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ABSTRACT 

 The basal ganglia consist of subcortical nuclei involved in integration of motor, 

associative, and cognitive behaviors. Recent studies have shown that different neuronal 

populations of the basal ganglia are dependent on trophic support for their development, 

survival, and proper function. Increased attention has been given to brain derived 

neurotrophic factor (BDNF) and its function in normal and pathological conditions. Here 

we investigate the role of BDNF-TrkB signaling in developing striatum, a major part of 

the basal ganglia responsible for movement control.  We demonstrate that BDNF controls 

striatal size by promoting survival of newborn medium-sized spiny neurons (MSNs). 

Deletion of the gene for BDNF receptor, TrkB in striatal progenitors led to loss of 50% 

MSNs. The loss mainly resulted from increased apoptosis of newborn MSNs within the 

lateral ganglionic eminence (LGE). Among MSNs those expressing the dopamine 

receptor D2 were most affected, due to preferential TrkB expression in these cells. We 

proposed that BDNF is anterogradely transported from the dopaminergic neurons 

residing in the substantia nigra pars compacta (SNc). Indeed, a similar phenotype was 

observed when BDNF expression was ablated in dopaminergic neurons of the SNc that 

project to the LGE and striatum during embryogenesis. These results establish a novel 

mechanism for coordinating development of two connected nuclei in the basal ganglia. 



 iv 

  Several studies have linked reduced levels of BDNF in the SNc to the pathogenesis of 

Parkinson’s disease (PD). We show that BDNF-TrkB signaling is important for survival 

of nigrostriatal dopaminergic (DA) neurons in aging brains. A significant loss of DA 

neurons occurred at 12-24 months of age in the SNc of TrkB hypomorphic mice in which 

the TrkB receptor is expressed at less than 25% of the normal amount. The neuronal loss 

was accompanied by a decrease in dopaminergic axonal terminals in the striatum and by 

gliosis in both the SNc and striatum. Furthermore, nigrostriatal DA neurons in the TrkB 

mutant showed hypersensitivity to a neurotoxin-induced cell death. These data suggest 

that BDNF-TrkB signaling plays a role in the long-term maintenance of the nigrostriatal 

system and that its deficiency may contribute to the progression of PD. 
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Part 1.1: BDNF and its TrkB receptor 

From structure to function 

Brain derived neurotrophic factor (BDNF) is a member of the neurotrophin family which also 

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

These highly related secreted proteins exert many biological effects by binding and activating 

specific Trk receptor tyrosine kinases. NGF activates TrkA, BDNF and NT4/5 activate TrkB, 

and NT3 activates TrkC (Reichardt, 2006). Each of the neurotrophins is initially synthesized as 

an immature form, which is proteolytically cleaved to produce the predominant mature form. 

Whereas the mature form binds to its appropriate Trk receptor and in many cases promotes 

neuronal survival, the uncleaved pro-form of the neurotrophins preferentially activates the low-

affinity neurotrophin receptor p75NTR, which is a member of the tumor necrosis factor receptor 

subfamily and is known to induce neuronal death via apoptosis (Frade and Barde, 1998).  

 In rodents and humans, the Bdnf gene is transcribed from at least 8 discrete promoters, 

producing many different Bdnf mRNA species that encode the same protein (Aid et al., 2007). 

The different transcripts are generated in different tissues in a stimulus- and development-

specific manner and may have differential subcellular localizations and targets (Metsis et al., 

1993; Pattabiraman et al., 2005; Timmusk et al., 1993). In addition, BDNF mRNAs are 

polyadenylated at either of two alternative sites, leading to distinct populations of mRNAs: those 

with a short 3′ untranslated region (UTR) and those with a long 3′ UTR. Our lab has shown that a 

long 3’ UTR is necessary for targeting BDNF mRNA to dendrites for local protein synthesis and 

is important for synaptic structure and function (An et al., 2008). 

 Different TrkB isoforms are generated by alternative splicing resulting in the full-length 

receptor that contains a tyrosine kinase domain and a truncated variant lacking the intracellular 
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part of the receptor and therefore unable to participate in BDNF signaling (Barbacid, 1994; 

Middlemas et al., 1991). The role of truncated isoform of TrkB includes ‘scavenging’ and/or 

inhibition of TrkB signaling (Patapoutian and Reichardt, 2001), and possibly Ca2+ signaling in 

glia (Rose et al., 2003). In contrast, activated full-length TrkB triggers multiple intracellular 

signaling cascades through protein-protein interactions (Chao, 2003). The three major pathways 

include: 1) the PLC-γ pathway that leads to the production of diacylglycerol and intracellular 

calcium. This results in activation of CAM kinases and PKC. 2) PI-3-Kinase activates AKT and 

is known to mediate an antiapoptotic effects through actions on Bad and caspases. 3) MAP 

kinases and Erks stimulate many known effectors (Segal, 2003). TrkB-initiated pathways have 

been shown to promote cell survival by up-regulating the activity of survival genes and 

inhibiting function of the proteins that lead to programmed cell death (Bhave et al., 1999; 

Encinas et al., 1999; Yamada et al., 2001). TrkB signaling pathways can also mediate various 

synaptic reorganization processes including formation and maintenance of the dendrites and 

dendritic spines (McAllister et al., 1999). It is not surprising that deletion of either TrkB or Bdnf 

genes can result in cell atrophy, dendritic degeneration, and neuronal loss as previously shown in 

the excitatory neurons of the dorsal forebrain (Xu et al., 2000b).  In addition to promoting 

neuronal survival, BDNF has a powerful role in modulating synaptic function and activity-

dependent plasticity (McAllister et al., 1999; Poo, 2001). Fast synaptic changes associated with 

acute application of BDNF include potentiation of excitatory transmission in cultured 

hippocampal and cortical neurons and long-term potentiation in hippocampal slices (Lessmann et 

al., 1994; Takei et al., 1997). When synapses are exposed to BDNF for a longer period of time, 

they undergo an activity-dependent refinement (Lu, 2004). The structural alterations occurring 

during the long treatment of hippocampal slices with BDNF include axonal branching, dendritic 
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growth, and an increase in the dendritic spine density (Cohen-Cory and Fraser, 1995; Gallo and 

Letourneau, 1998; Shimada et al., 1998).  

 

Regional distribution of BDNF and TrkB in adult and developing brain  

In adult brain BDNF protein is found in many regions, including the cerebral cortex, basal 

forebrain, striatum, hippocampus, hypothalamus, brainstem and cerebellum (Conner et al., 

1997).  In most locations, such as in the cerebral cortex, the expression of BDNF mRNA and 

protein is similar, but there are some anatomical regions in which they differ. For example, in the 

striatum, a major component of the basal ganglia, BDNF mRNA is virtually absent, whereas 

BDNF protein levels are high. BDNF found in the striatum is synthesized and anterogradely 

transported from the cell bodies located in the cerebral cortex, substantia nigra pars compacta, 

amygdala, and thalamus (Altar et al., 1997a, b; Baquet et al., 2004). Since striatum does not 

produce BDNF but depends on it for proper function, abnormalities in anterograde transport and 

reduced gene expression from brain regions supplying BDNF to the striatum might cause 

neuronal dysfunction and striatal atrophy. The TrkB receptor is also widely expressed in the 

adult brain. Both TrkB mRNA and protein are found in the striatum (Yan et al., 1997b), however 

it has not been shown whether TrkB is equally distributed in all striatal neurons or preferentially 

expressed by a certain neuronal population within the striatum.   

 Expression levels of BDNF and TrkB fluctuate during development. Baquet et al. have 

assessed BDNF expression during mouse embryonic development by means of X-gal staining in 

BDNFlacZ/+ mice in which lacZ was targeted to the BDNF gene. BDNF appeared to be expressed 

by a number of cells in the hippocampus on embryonic day 15.5 (E15.5) and was found in the 

piriform cortex, hippocampus, thalamus, hypothalamus and amygdala by E17, but in only a few 
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cells in the cortex and none in the striatum. Cortical expression was apparent as early as 

postnatal day 4 (P4) and increased with age (Baquet et al., 2004). The TrkB mRNA is first 

detected in the neuroepithelium and in the neural crest at E9.5 (Klein et al., 1990). During 

development high levels of TrkB are present throughout the brain. Expression of TrkB continues 

into adulthood in a complex pattern that is confined to specific regions or neuron types.  

 

Role of neurotrophins in development of the central nervous system 

In the peripheral nervous system (PNS), it has been well documented that developing neurons 

have to compete for a limited amount of neurotrophic factors produced by their target tissues, 

and that neurons unable to obtain sufficient amounts of trophic factors die through programmed 

cell death (Zweifel et al., 2005). In this way a peripheral target can control the final size of the 

innervating neuronal populations through neurotrophic factors. Deletion of neurotrophin genes 

causes severe loss of sensory and sympathetic neurons (Huang and Reichardt, 2001). For 

example, deletion of the gene for NGF or its TrkA receptor leads to over 70% neuronal loss in 

the trigeminal and dorsal root sensory ganglia, and over 95% neuronal loss in the superior 

cervical sympathetic ganglia (Crowley et al., 1994; Smeyne et al., 1994). Similarly, Bdnf 

knockout mice exhibit severe neuronal loss in several sensory ganglia (Ernfors et al., 1994; Jones 

et al., 1994).  

 Although it has been shown that neurotrophins participate in the maintenance of adult 

neuronal populations in the brain (Baquet et al., 2004; Xu et al., 2000b), the role of 

neurotrophins in the survival of developing neurons in the central nervous system remains 

largely unknown. A modest increase in postnatal apoptosis was observed in hippocampal and 

cerebellar granule cells of TrkB and TrkC knockout mice, however these deletions do not appear 
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to affect the size of these two neuronal populations (Alcantara et al., 1997; Minichiello and 

Klein, 1996). Other populations of CNS neurons that are responsive to neurotrophins in cell 

culture do not show survival deficits in vivo (Smeyne et al., 1994). Until present, no studies have 

identified a population of developing brain neurons that are dependent on a single neurotrophic 

factor for survival.  
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Part 1.2: Organization of the basal ganglia 

Striatum is a main component of the basal ganglia circuit  

The striatum is the largest component of the basal ganglia. It is responsible for movement control 

and is associated with addictive behaviors. Its dysfunction is the main cause for the motor 

disorders associated with Huntington’s disease (HD) and Parkinson’s disease (Dauer and 

Przedborski, 2003; Vonsattel and DiFiglia, 1998). The striatum is the main point of entry of the 

cortical input. It receives corticostriatal projections from the entire cortical mantle, processes 

cortical information, and passes it to the output nuclei of the basal ganglia, the internal segment 

of the globus pallidus and the substantia nigra pars reticulata. The information is then transmitted 

back to the cerebral cortex via the thalamus (Bolam et al., 2000). Recent studies have 

demonstrated that the organization of the basal ganglia circuitry is very complex. For example, 

the cortical input in addition to innervating striatal projection neurons also innervates GABA 

interneurons, which in turn provide a feed-forward inhibition of the striatal projection neurons.  

 

Neuronal populations of the striatum and their functions 

Approximately 95% of striatal neurons are projection medium-sized spiny neurons (MSNs) with 

the rest being interneurons (Kawaguchi, 1997; Parent and Hazrati, 1995). MSNs, which use γ-

amino butyric acid (GABA) as a transmitter, are born in the lateral ganglionic eminence (LGE) 

and migrate to the striatum during embryogenesis (Hamasaki et al., 2003). They are divided into 

two populations based on their projection sites. MSNs at the origin of the direct pathway directly 

project to the output nuclei of the basal ganglia, such as the internal segment of the globus 

pallidus, the substantia nigra pars reticulata, and the ventral pallidum. The other population of 

MSNs sits at the origin of the indirect pathway and projects to the output nuclei of the basal 
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ganglia via the external segment of the globus pallidus and the subthalamic nucleus (Bolam et 

al., 2000). Under normal conditions during basal ganglia associated behavior, the output of the 

basal ganglia is a complex spatiotemporal pattern of increased and decreased firing. When MSNs 

of the direct pathway discharge, they cause inhibition of the basal ganglia output neurons, which 

are also GABAergic. This reduction in firing of output neurons leads to disinhibition of the 

thalamus and is associated with initiation of movement. In contrast, activation of the indirect 

pathway leads to the opposite physiological effect and acts to terminate a basal ganglia 

associated movement or to suppress unwanted sequence of movements (Mink and Thach, 1993). 

