin et al., 2011).  

4.1.3 Impact of cannabinoids on adult neurogenesis 

Neural stem cells and neural progenitors are very sensitive to their microenvironment, the 

stem cell niche. Extrinsic signaling molecules direct the proliferative activity and 

differentiation potential of these cells.  

Mature granule neurons in the dentate gyrus do not express CB1 (Monory et al., 2006), 

implicating that CB1 serves as an important regulator of adult neural progenitor cells. In the 

developing rodent brain, the endocannabinoid system is expressed from early stages of brain 

development (Harkany et al., 2007) and is essential for neural cell lineage commitment 

(Bertrand et al., 2002), migration (Mulder et al., 2008), survival, and maintenance (Galve-

Roperh et al., 2008) of neural cells. It has been shown to be involved in dendrite arborization 

and synaptic maturation in a CB1-dependent manner (Berghuis et al., 2007).  



4 Functional role of CB1 receptor on adult neural stem cells in vivo 

 

64 

Cannabinoids stimulate neurogenesis during development (Berghuis et al., 2007). In the past 

years, growing evidence has evolved that both exogenous and endogenous cannabinoids 

affect the process of adult neurogenesis (Figure 29).  

 

Figure 29. In vivo effects of cannabinoids on adult neurogenesis in rodent models (Prenderville et al., 
2015).  

A shared feature of synthetic and plant-derived cannabinoids is that acute administration has 

no effect on cell proliferation or overall neurogenesis, whereas chronic treatment has. 

Chronic treatment for example with the synthetic cannabinoid HU-210 enhances proliferation 

in the adult dentate gyrus (Jiang et al., 2005). A positive effect has also been shown in the 

aged brain, where the synthetic CB1/CB2 agonist WIN55,212-2 partially restored age-related 

deficits in hippocampal neurogenesis (Marchalant et al., 2009). The impact of chronic 

administration of the phytocannabinoid ∆9-THC has been shown to be dose- and time-

dependent, either having no effect on cell proliferation (Kochman et al., 2006) or decreasing 

the rate of cell proliferation (Wolf et al., 2010). However, repeated administration of the 

phytocannabinoid cannabidiol (CBD) increases cell proliferation in the dentate gyrus, 

presumably explaining the anxiolytic effect of CBD in chronic stressed animals (Campos et 

al., 2013). In contrast, acute administration of the inverse agonist AM251 increases 
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proliferation for 24 h (Hill et al., 2006), but decreases it after 48 h (Wolf et al., 2010). Chronic 

administration of AM251 has no effect on adult neurogenesis (Rivera et al., 2011). Since the 

endocannabinoid anandamide also activates TRPV1, the antagonist SR141716A has been 

shown to increase cell proliferation in both neurogenic regions the dentate gyrus and the 

lateral ventricles. However, this effect has not been detected in TRPV1 KO mice, but in 

wildtype and CB1 KO mice (Jin et al., 2004). This suggests that cannabinoid signaling plays 

a complex temporal role in adult neurogenesis and multiple receptors are responsible for the 

effect of administered cannabinoids, leading to an intricacy of previous studies.  

To study fundamental processes of the endocannabinoid system in adult neural stem cells, 

gene knockdown technologies have been developed, which have linked cannabinoids and 

adult neurogenesis.  Loss of CB1 signaling in complete CB1 KO mice inhibits neural 

precursor proliferation (Aguado et al., 2005; Jin et al., 2004) and decreases astroglial 

differentiation in vitro and in vivo (Aguado et al., 2006). Until now, it is not known, whether 

this phenomenon is regulated through a direct or an indirect mechanism of CB1 signaling.  

In the DG, CB1 is localized on GABAergic interneuron output, on radial glia cell membranes, 

and on early progenitor membranes. Mature glutamatergic granule cells do not contain CB1 

(Monory et al., 2006), placing the cannabinoid receptor as a key player in processes 

underlying adult neurogenesis. 

4.1.4 Functional and physiological role of adult neurogenesis  

In the past two decades, the neurogenesis field has made remarkable progress. Multiple 

extrinsic and intrinsic signals have been shown to mediate the complex process of adult 

neurogenesis (Suh et al., 2009). But to what extent is the importance of adult hippocampal 

neurogenesis reflected on the physiological level? Does integration of adult-born neurons 

into the existing circuit affect hippocampus-related behaviors?  

Newborn neurons have been shown to contribute to adult brain function at the cellular, 

network and systemic level. At the cellular level, newborn neurons differ from existing 

neurons transiently in their cellular function. Young neurons show a greater tendency for 

synaptic plasticity compared with older counterparts (Schmidt-Hieber et al., 2004). 

Maturation of adult-born granule cells includes synaptic integration into the hippocampal 

network (Esposito et al., 2005; Zhao et al., 2006). During the first week after birth, cells are 

tonically activated by GABA, but are not yet synaptically incorporated. During the second 

week after birth, cells become more neuron-like and start growing their dendrites toward the 
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molecular layer and extending their axons to CA3 region. These immature granule cells are 

characterized by their high membrane resistance and different firing properties. They lack 

glutamatergic input and do not have develop spines yet. However, they receive synaptic 

GABAergic input from local interneurons, which causes depolarization in these cells and 

promotes their differentiation (Tozuka et al., 2005; Zhao et al., 2008). During the third week 

after birth, immature granule cells form afferent and efferent connections with the local 

network. At day 16, spines appear on the dendrites and form synapses with afferent axonal 

fibers from the medial performant pathway coming from the entorhinal cortex. Furthermore, 

mossy fiber boutons of newborn granule cells form synapses with the dendritic shaft of CA3 

pyramidal neurons. At the time of synaptic integration, the GABAergic input switches from 

being excitatory to being inhibitory and cells receive glutamatergic input (Ge et al., 2006). 

Around 4-6 weeks after birth, maturing granule cells display an increase in synaptic plasticity 

compared to the existing granule cells, as suggested by the lower threshold for induction of 

long-term potentiation (LTP) and the higher LTP amplitude. This is controlled by the NMDA 

receptor subunit NR2B (Ge et al., 2007). Adult-born granule cells continue to structurally 

modify the dendritic and axonal synaptic output, and finally at 8 weeks of age basic 

physiological properties and synaptic plasticity are indistinguishable from mature granule 

cells.   

At the network level, adult-born neurons contribute to characteristics that are created by the 

joint activity of a group of cells. Oscillations and synchrony of neuronal activity are two 

properties that can be influenced by adding new neurons to the network. Individual networks 

can store or encode distinct information, and models of adult neurogenesis suggest that 

newborn neurons can be necessary for this function. The question related to memory 

formation is whether adult-born neurons replace existing neurons, or whether they are added 

to the network. In replacement models, old granule cells are removed and replaced by new 

granule cells with random or naïve synapses. This could facilitate the learning process, 

because new neurons can form new synapses at flexible networks. However, this 

accelerated learning process must be accompanied by a loss of neurons, the stored 

information and subsequently to forgetting of older memories. However neuronal loss has not 

been demonstrated so far, instead the DG granule cell layer has been shown to increase in 

cellular density over time (Imayoshi et al., 2008). Therefore, another more recent model of 

adding more cells to the network has evolved. Existing neurons in the network would remain 

specialized for the same memories. By using computational models (Aimone et al., 2009; 

Crick and Miranker, 2006) researchers showed that if all granule cells grow into the network 

through neurogenesis, thus move from a highly plastic, immature state to a lower plastic, 
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mature state, it would result in a network where granule cells mostly encode past 

experiences.  

Nevertheless, most work into functions of adult neurogenesis occurs at the systems level. 

The first study to characterize radial glia cells as the putative stem cells ablated dividing 

neural precursor cells in vivo by infusing the anti-mitotic drug cytosine-β-D-arabinofuranoside 

(AraC) (Seri et al., 2001). Despite anti-mitotoc drugs, irradiation or genetic ablation serve as 

tools to disrupt neurogenesis (Imayoshi et al., 2008). Furthermore, strategies exist to 

augment neurogenesis, such as wheel running or the enriched environment paradigm. 

Pharmacological treatment with the NMDA-receptor antagonist memantine or the 

antidepressant drug fluoxetine also efficiently increase neurogenesis in rodent models (Akers 

et al., 2014; Malberg et al., 2000).  

Intriguingly, inconsistent results regarding learning and memory have been reported over the 

past years. Neurogenesis is required for some, but not other hippocampus-dependent tasks. 

Ablation of neurogenesis in rats by the anti-mitotic methylazoxymethanol acetate (MAM) 

treatment resulted in deficits in the hippocampus-dependent trace-conditioning task, but not 

in the hippocampus-independent delay conditioning task (Shors et al., 2001). It prevented the 

improvement of long-term recognition memory by environmental enrichment, but it did not 

affect contextual fear conditioning nor spatial navigation learning in the Morris water maze. 

However, an apparent deficit in spatial navigation-learning (latency/distance to the hidden 

platform) has been detected in studies using genetic ablation of adult neurogenesis (Dupret 

et al., 2008; Zhang et al., 2008). Many studies showed impairments of long-term, but not 

short-term formation of spatial memory as a consequence of reduced adult neurogenesis 

(Deng et al., 2009; Jessberger et al., 2009; Snyder et al., 2005). In another commonly used 

hippocampus-dependent learning and memory task, contextual fear conditioning, 

discrepancies also exist between studies. Deficits have been observed in rodents, where 

adult neurogenesis was eliminated by irradiation (Saxe et al., 2006). However, when different 

methods were used to suppress neurogenesis, such deficits were not detected (Deng et al., 

2009; Dupret et al., 2008; Shors et al., 2002; Zhang et al., 2008). Irradiation also produces 

deficits in spatial memory retention in the water maze (Snyder et al., 2005) and on spatial 

learning in the Barnes maze (Raber et al., 2004) without affecting water maze learning. The 

specificity of the effects of MAM treatment and irradiation has to be questioned, since not 

only specific effects on diving cells have been investigated, but rather effects on the SGZ 

microenvironment (Monje et al., 2002). Both treatments have also been shown to produce 

severe side effects, such as general health deterioration and inflammation (Dupret et al., 

2005; Monje et al., 2003).     
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More specific approaches with less off-target side effects to manipulate neurogenesis include 

genetic approaches, such as transgenic expression of lethal genes including diphtheria toxin 

(Imayoshi et al., 2008), thymidine kinase (TK) (Deng et al., 2009; Saxe et al., 2006), or the 

pro-apoptotic protein Bax (Dupret et al., 2008) to selectively kill adult-born cells in the brain. 

Still, contradictory results persist. Expression of thymidine kinase under the control of either 

nestin (Deng et al., 2009) or GFAP (Saxe et al., 2006) and subsequent treatment with the 

antiviral prodrug ganciclovir killed TK-expressing, dividing cells. Behavioral analysis in 

contextual fear conditioning showed GFAP-TK mice were impaired in the contextual fear 

conditioning, when tested 24 h after a foot shock, while the nestin-TK transgenic mice were 

not.  

Both prominent hippocampus-dependent memory tests, Morris water maze and context fear 

conditioning, are different: fear conditioning has a strong emotional component and is not 

dependent on navigation, meaning they connect cognitive and affective functions of the 

hippocampus (Mizuno and Giese, 2005). Inconsistent results can be due to differences in the 

strain or genetic background of mice used, the age of the animal, the neurogenesis-ablation 

protocol (where different populations are targeted), the functional readout, and behavioral 

protocols used. However, across multiple studies it does not remain disputable that adult-

generated neurons contribute to hippocampal memory function. 