In addition to their distinct functions, MSNs of the two pathways differ in the expression of 

peptide transmitters and dopamine receptors, such that neurons of the direct pathway express 

substance P (SP) and the dopamine receptor D1a (DRD1a) while neurons of the indirect pathway 

express enkephalin (Enk) and the dopamine receptor D2 (DRD2) (Kawaguchi, 1997). Recent 

studies using bacterial artificial chromosome (BAC) transgenic mice expressing fluorescent 

proteins under the control of the promoter for either DRD1a or DRD2 confirm these distinct co-

expression patterns in MSNs of the two pathways (Day et al., 2006; Shuen et al., 2008).  

 Striatal interneurons represent only a small portion of the total striatal population. They 

are identified by their content and include interneurons expressing choline acetyltransferase, 

parvalbumin, somatostatin, and NPY. Interneurons synapse on MSNs and provide a feed-forward 

inhibition of cortical information (Plenz and Kitai, 1998).  

 

Striatal development 

The mammalian striatum develops in the basal telencephalon lateral to the ganglionic eminences 

beginning on E12 (Hamasaki et al., 2003). Striatal neurogenesis occurs in the ventricular and 
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subventricular zones of the ganglionic eminences between E12 and P2 with a peak around E15 

(Marchand and Lajoie, 1986). Striatal projection MSNs are born in the lateral ganglionic 

eminence (LGE) and migrate along guiding radial glia into the striatum , whereas striatal 

interneurons are born in the medial ganglionic eminence (MGE) and migrate tangentially into the 

striatum (Olsson et al., 1998; Olsson et al., 1995). It has been shown that dopamine coming from 

the substantia nigra pars compacta can modulate striatal neurogenesis by influencing the cell 

cycle of progenitor cells in the LGE. Dopamine arrives in the LGE via the nigrostriatal pathway 

as early as E13 and striatal neurogenesis progresses in a dopamine-rich milieu. Over the past 

decade, marked progress has also been made in understanding cell fate determination of striatal 

neurons. Several transcription factors have been identified as having a role in differentiation of 

neuronal precursors into striatal neurons, including Gsh-2, Mash1, and Dlx family members 

(Dlx1, Dlx2, Dlx5, and Dlx6) (Anderson et al., 1997; Casarosa et al., 1999; Corbin et al., 2000; 

Stenman et al., 2003).  However, it remains unclear what controls the survival, target 

innervation, dendritic arborization, and synaptogenesis of developing striatal neurons.  

 

Substantia nigra pars compacta: function in normal and disease conditions. 

Dopaminergic (DA) neurons of the substantia nigra pars compacta (SNc) provide a massive 

feedback projection to the striatum and modulate the flow of cortical information. Loss of these 

neurons in Parkinson’s disease leads to an imbalance of the flow of cortical information and 

hence the akinetic behavior associated with this disorder . DA neurons in the SNc are selectively 

affected by various chronic and acute insults including age, Parkinson’s disease, and 

neurotoxins. Degeneration of DA neurons in the SNc and the loss of DA fibers projecting from 

the SNc to the striatum lead to reduction of striatal dopamine levels, which is manifested by 
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clinical symptoms such as tremor and rigidity. Emerging data from patients and animal models 

implicate deficient neurotrophic factor signaling as a potential cause of age-related 

neurodegeneration. In the adult substantia nigra pars compacta about 30% of dopaminergic 

neurons are capable of synthesizing BDNF (Seroogy et al., 1994). And TrkB mRNA is expressed 

in essentially all mesencephalic dopaminergic neurons (Numan and Seroogy, 1999). The 

presence of BDNF and TrkB mRNA in dopaminergic neurons of the substantia nigra pars 

compacta suggests that BDNF can function in an autocrine/paracrine fashion in these neurons, 

promoting neuronal survival.  
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Part 1.3 : BDNF-TrkB signaling in disease 

BDNF and Huntington’s disease 

Huntington’s disease (HD) is a neurodegenerative disorder characterized by motor, cognitive, 

and psychiatric abnormalities, and is inherited in an autosomal dominant fashion (Borrell-Pages 

et al., 2006). Symptoms include dyskinesia, chorea, decreased muscle tone, dementia, and mood 

disturbances (Martin and Gusella, 1986). HD is caused by the CAG trinucleotide repeat 

expansion in the first exon of the HD gene encoding huntingtin (htt) (Group, 1993). This 

mutation is translated into a polyglutamine (poly Q) stretch near the amino terminus of htt, which 

results in a toxic gain of function (Gusella and MacDonald, 2000). Although htt is widely 

expressed in the human body and its mutation is not tissue-specific, the striatum is preferentially 

affected. The pathological changes in the striatum develop first in the caudate nucleus and then 

in the putamen, causing a 50-60% neuronal loss in these areas (Mann et al., 1993; Vonsattel and 

DiFiglia, 1998). In the course of the disease, atrophy spreads to other brain regions, including the 

cerebral cortex, the globus pallidus , and thalamus (Mann et al., 1993).  

The mechanism behind selective degeneration of striatal neurons remains to be 

elucidated, but it has been suggested that reduced trophic support renders striatal neurons more 

vulnerable to the toxic actions of mutant htt. Numerous in vitro and in vivo studies have shown 

that striatal neurons require brain-derived neurotrophic factor (BDNF) for their survival and 

function. Moreover, reduced levels of striatal BDNF were detected in a number of animal HD 

models (Apostol et al., 2008; Gharami et al., 2008; Spires et al., 2004) as well as in the brains of 

HD patients (Ferrer et al., 2000). BDNF found in the striatum is synthesized and anterogradely 

transported from the cell bodies located in the cerebral cortex, substantia nigra pars compacta, 

amygdala, and thalamus (Altar et al., 1997a; Baquet et al., 2004). Since striatum does not 
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produce BDNF but depends on it for proper function, abnormalities in anterograde transport and 

reduced gene expression from brain regions supplying BDNF to the striatum might contribute to 

neuronal dysfunction and death seen in HD. 

Zuccato et al. have shown that wild-type htt enhances Bdnf transcription from promoter 

II, whereas mutant htt suppresses Bdnf transcription from promoter II as well as two other Bdnf 

promoters in cultured cells and the cerebral cortex of YAC72 transgenic mice expressing mutant 

htt with an expanded tract of 72 glutamines (Zuccato et al., 2001a, b). The same group further 

investigated the mechanism underlying Bdnf gene regulation by wild-type and mutant htt, and 

found that wild-type htt promotes transcription of promoter II by sequestering the repressor 

element-1 transcription factor/neuron restrictive silencer factor (REST/NRSF) in the cytoplasm, 

thereby freeing the nucleus of the inhibitory complex and allowing transcription to occur 

(Zuccato et al., 2003). Interestingly, the effect of htt on Bdnf gene expression in cortical neurons 

is specific since the protein does not affect expression of two other neurotrophins, NGF and NT-

3, in cortical neurons (Zuccato et al., 2003). In agreement with these findings, levels of Bdnf 

mRNA are reduced in the cerebral cortices of HD patients (Zuccato et al., 2008).  

Studies by Gauthier et al. indicate that in addition to controlling Bdnf mRNA production 

in the cortex, wild-type htt may also regulate BDNF trafficking along the corticostriatal axes 

(Gauthier et al., 2004). The idea that htt is involved in intracellular trafficking arose from the 

subcellular localization of htt and its association with various proteins of molecular motor. 

Although present in the nucleus, htt is predominantly found in the cytoplasm, where it interacts 

with the huntingtin-associated protein-1 (HAP1), a protein involved in axonal transport via 

association with p150glued subunit of dynactin, which is an essential part of the microtubule-based 

motor complex (Block-Galarza et al., 1997; Engelender et al., 1997; Li et al., 1998). Mutation in 
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htt leads to increased association of mutant htt and p150glued and prevents efficient trafficking of 

BDNF-containing vesicles along microtubules (Gauthier et al., 2004).  

 BDNF synthesized in the cortex and transported to the striatum via corticostriatal 

projections provides the main support for survival of striatal neurons in the adult brain (Altar et 

al., 1997a; Baquet et al., 2004). It is possible that both mechanisms, suppressed Bdnf gene 

expression and deficient BDNF transport, concomitantly contribute to reduced levels of BDNF 

in the striata of HD patients and mouse models, thus providing strong evidence for BDNF as a 

crucial factor in the pathogenesis of HD.   

 

BDNF and Parkinson’s disease 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by resting tremor, 

muscular rigidity, postural imbalance, and bradykinesia. The common pathological features of 

PD include a selective and progressive loss of dopaminergic (DA) neurons and deposition of 

cytoplasmic protein aggregates, termed Lewy bodies, in the substantia nigra pars compacta 

(SNc) (Dauer and Przedborski, 2003). Several genes responsible for familial forms of PD have 

been identified in recent years, including α-synuclein (Kruger et al., 1998; Polymeropoulos et al., 

1997), parkin (Kitada et al., 1998), UCH-L1 (Leroy et al., 1998), DJ-1 (Bonifati et al., 2003), and 

LRRK2 (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). However, less than 10% of all 

diagnosed PD cases have a strict familial etiology (Payami and Zareparsi, 1998), and very few 

sporadic PD patients have mutations in any of these genes (Hu et al., 1999; Scott et al., 1999). 

Thus, the etiology of sporadic PD remains unknown. 

Recently, viable conditional knockouts have been employed to demonstrate that deletion 

of the TrkB gene or the Bdnf gene in excitatory neurons of the dorsal forebrain causes dendritic 
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degeneration and loss of neurons (Gorski et al., 2003; Xu et al., 2000b). These results suggest 

that neurotrophin deficiencies may cause neurodegeneration in some brain regions. Several post-

mortem studies show that BDNF expression is reduced in the surviving DA neurons in the SNc 

of PD patients (Howells et al., 2000; Mogi et al., 1999; Parain et al., 1999). In addition, 

application of BDNF protects SNc DA neurons from the neurotoxic effects of 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine in animals (Levivier et al., 

1995; Shults et al., 1995; Tsukahara et al., 1995). These observations suggest that diminished 

TrkB signaling in the SNc may contribute directly to the death of nigrostriatal DA neurons and 

the development of PD. Although ablation of the Bdnf gene impairs the survival and/or 

maturation of SNc DA neurons during development (Baquet et al., 2005), it remains unknown if 

TrkB signaling is required for the long-term survival of these neurons in adults. 
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Part 1.4: Research goals and hypotheses 

Role of BDNF-TrkB signaling in striatal development 

Normal functions of the mature brain depend upon precise number of neurons in distinct 

neuronal circuits. It is therefore important to understand the mechanism by which the size of 

neuronal populations is determined during development. It has not yet been shown whether 

neurotrophic factors can coordinate the size of two connected brain regions in the developing 

brain. In this study we examined the role of BDNF in striatal development by using mouse 

mutants in which BDNF-to-TrkB signaling was abolished in the LGE during early 

embryogenesis.  

Main hypothesis: Deletion of the TrkB receptor in the striatum leads to striatal dysfunction and 

atrophy during development.  

Aim 1: To investigate the role of TrkB signaling in different striatal populations. 

Aim 2: To establish the mechanisms and timing of striatal cell loss. 

Aim 3: To identify the ligands that mediate TrkB signaling and to determine their sources during 

development. 

 

Effect of chronic depravation of TrkB signaling on survival of dopaminergic neurons in the 

substantia nigra pars compacta 

Reduced levels of BDNF in the postmortem brains of PD patients suggest that deficiency in 

BDNF-TrkB signaling may lead to the neurodegenerative processes in nigrostriatal system and 

the development of PD. One approach to elucidate the role of TrkB signaling pathways is to 

decrease expression of the TrkB receptor. In this study, we use a new transgenic line, fBneo/fBneo, 
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which expresses only ~25% of normal amount of the TrkB protein to elucidate mechanisms 

linking nigrostriatal neurodegeneration with diminished TrkB signaling.  

Main hypothesis: Chronic deprivation of BDNF-TrkB signaling leads to progressive 

degeneration of dopaminergic neurons in the SNc of the aging brain and makes these neurons 

more vulnerable to a neurotoxin-induced cell death. 

Aim 1: To examine the progression and specificity of nigrostriatal dopaminergic 

neurodegeneration in the TrkB hypomorphic mice, fBneo/fBneo. 

Aim 2: To determine whether neuronal loss is accompanied by reactive gliosis in fBneo/fBneo mice. 

Aim 3: To investigate  whether fBneo/fBneo mice are hypersensitive to neurotoxins such as MPTP. 
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  CHAPTER TWO: MATERIALS AND METHODS 
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Materials.  Sources and dilution of primary antibodies used for immunohistochemistry were as 

follows: DARPP-32 (Cell Signaling, Danvers, MA, 1:200), enkephalin and substance P 

(Immunostar Inc, Hudson, WI, 1:1000), EGFP (abcam, Cambridge, MA, 1:1,000; Clontech 

Laboratories, Palo Alto, CA, 1:10,000), DRD1a (Chemicon, Temecula, CA, 1:1,000), 

parvalbumin and NPY (Sigma, Saint Louis, MO, 1:2,000), β-galactosidase (Promega, Madison, 

WI, 1:300; Cappel, Aurora, OH, 1:2000), BrdU (Sigma, Saint Louis, MO, 1:1000), and activated 

caspase-3 (Cell Signaling, Danvers, MA, 1:200), TH (Chemicon, Temecula, CA, 1:1000; Sigma, 

Saint Louis, MO, 1:30000), GFAP (Sigma, Saint Louis, MO, 1:400). Fluorescent dye-conjugated 

secondary antibodies were obtained from the Vector Laboratory (Burlingame, CA) or the 

Jackson ImmunoResearch Laboratories (West Grove, PA) and used according to the 

manufacturer’s instruction.  

 For immunoblotting the following primary antibodies were used: against the TrkB 

extracellular domain (affinity-purified rabbit IgG, 1:1,000) (Huang et al., 1999), DARPP-32 

(Cell Signaling, Danvers, MA, 1:200), and α-tubulin (Sigma, St Louis, MO, 1:7,500). 

 

Animals. Mice were maintained on a 12 h/12 h light/dark cycle with food and water ad libitum. 

Dlx5/6-cre mice were generated in Kenneth Campell laboratory, D2-EGFP mice were provided 

by Stefano Vicini, Drd1a-tdTomato mice were generated in Nicole Calakos laboratory, and Bdnf 

lox mice were made by Kevin Jones. Wnt1-cre mice were purchased from the Jackson 

Laboratory (Bar Harbour, ME). The Georgetown University Animal Care and Use Committee 

approved all animal procedures. 
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Genotyping.  We used polymerase chain reaction to determine genotypes of mice. The 

following PCR primers were used: 5'-ggatgaggttcgcaagaacc-3' and 5'-ccatgagtgaacgaacctgg-3' for 

the presence of a Cre transgene; 5’-actgacatccgtaagccagt-3’ and 5’-atgtcgccctggctgaagtg-3’ for 

the fB allele with PCR products of 369 bp for the WT TrkB allele and ~450 bp for the fB allele; 

5’-aagttcatctgcaccaccg-3’ and 5’-tccttgaagaagatggtgcg-3’ for the presence of the D2-EGFP 

transgene; 5'-agccctgaggtgcgcaccgatatcg-3' and 5'-ctccagaagcccaagaccagcaggc-3' for the 

presence of the fBneo allele.   

 

Histology. Mice at P10 or older ages were anaesthetized with avertin and transcardially perfused 

with phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA). Brains were removed 

from the skull, post-fixed overnight, transferred to 30% sucrose solution for 3-5 days, and 

sectioned at 50 µm using a sliding microtome. Brains from newborn mice (P0) were removed 

from the skull without perfusion, fixed in 4% PFA overnight, transferred to a solution containing 

4% PFA and 20% sucrose for 24 hours, and stored in 30% sucrose before sectioning.  

 

Immunohistochemistry. Free-floating sections were rinsed with Tris-buffered saline (TBS) 

and incubated in 3%H2O2-10% methanol-TBS at room temperature (RT) for 20 min. After one 

wash in TBS, they were incubated for 60 min in a blocking buffer (10mM Tris-Cl, 150mM 

NaCl, 10% horse serum, 2-3 % bovine serum albumin, 1% glycine, 0.4% Triton X-100) and then 

incubated with a primary antibody diluted in a blocking buffer overnight at 4 0C. Sections were 

then washed and incubated with an appropriate biotinylated or fluorescent secondary antibody 

for 60 min at RT. After three washes, sections were either mounted in water base mounting 

solution (for fluorescent incubated with AB complex (Vector Laboratories) and developed in the 
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presence of diaminobenzidine (DAB) and H2O2. The sections were mounted onto slides, 

dehydrated, and covered with DPX. Sections for Nissl staining were emerged in Cresyl-violet 

solution for 15 minutes and then briefly washed in water prior to dehydration.  

For glial fibrillary acidic protein (GFAP) and TH double-labeling, sections were 

processed first for GFAP immunohistochemistry, developed in 0.04% 3,39- diaminobenzidine 

tetrahydrochloride (DAB; Sigma, Saint Louis, MO), 0.02% cobalt chloride and nickel sulfate 

(Fisher Scientific, Pittsburgh, PA), and 0.01% hydrogen peroxide dissolved in PBS for enhanced 

dark staining. After GFAP immunohistochemistry, sections were processed for TH 

immunohistochemistry, resulting in light brown staining.  

X-gal staining was performed was described previously (Xu et al., 2003). Briefly, 

cryostat cut sections were mounted on the slides and incubated in X-gal staining solution (1X 

PBS, pH 7.3; 2mM MgCl2; 0.02% NP40; 0.01% sodium deoxycholate; 5mM potassium 

ferrocyanide; 5mM potassium ferricyanide, 1mg/ml X-gal in DMSO) overnight at 370C. After 

brief washes in PBS slides were fixed in 4% PFA for 2h and mounted in DPX.     

 

Immunoblotting. Tissue was homogenized in the RIPA buffer (50mM Tris-HCl, 1mM EDTA, 

150mM NaCl, 0.1% SDS, 1% Triton X-100, 1% Sodium deoxycholate, protease inhibitors, pH 

7.4), and centrifuge at 13,000 rpm for 20 min at 4C. Protein extracts were denatured for 5 min at 

100 0C, separated on SDS-PAGE gels, and transferred onto PVDF membranes. The membranes 

were blocked with 5% nonfat milk in TBST (10 mM Tris, pH 7.5, 150 mM NaCL, 0.5% Tween-

20) for 1 hour and then incubated with primary antibodies overnight at 4 0C. After two washes in 

TBST, the membranes were incubated with an appropriate secondary antibody conjugated to 

horseradish peroxidase (Pierce, Rockford, IL) for 1 hour at RT. The membranes were then 
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washed three times with TBST, and proteins were visualized using chemiluminescene (ECL) 

system (Amersham Biosciences, Piscataway, NJ). The membranes were then stripped and blotted 

with an antibody to α-tubulin.  

 

Stereology. We used Stereo Investigator software (MicroBrightField Inc, Williston, VT) to 

calculate volume and neuronal number in the brain region of interest (West, 1993). To analyze 

striatal volume and neuronal number, the following morphological criteria were used 

consistently in all mice to determine the boundary of the striatum: the superior boundary was 

defined by the corpus callosum, the lateral boundary by the external capsule, the medial 

boundary by the lateral ventricle and the corpus callosum, and the ventral boundary by the 

anterior commissure. The nucleus accumbens was excluded from the calculation. Measurements 

were performed on every sixth Nissl-stained coronal sections, extending from the most rostral to 

the most caudal parts of the striatum (8-10 histological sections per brain). Both hemispheres of a 

given brain were analyzed separately. Striatal volume was quantified according to a previously 

described method (Regeur and Pakkenberg, 1989). The number of neurons in each striatum was 

estimated using a fractionator sampling method. For each stereological probe (16-20 probes for 

each brain) striatal neurons were counted within a counting frame of 25 µm × 25 µm (a sampling 

site) and 10-15 sampling sites were randomly picked by the software within the outlined area. 

The counts were then extrapolated to estimate the total number of neurons in the striatum. For all 

probe runs the coefficient of error (CE Scheaffer) was less than 1. The following criteria were 

used to distinguish neurons from glial cells: cell body diameter >5 µm, light staining of the 

nucleus, and the presence of Nissl bodies.   
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 The measurement of the total number of TH-immunoreactive neurons in the SNc and 

VTA was performed on every third coronal section immunostained for TH, extending from the 

most rostral to the most caudal parts (5-10 histological sections per brain). The two hemispheres 

of each brain were analyzed separately. The boundary between the SNc and the VTA was 

defined by the medial lemniscus. For each stereological probe (5-6 probes for each hemisphere) 

TH+ neurons were counted within a counting frame of 50 µm × 50 µm (a sampling site) and 10-

15 sampling sites were randomly picked by the software within the outlined area. The counts 

were then extrapolated to estimate the total number of neurons in the SNc and the VTA. For 

Nissl+ and GFAP+ cell count, light TH staining was used to outline the SNc.  

 

In situ hybridization 

To generate antisense riboprobes, mouse cDNA sequences for Drd1a (GenBank accession 

number NM_010076, nucleotides 896-1337), Drd2 (GenBank accession number NM_010077, 

nucleotides 551-1350), enkephalin (GenBank accession number NM_009311, nucleotides 50-

540), and substance P (GenBank accession number NM_001002927, nucleotides 301-800) were 

amplified by PCR and cloned into the pBluscript II KS (-) plasmid (Stratagene, Cedar Creek, 

TX, USA). Antisense cRNAs for the gene of interest were synthesized from linearized plasmids 

using T3 RNA polymerase (Promega), [α-35S]-CTP and [α-35S]-UTP (Amersham Biosciences, 

Piscataway, NJ). In situ hybridization of brain sections was performed as previously described 

(Xu et al., 2003). X-ray films were scanned into digital images and in situ hybridization signals 

were quantified using Image J software (NIH). After background subtraction, signal densities 

obtained from 8-10 sections were averaged for each animal.  
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5-Bromo-2-deoxyuridine (BrdU) labeling 

To label newborn cells, E16.5 pregnant dams were administered BrdU (Roche, Mannheim, 

Germany) by intraperitoneal injection at a dose of 50 mg/kg in PBS. To achieve short-term 

labeling, the dams were killed 2 h after injection, and embryos were harvested. Brains were 

removed from the embryos, fixed in 4% PFA overnight, and transferred to 30% sucrose before 

sectioning. Coronal sections (50 µm) were cut using a sliding microtome, treated with 2N HCl 

for 30 min at 37 0C, rinsed in PBS three times, and then processed for BrdU 

immunohistochemistry as described above.  

 

Analysis of TH+ terminals.  Confocal images of TH immunoreactivity were obtained from 

the dorsal lateral striatum and converted to gray-scale images using Image J software (NIH). The 

threshold of the gray-scale images was adjusted, and the same parameters were used for all 

images. Number and size of TH+ puncta larger than 0.1 µm2 were measured using the particle 

analysis function of Image J. Four to six images per animal and 3-4 animals per genotype were 

analyzed.  