In addition to its role in learning and memory, adult neurogenesis has been shown to 

regulate emotional function. The hippocampus varies along its dorsoventral axis; while the 

dorsal part is involved in cognitive function, the ventral part is regulating emotional behavior 

(Fanselow and Dong, 2010; Kheirbek et al., 2013). One main hypothesis is that a reduced 

rate of adult neurogenesis leads to anxiety and depression. One of the initial studies ablated 

neurogenesis by irradiation and showed that it is required for the effectiveness of fluoxetine, 

an antidepressant of the selective serotonin reuptake inhibitor (SSRI) class, in distinct tests 

for anxiety-like and depressive-like behavior (Santarelli et al., 2003). A further study 

demonstrated that by reducing adult neurogenesis through deletion of the BDNF receptor 

TrKB on adult-born neurons, animals displayed an increase in anxiety-like behavior (Bergami 

et al., 2008). This idea was supported by using another genetic model with the pro-apoptotic 

protein Bax (Revest et al., 2009). On the other side, physical activity has been shown to have 

anxiolytic and antidepressant effects (Bjornebekk et al., 2005). Depression is a disorder that 

also includes cognitive symptoms of hippocampal origin. The link between both functions still 

needs to be elucidated.  

In humans, the role of new neurons in cognitive disorders remains unknown, since methods 

to study human neurogenesis are not as easily feasible as in rodents (Knoth et al., 2010; 
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Sanai et al., 2011). However, human neurogenesis might be potentially lower in psychiatric 

and neurological conditions. Both stress and aging are associated with memory impairments 

in the clinical human population (Lupien et al., 2007). Furthermore, cancer patients who 

underwent irradiation for brain tumors experience cognitive and memory deficits (Lee et al., 

2012). Altogether, studies from mice and observations in humans provide a basis to suggest 

that activities and interventions improving neurogenesis may ameliorate cognitive and 

emotional deficits in humans.  

To understand underlying mechanisms of the role of the endocannabinoid system in a proper 

function of adult neurogenesis, we deleted CB1 specifically in adult neural stem cells and 

assessed the impact on proliferation and differentiation of targeted cells, long-term 

potentiation, and behavior mediated by the hippocampus. We generated a triple-transgenic 

nestin-CreERT2/R26R-YFP/CB1flox/flox mouse line by crossbreeding CB1flox/flox mice 

(Marsicano et al., 2003) with homozygous ROSA-stop-YFP mice (Srinivas et al., 2001) to 

visualize targeted cells and their progeny. To further restrict CB1 deletion to adult neural 

stem cells we took advantage of the nestin-CreERT2 mouse line, in which a tamoxifen 

(TAM)-inducible Cre recombinase is expressed under the control of the nestin promoter and 

enhancer. We found that neural stem cell-specific deletion of CB1 led to a reduced number 

of YFP positive cells in the DG due to a decreased proliferation rate of targeted cells, 

suggesting that signaling of CB1 is required in early NPCs. Additionally, we demonstrate that 

CB1-deficient newborn neurons display impaired long-term potentiation in the DG. 

Consistent with this, animals lacking functional CB1 in newborn neurons reveal a decrease in 

spatial memory function and an increase in behavioral despair. The present study shows that 

proliferation of adult neural stem cells critically depends on the cell autonomous activation of 

CB1 in vivo and reveals the consequent remarkable impact on functional connectivity and 

involvement on the behavioral level. 
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4.2 Materials and Methods 

4.2.1 Animals 

Homozygous CB1flox/flox mice (Marsicano et al., 2003) were bred with homozygous ROSA-

stop-YFP mice (Srinivas et al., 2001) and heterozygous nestin-CreERT2 (generated in the 

lab of Prof. Dr. Schütz, DKFZ Heidelberg) mice, all on a C57BL/6 background to generate 

nes-CB1ko/ko mice. Transgenic mice used for the study were 8 weeks old and littermates 

were used as controls. Animals were single housed in a temperature- and humidity-

controlled room with a 12 h light dark cycle (lights on 5 am - 5 pm) and had access to food 

and water ad libitum. All experiments were carried out in accordance with the European 

Communities Council Directive of 24 November 1986 (86/609/EEC) and were approved by 

the local animal care committee (Landesuntersuchungsamt Koblenz, permit number G 13-1-

093 and G 16-1-018). Experimenters were blind to the genotype of mice and to the 

treatment. 

4.2.2 Tamoxifen and BrdU administration 

Eight weeks old nes-CB1ko/ko and CB1wt/wt mice were administered TAM at 60 mg/kg/d for 

5 days (intraperitoneal (i.p.); dissolved in 10% EtOH/90% sunflower oil). To examine the 

survival, proliferation, and differentiation of targeted cells, mice were injected for 5 days with 

BrdU (50 mg/kg/d) 23 days after TAM treatment. Mice were killed either 1 or 28 days after 

BrdU injections.  

4.2.3 Production of recombinant lentivirus 

The lentiviral vector (Figure 30) has been produced by (Suh et al., 2007) and has been 

modified by Christin Lehmbrock in the laboratory of Prof. Lutz (Lehmbrock, 2011).  
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Figure 30. Plasmid map of HS1-Cre. HS1, hypersensitive site 1, Sox2P, (sex determining region Y)-
box 2 promoter, HA-tag, human influenza hemagglutinin tag, Cre recombinase. Vector backbone, 
pRRLSIN.cPPT.PGK-GFP.WPRE (Consiglio et al., 2004). Generated by Christin Lehmbrock.  
 

High titer lentiviral particles were produced in HEK 293LTV cells by transient transfection 

(standard calcium phosphate transfection) of transfer vector HS1-Cre, second-generation 

packaging construct pCMV-deltaR8.91, and vesicular stomatitis virus envelope-expressing 

construct pMD2.G. 72 h after transfection the supernatant was collected and purified by 

ultracentrifugation (2 h, 27000 rpm and 4°C). The pellet was resuspended in PBS and 

aliquots stored at -80°C until use.  

The amount of transducing units was determined by diluting serially concentrated lentivirus 

into cell suspensions, plating cells and growing for 3 d. Cells were immunocytochemically 

stained and clones per sample were counted on a microscope. Measurement of p24 

concentration was carried out with the HIV-1 p24 ELISA assay (BioCat, Heidelberg, 

Germany). The titer was 1.4 x 1013 transducing units/ml.  

4.2.4 Lentivirus vector administration 

Adult mice were anesthetized by an i.p. injection of a combination of fentanyl (0.05 mg/kg), 

midazolam (5 mg/kg) and medetomidin (0.5 mg/kg). Mice were positioned in a stereotactic 

apparatus and kept on an animal heating pad to control body temperature during surgery. 

The scalp was cut open in rostrocaudal direction and lidocaine spray was applied on the skull 

and the surrounding skin to reduce pain. 1 µl of lentiviral solution was injected bilaterally into 
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the DG at the following coordinates from bregma: -2.0 mm anteriorposterior, +/-2.0 mm 

mediolateral, -2.0 dorsoventral. The virus was applied using a microprocessor controlled 

mini-pump with a 34G beveled NanoFil needle at a flow rate of 200 nl/min. The injection 

needle was left in place for additional 5 min and then slowly removed. After sewing the scalp, 

anesthesia was antagonized by intraperitoneal injection of flumazenil (0.5 mg/kg), naloxon 

(1.2 mg/kg) and atipamezol (2.5 mg/kg). Additionally, mice received a subcutaneous injection 

of buprenorphine (0.05 mg/kg) to reduce pain and 1 ml of 0.9% saline to compensate fluid 

loss during and after surgery. The mice were returned to their home cages, but kept on a 

heating plate at 37°C overnight. 

4.2.5 Electrophysiology 

The experiments involving DG recordings were performed in the lab of Prof. Ivan Soltesz by 

Mattia Maroso at the Department of Neurosurgery (Standford University, USA).  

Recordings in the CA1 region were carried out in the lab of Prof. Martin Korte by Susann 

Ludewig at the Zoological Institute, Division Cellular Neurobiology (Technische Universität 

Braunschweig, Germany).   

In vitro extracellular recordings were performed on acute hippocampal slices of wildtype 

littermates (CB1wt/wt) and CB1 KO animals (nes-CB1ko/ko). Mice were injected with 

Tamoxifen for 5 consecutive days at an age of 8 weeks. Electrophysiological recordings were 

performed 4-6 weeks later. In-between animals were housed in a temperature- and humidity-

controlled room with a 12 h light-dark cycle and had access to food and water ad libitum. 

4.2.6.1 Electrophysiology medial perforant path – DG 

Transverse hippocampal slices (300 μm) were prepared from the dorsal hippocampus of 12-

14 week old mice. Slices were incubated in oxygenated sucrose-containing artificial 

cerebrospinal fluid (ACSF) for 2 to 3 h, then transferred into oxygenated ACSF used for 

recordings. Composition of sucrose-containing ACSF: 85 mM NaCl, 75 mM sucrose, 2.5 mM 

KCl, 25 mM glucose, 1.25 NaH2PO4, 4 MgCl2, 0.5 CaCl2, and 24 NaHCO3; composition of 

recording ACSF: 126 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgCl2, 

1.25 mM NaH2PO4, and 10 mM glucose. As specified in the results, in a subset of 

experiments, ifenprodil (3 µM; Tocris Bioscience, Bristol, UK) or picrotoxin (50 µM, Sigma-

Aldrich, Saint Louis, MO, USA) were added to the recording ACSF 20 min before to start the 

recordings and maintained throughout the recording time.  
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To elicit field excitatory postsynaptic potentials (fEPSPs) in the DG, a concentric bipolar 

stimulating electrode was placed in in the medial molecular layer of the upper blade of the 

DG to stimulate the afferent fibers of the medial perforant path (MPP). Input/output curves 

were obtained and the stimulation intensity producing ~50% of maximal response was used 

for test pulses and LTP induction. Baseline fEPSP were recorded for 20 min with a frequency 

of one test stimulus every 30 s. LTP was induced by tetanic stimulation that consisted of four 

trains of 100 Hz lasting 500 ms each, repeated every 20 s. After LTP induction, fEPSP were 

recorded every 30 s for additional 60 min.  Slices were visualized with an upright microscope 

(Olympus; BX61WI) with infrared–differential interference contrast (IR-DIC) optics. All 

electrophysiological recordings were done at 33°C. MultiClamp700B amplifier (Molecular 

Devices) was used for recordings. Signals were filtered at 3 kHz using a Bessel filter and 

digitized at 10 kHz with a Digidata 1440A analog–digital interface (Molecular Devices). The 

recorded traces were analyzed using Clampfit 10.2 (Molecular Devices). 

4.2.6.2 Electrophysiology Schaffer collaterals – CA1 

Acute hippocampal transversal slices were prepared from individuals at an age of 12 weeks, 

4 weeks after Tamoxifen treatment. Mice were anesthetized with isoflurane and decapitated. 

The brain was removed and quickly transferred into ice-cold carbogenated (95% O2, 5% 

CO2) ACSF containing 125.0 mM NaCl, 2.0 mM KCl, 1.25 mM NaH2PO4, 2.0 mM MgCl2, 

26.0 mM NaHCO3, 2.0 mM CaCl2, 25.0 mM glucose. After dissection of the two 

hemispheres one was used for Golgi-Cox staining and the other for electrophysiology. The 

hippocampus was sectioned into 400 µm thick transversal slices with a vibrating microtome 

(Leica, VT1200S). Slices were maintained in carbogenated ACSF at room temperature for at 

least 1.5 h before being transferred into a submerged recording chamber. 

Slices were placed in a submerged recording chamber and perfused with carbogenated 

ACSF (32°C; (125.0 mM NaCl, 2.0 mM KCl, 1.25 mM NaH2PO4, 1.0 mM MgCl2, 26.0 mM 

NaHCO3, 2.0 mM CaCl2, 25.0 mM glucose) at a rate of 1.2 to 1.5 ml/min. fEPSPs were 

recorded in stratum radiatum of the CA1 region with a borosilicate glass micropipette 

(resistance 2-5 Ω) filled with 3 M NaCl at a depth of 150-200 µm. Monopolar tungsten 

electrodes were used for stimulating the Schaffer collaterals at a frequency of 0.1 Hz. 