 

MPTP treatment.   8-10 week old TrkB hypomorphic mutant (fBneo/fBneo) and control mice 

(either wild type or heterozygous) were used for MPTP injections. For 5 consecutive days, 

fBneo/fBneo and control mice received one i.p. injection per day of either MPTP/HCl (Sigma, Saint 

Louis, MO; 25 mg of free base per kg of body weight) or an equivalent volume of saline. 14 days 

after the last injection, mice were transcardially perfused with PBS and 4% PFA; brains were 

removed and processed for immunohistochemistry.   
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Data analysis.  All data are expressed as mean ±SEM.  Student’s two-tailed t test was used for 

statistical comparisons between mutant and control mice. 
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  CHAPTER THREE RESULTS AND DISCUSSIONS 
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Part 3.1: Anterogradely transported BDNF from the midbrain controls 
striatal formation by regulating the number of newborn striatal neurons 
 

RESULTS 

Generation of a Striatum-specific TrkB Mutant 

In order to investigate potential functions of neurotrophin signaling via TrkB receptors in the 

developing striatum, we used the Cre-loxP system to selectively delete the TrkB gene in striatal 

neurons during early embryogenesis. To generate a floxed TrkB allele (fB), a targeting construct 

was created that included one loxP site in the 5' untranslated region of exon S that encodes the 

signal peptide for the TrkB receptor and the other loxP site in the intron downstream of exon S 

(Figure 1A). A PGKneo expression unit flanked by two frt sites served as a selectable marker 

and could be removed by Flp-mediated recombination to obtain the fB allele (Figure 1A). The 

TrkB gene produces two proteins, a full-length TrkB receptor (TrkB-F) and a truncated TrkB 

receptor (TrkB-T) that lacks the tyrosine kinase domain and thus is not able to activate receptor 

tyrosine kinase-mediated signaling cascades in neurons. Western blot analysis showed that fB/fB 

mice expressed the same amounts of both full-length and truncated TrkB receptors as wild-type 

(WT) mice did (Figure 1B). 

 To selectively delete the TrkB gene in striatal neurons, we used a Cre transgene under 

the control of the Dlx5/6 enhancer element (Dlx5/6-cre) (Stenman et al., 2003). At embryonic 

day 12.5 (E12.5), Dlx5 and Dlx6 are expressed throughout the lateral and medial ganglionic 

eminences (LGE and MGE) (Anderson et al., 1997), the brain regions that give rise to striatal 

projection neurons and interneurons, respectively (Anderson et al., 2001; Olsson et al., 1998; 

Olsson et al., 1995). To determine in which populations of striatal neurons the Dlx5/6-cre 

transgene is expressed, we introduced this transgene into Rosa26 reporter mice, in which the 
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Rosa26 locus expresses β-galactosidase once Cre-mediated recombination has occurred. We 

found that in the striatum the Dlx5/6-cre transgene mediated recombination in the vast majority 

of MSNs expressing the 32 kDa dopamine- and cAMP-regulated phosphoprotein (DARPP-32, 

Figure 1C) as well as in interneurons expressing neuropeptide Y (NPY), choline 

acetyltransferase (ChAT), or parvalbumin (Figure 2). Dlx5/6-cre mice were crossed to fB mice to 

generate conditional TrkB knockouts (Dlx5/6-cre;fB/fB, termed TrkBDlx) or control mice (fB/fB). 

To determine if TrkB expression was abolished in the striatum of TrkBDlx mice, we analyzed 

protein extracts prepared from striatal and cortical tissues by immunoblotting. Compared with 

control mice, levels of both TrkB-F and TrkB-T in the cerebral cortex were slightly reduced in 

TrkBDlx mice (Figure 1D), which is consistent with the observation that Dlx5/6-cre was also 

expressed in cortical interneurons (data not shown). However, TrkB-F expression in the striatum 

appeared to be completely abolished in TrkBDlx mice (Figure 1D). We were still able to detect a 

small amount of TrkB-T (Figure 1D), likely due to expression of TrkB-T in glial cells. Thus, we 

generated a TrkB mutant that lacks TrkB signaling in striatal neurons.    
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Figure 1. Dlx5/6-cre-mediated deletion of the TrkB gene in the striatum 

(A) Schematic diagrams of the TrkB gene, the targeting construct, and the targeted TrkB locus. 

The homology arms are represented in thick lines. The targeting construct was used to produce 

an fBneo allele. Once the PGKneo sequence was deleted by Flp recombinase, the fB allele was 

generated. B, Bam HI; H, Hind III; Flp, a yeast recombinase that mediates recombination 

between two Frt sites.   

(B) Western blot analysis of TrkB expression showing that the fB allele expresses normal 

amounts of the TrkB receptors. Protein extracts were prepared from the brains of newborn wild-

type (+/+) and fB/fB homozygous mice. Fifty µg of protein was loaded onto each lane.  
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(C) Dlx5/6-cre-mediated recombination pattern in the striatum, as revealed by X-gal staining for 

β-galactosidase (blue) and DARPP-32 immunohistochemistry (brown) in Rosa26/+;Dlx5/6-cre 

mice. Scale bar, 50 µm.  

(D) Western blot shows the complete absence of the full-length TrkB receptor (TrkB-F) and a 

large reduction in the truncated TrkB receptor (TrkB-T) in the striatum of a mutant mouse. 

Protein extracts were prepared from striata and cortices of Dlx5/6-cre-mediated TrkB conditional 

mutant (M) and fB/fB control (C) mice at three weeks of age and probed with antibodies against 

the TrkB extracellular domain and α-tubulin.  
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Figure 2. Dlx5/6-cre-mediated recombination in striatal interneurons  

X-gal staining and immunohistochemistry were performed on brain sections obtained from 

Rosa26/+;Dlx5/6-cre mice in which expression of β-galactosidase serves as an indicator of Cre-

mediated recombination. The activity of β-galactosidase (blue dots) was present in striatal 

interneurons expressing NPY (A), parvalbumin (B), or ChAT (C). Scale bar, 50 µm. 

 

 

 

 

 

 

 

 



 
 

31 

Deletion of TrkB leads to a large neuronal loss in the striatum at P21  

TrkBDlx mice survived for about 3 weeks and displayed a hind paw-clasping phenotype when 

suspended by their tails (Figure 3A). Hind paw clasping has been associated with motor 

dysfunction observed in a number of mouse models with neurological disorders (Mangiarini et 

al., 1996; Mantamadiotis et al., 2002; van den Akker et al., 1999). To determine whether this 

abnormal behavior corresponded to biochemical changes occurring in the striatum of the TrkBDlx 

mice, we measured levels of DARPP-32, which is expressed by all MSNs and is important for 

proper striatal function (Svenningsson et al., 2004). There was a large reduction in DARPP-32 

levels in TrkBDlx mice when compared to control littermates (Figure 3B). We then determined if 

loss of striatal neurons also contributed to motor dysfunction in TrkBDlx mice by employing an 

unbiased stereological method to measure striatal volume and count striatal neurons on Nissl-

stained coronal sections (Figure 3C). The volume and neuronal number of the striatum were 

reduced by ~50% in TrkBDlx mice as compared to control animals (Figures 3D & 3E). In 

addition, a specific neuronal marker (NeuN) was used to make sure we did not miss Nissl-stained 

neurons that might be smaller in size due to cell atrophy in TrkBDlx mice. A similar reduction in 

NeuN-positive cell counts confirmed the large striatal neuronal loss in TrkBDlx mice (Figure 3E). 

Taken together, these results indicate that TrkB signaling is necessary for striatal formation 

and/or maintenance.   
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Figure 3. Deletion of the TrkB gene in the striatum leads to a large loss of striatal neurons 

(A) The TrkB mutant (TrkBDlx) at P18 exhibited abnormal hind-paw clasping phenotype when 

suspended by its tail.  

(B) DARPP-32 levels in control (C) and TrkBDlx (M) mice, as revealed by western blot and 

immunohistochemistry. Scale bar, 25 µm.  

(C) Representative images of Nissl-stained coronal brain sections from control and TrkBDlx mice. 

Abbreviations: Stm, striatum; Ctx, cerebral cortex. Scale bar, 500 µm.  

(D) Striatal volumes of TrkBDlx and control mice at P21. Note the striatal volume in TrkBDlx mice 

was reduced by 53% when compared with control mice (n=4 mice each). Error bars represent 

SEM. Student’s t test: ***, p<0.001. 
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(E) Counts of striatal neurons in TrkBDlx and control mice at P21, obtained from Nissl- or NeuN-

stained sections. The striatal neuron counts were reduced by 45% (Nissl) and by 58% (NeuN) 

when compared with control mice (n=4 mice each). Error bars represent SEM. Student’s t test: 

***, p<0.001. 
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Differential effect of the TrkB deletion on DRD2- and Enkephalin-expressing MSNs  

To determine whether TrkB deletion has a differential effect on the two distinct populations of 

striatal projection neurons, we examined expression of SP and Enk, the markers for MSNs in the 

direct and indirect pathways, respectively. In TrkBDlx mice there was a marked decrease in Enk 

immunoreactivity in the external segment of the globus pallidus (Figure 4A), a projection site of 

MSNs in the indirect pathway, whereas SP levels were not apparently changed in the substantia 

nigra pars reticulata (Figure 4B), a projection site of MSNs in the direct pathway. It was not 

clear, however, whether the difference in peptide immunoreactivity reflected selective changes in 

expression of individual genes or in the number of MSNs in each of the two pathways. To 

address this issue, we measured levels of mRNAs for DRD1a, DRD2, Enk, and SP in the 

striatum using in situ hybridization. Levels of mRNAs for DRD2 and Enk, expressed by the 

MSNs in the indirect pathway, were greatly reduced in the striatum of TrkBDlx mice (Figures 4D 

& 4E). In contrast, levels of mRNAs for SP and DRD1a, expressed by the MSNs in the direct 

pathway, were not significantly changed (Figures 4D & 4E). We further confirmed that DRD1a 

expression in striatal neurons of TrkBDlx mice was not significantly altered using 

immunohistochemistry (Figure 4C). These results show that TrkB ablation mostly affects MSNs 

of the indirect pathway.  
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Figure 4. Differential effects of TrkB deletion on DRD2- and Enk-expressing MSNs at P21  

(A) Reduced Enk immunoreactivity in the external segment of the globus pallidus (GPe) of 

TrkBDlx mice.  

(B) Normal SP immunoreactivity in the substantia nigra (SN) of TrkBDlx mice. Scale bar, 250 

µm.  

(C) Normal expression of DRD1a in the striatum (Stm) of TrkBDlx mice.  

(D) In situ hybridization showing reduced Enk mRNA levels but normal SP mRNA levels in the 

striatum of TrkBDlx mice.  

(E) Quantification of in situ hybridization signals for Drd2, Enk, Drd1a, and SP mRNAs. Note 

that levels of mRNAs for DRD2 and Enk but not for DRD1a and SP were significantly reduced 

in TrkBDlx mice (n=3 mice each). Error bars represent SEM. Student’s t test: **, p<0.01; ***, 

p<0.001. 
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Selective loss of DRD2-expressing MSNs in the TrkB mutant 

The reduced levels of mRNAs for Enk and DRD2 in the TrkB mutant might result from a 

selective loss of the MSNs in the indirect pathway. In order to investigate the effect of TrkB 

deletion on the survival of DRD2-expressing MSNs, we introduced a BAC transgene expressing 

green fluorescent protein under the control of the Drd2 promoter (D2-EGFP) (Gong et al., 2003) 

into TrkBDlx mice and control mice. High-magnification examination of EGFP+ cells 

demonstrated that the reduced level of Drd2 mRNA in the striatum of TrkBDlx mice resulted 

mainly from a severe loss of DRD2-expressing neurons (Figure 5A). The number of EGFP-

expressing striatal neurons was reduced by 63% in TrkB mutant mice (fB/fB;Dlx5/6-cre;D2-

EGFP) at 3 weeks of age when compared with age-matched control mice (fB/fB;D2-EGFP) 

(Figures 5A & 5B). Since the Dlx5/6-cre transgene also expressed EGFP due to the inclusion of 

an IRES2-EGFP sequence downstream of the Cre coding region (Stenman et al., 2003), some 

EGFP-positive neurons in fB/fB;Dlx5/6-cre;D2-EGFP mice might not be DRD2 neurons. To 

estimate the number of striatal neurons expressing both EGFP and DRD1a in the TrkB mutant, 

we counted EGFP-expressing striatal neurons in TrkBDlx (fB/fB;Dlx5/6-cre) mice at P21. The 

number of EGFP-expressing neurons in these mice was small (Figure 5B), indicating that the 

expression of Dlx5/6-cre was turned off in many striatal neurons by P21. Assuming that the vast 

majority of EGFP-expressing neurons in TrkBDlx mice are DRD1a cells, we subtracted this 

neuronal count from the total number of EGFP+ striatal neurons in fB/fB;Dlx5/6-cre;D2-EGFP 

mice to estimate the size of the D2-EGFP-expressing neuronal population in the mutant. The 

adjusted number revealed that up to 80% of DRD2-expressing striatal neurons were lost in 

TrkBDlx mice (Figure 5B). To determine the number of MSNs of the direct pathway, we crossed 

TrkBDlx and control mice to Drd1a-tdTomato BAC transgenic mice in which MSNs of the direct 
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pathway are marked by a red fluorescent protein (Shuen et al., 2008). The number of Drd1a-

expressing MSNs was reduced by 22% (Figure 6). The numbers of striatal interneurons 

expressing ChAT, parvalbumin, or NPY were not significantly changed (Figure 7). Thus, 

deletion of the TrkB gene in the striatum leads to a severe and selective loss of DRD2-expressing 

MSNs in the striatum.  
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Figure 5. Loss of DRD2-expressing MSNs in TrkB mutant mice  

(A) Representative high-magnification images showing fewer EGFP-expressing striatal neurons 

in fB/fB;Dlx5/6-cre;D2-EGFP mice (mutant) as compared with  fB/fB;D2-EGFP mice (control). 

Scale bar, 25 µm.   

(B) Counts of EGFP-expressing neurons in the striatum. EGFP-expressing striatal neurons were 

counted in several genotypes of mice to reveal a severe loss of DRD2-expressing MSNs in TrkB 

mutant mice (n=4 mice for each genotype). EGFP could be expressed from the Dlx5/6-cre 

transgene (Dlx-EGFP) and/or the D2-EGFP transgene. Error bars represent SEM. Student’s t 

test: ***, p<0.001. 
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Figure 6. Mild reduction in DRD1a-expressing MSNs 

Coronal sections of TrkBDlx and control mice expressing Drd1a-tdTomato transgene were 

processed for immunohistochemistry using Ds-Red antibody that recognizes tdTomato protein.   

Unbiased stereological cell counting revealed 22% reduction in the number of DRD1a-

expressing MSNs (n=3 mice each). Error bars represent SEM. 
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Figure 7. Normal numbers of striatal interneurons in TrkBDlx mice 

Coronal brain sections of TrkBDlx and control mice at 21 days of age were processed for 

immunohistochemistry using antibodies against markers for striatal interneurons. Unbiased 

stereological cell counting revealed normal numbers of striatal interneurons expressing NPY, 

parvalbumin, or ChAT (n=4 mice each). Error bars represent SEM. 
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Loss of DRD2-expressing MSNs is due to preferential expression of TrkB in these neurons 

The relatively specific effect of TrkB deletion on DRD2/Enk MSNs led to the hypothesis that 

TrkB expression was restricted to this striatal population. To test this hypothesis, we generated 

D2-EGFP;TrkBLacZ/+ mice by crossing D2-EGFP transgenic mice to TrkBLaz/+ mice in which 

expression of β-galactosidase is under the control of the TrkB promoter and thus recapitulates the 

expression pattern of the TrkB gene (Xu et al., 2000a). Fluorescent immunohistochemistry with 

an antibody to β-galactosidase revealed that 75% (91/122) of TrkB-expressing neurons were 

positive for EGFP and 43% (91/211) of EGFP+ neurons expressed TrkB in the striatum of adult 

D2-EGFP;TrkBLacZ/+ mice (Figures 8A-8C). In concordance with this observation, TrkB was 

detected in 37% (34/92) of DARPP-32-expressing neurons (Figures 8D-8F), approximately half 

of which are DRD2-expressing MSNs (Anderson and Reiner, 1991; Ouimet and Greengard, 

1990). These results may explain the preferential effect of TrkB deletion on DRD2 MSNs, but do 

not explain the loss of up to 80% of DRD2 neurons in the striatum of the TrkB mutant at P21 

(Figure 5B). To investigate this discrepancy, we examined the TrkB expression pattern in the 

striatum of young D2-EGFP;TrkBLacZ/+ mice. At P10 TrkB was expressed in many more 

neurons, so that 98% of EGFP+ striatal neurons (657/670) expressed TrkB (Figures 8G-8I). To 

examine TrkB expression in MSNs of the direct pathway, we crossed TrkBLacZ/+ mice to Drd1a-

tdTomato BAC transgenic mice (Shuen et al., 2008). We found that 18% (125/690) of DRD1a 

neurons expressed TrkB in Drd1a-tdTomato;TrkBLacZ/+ mice at P10 (Figures 8J-8L), which was 

in agreement with 22% reduction in the number of these neurons (Figure 6). Although, the 

numbers of interneurons were not changed (Figure 7), we found that TrkB was expressed in 

some interneurons expressing either parvalbumin or NPY (Figure 9). Thus, the relative selective 
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loss of DRD2 neurons in TrkBDlx mice results from the preferential expression of TrkB in MSNs 

of the indirect pathway. 
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Figure 8. TrkB is preferentially expressed in DRD2-positive MSNs 

(A-C) Colocalization of TrkB with DRD2 in the striatum of adult TrkBLacZ/+;D2-EGFP mice in 

which β-galactosidase and EGFP serve as indicators for expression of TrkB and DRD2, 

respectively. Fluorescent immunohistochemistry with antibodies to β-galactosidase and EGFP 

shows that the majority of TrkB-expressing neurons also express DRD2 in the adult striatum.  
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(D-F) TrkB expression in striatal MSNs. Antibodies to DARPP-32 and β-galactosidase were 

used to reveal MSNs and TrkB-expressing cells in the striatum of adult TrkBLacZ/+ mice.  

(G-I) High co-expression of TrkB and DRD2 in the young striatum. Nearly all EGFP+ cells 

expressed β-galactosidase in the striatum of TrkBLacZ/+;D2-EGFP mice at P10.  

(J-L) Low co-expression of TrkB and DRD1a in the striatum of TrkBLacZ/+;Drd1a-tdTomato 

mice at P10. Scale bar, 50 µm. 
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Figure 9. TrkB expression in striatal interneurons 

Immunohistochemistry was performed on brain sections obtained from TrkBLacZ/+ mice using 

antibodies to β-galactosidase and interneuron markers. Representative images show 

colocalization of TrkB with parvalbumin, NPY, or ChAT. Analyses of many images indicate that 

69% (9/14) of NPY neurons, 64% (9/13) of parvalbumin neurons, and 5% (1/21) of ChAT 

neurons express TrkB. Scale bar, 50 µm. 
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Loss of striatal neurons in TrkBDlx mice is not due to impaired striatal neurogenesis 

The severe neuronal loss observed in the striatum of TrkBDlx mice at P21 could be due to 

increased cell death during the postnatal period or impaired striatal development during 

embryogenesis. We first asked if striatal neurons die during the first three postnatal weeks in the 

absence of the TrkB receptor. We measured striatal volume and counted striatal neurons in 

TrkBDlx and control mice at P10 and P0. We found that the magnitudes of the reductions in 

striatal volume and number of striatal neurons in TrkBDlx mice at these two ages were similar to 

those observed at P21 (Figures 10A & 10B). These results ruled out the possibility that the loss 

of striatal neurons in TrkBDlx mice results from increased cell death during the first three 

postnatal weeks.  

 The observation that the loss of striatal neurons in TrkBDlx mice was nearly completed by 

P0 suggests that TrkB signaling is required for striatal neurogenesis and/or survival of 

developing striatal neurons. Some studies indicate that TrkB signaling regulates adult 

neurogenesis in the subventricular zone, affecting production of olfactory bulb interneurons and 

striatal neurons (Chmielnicki et al., 2004; Pencea et al., 2001; Zigova et al., 1998).  Furthermore, 

TrkB signaling has been shown to promote proliferation and differentiation of neuronal 

precursors in the mouse cerebral cortex (Bartkowska et al., 2007). To examine the effect of TrkB 

deletion on striatal neurogenesis, which extends from embryonic day 12 (E12) to P2 (Marchand 

and Lajoie, 1986), we used 5-bromo-2-deoxyuridine (BrdU) to label newborn cells. At E16.5, 

pregnant female mice were injected with BrdU (50 mg/kg), and two hours later embryos were 

removed to achieve short-term labeling. Numerous BrdU-positive cells were detected in the 

ventricular and subventricular zones (VZ and SVZ) of the LGE in control and TrkBDlx embryos 

(Figures 10C & 10D). Quantification revealed no difference in the density of BrdU-labeled cells 
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in the VZ/SVZ between control and TrkBDlx embryos (Figure 10E). These results indicate that 

deletion of the TrkB gene in the LGE does not affect striatal neurogenesis. 
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Figure 10. Loss of striatal neurons in TrkBDlx mice is not due to impaired striatal 

neurogenesis  

(A) Striatal volumes of TrkBDlx and control mice at P10 and P0. Striatal volume in TrkBDlx mice 

was reduced by 50% at P10 and 44% at P0 when compared with control mice (n=4 mice each). 

Error bars represent SEM. Student’s t test: **, p<0.01. 

(B) Striatal neuron counts of TrkBDlx and control mice at P10 and P0. Note that the striatal 

neuron counts in TrkBDlx mice was reduced by 40% at P10 and 44% at P0 when compared with 

control mice (n=4 mice each). Error bars represent SEM. Student’s t test: *, p<0.05; **, p<0.01. 

(C, D) Representative images of BrdU-labeled cells in the ventricular and subventricular zones 

(VZ and SVZ) of the LGE at E16.5. Scale bar, 25 µm.   

(E) Quantification of BrdU positive cells in the VZ and SVZ of the LGE shows no significant 

difference between control and TrkBDlx embryos at E16.5. Error bars represent SEM. 



 
 

49 

Increased apoptosis in developing striatal neurons of TrkBDlx mice  

We next asked whether ablation of TrkB signaling leads to increased cell death of striatal 

neurons during the period of striatal neurogenesis. To this aim, we employed immunostaining for 

activated caspase-3 to detect cells undergoing apoptosis. We observed a great increase in 

caspase-3 positive cells in the striatal VZ/SVZ of TrkBDlx mice at P0 and E16.5 (Figures 11B & 

11F) as compared to littermate controls (Figures 11A & 11E). In addition, some caspase-3 

positive cells were observed in the TrkBDlx striatum at P0 (Figure 11D) but not in the control 

striatum (Figure 11C). We quantified the number of cells containing the activated caspase-3 at 

P0 and found that apoptosis increased by 20-fold in the VZ/SVZ and 7-fold in the striatum in 

TrkBDlx mice over littermate controls (Figure 11G). In agreement with this apoptosis phenotype, 

the TrkB receptor was expressed in the striatal VZ/SVZ at P0 (Figure 12). These results 

demonstrate that TrkB signaling is essential for the survival of developing striatal neurons, 

especially those newborn neurons that still reside in the LGE.  
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Figure 11. Striatal neuronal loss is due to increased apoptosis in the striatal proliferative 

zone 

(A-D) Immunohistochemistry against activated caspase-3 in the VZ/SVZ and striatum at P0. 