Stimulation intensity was adjusted to 40% of maximum fEPSP slope for 20 min baseline 

recording. LTP was induced by applying theta-burst stimulation (TBS: 10 trains of 4 pulses at 

100 Hz in a 200 ms interval, repeated 3 times). 
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Basal synaptic transmission properties were analyzed via input-output measurements and 

short-term plasticity was examined via paired pulse facilitation . The IO- measurements were 

performed either by application of a defined current values (25 - 175 µA) or by adjusting the 

stimulus intensity to certain fiber volley amplitudes (0.1 – 0.7 mV). PPF was performed by 

applying a pair of two closely spaced stimuli in different inter-stimulus-intervals (ISI) ranging 

from 10 to 160 ms. 

4.2.6 Behavioral assays 

Bodyweight was measured once per week to observe any effect of TAM treatment on the 

overall health of animals. Animals were separated and single-housed one week before the 

start of behavioral assays. All behavioral tests were performed during the light phase of the 

cycle, starting at 8 am. 

4.2.7.1 Open Field  

Mice were placed in the center of a white box (40 x 40 x 40 cm3) at 90 lux and their behavior 

was video recorded for 15 min and tracked using EthoVision XT (Cryan and Holmes, 2005). 

The distance moved was analyzed. 

4.2.7.2 Light/Dark Box Test 

The experimental setup comprises an open, white, brightly-illuminated (100 lux at entry site) 

compartment (40 x 27 x 40 cm3) and a closed, black, dark compartment (40 x 13 x 40 cm3). 

Mice were placed in the dark compartment and allowed to explore the arena freely for 5 min. 

The entries and the time spent in the lit compartment were used as parameters to assess 

aversive behavior (Cryan and Holmes, 2005). 

4.2.7.3 Spatial Object Recognition Test (SORT) 

The test was performed in a Y-maze (three arms (30 x 10 cm) at 120° from each other made 

of grey PVC) at 10 lux in the center of the maze (similar to (Masana et al., 2014; Zlomuzica 

et al., 2012)). The mazes were surrounded by spatial extra-maze cues (white paper with 

black shapes) and intra-maze cues with tape. Mice were placed in the center of the Y-maze. 

Animals were habituated to the empty Y-mazes for 10 min on two consecutive days before 
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testing. Testing consisted of acquisition, an inter-trial interval and a retrieval trial. During the 

acquisition trial, mice were allowed to explore two identical copies of an object for 10 min. 

The objects were glass salt shakers (10 cm height) and were placed 5 cm apart from the 

walls at the end of two arms. The retrieval trial started after the 30 min inter-trial interval. 

During the 10 min retrieval trial, one object was placed in the empty arm of the maze 

(relocated object). The position of the relocated object was counterbalanced among animals. 

The acquisition and retrieval trials were video recorded and the total distance measured with 

EthoVision. For each mouse, the time spent exploring either object was manually scored 

during the retrieval trial and the index of recognition was calculated: 

Index of recognition (%) = (new position time/ total exploration time) *100 

Mice that remembered the original spatial location of the objects were expected to explore 

more the relocated object, having an index of recognition higher than 50%.  

4.2.7.4 Forced Swim Test 

The forced swim test has been shown to be a measure of behavioral despair (Porsolt et al., 

1977). Mice were place in a beaker filled with water (23°C) and were video recorded for 5 

min. The behavior was analyzed manually. The immobility time was defined as the duration a 

mouse floating in the water without struggling and making only small movements to keep its 

head above the water. 

4.2.7.5 Morris Water Maze 

The Morris water maze is a spatial learning task originally developed for rats (Morris et al., 

1982). A large circular tank (diameter 1.20 m) was filled with water (25 ± 1°C) and the 

escape platform (diameter 10 cm) was submerged 1 cm below the surface. The animals 

were tracked with the Video Tracking System EthoVision XT. 

During the first 2 days, mice were trained to swim to a visible platform (visible platform task) 

that was marked with a 15 cm high black flag and placed pseudo-randomly in different 

locations across trials (non-spatial training). The extra-maze cues were hidden during these 

trials. After 2 days of visible platform training, hidden platform training (spatial training) was 

performed. 

The next following 8 days, mice had to navigate using extra-maze cues which were placed 

on the walls of the testing room. Mice were trained to find a hidden platform which was 
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located at the center of the southwest quadrant of the pool. The location of the platform was 

fixed throughout testing. Every day, mice performed four trials with an intertrial interval of 5 

min. The animals were released into the water facing the pool wall randomly at one of four 

start locations and allowed to swim until they find the platform, or for a maximum of 90 s. Any 

mouse that failed to find the platform within 90 s was guided to the platform. The animal then 

remained on the platform for 20 s before being removed from the pool. The day after 

completion of the hidden platform training, a probe trial was conducted in order to determine 

whether the mice had developed a spatial bias for the former platform quadrant. The platform 

was removed from the pool and the mice were allowed to swim freely for 90 s.  

4.2.7.6 Tail Suspension 

Behavioral despair was measured by suspending the mouse by the tail for 6 min (Steru et al., 

1985). The tail was attached to the top of a light panel by adhesive tape. The distance 

between the tip of the nose of the mouse and the floor was approximately 40 cm. The 

animals were video recorded and the time spent immobile was analyzed by the video 

tracking system EthoVision XT. 

4.2.7.7 Sucrose Preference  

This test is a measurement for anhedonia (lack of interest in rewarding stimuli (Papp et al., 

1991)). In this task, the animal is assessed for its interest in seeking out a sweet rewarding 

drink relative to plain drinking water. A bias towards the sweetened drink is typical, failure to 

do so is indicative of anhedonia/depression. Sucrose preference testing is carried out in the 

home cage, which is equipped with 2 drinking bottles. One bottle contains plain drinking 

water, and the second contains a 2% sucrose solution. The mice are habituated to the 

presence of the two drinking bottles for 48 h, and the positions of the two bottles is switched 

every 12 h to reduce any confound produced by a side bias. Following this habituation, mice 

can choose either drinking 2% sucrose solution or plain water for 24 h. Water and sucrose 

solution intake is measured, and sucrose preference is calculated as a percentage of the 

volume of sucrose intake over the total volume of fluid intake. 

4.2.7.8 Fear Conditioning  

Fear conditioning and learning has been performed as previously described (Radyushkin et 

al., 2005). For conditioning, animals were placed into the conditioning chamber, which 
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consisted of a transparent plexiglass box (15 x 20 x 20 cm3) with a stainless steel shock-grid 

floor (Context A). After 2 min, a 28 s tone (85 dB, 10 kHz, pulsating every 200 ms) was 

presented, followed by an electric foot-shock (0.4 mA, 2 s). Tone and shock were repeated 

after a 20 s break. Afterwards, animals were returned to their home cages. To measure 

contextual fear extinction, freezing (defined as the absence of all movements except for 

respiration) was assessed 24 h later in the training context (Context A) for 3 min. To measure 

cued fear extinction animals were placed in a new box (Context B) and after 3 min presented 

with a 28 sec tone without a shock. Freezing was assessed for 3 min. The boxes were 

monitored via overhead cameras and the amount of freezing was evaluated with 

EthoVisionXT. 

4.2.7 Immunohistochemistry 

For immunohistochemistry, mice were perfused transcardially with 4% PFA, brains were 

removed, post-fixed overnight in 4% PFA and treated with 30% sucrose for 48 h. Then brains 

were sectioned 30 µm thick in coronal plane and stored at 4°C in cryoprotection solution until 

use.  

Sections were blocked in PBS containing 5% NDS, 2.5% BSA and 0.3% TX for 90 min and 

incubated with the respective primary antibody (Table 4) in PBS containing 1% NDS, 0.1% 

BSA and 0.3% TX overnight. To double-stain with an anti-BrdU antibody, slides were fixed 

again for 15 min in 4% PFA to stabilize antigen-first primary antibody complexes. Sections 

were then incubated in 1 N HCl for 1 h at 37°C to denature DNA, followed by 3 x 5 min 

washes with TBS. Brain slices were then blocked in TBS with 1% NDS, 0.1% BSA and 0.3% 

TX for 90 min and incubated with primary antibodies in blocking buffer overnight at 4°C. On 

the next day, appropriate secondary antibodies were applied for 2 h. To visualize cell nuclei 

in non-BrdU treated sections, brain slices were incubated with DAPI for 5 min, washed with 

PBS and mounted with Mowiol onto slides.  

Table 4. List of primary antibodies. 

Antibody, 
anti- 

Species Dilution Company Catalog number 

GFP 
rabbit 

chicken 
1:500 
1:1000 

 
Aves Labs 

 
GFP-1020 

RFP rabbit 1:500 Rockland 600-401-379 

DCX guinea pig 1:500 Abcam ab2253 

NeuN rabbit 1:500 Abcam ab177487 

S100b rabbit 1:500 Abcam ab41548 

BrdU rat 1:100 Abcam ab6326 
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The respective secondary antibodies were applied: anti-rabbit IgG AlexaFluor488, goat anti-

rabbit, goat anti-guinea pig, goat anti-rat AlexaFluor546 and goat anti-rabbit or anti-rat 

AlexaFluor647 (all 1:1000; Invitrogen). 

4.2.8 Microscopic analysis of histology 

Slides were observed under a Leica DM5500 (Leica Camera, Wetzlar, Germany) 

fluorescence microscope or a Zeiss Axiovert LSM 710 (Carl Zeiss, Oberkochen, Germany) 

laser scanning confocal microscope. For laser scanning confocal microscopy, z-stacks with 

optical sections of 1 µm were recorded.  

YFP positive cell numbers and colocalization with specific markers were counted in every 6th 

section (180 µm apart) and calculated based on the Cavalieri principle of stereology for the 

DG. For each marker four to six animals were analyzed.   

4.2.9 Quantitative polymerase chain reaction (qPCR) 

Animals were killed by decapitation under deep isoflurane anesthesia. Brains were removed, 

the hippocampus or the DG isolated, and snap frozen on dry ice. Isolated samples were 

stored at -80 °C until further use.  

Samples were homogenized using the TissueLyser (QIAGEN) according to the manufacturer 

guidelines. Then, RNA was isolated with the RNeasy Mini Kit (QIAGEN) with the on-colum 

DNA digestion (RNase-Free DNase Set, QIAGEN) and eluted in 20 µl of RNase free water. 

Total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit 

with random primer hexamers (Life Technologies). cDNA was diluted 1:3 in RNase free 

water. Finally, cDNA was amplified using the commercial TaqMan assays (Applied 

Biosystems, Table 5) with an ABI7300 real-time PCR cycler (Applied Biosystems). For 

BDNF-3’UTR a custom Taqman gene expression assay was generated (Leschik et al., 

2013):  

Forward primer, 5’-GCTGGCGATTCATAAGGATAGAC-3’;  

reverse primer, 5’-TATACAACATAAATCCACTATCTTCCCCT-3’;  

probe sequence, 5’-TATGTACACTGACCATTAAA-3’. 

All reactions were performed in duplicates using either Glucoronidase beta (Gusb) or 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as reference gene. Thermal cycler 
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conditions were: 1 x 2 min 50 °C, 1x 15 min 95 °C, 40 x 15 s 95 °C, and 1 min 60 °C. Data 

analysis was done using the 7300 system SDS software (Applied Biosystems).  

 
Table 5. List of TaqMan assays used for qPCR.  

Target gene Assay name 

Cnr1 (CB1) Mm00432621_s1 

BDNF-3’UTR Custom made 

GusB Mm01197698_m1 

GAPDH Mm99999915_g1 

 
Analysis of the relative gene expression was done using the 2-∆∆CT method. Target genes 

were normalized to the reference gene. The normalized levels of the target genes were then 

normalized to the mean expression level of the wildtype group (Livak and Schmittgen, 2001).     

4.2.10 Isolation of adult neural stem cells by fluorescence-activated cell sorting 

(FACS) 

Mice (n=10/group) were killed by decapitation under deep isoflurane anesthesia. The brain 

was removed, the hippocampus isolated and immediately dissociated as described 

previously (Fischer et al., 2011). Briefly, hippocampi (n=5/falcon tube) were isolated in HBSS 

with CaCl2 and MgCl2, minced with a razor blade and enzymatically dissociated in 5 ml with 

0.05% Trypsin/EDTA (Gibco) in HBSS containing 2 mM glucose at 37°C for 30 min. After 15 

min and 30 min the tissue was triturated with a fire polished Pasteur pipette. Enzyme activity 

was stopped by adding 5 ml of 4% BSA in Earle’s balanced salt solution (EBSS, Gibco). 

Subsequently the cell suspension was filtered through a 70 µm cell strainer (Miltenyi Biotec) 

and centrifuged for 5 min, 180 g at 4°C. The pellet was resuspended in 10 ml 0.9 M 

saccharose in HBSS. After further centrifugation for 20 min, 510 g at 4°C the pellet was 

resuspended in 2 ml 4% BSA in EBSS, placed on top of 12 ml 4% BSA in EBSS and 

centrifuged for 12 min, 290 g at 4°C. Finally, the resulting pellet was resuspended in staining 

solution (PBS/10%FCS/0.02%NaN3) containing primary antibodies and respective Isotype 

controls. Phycoerythrin (PE)-conjugated Cluster of differentiation 133 (CD133) (1:100, BD 

Biosciences) was incubated for 30 min at 4°C, allophycocyanin (APC)-conjugated PSA-

NCAM (1:10, Miltenyi Biotec) for 10 min at 4°C in the dark. Respective Isotype controls 

included rat IgG-PE (1:100, BD Biosciences) and mouse IgM-APC (1:10, Miltenyi Biotec). 

After a wash in FCS-containing PBS, samples were resuspended in 500 µl FCS-containing 

PBS and transferred through a 70 µm cell strainer into FACS tubes.          
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Cell analysis and sorting was performed at the Core Facility Flow Cytometry at the Institute 

of Molecular Biology (IMB) in Mainz. Prior to sorting, stained cells were incubated with DAPI 

(1:100) to exclude dead cells. Cells were sorted on a fluorescence-activated cell sorter BD 

FACS AriaTM III using FACSDivaTM software (BD Biosciences) with a sheath pressure of 70 

psi and a nozzle diameter of 70 μm. Forward (FSC) and side-scattering (SSC) excluded 

debris. Single cells were gated out by SSC-A and SSC-W. Dead cells were excluded by 

being positive for DAPI (405 nm laser, 450/50 filter). Fluorophores were detected with a 488 

nm laser and emission filters 530/30 (YFP), with a 561 nm laser and emission filters 586/15 

(PE), and with a 640 nm laser and emission filters 670/30 (APC). Gating was done based on 

pure wildtype C57BL/6J animals (no YFP) and isotype-matched controls. Four fractions of 

the cells were isolated: CD133- PSA-NCAM+, CD133- PSA-NCAM-, CD133+ PSA-NCAM+, 

and CD133+ PSA-NCAM-. Cells were directly sorted into the RLT buffer of the RNeasy micro 

kit (QIAGEN) containing β-mercaptoethanol. In one experiment ExpressArt® N-Carrier 

(AmpTec GmbH) were added to stabilize RNA.  

Total RNA was isolated using the RNeasy micro kit (QIAGEN). The quality (RNA integrity 

number (RIN)) and concentration of the RNA was determined at the Genomics Core Facility 

at the IMB Mainz using the NanoDrop3000 (Thermo Scientific) and the Agilent RNA 6000 

Pico Kit (Agilent Technologies) including analysis on the Agilent 2100 Bioanalyzer (Agilent 

Technologies). cDNA of isolated RNA from the fraction of interest (CD133+ PSA-NCAM-) 

was synthesized and amplified using the SMART-Seq® v4 Ultra® Low Input RNA Kit for 

sequencing (Clontech Laboratories). cDNA was validated using the Agilent 2100 Bioanalyzer 

and Agilent’s High Sensitivity DNA Kit (Agilent Technologies) and quantified using Qubit 

(Thermo Scientific). 0.5 ng cDNA/replicate of samples were then subjected to qPCR to verify 

CB1 knock out in targeted cells.  

4.2.11 Statistical analysis 

Data are represented as the mean ± standard error of the mean (SEM). Statistical analysis 

was done using GraphPad Prism 4 (GraphPad Software Inc, La Jolla, CA, USA) and IBM 

SPSS Statistics 22v software (IBM Corporation, Armonk, NY, USA). Unless otherwise 

specified, data were analyzed using the unpaired Student’s t-test. The alpha-level to 

determine significance was set to p<0.05.  
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4.3 Results 

4.3.1 Conditional deletion of CB1 from adult neural stem cells 

To assess the direct influence of CB1 on regulating adult neurogenesis in vivo, we generated 

a triple transgenic mouse line (Figure 31A) by crossbreeding mice expressing a TAM-

inducible Cre-recombinase under the neural stem cell specific nestin promoter and enhancer 

with floxed CB1 mice. To visualize recombined cells, the offspring was additionally crossed 

with with the reporter mouse line ROSA26-floxed-stop-YFP. TAM treatment led to excision of 

the floxed-stop cassette by Cre, expression of YFP, and deletion of CB1. 

 

Figure 31. Tamoxifen (TAM) injections induce deletion of CB1 and expression of yellow fluorescent 
protein (YFP) specifically in adult nestin-expressing stem cells and their progeny. (A) Schematic of the 
strategy for conditional deletion of CB1 from neural stem cells in vivo. (B) Time course of experiment. 
Mice were perfused 28 days post tamoxifen (dptm) or 56 dptm. (C) Recombined cells express YFP 
(green) and are found in the subventricular zone (SVZ) and (D) in the subgranular zone (SGZ) of the 
dentate gyrus (DG). (E) Quantification of YFP positive cells in the DG reveals a significant decrease in 
nes-CB1ko/ko animals at 28 dptm and 56 dptm. (F) Representative confocal images display co-
localization of recombined YFP cells (green) and CB1 expression (red) in CB1 wt/wt mice, whereas 
nes-CB1ko/ko mice show a lack of CB1 expression in recombined cells. DAPI, blue. n=4 
animals/group, **p<0.01, *p<0.05, Student’s t-test. Data are represented as mean ± SEM. Scale bar, 
100 µm. Cortex (Cx); Striatum (Str); granule cell layer (GCL), molecular layer (ML). 
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Animals were injected with tamoxifen at 8 weeks of age and perfused 28 and 56 days post 

tamoxifen (dptm) (Figure 31B). Recombination and expression of YFP occurred specifically 

in both neurogenic regions, in the SVZ (Figure 31C) and the SGZ of the DG (Figure 31D). 

Quantification of reporter-positive cells in the SGZ (Figure 31E) showed 28 dptm in CB1wt/wt 

mice 11700 ± 534 cells were YFP+ and significantly less (p=0.007) in nes-CB1ko/ko mice 

(7823 ± 903). At 56 dptm the number of YFP+ cells was still reduced (p=0.048) in nes-

CB1ko/ko mice (10600 ± 1375) compared to CB1wt/wt mice (14660 ± 887). To confirm that 

CB1 was deleted from YFP positive cells, we immunostained sections from CB1wt/wt and 

nes-CB1ko/ko with YFP and CB1 specific antibodies (Figure 31F). CB1 was not detected 

anymore in recombined cells of nes-CB1ko/ko mice.   

4.3.2 Deletion of CB1 reduces proliferation capacity of newborn cells   

Since nes-CB1ko/ko animals displayed a decreased number of YFP positive cells, we 

investigated the maturation stage of the cells by quantifying reporter positive cells co-

expressing cell type specific antigens 28 and 56 dptm. At 23 dptm we injected BrdU for five 

consecutive days to follow the fate of recombined cells (Figure 32A).  

At 28 dptm, recombined YFP cells were positive for BrdU, DCX and NeuN, as assessed by 

immunostaining (Figure 32B) in both genotypes. 4 weeks later, YFP cells were still positive 

for all the aforementioned markers (Figure 32C). When we quantified the co-localizing cells 

(Figure 32D), we found at 28 dptm 6424 ± 427 cells in CB1 wt/wt mice expressing the marker 

DCX, whereas 4388 ± 620 cells in nes-CB1ko/ko were positive for DCX, representing a 

decreased (p=0.035) pool of neuroblasts. At this stage 2178 ± 450 cells in CB1wt/wt mice 

were positive for the marker NeuN, but only 716 ± 250 cells in nes-CB1ko/ko mice, 

demonstrating additionally a decreased (p=0.047) number of mature neurons. The pool of 

both populations increased at 56 dptm, when 6992 ± 681 YFP cells were positive for DCX in 

the CB1wt/wt animals, while only 4358 ± 587 cells were positive for DCX in nes-CB1ko/ko 

mice (p=0.026). Again, nes-CB1ko/ko animals showed a decreased (p=0.029) number of 

YFP/NeuN double positive cells (3773 ± 84) compared to CB1wt/wt mice (6828 ± 851).  
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Figure 32. Conditional deletion of CB1 impairs proliferation of adult neural stem cells in the dentate 
gyrus. (A) Schedule of experiment. Mice were injected with BrdU for 5 d at 23 dptm and analyzed 28 
dptm and 56 dptm. (B) Maximum intensity projections of z-stacks show YFP positive cells expressing 
BrdU, DCX, and NeuN 28 dptm and (C) 56 dptm. Filled arrow: colocalizing cell, empty arrow: non-
colocalizing cell. (D) Quantification of YFP cells and co-localization with neuronal markers. Deletion of 
CB1 reduces the YFP/DCX and YFP/NeuN population 28 dptm and 56 dptm. (E) Nes-CB1ko/ko 
animals display a reduced number of newborn cells, as assessed by co-expression of YFP and BrdU. 
(F) Differentiation of BrdU labeled cells into the neuronal (NeuN) or astroglial (S100b) lineage is not 
affected 56 dptm. n=4-6 animals/group, *p<0.05, **p<0.01, Student’s t-test, n.s. not significant. Data 
represent mean ± SEM. Scale bar, 50 µm. Subgranular zone (SGZ), granule cell layer (GCL), 
molecular layer (ML). 

Since the deletion of CB1 from neural stem cells led to a decreased pool of neuroblasts and 

neurons, we assessed the proliferation rate of the recombined cells (Figure 32E). Indeed, we 

found in CB1wt/wt mice 900 ± 34 cells were YFP/BrdU positive and only 586 ± 81 in nes-

CB1ko/ko, representing a significant smaller (p=0.009) pool of proliferating cells. BrdU 

positive cells were also counted 4 weeks after BrdU injection to measure their differentiation 

potential. 56 dptm, 449 ± 51 cells expressed YFP/BrdU in CB1wt/wt mice, but only 269 ± 26 

cells in nes-CB1ko/ko mice, demonstrating a significant (p=0.020) smaller amount of 
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YFP/BrdU cells. Next, we determined the phenotype of YFP/BrdU cells by co-

immunostaining with either the neuronal marker NeuN or the astroglial marker S100b (Figure 

32F). 91.0 ± 1.5% of YFP/BrdU cells in CB1wt/wt mice were positive for NeuN and 85.5 ± 

2.7% in nes-CB1ko/ko mice. In contrast, 10.6 ± 0.9% of YFP/BrdU cells in CB1wt/wt mice 

were positive for S100b and 10.8 ± 0.6% in nes-CB1ko/ko mice. Here, we found no 

difference between the two groups in differentiation into the neuronal or astroglial lineage. 