Numerous apoptotic cells were observed in the LGE VZ/SVZ and striatum of TrkBDlx mice. 

Sections were counter stained with Nissl.  

(E, F) Immunohistochemistry against activated caspase-3 in the LGE VZ/SVZ of embryos at 

E16.5. Scale bar, 25 µm.  

(G) Density of cells containing activated caspase-3 in the LGE VZ/SVZ and the striatum of 

control and TrkBDlx mice at P0. Error bars represent SEM. Student’s t test: ***, p<0.001. 
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Figure 12. TrkB expression in striatal VZ/SVZ at P0 

Fluorescent immunohistochemistry against β-galactosidase was performed on brain sections 

obtained from TrkBLacZ/+ mice at P0. Abbreviations: V, lateral ventricle; SVZ, subventricular 

zone. Scale bar, 25 µm. 
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BDNF-to-TrkB signaling regulates neuronal survival in the developing striatum 

Activation of the TrkB receptor is mediated by either BDNF or NT4/5, and in some cases by 

NT3 (Barbacid, 1995). In this study, we focused on BDNF because of its widespread expression 

in the brain and reasoned that deletion of the Bdnf gene should result in a phenotype similar to 

the one observed in TrkBDlx mice if BDNF-to-TrkB signaling promotes survival of developing 

striatal neurons. We counted striatal neurons in Bdnf null mice and WT littermates at P10-P14 

and found a 40% reduction in the neuronal number (Figure 13A), which is close to the observed 

reduction in TrkBDlx mice at the same age (Figure 10B). Next, we examined whether deletion of 

the Bdnf gene results in reduction of DRD2-expressing MSNs by generating WT or Bdnf null 

mice harboring the D2-EGFP transgene. The number of EGFP+ cells in the striatum was reduced 

by 52% in the Bdnf null mice (Figure 13B), which is also close to the loss of DRD2-expressing 

neurons in TrkBDlx mice (Figure 5B). Taken together, these results indicate that BDNF serves as 

a ligand for the TrkB receptor to support the survival of developing striatal MSNs.  
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Figure 13. BDNF is required for the survival of striatal neurons 

(A) Counts of striatal neurons in WT and Bdnf null mice (BdnfLazZ/LacZ) at P10-14. Error bars 

represent SEM. Student’s t test: **, p<0.01. 

(B) Counts of striatal DRD2-expressing cells in WT (D2-EGFP) and Bdnf null (D2-

EGFP;BdnfLazZ/LacZ) mice at P10-14. Error bars represent SEM. Student’s t test: *, p<0.05. 
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Dopaminergic neurons of the midbrain express BDNF during development 

To identify the source of BDNF important for the survival of developing MSNs, we examined 

BDNF expression in the developing brain by using a BdnfLacZ/+ knockin mouse strain in which 

the LacZ coding sequence replaces the Bdnf coding region. X-gal staining or 

immunohistochemistry with an antibody to β-galactosidase were used to visualize β-

galactosidase, a product of the LacZ gene, in brain areas that normally express BDNF. In adult 

mice Bdnf mRNA is not present in the striatum. Instead, striatal BDNF protein is synthesized and 

anterogradely transported from cell bodies located in the cerebral cortex, substantia nigra pars 

compacta, and intralaminar thalamic nuclei (Altar et al., 1997a). Consistent with a published 

report (Baquet et al., 2004), we observed high levels of BDNF expression in the cerebral cortex 

and no expression in the striatum at P21 (Figure 14A & 14B). However, at E16.5 and P0 we 

found very little BDNF expression in the cerebral cortex, LGE, and striatum (Figures 15A, 15B, 

14C, & 14D). Next, we examined dopaminergic and thalamic neurons in the midbrain as a 

possible source of BDNF for supporting survival of developing MSNs. It has been shown that 

nigrostriatal projections are formed by E16.5 (Hu et al., 2004; Voorn et al., 1988) and that BDNF 

is expressed in the midbrain area of mouse embryos (Baquet et al., 2005). We confirmed the 

presence of BDNF in the substantia nigra at E16.5 (Figure 15B). Moreover, BDNF expression 

was found in cells expressing tyrosine hydroxylase, a marker for dopaminergic neurons that 

project to the striatum (Figures 15C-15E). We also detected BDNF expression in some thalamic 

nuclei at P0 (Figure 14E); however, it is unknown when the thalamostriatal projection is 

established. Thus, we hypothesized that BDNF released from axonal terminals of midbrain 

neurons projecting to the LGE, likely the dopaminergic neurons, might activate TrkB receptors 

on newborn striatal neurons and promote their survival.  
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Figure 14. BDNF expression in the brain at P0 and P21 

BDNF expression pattern in the Bdnf LacZ/+ brain at P0 and P21was revealed by X-gal staining for 

β-galactosidase (blue). At P21, high levels of BDNF expression was observed in the cortex, 

hippocampus, and substantia nigra pars compacta, but not in the striatum (A, B). At P0, BDNF 
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was expressed in the substantia nigra pars compacta, hippocampus and thalamus, but not in the 

cerebral cortex, striatum, and LGE (C-E). Ctx, cerebral cortex; Hp, hippocampus; SNc, 

substantia nigra pars compacta; Stm, striatum; Th, thalamus. Scale bars, 500 µm in panels A-C 

and 250 µm in panels D and E.  
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Figure 15. BDNF is expressed in the substantia nigra at E16.5 

(A, B) BDNF expression in BdnfLacZ/+ embryos at E16.5 as revealed by immunohistochemistry 

against β-galactosidase. There was no BDNF expression in the LGE, striatum (Stm), and cerebral 

cortex (Ctx). However, the substantia nigra (arrow) exhibited high levels of BDNF expression. 

Scale bar, 250 µm.  

(C-E) Co-localization of tyrosine hydroxylase (TH) with β-galactosidase in the substantia nigra 

of BdnfLacZ/+ embryos at E16.5. Fluorescent immunohistochemistry with antibodies to TH and β-

galactosidase revealed numerous double-labeled neurons in the SN (arrows). Scale bar, 25 µm.  
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BDNF important for the survival of developing striatal neurons comes from the midbrain 

To determine the role of midbrain BDNF in the survival of developing striatal neurons, we 

employed the Wnt1-cre transgene, which is expressed in the developing midbrain and hindbrain 

as early as E9.5 (Danielian et al., 1998). Wnt1-cre mice and mice containing floxed Bdnf alleles 

(Bdnflox) were intercrossed to produce Bdnflox/lox (control), Wnt1-cre;Bdnflox/lox (mutant; termed 

BdnfWnt), and Wnt1-cre;Bdnflox/+ mice. The Bdnflox allele expresses β-galactosidase in BDNF-

expressing cells once Cre-mediated recombination has occurred (Baquet et al., 2005). 

Immunohistochemistry revealed that β-galactosidase was expressed in the substantia nigra pars 

compacta and the ventral tegmental area, but not in the cerebral cortex and striatum in Wnt1-

cre;Bdnflox/+ mice at P0 (Figures 16A, 16B, & 17A). The β-galactosidase immunoreactivity was 

also detected in some thalamic nuclei, including the paraventricular nucleus and the central 

medial nucleus, which is one of the intralaminar thalamic nuclei (Figure 17B). These results 

indicate that the Wnt1-cre transgene can be used to abolish BDNF expression in dopaminergic 

neurons and some thalamic neurons of the midbrain during embryogenesis.  

We found that there were many more apoptotic cells in the striatal ventricular and 

subventricular zone of BdnfWnt mutant mice at P0 when compared to control mice, as revealed by 

immunohistochemistry against activated caspase 3 (Figures 16C & 16D). Stereological analysis 

showed that the number of striatal neurons was reduced by 33% and 38% in BdnfWnt mice at P0 

and P10, respectively, compared to age-matched control mice (Figure 16E), a phenotype nearly 

identical to the one observed in Bdnf null mice (Figure 13A). These results demonstrate that 

BDNF produced in the midbrain supports survival of developing striatal neurons. 
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Figure 16. BDNF from midbrain neurons promotes survival of developing striatal neurons 

(A, B) Wnt1-cre-mediated deletion of the Bdnf gene. Immunohistochemistry against β-

galactosidase was performed on brain sections from Wnt1-cre;Bdnflox/+ mice at P0. 

Abbreviations: Ctx, cerebral cortex; SNc, substantia nigra pars compacta; Stm, striatum; VTA, 

ventral tegmental area. Scale bar, 500 µm.  
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(C, D) Immunohistochemistry against activated caspase-3 in the striatal VZ/SVZ at P0. 

Numerous apoptotic cells were observed in the striatal VZ/SVZ of BdnfWnt mice. Sections were 

counter stained with Nissl. Scale bar, 25 µm.  

(E) Striatal neuron counts of BdnfWnt (mutant) and Bdnflox/lox (control) mice at P10 and P0. Note 

that the striatal neuron counts in BdnfWnt
 mice was reduced by 33% at P10 and 38% at P0 when 

compared to control mice (n=3 mice per genotype). Error bars represent SEM. Student’s t test: 

**, p<0.01; ***, p<0.001. 
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Figure 17. Wnt1-cre-mediated deletion of the Bdnf gene in the thalamus at P0 

(A) Immunohistochemistry against β-galactosidase on Wnt1-cre;Bdnflox/+ brain sections, showing 

the distribution of cells that expressed BDNF and in which Bdnf lox allele was deleted by Wnt1-

cre.  

(B) An enlarged image of the thalamic area from the image shown in panel A. There are some β-

galactosidase-expressing cells within the paraventricular and central medial thalamic nuclei, 

indicating that Bdnf expression should be abolished in these cells of BdnfWnt mice. Abbreviations: 

Ctx, cerebral cortex; CM, central medial thalamic nucleus; Hp, hippocampus; PV, 

paraventricular thalamic nucleus; Stm, striatum. Scale bars, 500 µm. 
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DISCUSSION 

In this study we demonstrate that anterogradely transported BDNF from the midbrain supports 

the survival of developing MSNs during embryogenesis. This is especially true for MSNs in the 

indirect pathway, and selective deletion of TrkB in the LGE greatly reduces the size of this 

neuronal population. These results suggest that midbrain neurons projecting to the LGE and 

striatum control the final size of their targets by secreting limiting amounts of neurotrophic 

factors during embryogenesis (i.e. innervating neurons controlling the size of their targets). This 

concept is very different from the “neurotrophic hypothesis” which proposes that target tissues 

determine the size of innervating neuronal populations through neurotrophic factors during 

development (i.e. targets controlling the size of their innervating neuronal populations). 

Furthermore, because the majority of cell death occurs within the LGE in the absence of BDNF-

to-TrkB signaling, striatal MSNs need trophic support before they migrate to the striatum and 

send out axons, which is temporally different from what found previously in the PNS where 

neurons undergo apoptosis after they innervate target tissues. Thus, our results reveal a novel 

principle of neuronal development by which the two connected brain regions can coordinate their 

relative size. Furthermore, this study provides the first example that a large population of 

developing neurons in the brain is dependent on a single neurotrophin for survival.  

The vital role of neurotrophins in the survival of developing neurons in the peripheral 

nervous system has been well established. For example, deletion of the gene for NGF or its TrkA 

receptor leads to over 70% neuronal loss in the trigeminal and dorsal root sensory ganglia, and 

over 95% neuronal loss in the superior cervical sympathetic ganglia (Crowley et al., 1994; 

Smeyne et al., 1994). Similarly, Bdnf knockout mice exhibit severe neuronal loss in several 

sensory ganglia (Ernfors et al., 1994; Jones et al., 1994). Although it has been shown that 
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neurotrophins participate in the maintenance of adult neuronal populations in the brain (Baquet 

et al., 2004; Xu et al., 2000b), the role of neurotrophins in the survival of developing neurons in 

the central nervous system remains largely unknown. A modest increase in postnatal apoptosis 

was observed in hippocampal and cerebellar granule cells of TrkB and TrkC knockout mice, 

however these deletions do not appear to affect the size of these two neuronal populations 

(Alcantara et al., 1997; Minichiello and Klein, 1996). The redundancy of neurotrophin-mediated 

signaling pathways in brain regions where more than one Trk receptor is present in a specific 

neuronal population can provide an explanation for the rather minor effect when one receptor or 

its ligands are removed. However, the present study supports the idea that a single neurotrophin 

might be sufficient and necessary to support the survival of some neuronal populations in the 

brain, since we show here that TrkB signaling is necessary for the survival of immature striatal 

neurons that will become MSNs of the indirect pathway. Systemic and stereological analysis is 

necessary to determine whether other populations of neurons in the brain are also dependent on 

single neurotrophic factors for survival during development. 