Taken together, our results indicate that CB1 regulates the proliferation capacity, leading to a 

reduced number of neuroblasts and neurons. CB1 itself does not alter directly the 

differentiation potential of adult neural stem cells.  

These results are supported by an alternative approach in an additional mouse model, in 

which we injected a lentivirus containing a Sox-2 promoter-driven Cre recombinase (Sox2-

Cre) into the DG of ROSA26-floxed-stop-YFP mice crossed with floxed CB1 animals (Figure 

33A). Due to the active Sox-2 promoter, CB1 will be knocked-out in neural stem cells and 

YFP expressed. At 23 days post infection (dpi), BrdU was injected to quantify the 

proliferation at 28 dpi and the differentiation at 56 dpi (Figure 33B). Injection of Sox2-Cre-

lentivirus led to expression of YFP in adult neural stem cells and their progeny in the SGZ of 

the DG in both CB1wt/wt and Sox2-CB1ko/ko mice and BrdU labeled dividing cells (Figure 

33C).  Quantification of YFP cells (Figure 33D) revealed that 28 dpi 22540 ± 2701cells were 

positive for YFP in CB1wt/wt mice and 15150 ± 1192 cells in Sox2-CB1ko/ko mice, a non-

significant (p=0.066) decrease. At 56 dpi, the number of YFP cells in CB1wt/wt was 18780 ± 

3493 cells and in Sox2-CB1ko/ko mice 16690 ± 1162 cells, presenting no change. However, 

the lentivirus-mediated fate-tracing study and subsequent BrdU labeling (Figure 33E) 

showed that YFP/BrdU positive cells were reduced (p=0.039) in Sox2-CB1ko/ko mice (289 ± 

82 cells) 28 dpi compared to CB1wt/wt mice (686 ± 103 cells). At 56 dpi YFP/BrdU cells were 

also decreased in Sox2-CB1ko/ko mice (53 ± 10 cells) compared to CB1wt/wt mice (108 ± 18 

cells), but not significantly (p=0.06). Furthermore, we were interested in investigating the 

differentiation potential of targeted cells, using colocalization analysis of YFP cells with either 

the astrocytic marker S100b or the neuronal marker NeuN (Figure 33F). Quantification of 

triple positive cells showed 81.0 ± 4.8% being positive for NeuN in CB1wt/wt and 73.5 ± 7.1% 

in Sox2-CB1ko/ko mice, revealing no difference between both groups (Figure 33G). In 

CB1wt/wt 12.2 ± 1.3% were triple positive for S100b and in Sox2-CB1ko/ko mice 14.7 ± 

2.8%, indicating differentiation into the astroglial lineage was not affected.  
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Figure 33. Lentivirus-mediated deletion of CB1 in Sox2-positive cells in the dentate gyrus impairs 
proliferation of adult neural stem cells. (A) Schematic of the strategy for deletion of CB1 from neural 
stem cells in vivo with a lentivirus containing Cre recombinase under the control of the Sox2 promoter. 
(B) Timeline of experiment. 8 week old animals were injected with the lentivirus (LV) via stereotactic 
surgery. BrdU was injected i.p. for 5 consecutive days starting at 23 dpi and animals were perfused at 
28 dpi and 56 dpi. (C) Representative micrographs of CB1wt/wt and Sox2-CB1ko/ko mice show 
recombined cells in the subgranular zone (SGZ) expressing YFP (green) after lentivirus injection and a 
fraction of it colocalizing with BrdU (red) 28 dpi and 56 dpi. (D) Quantification of YFP cells reveals an 
almost significant decrease (p=0.066) in YFP positive cells 28 dpi, whereas YFP cell numbers are 
unaltered 56 dpi. (E) Quantification of YFP/BrdU double positive cells shows that loss of CB1 impairs 
significantly cell proliferation (28 dpi), but maintenance (56 dpi) of YFP/BrdU cells is only slightly (but 
not significantly) decreased upon CB1 deletion (p=0.060). (F) Exemplary immunofluorescence images 
of CB1wt/wt animals for YFP (green) cells colocalizing with BrdU (red) and S100b or NeuN (blue) in 
the dentate gyrus 56 dpi. (G) Bar graph indicates percentage of YFP/BrdU/marker of total YFP/BrdU 
cells (marker=S100b or NeuN) 56 dpi. Differentiation into the astroglial or neuronal lineage is not 
affected. N=3-4 animals/group, *p<0.05, Student’s t-test. n.s. not significant. Values represent mean ± 
SEM. Scale bar, 100 µm. 
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4.3.4 CB1 is required for neurogenesis-dependent LTP in the hippocampus 

Adult neurogenesis is comprised of incorporating new neurons in the existing circuitry. Since 

we manipulated the proliferation potential of newborn neurons and the number of targeted 

neuroblasts and neurons, we were wondering if CB1 deletion has an impact on physiological 

properties such as synaptic plasticity in the hippocampus. We performed electrophysiological 

analysis at two structures of the hippocampus by a theta burst stimulation paradigm to elicit 

LTP (Figure 34): 1) stimulation of MPP and recording fEPSPs in the medial molecular layer 

of the upper blade of the DG (green) and 2) stimulation of Schaffer collateral axons of area 

CA3 and recording fEPSPs in the CA1 region (red) 28 to 42 dptm.  

 

 

Figure 34. Schematic overview of electrophysiology measurements including stimulation and 
recording electrodes in the different paradigms. Green: to record long-term potentiation (LTP) in the 
dentate gyrus (DG), the stimulation electrode was placed in the medial molecular layer of the upper 
blade of the DG to stimulate the afferent fibers of the medial perforant path (MPP) and the signals 
were recorded in the DG. Red: to record LTP in the CA1 region, a stimulation electrode was placed in 
the CA3 region stimulating Schaffer collaterals.  

To unmask the potentiation of existing granule cells we investigated LTP in the presence of 

picrotoxin, a GABAR antagonist. Here, LTP was indistinguishable between both groups 

(Figure 35A, B). This implies that CB1 deletion does not change potentiation of existing 

granule neurons.  

New neurons in the DG have been shown to elicit a form of LTP, which is specific for 

activation of NR2b and insensitive to inhibition of GABAergic transmission (Snyder et al., 

2001). After tetanic stimulation of MPP in slices, control mice displayed a potentiation lasting 

for 60 min, which was blocked when NR2b antagonist ifenprodil was applied. In contrast, 

potentiation levels in nes-CB1ko/ko mice were lower than in control mice and exhibited a 

similar decay of potentiation when slices from control mice were incubated with ifenprodil 

(Figure 35C). Averaged potentiation levels of the last 5 min displayed significant different 
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fEPSP slopes in nes-CB1ko/ko (103.5 ± 2.4%, p=0.007) and CB1wt/wt+ifenprodil (99.4 ± 

2.2%, p=0.008) mice compared to CB1wt/wt mice (120.1 ± 3.1%) (Figure 35D).  

 

Figure 35. CB1 deletion in adult-born neurons impairs LTP in the dentate gyrus. (A) fEPSP slope of 
CB1wt/wt (n=9, 3 animals) and nes-CB1ko/ko (n=8, 2 animals) mice in presence of picrotoxin, 28 to 
42 dptm. (B) Averaged potentiation levels of the last 5 minutes of LTP in presence of picrotoxin were 
not significantly different. (C) Summary plots of the field EPSP (fEPSP) slope elicited in response to a 
test stimulus before (-20 to 0 min) and after (0 to 60 min) tetanic stimulation of the medial perforant 
path (MPP) in nes-CB1ko/ko (n=12, 4 animals) and in CB1wt/wt in absence (n=11, 4 animals) or 
presence (n=8, 3 animals) of ifenprodil, 28 to 42 dptm. (D) Averaged potentiation levels of the last 5 
minutes of LTP were significantly lower in slices of nes-CB1ko/ko mice and in CB1wt/wt mice treated 
with ifenprodil. **p<0.01, one-way ANOVA. Data are represented as mean ± SEM. Electrophysiology 
recordings were performed in the lab of Prof. Ivan Soltesz by Mattia Maroso at the Department of 
Neurosurgery (Standford University, USA). 

To even further analyze physiological changes in synaptic plasticity, we stimulated Schaffer 

collaterals of CA3 by theta burst stimulation and recorded fEPSPs in CA1, which resulted in 

a LTP curve that is significantly different to that of littermate controls (Figure 36A). Averaged 

potentiation levels of the 5 min displayed significant different (p=0.042) fEPSP slopes in nes-

CB1ko/ko (132.47 ± 2.04%) mice compared to CB1wt/wt mice (141.01 ± 2.98%) (Figure 

36B). This shows that changes in the DG can promote acquisition of the phenotype at 

synapses in the whole hippocampus (e.g. at CA3-CA1 synapses).  
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Figure 36. CB1 deletion in adult-born neurons impairs LTP in the CA3-CA1 region. (A) fEPSPs were 
recorded in CA1 region by stimulating Schaffer collateral axons of area CA3. Acute slices of nes-
CB1ko/ko mice (n=16, 4 animals) displayed an LTP curve that is significantly different to that of 
littermate controls (n=23, 5 animals). (B) Averaged potentiation levels of the last 5 minutes of LTP 
were significantly lower in nes-CB1ko/ko mice. *p<0.05, Student’s t-test. Data are represented as 
mean ± SEM. Recordings were carried out in the lab of Prof. Martin Korte by Susann Ludewig at the 
Zoological Institute, Division Cellular Neurobiology (Technische Universität Braunschweig, Germany). 

Synaptic transmission was evaluated in all paradigms by testing input-output responses and 

short-term plasticity was tested by paired-pulse depression (Figure 37). Basal synaptic 

properties were unaltered when slices were treated with pircotoxin (Figure 37A). Untreated 

slices from nes-CB1ko/ko animals showed significant alterations at fiber volley amplitudes 

0.3 to 0.5 mV (0.3 mV: p=0.034, 0.4 mV: p=0.039, 0.5 mV: p=0.025, Figure 37B, middle 

panel). In the CA1 region analyzed input-output strength revealed significant alterations 

between groups at fiber volley amplitudes 0.4 to 0.8 mV (0.4 mV: p=0.032, 0.5 mV: p=0.039, 

0.6 mV: p=0.006, 0.7 mV: p=0.003, 0.8 mV: p=0.011, Figure 37C, middle panel).             
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Figure 37. Basal synaptic properties of CB1-wildtype and CB1-deficient mice. (A) In the DG in the 
presence of picrotoxin neuronal excitability was statistical indistinguishable at all stimulus intensities 
(25 – 250 µA) between genotypes. Analyzing the Input-Output strength in slices showed no significant 
alterations between groups and paired pulse facilitation was unaltered (CB1wt/wt (n=9/n=3 animals), 
nes-CB1ko/ko(n=8/n=2 animals)). (B) In the DG neuronal excitability was statistically indistinguishable 
at all stimulus intensities (25 – 250 µA) between genotypes and treatment with ifenprodil. Analyzing 
Input-Output strength revealed significant alterations between all three groups at fiber volley 
amplitudes 0.3 to 0.5 mV. Paired pulse facilitation was unaltered (CB1wt/wt(n=11/n=4 animals), nes-
CB1ko/ko(n=14/n=4 animals), CB1wt/wt+ifenprodil(n=8/n=3 animals)). (C) In the CA1 region neuronal 
excitability was statistical indistinguishable at all stimulus intensities (25 – 250 µA) between genotypes 
(CB1wt/wt(n=18/n=5 animals), nes-CB1ko/ko(n=17/n=4 animals)). Analyzing the Input-Output strength 
revealed significant alterations between groups at fiber volley amplitudes 0.4 to 0.8 mV 
(CB1wt/wt(n=15/n=5), nes-CB1ko/ko(n=15/n=4)). Paired pulse facilitation was unaltered 
(CB1wt/wt(n=20/n=5), nes-CB1ko/ko(n=18/n=4)). *p<0.05, **p<0.01, Values represent mean ± SEM. 
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4.3.5 Spatial memory function and behavioral despair are regulated by CB1 in 

adult-born neurons 

Deletion of CB1 led to a decrease in proliferation of new neurons and to an impairment in 

LTP specifically in newborn neurons in the DG. We therefore next explored what impact this 

impaired hippocampal function has on neurogenesis-related behavior in nes-CB1ko/ko mice. 

We tested the animals in behavioral tasks corresponding to hippocampus-dependent 

learning and memory and to emotional regulation like anxiety or behavioral despair.  

Mice were tested 28 dptm (Figure 38A), starting with the spatial object recognition test 

(SORT) in a Y-maze. Here, nes-CB1ko/ko mice showed a significant decrease (p=0.038) in 

the index of recognition (CB1wt/wt: 61.1 ± 2.1%, nes-CB1ko/ko: 52.9 ± 3.4%), while total 

exploration time and distance moved were unaltered (Figure 38B). This implies deletion of 

CB1 from neural stem cells deteriorates cognitive performance. When testing animals in the 

Morris water maze (MWM) test (Figure 38C), both groups were able to find the visible 

platform. During training with the hidden platform nes-CB1ko/ko mice displayed higher 

escape latencies (p=0.036) over the time course of 8 days, indicating that CB1 deletion leads 

to an aggravation of spatial memory. However, during the probe trial all animals spent the 

same amount of time in the target quadrant (CB1wt/wt: 28.5 ± 1.5 s, nes-CB1ko/ko: 27.9 ± 

2.4 s).  
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Figure 38. Effect of CB1 loss in adult neural stem cells on hippocampus-dependent learning and 
memory and emotional regulation. (A) Timeline. Behavior of CB1wt/wt and nes-CB1ko/ko mice was 
analyzed 28 dptm. (B) CB1-deficient mice in the spatial object recognition test display a decrease in 
the index of recognition, whereas total exploration and total distance travelled are not impaired. N=19 
(CB1wt/wt), n=13 (nes-CB1ko/ko), *p<0.05, Student’s t-test. (C) Animals in the Morris water maze test 
exhibit no difference in escape latency during visible platform training days among groups.  nes-
CB1ko/ko mice show a worse performance in MWM training during hidden platform days (n=20 
(CB1wt/wt, n=19 (nes-CB1ko/ko), *p<0.05, repeated measure 2-way ANOVA; Bonferroni post-test). 
After 8 days of training animals spent the same time in the target quadrant (TQ) during the probe trial 
as CB1wt/wt mice. (D) Animals lacking CB1 display an increase in immobility time and a decrease in 
latency to first immobility in the forced swim test. N=19 (CB1wt/wt), n=13 (nes-CB1ko/ko), *p<0.05, 
Student’s t-test. (E) CB1 deficient mice (n=19) show a reduced, but not significant preference for 
sucrose compared to CB1wt/wt mice (n=20). Graphs show mean ± SEM. 

Additionally, it has been shown that the process of adult neurogenesis is regulating 

behavioral despair. We tested animals in the forced swim test (Figure 38D), which has been 

used as a test to assess depressive-like states or antidepressant efficacy. Animals lacking 

CB1 displayed an increase (p=0.031) in immobility time (CB1wt/wt: 115.2 ± 8.2 s, nes-

CB1ko/ko: 141.0 ± 6.7 s) and a decrease (p=0.017) in latency to first immobility (CB1wt/wt: 

52.1 ± 6.0 s, nes-CB1ko/ko: 32.5 ± 2.9 s). To support our results of an involvement of CB1 
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on adult neural stem cells in depressive-like behavior, we measured the preference of 

animals for sucrose (Figure 38E). Here, CB1 deficient mice showed a decreased, but not 

significant (p=0.075) preference for sucrose (CB1wt/wt: 74.1 ± 4.2%, nes-CB1ko/ko: 60.8 ± 

6.0%).  

CB1 deletion did not affect body weight, locomotion, nor anxiety-like behavior in the open 

field and light dark test (Figure 39A-C). In contrast to the decrease of spatial learning and 

memory in the SORT and the MWM, CB1 deletion did not have an influence on contextual or 

cued fear conditioning (Figure 39D). Since nes-CB1ko/ko mice showed an increase in 

behavioral despair in the forced swim test, we tested the animals in the tail suspension test 

(Figure 39E), which was unaltered. 

 

Figure 39. CB1 deletion in nestin positive cells does not affect locomotion, anxiety, body weight, 
contextual fear memory, nor immobility time in the tail suspension test. (A) Locomotion of animals and 
time spent in the center was assessed in the open field test 28 dptm and revealed no difference (n=19 
(CB1wt/wt), n=13 (nes-CB1ko/ko)). (B) In the light dark test (n=19 (CB1wt/wt), n=13 (nes-CB1ko/ko)) 
nes-CB1ko/ko animals entered the lit compartment equally frequent and spent the same amount of 
time in the lit compartment. (C) Nes-CB1ko/ko mice gain the same weight as their wildtype littermates 
(n=19 (CB1wt/wt), n=13 (nes-CB1ko/ko)). (D) In the fear conditioning task (n=20 (CB1wt/wt), n=19 
(nes-CB1ko/ko)) percentage of baseline freezing in the respective context and percentage of freezing 
during extinction in the context were similar in control and nes-CB1ko/ko mice. During cued fear 
conditioning CB1wt/wt and nes-CB1ko/ko animals exhibited equivalent freezing levels (baseline and 
learning). (E) In the tail suspension test (n=20 (CB1wt/wt), n=19 (nes-CB1ko/ko)), immobility time was 
equivalent in both groups. Data represent mean ± SEM.    

In conclusion, CB1-induced impairment on the cellular level led to a severe physiological 

deterioration in spatial learning and memory, as well as to an enhancement of behavioral 

despair. 
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4.3.6 RNA levels of CB1 and BDNF are unaltered in the hippocampus or dentate 

gyrus of CB1-deficient mice 

To dissect the underlying molecular mechanisms, which are responsible for the reduced 

proliferation rate and the behavioral phenotype, we were interested in changed gene 

expression levels in the regions of interest, the hippocampus and the DG (Figure 40).  

 

Figure 40. Relative gene expression of CB1 and BDNF in the hippocampus and dentate gyrus is 
unaltered. RNA from CB1wt/wt and nes-CB1ko/ko mice (n=3). Graphs show mean ± SEM. ns – not 
significant different.      

RNA was isolated from either hippocampus or DG from CB1wt/wt and nes-CB1ko/ko animals 

and quantified with qPCR. In the hippocampus (Figure 40A), CB1 and BDNF gene 

expression was not different among groups. Microdissection of the DG (Figure 40B) and 

subsequent qPCR did not show any differences between groups in CB1 nor BDNF gene 

expression.     

4.3.7 Isolation of adult neural stem cells from nes-CB1ko/ko mice by FACS 

Due to the low occurrence of adult NSCs compared to the rest of hippocampal tissue, only 

few cells have been targeted by our approach using the nestin-CreERT2 mouse line. Thus, 

any changes in gene expression are very hard to detect. This is why we focused on 

establishing the isolation of targeted adult NSCs from the SGZ in the laboratory. By following 

a published protocol (Fischer et al., 2011) for isolation of NSCs from the SVZ, we dissociated 

the tissue, enriched cells via a sucrose gradient, and immunolabeled isolated cells with 

fluorescent antibodies (Figure 41). Cells were then sorted based on their expression of YFP 

(targeted, recombined cells), CD133 (adult NSCs) and PSA-NCAM (adult neuronal 

progenitor cells) (Figure 42). Afterwards, RNA was isolated and assessed via qPCR.   
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Figure 41. Overview of workflow for isolation of adult NSCs. 

From the total population of dissociated cells, 3.8% were selected based on their size in the 

forward and side scatter and on backgating after completed gating (Figure 42A). Of those 

cells, 69.5% were selected as single cells in the side scatter and subsequently 83.5% of 

single cells were isolated living cells (negative for DAPI). This gating has been applied in 

CB1wt/wt and nes-CB1ko/ko mice, respectively. Only a small fraction of single, living cells 

from the hippocampus was positive for YFP; 0.35% in CB1wt/wt and 0.34% in nes-CB1ko/ko 

mice (Figure 42B) as compared to cells from C57BL/6J mice. Our fraction of interest included 

YFP+/CD133+/PSA-NCAM- cells, the neural stem cells. Flow cytometry analysis showed 

35.7% of YFP cells in CB1wt/wt and 41.7% of YFP cells in nes-CB1ko/ko mice were positive 

for CD133, and 29.4% of YFP cells and 29.8% of YFP cells were positive for PSA-NCAM 

respectively (Figure 42C). Statistical evaluations between different experiments were not 

done, since each experiment depended on the quality of the dissociation process.  
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Figure 42. FACS analysis and sorting of isolated NSCs from the hippocampus. (A) Dot plots showing 
sequential selection of cells, single cells and living cells. (B) Gating for YFP positive cells in CB1wt/wt 
and nes-CB1ko/ko mice based on negative control. (C) Contour plot of selected YFP cells being 
positive fo CD133-PE and/or PSA-NCAM-APC. FSC-A; forward scatter-area, SSC-A; side scatter-
area, SSC-W; side scatter width, Q; quadrant. 
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In total, only few cells were isolated (Table 6). Three established experiments/cell sorts were 

carried out over the course of this thesis. Isolated YFP cells ranged from 505 to 1373 cells. 

Our fraction of interest, YFP+/CD133+/PSA-NCAM-, contained 155 to 794 cells per 

genotype. The RNA integrity number (RIN) was assessed in the first two experiments, 

revealing mostly degraded RNA or below detection limit (RIN=1). The concentration of RNA 

of those few isolated cells was very low, ranging from 58 pg/µl to 115 pg/µl. When isolating 

RNA with N-Carriers (to prevent RNA degradation by stabilization with short hairpin RNAs 

(<100 nt)), RNA concentration was higher, but quality of isolated RNA did not improve. From 

RNA from our cells of interest we generated and amplified cDNA with an ultra-low input RNA 

kit, leading to cDNA concentrations ranging from 0.26 ng/µl to 1.47 ng/µl. 0.5 ng/replicate 

was used for qPCR to assess CB1 and BDNF gene expression. In experiment 1, the CB1 

and BDNF RNA level was below the detection limit, thus gene expression changes were not 

determined. In experiment 2 and 3, CB1 gene expression in nes-CB1ko/ko mice was 

reduced by half (fold change 0.52 ± 0.31) compared to CB1wt/wt mice. BDNF RNA levels 

were only determined in experiment 2, revealing a decrease to 0.86 in relative gene 

expression in nes-CB1ko/ko mice.   

In the additional fractions, we tried to transcribe isolated RNA into cDNA using the High 

Capacity cDNA Reverse Transcription Kit and subjected the whole amount of resulting cDNA 

to qPCR for CB1 gene expression, to investigate if the CB1 knock-out has occurred in 

different populations other than our fraction of interest. This resulted in mixed outcomes (very 

high upregulated versus downregulated in the same population), not representing a clear 

picture of gene expression changes. 
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Table 6. Overview of FAC-sorted cells and gene expression changes.   

 

In conclusion, no statement can be given in this thesis about gene expression changes due 

to technical limitations. Isolation of adult NSCs and their subsequent processing (including 

RNA isolation of a limited number of cells, stable cDNA generation and qPCR with a very low 

amount of cDNA) depend on multiple factors that need to be addressed and optimized in 

further experiments.   