 Additionally, our study identified the source of BDNF that supports survival of immature 

neurons in the LGE. Since BDNF is expressed in neither the LGE nor the nearby striatum, it 

likely comes from brain regions that form connections with the LGE and the developing 

striatum. Immature neurons in the LGE have to migrate to the striatum before they send axons to 

striatal targets, and it is thus impossible for them to obtain BDNF from their eventual targets 

through retrograde transport. Therefore, the only source of BDNF in the LGE is from axons of 

neurons that project to this region. In adult mice striatal BDNF arrives by anterograde transport 

from cell bodies located in the cerebral cortex, substantia nigra pars compacta, and intralaminar 

thalamic nuclei (Altar et al., 1997a; Altar and DiStefano, 1998). BDNF expression in the cerebral 
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cortex is extremely low in mouse embryos and neonates and rises dramatically during the first 

few postnatal weeks (Figure 14) (Baquet et al., 2004). Furthermore, the corticostriatal connection 

is mainly formed during the first postnatal week (Christensen et al., 1999; Nisenbaum et al., 

1998). Thus, it is unlikely that the cerebral cortex is the BDNF source for immature neurons in 

the LGE. We show that BDNF is expressed in midbrain dopaminergic neurons at E16.5 and P0.  

Importantly, it has been shown that nigrostriatal projections are formed by E16.5 (Hu et al., 

2004; Voorn et al., 1988). Furthermore, TH-positive axons are found in close proximity to 

dividing LGE progenitor cells as early as E13 (Ohtani et al., 2003). These expression and 

projection findings, along with the observation that the loss of striatal neurons in BdnfWnt 

conditional knockout mice was as severe as Bdnf -/- null mice, indicate that BDNF released from 

axonal terminals of mesencephalic dopaminergic neurons promotes the survival of immature 

striatal neurons in the LGE. It also makes strategic sense for nigrostriatal dopaminergic neurons, 

a relatively small population, to regulate the size of their large target, the striatum, by controlling 

the survival of immature striatal neurons at their birthplace. Since BDNF expression in BdnfWnt 

mice is also ablated in the central medial nucleus of the thalamus (one of the thalamic nuclei 

projecting to the striatum (Smith et al., 2004)), thalamic BDNF may also promote survival of 

developing striatal neurons if thalamostriatal projections are established during embryogenesis.  

TrkBDlx mice only survive for approximately three weeks, and the lethality may result 

from severe loss of striatal neurons. It has been reported that dopamine-deficient mice become 

hypophagic and die of starvation by 4 weeks of age (Zhou and Palmiter, 1995) and that 

dopamine restoration in the dorsal striatum rescues this lethality (Szczypka et al., 2001). These 

findings indicate that neural circuits in the dorsal striatum are important for feeding. Since 

TrkBDlx mice lose many striatal neurons, the development of neural circuits in the dorsal striatum 
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should be disrupted, which may lead to lethality. Further studies are necessary to determine if 

defects in striatal neural circuits cause lethality of TrkBDlx mice. 

The observed preferential TrkB expression in DRD2-expressing MSNs may provide 

some insights into the selectivity of degeneration associated with HD. HD, a dominantly 

inherited neurodegenerative disorder characterized by abnormalities of movement and cognition 

along with changes in psychiatric symptoms, is caused by expansion of a polyglutamine tract at 

the N-terminus of huntingtin (htt). The clinical signs and symptoms result from relatively 

selective degeneration of striatal neurons (Vonsattel and DiFiglia, 1998), however striatal 

neurons are not uniformly affected in HD. Immunohistochemical studies in patients with HD 

show a greater decrease in the number of neurons co-expressing DRD2 and Enk (Reiner et al., 

1988). These neurons act to terminate movement associated with the basal ganglia or suppress 

unwanted sequences of movements (Bolam et al., 2000). Hence, the loss of the indirect pathway 

neurons leads to disinhibition of the thalamus and increased facilitation of the motor cortex, 

producing hyperkinesias in HD patients (Calabresi et al., 2000). Alternatively, direct pathway 

neurons co-expressing DRD1a and SP are less affected, and striatal interneurons are mostly 

spared in patients with HD (Ferrante et al., 1987a; Ferrante et al., 1987b). The CAG expansion in 

the HD gene has been shown to inhibit Bdnf gene expression and axonal transport of the BDNF 

protein, leading to a reduction in striatal BDNF levels (Gauthier et al., 2004; Zuccato et al., 

2001a). The deficiency in BDNF may selectively affect DRD2-expressing MSNs due to 

preferential TrkB expression in these neurons. However, it remains to be determined whether 

deletion of the TrkB gene in the adult brain causes degeneration of DRD2-expressing MSNs.   

 



 
 

66 

Part 3.2 : Chronic Deprivation of TrkB Signaling Leads to Selective Late-onset 

Nigrostriatal Dopaminergic Degeneration 

 

RESULTS 

The expression of the TrkB receptor in midbrain DA neurons 

The TrkB receptor has been shown to be expressed in the SNc and VTA (Yan et al., 1997a), the 

midbrain regions that form the nigrostriatal pathway and the mesocorticolimbic pathway, 

respectively. To determine the extent of TrkB expression in DA neurons of these two brain 

regions, we took advantage of TrkBLacZ/+ knockin mice, where expression of β-galactosidase is 

under the control of the TrkB promoter and thus recapitulates the expression pattern of the TrkB 

gene (Xu et al., 2000a). Fluorescent immunohistochemistry against tyrosine hydroxylase (TH) 

and β-galactosidase revealed that the vast majority of DA neurons in the SNc (Fig. 18A-18C) 

and VTA (Fig.18D-18F) express the TrkB receptor.  

 

 

 



 
 

67 

 

 

Figure 18. TrkB expression in DA neurons  

Brain sections from TrkBLacZ/+ mice were stained with antibodies against tyrosine hydroxylase 

(TH) and β-galactosidase. In TrkBLacZ/+ mice β-galactosidase recapitulates the expression pattern 

of TrkB. The majority of DA neurons express the TrkB receptor in the SNc (A-C) and VTA (D-

F). Scale bar, 25 µm.  
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Generation of a TrkB hypomorphic mutant 

A TrkB hypomorphic mutant was created during the process of generating a TrkB lox allele. A 

targeting construct was created to include one loxP site in the 5’untranslated region of exon S 

that encodes the signal peptide for the TrkB receptor, a PGKneo expression unit flanked by two 

frt sites in the intron downstream of exon S, and the second loxP site immediately downstream of 

the PGKneo expression unit (Figure 19A). Through homologous recombination in mouse 

embryonic stem cells, we used this targeting construct to generate an fBneo allele (Figure 19A). 

Because the PGKneo expression unit contains a polyadenylation signal sequence and multiple 

cryptic 3’ splice sites, its insertion in the TrkB locus likely interferes with the expression of the 

TrkB receptor. This prediction was confirmed by immunoblotting analyses of brain protein 

extracts (Figure 19B). The TrkB gene produces two proteins: a full-length TrkB receptor (TrkB-

F) and a truncated TrkB receptor (TrkB-T) that lacks the tyrosine kinase domain and thus is not 

able to activate receptor tyrosine kinase-mediated signaling cascades in neurons. Mice 

homozygous for the fBneo allele expressed both TrkB-F and TrkB-T at less than 25% of the 

normal amount (Figure 19B).  This result indicates that fBneo is a hypomorphic TrkB allele. 
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Figure 19. Generation of a hypomorphic TrkB allele, fBneo  

(A) Schematic diagrams of the TrkB gene, targeting construct, and fBneo locus. The homology 

arms are represented in thick lines.  B, BamHI; H, HindIII.  

(B) Western blot analysis of TrkB expression in the fBneo allele.  Protein extracts were prepared 

from whole brains of wild-type and fBneo/fBneo homozygous mice at 15 days of age.  The amount 

of protein for each lane is indicated.  
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Selective degeneration of nigrostriatal DA neurons in aged fBneo/fBneo mice 

To determine if DA neurons in the SNc are dependent on TrkB signaling for survival, we 

sectioned brains from fBneo/fBneo mice and littermate controls (either +/+ or fBneo/+) at 9, 12, 18, 

and 24 months of age, stained every third coronal section with antibodies to TH, and counted DA 

neurons in the SNc bilaterally using an unbiased stereological method (Figure 20). The number 

of nigrostriatal DA neurons in fBneo/fBneo mice was similar to that in control mice at 9 months of 

age (Figure 20C, P=0.699, n=3 pairs of mice).  However, the number was significantly reduced 

by 22% at 12 months of age (P=0.017, n=3 pairs of mice), by 29% at 18 months of age 

(P=0.011, 4 control mice and 3 mutant mice), and by 26% at 24 months of age (P=0.004, n=3 

pairs of mice) when compared to age-matched control mice (Figure 20C).  Since TH 

immunoreactivity in surviving nigral DA neurons in fBneo/fBneo mice was similar to that in 

control mice at 18 months of age (Figures 20A&20B), the reduction in the number of TH-

immunopositive (TH+) neurons in the SNc of fBneo/fBneo mice unlikely results from reduced TH 

expression. We confirmed cell loss by counting all Nissl stained neurons in the SNc at 18-24 

months of age (Figure 20D, 21% reduction, P=0.02, n=6 pairs of mice). To determine if loss of 

DA neurons is specific to the SNc, we counted DA neurons in the VTA bilaterally. Counts of 

DA neurons in the VTA were similar between fBneo/fBneo and control mice at 18 months of age 

(Figure 20C, P=0.593, 4 control mice and 3 mutant mice).  These results indicate that chronic 

reduction in TrkB signaling leads to late-onset and selective nigrostriatal degeneration. 
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Figure 20. Degeneration of nigrostriatal DA neurons in fBneo/fBneo mice 

(A and B) TH immunoreactivity in the SNc and VTA of  fBneo/fBneo and control mice at 18 

months of age. Scale bar, 500 µm.  

(C) The number of DA neurons in the SNc and VTA.  The number of DA neurons in control 

mice is set at 100%. At each time point 3-4 mice per genotype were used. 

 (D) Nissl+ neuronal counts in the SNc of mice at 18-24 months of age (6 mice per genotype). 

Student t test, *, P<0.05; **, P<0.01.  
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Loss of nigrostriatal DA projections in fBneo/fBneo mice 

To determine whether loss of DA neurons in the SNc of fBneo/fBneo mice was accompanied by 

reduced number of nigrostriatal projections, we quantified TH+ nerve terminals in the dorsal 

striatum (Figures 21A&21B). The total number and average size of TH+ nerve terminals per unit 

of striatal area were significantly reduced in fBneo/fBneo mice compared to controls at 18 months 

of age (Figure 21C, 23% reduction, P=0.0007; and 21D, 24% reduction, P=0.01). A further 

analysis based on the cross area of TH+ terminals showed significant reduction in most size bins 

(Figure 21E). We obtained similar results using dopamine transporter (DAT) as a selective 

marker for DA terminals (data not shown). Thus, loss of DA neurons in the SNc of fBneo/fBneo 

mice correlates with reduction in nigrostriatal innervation.  
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Figure 21. Loss of nigrostriatal projections accompanied by gliosis in fBneo/fBneo mice 

 (A and B) Representative confocal images of TH+ nerve terminals in the dorsal striatum of 

control and fBneo/fBneo  mice at 18 months of age. Scale bar, 25 µm.  