  

Experiment Genoytpe Population
Cell 

number

RNA 

[pg/µl]
RIN

cDNA 

[ng/µl]

CB1          

Fold Change

BDNF        

Fold Change
CD133- PSA-NCAM + 131 58.16 1

CD133- PSA-NCAM - 102 17.44 1.2

CD133+ PSA-NCAM + 69 96.96 1

CD133+ PSA-NCAM - 280 107.2 6.8 0.26

YFP total 582

CD133- PSA-NCAM + 115 24.16 1 1.43

CD133- PSA-NCAM - 72 16.56 1 Undetermined

CD133+ PSA-NCAM + 75 56.96 5.9 13.67

CD133+ PSA-NCAM - 279 58.72 N/A 0.66 Undetermined Undetermined

YFP total 541

CD133- PSA-NCAM + 25 116 1

CD133- PSA-NCAM - 92 87 1

CD133+ PSA-NCAM + 79 209 2.5

CD133+ PSA-NCAM - 155 120 1 0.46

YFP total 737

CD133- PSA-NCAM + 61 157 1 Undetermined

CD133- PSA-NCAM - 67 224 1 0.11

CD133+ PSA-NCAM + 155 388 1 142.22

CD133+ PSA-NCAM - 222 197 1.1 0.26 0.21 0.86

YFP total 505

YFP negative 500 215 1

YFP negative 1000 190 1.1

CD133- PSA-NCAM + 50

CD133- PSA-NCAM - 93

CD133+ PSA-NCAM + 189

CD133+ PSA-NCAM - 291 90 0.6

YFP total 623

CD133- PSA-NCAM + 93 0.64

CD133- PSA-NCAM - 218 1.64

CD133+ PSA-NCAM + 268 0.50

CD133+ PSA-NCAM - 794 115 1.47 0.82 Undetermined

YFP total 1373

3 (20.06.16)

2 (31.05.16)                         

(+N-Carrier)

1 (30.03.16)

nes-CB1ko/ko

CB1 wt/wt

nes-CB1ko/ko

CB1 wt/wt

nes-CB1ko/ko

CB1 wt/wt
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4.4 Discussion 

In the present study, we developed a transgenic strategy to conditionally delete CB1 from 

adult neural stem cells and their progeny, and investigated the direct role of CB1 in adult 

neurogenesis, electrophysiological properties of newborn neurons, and neurogenesis-related 

behavior. Selective deletion of CB1 from nestin-positive cells led to a decrease in total 

targeted cells, caused by a reduction in proliferation. Second, CB1 deletion led to an 

impairment of LTP in the DG and in pyramidal neurons of the CA3-CA1 region. Consistent 

with these results, hippocampus-dependent spatial learning was deteriorated and 

depressive-like behavior was induced in CB1-deficient mice.  

Our results suggest that CB1 deficiency in a relative small fraction of granule cells is 

sufficient to produce deficits in neurogenesis-related behavior. Stereological counts revealed 

that 12,000 - 15,000 newly generated cells were targeted in wildtype mice (concordant with 

(Lagace et al., 2007)), representing 2.4 - 3% of the total DG granule cell population (500,000 

cells (Ihunwo and Schliebs, 2010)). Reduction of neurogenesis in nes-CB1ko/ko mice led to 

8,000 - 11,000 cells, constituting only 1.6 – 2.2% of total cells. By using a second approach 

targeting Sox2-positive NSCs with a lentiviral vector (Suh et al., 2007), we were able to 

support our results that CB1 deletion leads to a decrease in NSC/NPC proliferation. Here, 

the results were influenced by the virus injection that involves the technical challenge 

including heterogeneous labeling, resulting in a widespread population of cell numbers. 

However, we were not able to show that differentiation of labeled cells into the neuronal or 

astroglial lineage is affected. In contrast, Aguado et al. demonstrated in CB1 KO mice that 

progenitor proliferation and astrogliogenesis are impaired in vitro (Aguado et al., 2005) and in 

vivo (Aguado et al., 2006). In vitro studies involve the use of supplemental growth factors, 

which by themselves could incidentally affect the potential of differentiation. Concerning the 

in vivo study of complete CB1 KO mice, CB1 deletion on other cells than neural stem cells 

inside the niche could indirectly induce neurogenesis or reduce astrogliogenesis; e.g. CB1 on 

glutamatergic or GABAergic neurons and on astrocytes being present in the hippocampus. 

nestin-CreERT2 mice are not the only model to target adult neural stem cells. Radial glia 

cells (RGCs) are antigenically heterogeneous (DeCarolis et al., 2013), since not all RGCs in 

the SGZ zone express nestin. Since the decision between astrocytic or neuronal lineage is 

presumably made on the level of type-1 cells (Steiner et al., 2006), it would be interesting to 

see whether deletion of CB1 from type-1 cells only using the astrocyte- and radial glia-

specific glutamate aspartate transporter (Glast)-CreERT2 line (GLAST-CreERT2xCB1fl/fl) 

https://en.wikipedia.org/wiki/Glutamate_aspartate_transporter


4.4 Discussion 

 

99 

could affect the differentiation potential. However, this could also lead to deletion of CB1 from 

astrocytes, having a rather indirect effect on differentiation later.  

Here, we were able to show for the first time, that CB1 on NSCs directly regulates 

proliferation of NSCs. One mechanism could be that loss of CB1 inhibits activation of 

quiescent NSCs. Activation of CB1 via endocannabinoid signalling in NPCs involves the 

proliferative signal transduction pathways PI3K/Akt and ERK, two classical pathways which 

promote cell survival and proliferation. Downstream targets involve mammalian target of 

rapamycin complex 1 (mTORC1) and cAMP response element-binding protein (CREB), 

which are central regulators of IEGs such as cFos, c-jun, zif268, and BDNF (Pagotto et al., 

2006), leading to neural cell survival/death decisions (Prenderville et al., 2015). Additionally, 

CB1 can interact with other growth factors by transactivating e.g. the EGF receptor (Hart et 

al., 2004). Advances in the technique of FACS and subsequent RNA sequencing should give 

us an insight on which factors control the process of neurogenesis. To our knowledge, no 

study has investigated and compared the isolation of stem cells from conditional gene 

knockout in adult neural stem cells. However, only recently, single-cell transcriptomes of 

adult hippocampal quiescent NSCs and their immediate progeny have been revealed (Shin 

et al., 2015), making it a challenging task to extend these discoveries with in the future.   

The generation of new neurons in the DG is CB1-dependent, since proliferation is reduced in 

the early stages of neurogenesis, which then in consequence leads to a reduced number of 

neuroblasts and mature granule neurons. These newly generated cells compete with existing 

granule cells for entorhinal cortical input to integrate into the hippocampal circuit. We found 

that synaptic response strength was decreased in slices from nes-CB1ko/ko animals, 

revealing a reduced excitability. We then showed that loss of CB1 signaling led to a specific 

form of strongly impaired LTP in young neurons when comparing with ifenprodil-treated 

slices from CB1wt/wt mice. Glutamatergic signaling of mature granule neurons was not 

affected by CB1 deletion, as shown by a further electrophysiological paradigm, where the 

strong GABAergic inhibition in the DG was blocked with picrotoxin. These results reflect the 

reduced rate of neurogenesis, because it has already been shown that irradiation of the 

hippocampus led to the same reduced ifenprodil-sensitive LTP (Snyder et al., 2001). The 

investigated LTP in the DG in young neurons could be either due to the reduced number of 

newborn neurons or due to a reduced dendritic arborization and fewer synaptic spines. 

Literature has already demonstrated that CB1 has an impact on neuronal and synaptic 

maturation, at least during embryonic development (Berghuis et al., 2007). We are currently 

investigating the morphology of newborn neurons by retrovirus-mediated labeling of newborn 

neurons in CB1wt/wt and nes-CB1ko/ko mice. However, one could also use a DCX-CreERT2 
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(Zhang et al., 2010) mouse line to differentiate the effects of CB1 on either proliferation or 

dendritic maturation. If LTP in DCX-CB1ko/ko mice would remain unchanged upon CB1 

deletion, this would be due to a pure proliferation deficit and a subsequent reduced number 

of neurons. Nevertheless, when assessing LTP in the CA1 field of the hippocampus in our 

model, we found a slight decrease of LTP, implicating that the structural modification by the 

reduced number of new granule cells modified its connectivity by changing the number and 

strength of synaptic contacts in the whole hippocampal formation.  

A decrease in adult neurogenesis has been shown to influence cognitive performance and 

mood regulation, whereas the dorsal hippocampus is involved in memory processing and the 

ventral hippocampus in emotional behavior (Fanselow and Dong, 2010). Nes-CB1ko/ko mice 

display a disrupted hippocampal circuitry, and consequently exhibit a marked decrease in 

spatial learning in the Morris water maze. Here, the formation of new memories was delayed, 

because the decreased number of new neurons was not able to remodel the existing 

circuitry. It has to be considered that animals are placed under a considerable amount of 

stress through swimming, thereby adding a strong aversive stimulus to the test. A further 

paradigm to assess spatial learning and memory with a reduced extent of aversive 

stimulation (bright light) could include the Barnes maze (Barnes, 1979), where performance 

has also been shown to be impaired with a decrease in neurogenesis  (Imayoshi et al., 2008; 

Shors et al., 2002). Another test could be the radial arm maze (Brown et al., 1976), but this 

test involves food or water deprivation, also adding a stress component to the test. 

Nevertheless, we showed that nes-CB1ko/ko mice exhibit a deterioration of cognitive 

performance and of innate preference for novelty in another hippocampal-dependent test, the 

SORT. This test requires the hippocampus for encoding, consolidation, and retrieval, and 

assesses short term spatial memory in the mouse. Our results are in accordance with 

another study, which showed that the amount of neuroblasts was linear to the reaction to 

novelty (van Dijk et al., 2016). Another conditional CB1 KO model, which targets astrocytes 

and a part of adult neural stem cells (GFAP-CreERT2 x CB1fl/fl mice) has been shown to 

impair spatial working memory (Han et al., 2012). However, here, the authors did not 

investigate the effect on adult neurogenesis, leaving the hypothesis open that neurogenesis 

must have also been impaired in these animals.  

Notably, in our study, specific CB1 deletion did not affect performance in another 

hippocampal-dependent task, the context-fear memory. While contextual fear conditioning is 

dependent on the hippocampus only, cued fear conditioning involves the hippocampus and 

the amygdala (Phillips and LeDoux, 1992). Decreased levels of neurogenesis by irradiation 

have been shown to alter fear learning in the contextual fear conditioning paradigm (Saxe et 
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al., 2006). However, when restricting cell death only to nestin-expressing stem cells, another 

study could not support the impairment in fear memory (Deng et al., 2009). There are distinct 

types of hippocampus-dependent long-term memory formation, which differ in their 

underlying mechanisms, e.g. contextual and spatial mechanisms (Mizuno and Giese, 2005). 

Here, our results reflect the involvement of CB1 rather in spatial learning and short-term 

memory than in associative learning, which is highly implicated during contextual fear 

conditioning.  

CB1 is also involved in hippocampal control of the hypothalamic–pituitary–adrenal (HPA) 

axis (Evanson et al., 2010). CB1-deficiency could therefore account for depressive-like 

symptoms resulting from an unbalanced HPA axis. Indeed, we found that nes-CB1ko/ko 

mice displayed an increase in behavioral despair in the forced swim test and a decrease of  

sucrose preference, which demonstrates an increase in anhedonia, a hallmark of depression 

(Treadway and Zald, 2011). Surprisingly, we found no differences in the tail suspension test. 