(C-E) Quantification of total number, average size, and size distribution of TH+ nerve terminals 

reveals a significant reduction of nigrostriatal projections in fBneo/fBneo mice.  
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Reactive gliosis in the striatum and the substantia nigra of fBneo/fBneo mice 

Reactive gliosis, the cellular manifestation of neuroinflammation, is a pathological hallmark of 

neurodegenerative diseases including PD (Forno et al., 1992; Hirsch et al., 1998). To evaluate 

levels of gliosis, we counted reactive astrocytes that expressed glial fibrillary acidic protein 

(GFAP) in the striatum (Figure 22A and B) and SNc (Figure 22C and D) of fBneo/fBneo and 

control mice. GFAP+ cell density was significantly increased in the striatum and the SNc of 

fBneo/fBneo mice (Figure 22E and G), indicating increased inflammation that has been shown to 

accompany neuronal degeneration. In the striatum of fBneo/fBneo mice, reactive gliosis was most 

likely caused by axonal degeneration of nigrostriatal DA fibers, since we observed a reduction in 

the number and size of TH+ terminals (Figure 21A-E), but not in the total number of striatal 

neurons assessed by stereological count of Nissl+ cells (Figure 22F).  
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Figure 22. Reactive gliosis in fBneo/fBneo mice 

(A-D) Representative images of GFAP immunoreactivity in the striatum (A and B) and the SNc 

(C and D) of control and fBneo/fBneo mice. Scale bar, 100 µm.  

(E) Increased GFAP+ cell density was observed in the striatum of fBneo/fBneo mice at 18M. 

(F) No changes were detected in the total number of striatal neurons.  

(G) Increased GFAP+ cell density was observed in the SNc of fBneo/fBneo  mice at 18months of 

age. Student t test, *, P<0.05; **, P<0.01; ***, P<0.001. 
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Nigrostriatal DA neurons in fBneo/fBneo mice are more vulnerable to MPTP 

Administration of MPTP in mice results in pathology similar to PD, with high doses of MPTP 

leading to massive loss of nigrostriatal DA neurons (Dauer and Przedborski, 2003). Upon 

systemic administration, MPTP crosses the blood brain barrier and is converted to its active 

metabolite (MPP+), which is selectively taken up by DA neurons within the SNc but not the 

VTA (Muthane et al., 1994; Seniuk et al., 1990). The mechanisms of MPTP induced nigrostriatal 

DA cell death include both apoptosis and necrosis depending on the administration regimen 

(Jackson-Lewis et al., 1995). It has been shown that a sub-acute dosing of MPTP daily over five 

days induces cell death by apoptosis (Tatton and Kish, 1997), the mechanism of cell death that 

leads to nigral degeneration in PD patients (Hartmann et al., 2000; Tatton et al., 1998). In order 

to determine whether DA neurons in fBneo/fBneo mice are hypersensitive to insults, we chose a 

sub-chronic, low-dose treatment that consisted of one daily i.p. injection of either MPTP (25 

mg/kg) or vehicle for five consecutive days. 8-10 weeks old control and fBneo/fBneo mice were 

used in these experiments because at this age there is no evident degeneration of dopaminergic 

neurons in fBneo/fBneo mice, which appears after 9 months of age (Figure 20C). Animals were 

sacrificed 14 days after the last injection to ensure that apoptosis was complete and that neuronal 

count of TH+ cells was not affected by decreased TH expression. Stereological cell count of TH+ 

neurons in the SNc showed no difference between vehicle treated control and fBneo/fBneo mice 

(Figure 23A, C, & E, n=3 for each genotype). However, in fBneo/fBneo mice MPTP caused a 

significantly greater reduction in the number of TH+ neurons in the SNc compared to control 

mice: 43% vs 28%, respectively (Fig. 23B, D, and E, 4 control and 3 mutant mice, P=0.0009). 

These results suggest that a reduction in TrkB signaling renders nigrostriatal DA neurons more 

vulnerable to neurotoxin-induced cell death. 
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Figure 23. Downregulation of TrkB expression increases vulnerability of nigrostriatal DA 

neurons to MPTP 

 (A-D) TH immunoreactivity in the brains of control and fBneo/fBneo mice treated with either 

MPTP or saline. Mice at 8-10 weeks of age were injected i.p. once a day with MPTP 25 mg/kg 
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for 5 days. Two weeks later, mice were killed and their brains were processed for 

immunohistochemistry. Scale bar, 250 µm.  

(E) Counts of nigrostriatal DA neurons. Student t test, ***, P<0.001.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

79 

DISCUSSION 

In this study we provide evidence that TrkB signaling is important for the survival of DA 

neurons in the SNc during aging and neurotoxin-induced insult. Using a newly developed TrkB 

hypomorphic mutant, we demonstrate that chronic deprivation of TrkB signaling leads to late-

onset DA neuronal loss that does not appear until 12 months of age. Moreover, a reduction in 

DA cell number is selective for the SNc, since we did not find any changes in the VTA, which is 

a dopaminergic area shown to be spared in PD (Dymecki et al., 1996). In addition, we show loss 

of nigrostriatal projections and reactive gliosis in the striatum and SNc of TrkB hypomorphic 

mutant, neuropathological changes also observed in PD (Hartmann et al., 2003). Late onset and 

selective DA neuronal loss in the TrkB mutant resemble the pathological process of PD. Deletion 

of the gene for the receptor of glial cell line-derived neurotrophic factor (GDNF), Ret, has also 

been shown to cause late onset and selective degeneration of nigrostriatal DA neurons (Kramer 

et al., 2007). Thus, a reduction in levels of neurotrophic factors such as BDNF and GDNF or 

their downstream signaling may contribute to the pathogenesis of PD.  

Kramer and colleagues used the DAT-Cre transgene to delete the TrkB gene in 

dopaminergic neurons and found a negligible role for TrkB in the development and maintenance 

of nigrostriatal DA neurons (Kramer et al., 2007), which is contradictory with our observations. 

The discrepancy likely results from inefficient deletion of their TrkB lox allele in the SNc by 

DAT-Cre for unknown reasons, as evidenced by the presence of a normal amount of the TrkB 

receptor in the SNc of mutant mice on the basis of immunoblotting analysis (Kramer et al., 

2007).  

In PD patients and neurotoxin-based animal models of PD, DA neurons in the SNc are 

more affected than in the VTA (Dauer and Przedborski, 2003). The mechanisms behind this 
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selectivity are not understood. It has been suggested that possible differences in expression of 

cell death molecules or survival factors may contribute to hypersensitivity of the SNc to chronic 

and acute insults (Krieglstein, 2004). We find that the TrkB receptor is not a differentiating 

factor between the SNc and the VTA, since it is expressed in both brain regions at similar levels. 

Future studies might identify other trophic factors or their receptors responsible for the survival 

of DA neurons in the VTA.  

MPTP reproduces PD pathology in both humans and mice by selectively affecting DA 

neurons in the SNc (Przedborski and Vila, 2003). A sub-acute chronic MPTP treatment has been 

shown to induce cell death by apoptosis (Tatton and Kish, 1997), a mechanism that contributes 

to PD neuronal loss (Vila and Przedborski, 2003). Low doses of MPTP do not cause massive 

neuronal loss but rather uncover if cells are hypersensitive to neurotoxic insult, as it has been 

shown before in other animal models (Kim et al., 2005). We show that TrkB signaling protects 

DA neurons in the SNc from MPTP-induced cell death.  

Currently available animal models of PD have greatly contributed to our understanding of 

pathogenesis of PD; however, there is still no optimal model available that recapitulates all 

cardinal features of PD. Although not displaying the more drastic aspects of PD, TrkB 

hypomorphic mutant still shows several important neuropathological characteristics of this 

disease.  More detailed studies are necessary to further determine the mechanisms that protect 

vulnerable neurons against damaging processes of aging and insults, which may lead to the 

development of novel therapeutic strategies to treat neurodegenerative disorders like PD. 
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The first part of my thesis demonstrates that BDNF, synthesized in the midbrain, 

regulates survival of newly generated striatal neurons.  We provide a very clear demonstration of 

a biologically important system in which BDNF functions as an "afferent-derived" neurotrophic 

factor and thus we set the model of afferent derived factors on more solid footing. However, we 

don’t know whether the mechanism of action of afferent-derived and target derived 

neurotrophins differ from one another.  A comprehensive examination of signaling cascades 

affected by abolishing BDNF-TrkB signaling in the developing striatum could provide some 

insight into this question. Another major points we raise here is that this afferent-dependent 

survival is occurring early in development, at the time when neurons are being generated, and 

before mature connections have formed.  It would be important to know in the future if afferent 

pathways are still operational in adults.  

To investigate the role of BDNF in dendritic arborization in vivo, we will generate 

conditional TrkB knockouts by deleting the TrkB gene in MSNs of the indirect pathway. Since 

newborn MSNs of the indirect pathway depend on TrkB for survival within the LGE, the 

majority of these neurons should survive at least for a few weeks if the TrkB gene is deleted after 

they exit the LGE. Our preliminary results indicate that DRD2 is expressed in very few neurons 

within the LGE . Thus, we will employ a BAC Drd2-cre transgene to delete the TrkB gene. The 

viability of DRD2 MSNs in this conditional TrkB mutant will allow us to determine a role for 

TrkB signaling in dendritic arborization of MSNs in vivo. Brainbow transgenes will be employed 

to sparsely label DRD2 MSNs, and dendritic arbors of labeled neurons will be analyzed. 

Additionally, we will isolate striatal neurons from D2-EGFP;Bax-/- mice, examine the effect of 

BDNF on dendritic growth of DRD2 MSNs in culture, and identify signaling cascades that 

mediate the effect. Since neurons lacking Bax are resistant to apoptosis , Bax-/- neurons make it 
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possible to separate dendritic morphological effects of BDNF from its survival effect. 

In addition to BDNF-to-TrkB signaling, we suspect that NT3 is also important for the 

survival of developing striatal neurons, as preliminary results generated in our lab show that 

neonatal TrkC-/- mice lose a significant number of striatal neurons. Because TrkC is expressed 

in the embryonic striatum in a pattern distinct from TrkB and TrkB is expressed in nearly all of 

developing DRD2 neurons, the majority of the striatal neurons lost in TrkC-/- mice may be 

MSNs of the direct pathway. Interestingly, NT3 is expressed in the substantia nigra but not the 

striatum. These observations raise the possibility that BDNF and NT3 are synthesized in 

nigrostriatal DA neurons, transported anterogradely to the LGE, and support the survival of 

MSNs in the indirect and direct pathways, respectively, during embryogenesis and the early 

postnatal period. 

 The second part of my thesis tests the hypothesis that TrkB signaling contributes to the 

long-term maintenance of the nigrostriatal system and that its deficiency might contribute to the 

progression of PD. Although it has been shown that BDNF/TrkB signaling is important during 

development, it is unknown whether TrkB is required for long term survival of SN DA neurons 

in adults. Thus, this study addresses a key conceptual area in neurodegenerative disorders and is 

therefore likely to be of interest to a large part of the neuroscience field. Another strong point of 

this study is the finding of reactive gliosis in a model in which the primary effect is likely 

neuronal degeneration. In many settings it is difficult to sort out which comes first, neuronal 

versus glial degeneration. Further experiments need to be conducted I order to investigate 

putative mechanisms underlying the protective effects of TrkB on DA neurons in the SNc.  It 

would be interesting to determine what signaling pathways are important for long-term 

maintenance of dopaminergic system. We find that the TrkB receptor is not a differentiating 
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factor between the SNc and the VTA, since it is expressed in both brain regions at similar levels. 

Future studies might identify other trophic factors or their receptors responsible for the survival 

of DA neurons in the VTA.  
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