Both tests target similarly behavioral despair in mice. However, there are multiple important 

differences in their sensitivity and performance, and the results of one test may not 

necessarily be replicated by the other (Cryan et al., 2005).  BDNF is a significant mediator of 

effects of antidepressants (e.g. fluoxetine) (Castren and Rantamaki, 2010). Furthermore, 

there is evidence that CB1 regulates BDNF expression, which then could lead to reduced 

neurogenesis. Indeed, it has been shown that CB1 regulates BDNF expression (Aso et al., 

2008) in the hippocampus, which in turn leads to a decrease in neurogenesis, as it has been 

assessed in conditional TrkB KO mice (Bergami et al., 2008). The pattern of hypoproliferation 

in CB1-deficient mice in this study is similar to alterations in neurogenesis in depression, 

indicating that CB1 could be an in vivo modulator of mood regulation. High corticosterone or 

cortisol levels in mice or humans during chronic stress could lead to downregulation of CB1, 

thereby inhibit neurogenesis, and increase vulnerability to depression. Interestingly, chronic 

THC treatment has been shown to decrease proliferation and to impair spatial learning in the 

MWM (Wolf et al., 2010). However, chronic treatment with the synthetic cannabinoid HU-210 

enhanced proliferation and survival in rat DG (Jiang et al., 2005), which means that 

treatment-related CB1-dependent effects on neurogenesis need further elucidation 

CB1 could also be activated by other potent stimulators of adult neurogenesis such as 

running through increased serum levels of endocannabinoids (Raichlen et al., 2013), which 

leads to an enhancement of the learning process, but not memory formation. It has been 

reported in a previous study that voluntary exercise increased endocannabinoid signaling in 

the hippocampus and subsequently proliferation of progenitor cells. This effect was 

abrogated by concurrent treatment with the CB1 antagonist AM251, indicating that the 
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increase in endocannabinoid signaling in the hippocampus is required for the exercise-

induced increase in cell proliferation (Hill et al., 2010). Here, we show that specifically CB1 

on adult neural stem cells is responsible for the induced hypoproliferation and the 

subsequent reduced learning performance.  

In summary, the results presented in this thesis provide substantial evidence that CB1 is 

required for accurate proliferation of adult NSCs in the adult DG. CB1 signaling on adult 

NSCs contributes to hippocampal plasticity and is potentially involved in regulating 

depressive-like behavior and spatial memory function. Different clinical manipulations of CB1 

related to adult neurogenesis could lead to functional recovery in mood or memory disorders. 
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5 Conclusion / Outlook 

Stem cells are a powerful tool for neurobiological research, as they can either be used for 

cell replacement therapies in neurodegenerative diseases or they can be studied to unravel 

their influencing properties in adult brain function. This thesis aimed to answer two questions: 

first, if BDNF-overexpressing embryonic stem cells can be applied as a combination cell 

replacement therapy for HD, and second, how CB1 is regulating the NSC fate in the SGZ.  

By transplanting BDNF-overexpressing NPCs, which had been derived from ESCs, we found 

robust motor improvements in the QA-lesioned mouse model, whereas grafting of BDNF-

progenitors in the R6/2 and N171-82Q model resulted only in minor general NPC effects. 

Tumor formation after transplantation was absent, and the rescue of motor deficits was 

attributed to enhanced neuronal and striatal differentiation of BDNF-NPCs. Furthermore, 

adult neurogenesis was preserved in a BDNF-dependent manner. This study highlights the 

importance of choosing the right model for transplantation studies and the significance of 

BDNF in regenerating the striatum.  

To translate this therapy into human patients and monitor cell survival and engraftment, it 

would be particularly interesting to use a non-invasive method of cell tracing. Transplanted 

cells could be traced with magnetic resonance imaging by labeling cells in vitro with iron 

oxide nanoparticles which would allow for repetitive, real-time observation (Berman et al., 

2011). Recent studies in HD cell transplantation research took advantage of iPSC 

technology. Human iPSCs derived from fibroblasts of HD patients were genetically corrected 

to remove the mutation in htt and showed reversal of the HD phenotype in vitro (An et al., 

2012). Corrected iPSCs survived in the R6/2 model and differentiated into striatal neurons. 

To date, the functional relevance in assessing mouse behavior is lacking, but these human 

iPSCs could provide a potential donor source for cell replacement therapy in humans. 

Manipulating these corrected stem cells by overexpressing BDNF may fulfill the promise of 

using human iPSCs as a potential cell therapy for HD patients. Another application of our 

BDNF-NPCs could be the transplantation into traumatic brain injury (TBI). TBI is one of the 

leading cause of death and disability worldwide (Bruns and Hauser, 2003), which is 

accompanied by cell death, brain atrophy, and functional neurological impairment (Rolfe and 

Sun, 2015). Indeed, a recent study isolated NSCs, genetically engineered them to 

overexpress BDNF, and grafted them into the injury cavity of TBI brains, which lead to a 

short-term functional improvement (Ma et al., 2012a). Using our approach we aim at a long-

term recovery of functional behavior. In addition, other neurodegenerative diseases like 



5 Conclusion / Outlook 

 

104 

Parkinson’s and Alzheimer’s disease or stroke could be a target of our combinatory stem cell 

therapy, since they display prominent cell loss. Here, our BDNF-NPCs could be used to 

promote synaptic repair in specific brain regions (Lu et al., 2013).     

In the second part of this thesis, we aimed at characterizing the role of CB1 on NSCs in the 

hippocampus of the adult brain. We found that NSC-specific deletion of the CB1 receptor led 

to a decrease in neural stem cell proliferation, which resulted in a decreased number of 

newborn neuroblasts and neurons, whereas the differentiation potential of targeted cells was 

not affected. Animals with the specific NSC-deletion of CB1 displayed an impairment in LTP 

specifically in newborn neurons in the dentate gyrus, which is contributed by a decreased 

pool of new neurons. Animals lacking a functional CB1 receptor in newborn neurons 

displayed a decrease in learning, short-term spatial memory function, and an increase in 

behavioral despair. Ongoing studies involve analysis of dendritic arborization and spine 

formation of newborn neurons. To identify downstream targets of CB1 specifically in NSCs, it 

might be interesting to optimize single-cell sorts of SGZ adult NSCs and assess gene 

expression via single-cell RNA sequencing. One might also crossbreed loxP-floxSTOP-

Sun1-GFP mice with T2-nestin-Cre and CB1flox/flox animals to isolate nuclei from the SGZ 

and perform RNA sequencing, to obtain new target genes of CB1. One potential downstream 

target of CB1 involves BDNF, which already has been described as IEG of CB1 and which 

could hypothetically rescue the proliferation deficits if being overexpressed in NSCs. Taken 

together, our results suggest that CB1 deficiency in a relative small fraction of granule cells is 

sufficient to produce deficits in neurogenesis-related behavior. In the future, neuropsychiatric 

diseases are predicted to be one of the highest causes of global disease burden (Murray et 

al., 2012). Depression, anxiety, and schizophrenia patients have a disruptive function of the 

DG and treatments focus on regulating neurogenesis. With this study we conclude that 

distinct clinical manipulations of CB1 linked to adult neurogenesis may lead to functional 

recovery in mood and memory disorders. 

 

(Abboussi et al., 2014; Aguado et al., 2007; Campos et al., 2013; Diaz-Alonso et al., 2012; 

Gao et al., 2010; Goncalves et al., 2008; Jin et al., 2004; Kim et al., 2006; Marchalant et al., 

2009; Palazuelos et al., 2008; Palazuelos et al., 2012) 
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7 Appendix 

7.1 Abbreviations 

2-AG   2-arachidonoylglycerol 

ABHD6  α/β-hydrolase domain 6 

ACSF   Artificial cerebrospinal fluid 

AEA   N-arachidonoylethanolamine/ anandamide 

ANOVA  Analysis of variance 

APC   Allophycocyanin 

AraC   Cytosine-β-D-arabinofuranoside 

ASPA   Aspartoacylase 

BDNF   Brain-derived neurotrophic factor  

BrdU   Bromdesoxyuridin 

BSA   Bovine serum albumin 

CA   Cornu Ammonis region 

CAG    Cytosine adenine guanine triplet 

CB1   Cannabinoid 1 receptor 

CBD   Cannabidiol 

CD133   Cluster of differentiation 133 

CNS   Central nervous system  

CREB   cAMP response element-binding protein 

DAGL   Diacyl glycerol lipase-α 

DAPI   4',6-diamidino-2-phenylindole 

DARPP32  Dopamine- and cAMP-regulated neuronal phosphoprotein 

DCX   Doublecortin 

DG   Dentate gyrus 

Dpi   Days post infection 

Dptm   Days post tamoxifen 

DSE   Depolarization-induced suppression of excitation 

DSI   Depolarization-induced suppression of inhibition 

EB   Embryoid body 

EBSS   Earl’s balanced salt solution 

eCB-LTD  eCB-mediated long-term depression 

eCB-STD  eCB-mediated short-term depression 
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EGF   Epidermal growth factor 

ESC   Embryonic stem cell 

FAAH   Fatty acid amide hydrolase 

FACS   Fluorescence-activated cell sorting 

fEPSP   Field excitatory postsynaptic potential 

FGF2   Fibroblast growth factor 2 

FOXG1  Forkhead box protein G1 

FOXP1  Forkhead box protein 1 

FSC   Forward scatter 

GABA   Gamma-aminobutyric acid 

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 

GFAP   Glial fibrillary acidic protein 

GFP   Green fluorescent protein 

Glast   Glutamate aspartate transporter 

GPCR   G-protein coupled receptors 

GusB   Glucoronidase beta 

HBSS   Hanks' balanced salt solution 

HD   Huntington’s disease 

HPA   Hypothalamic–pituitary–adrenal 

HTT   Huntingtin 

IPSC   Induced pluripotent stem cell 

ISI   Inter-stimulus-interval 

ITSFn   Insulin, transferrin, selenium chloride, fibronectin 

IVF   In vitro fertilization 

KO   Knockout 

LF   Left forepaw 

LH   Left hindpaw 

LIF   Leukemia inhibitory factor 

LTP   Long-term potentiation 

MACS   Magnetic-activated cell sorting 

MAGL   Monoacyl-glycerol lipase 

MAM   Methylazoxymethanol acetate 

MAP2   Microtubule-associated protein 2 

MPP   Medial perforant path 

MSN   Medium spiny neuron 

mTORC1  Mammalian target of rapamycin complex 1 

MWM   Morris water maze 
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NAPE-PLD  N-acyl phosphatidylethanolamine phospholipase D 

NDS   Normal donkey serum 

NeuN   Neuronal nuclei 

NGF   Nerve growth factor 

NMDA   N-methyl-D-aspartat 

NPC   Neural progenitor cell 

NR2B   N-methyl-D-aspartat receptor subunit 2B 

NSC   Neural stem cell 

NT   Neurotrophin 

Oct-4   Octamer binding transcription factor 4 

OLIG2   Oligodendrocyte transcription factor 2 

p75NTR  p75 neurotrophin receptor 

PBS   Phosphate buffered saline 

PCR   Polymerase chain reaction 

PE   Phycoerythrin 

PFA   Paraformaldehyde 

PI3K   Phosphoinositide 3-kinase 

PKA   Protein kinase A 

PLC   Phospholipase C 

PSA-NCAM  Polysialylated-neural cell adhesion molecule 

QA   Quinolinic acid 

qPCR   Quantitative polymerase chain reaction 

R26   Rosa26  

RA   Retinoic acid 

REST   RE1 silencing transcription factor 

RF   Right forepaw 

RGC   Radial glia cell 

RH   Right hindpaw 

RIN   RNA integrity number 

RMS   Rostral migratory stream 

S100B   S100 calcium-binding protein B 

SGZ   Subgranular zone 

Shc   Src homology 2 domain-containing adapter protein 

SORT   Spatial object recognition test 

SSC   Side scatter 

SSEA-1  Stage-specific embryonic antigen 1 

SSRI   Selective serotonin reuptake inhibitor 
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Sox2   SRY-box transcription factor 2 

SVZ   Subventricular zone 

TAM   Tamoxifen 

TBI   Traumatic brain injury 

TBS   Tris buffered saline 

THC   ∆9-tetrahydrocannabinol 

TK   Thymidine kinase 

TrkB   Tropomyosin-receptor kinase B 

TRPV1  Transient receptor potential vanilloid type 1 

TX   Triton X-100 

UTR   Untranslated region 

YFP    Yellow fluorescent protein 
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