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The Role of Transforming Growth Factor beta in the Development of Ventral 

Midbrain Dopaminergic Neurons. 

Sarah Xinwei Luo 

 

 

Abstract 

The transcriptional programs and signaling pathways involved in the generation of ventral midbrain 

dopaminergic (DA) neurons have been intensively researched but the process of DA neuron maturation 

and their integration into functional circuits is not well understood. These neural circuits involving DA 

neurons regulate reward and goal-directed behaviors and although local GABAergic input is known to 

modulate DA circuits, the mechanism that controls excitatory/inhibitory synaptic balance in DA neurons 

remains unclear. Here we show that transforming growth factor β-1 (TGF-β1) uses an autocrine 

mechanism to promote the growth of DA axons and dendrites. Loss of TGF-β type II receptor (TβRII) in 

DA neurons causes a significant reduction in excitatory synaptic inputs, excitatory-inhibitory ratio and 

phasic firing. Interestingly, mouse mutants lacking TGF-β signaling in DA neurons exhibit hyperactivity 

and behavioral inflexibility in a reversal learning paradigm that tests their ability to relinquish learned 

behaviors and re-establish new stimulus-reward associations. Furthermore, preliminary data indicates that 

these conditional mutants are insensitive to the rewarding effects of morphine and fail to show morphine-

induced conditioned place preference. These results reveal a previously unrecognized role of TGF-β 

signaling in regulating a delicate balance of excitatory and inhibitory synapse formation in local 

microcircuits involving DA and neighboring GABAergic neurons. They also underscore the potential 

contributions of TGF-β signaling to neuropsychiatric disorders such as addiction. 
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CHAPTER 1 

Introduction to the Development of Ventral Midbrain Dopaminergic Neurons 
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1.1 Intrinsic and extrinsic determinants of midbrain dopaminergic neurogenesis 

 Midbrain dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and ventral 

tegmental area (VTA) have important roles in regulating extrapyramidal movement, reward associations 

and habit learning. Dysfunctions in DA neuron circuitry have been implicated in numerous 

neuropsychiatric disorders, including addiction and schizophrenia, whereas selective degeneration of 

SNpc DA neurons is a key neuropathological feature in Parkinson’s disease. Efforts to understand these 

disorders have focused on dissecting the underlying causes, as well as developing therapeutic strategies. 

In particular, the promise of cell replacement therapies for clinical intervention has led to extensive 

research in the identification of mechanisms involved in DA neuron development (Smidt and Burbach, 

2007).  

It is now established that midbrain DA neurons are derived from a neurogenic niche in the 

ventricular zone of the ventral midbrain (vMB), where neurogenesis occurs from approximately E10.5-

E14.5 in the mouse embryo (Fig. 1.1a). This neurogenic zone receives region-specific morphogenic 

signals, including sonic hedgehog (Shh), fibroblast growth factors (FGFs), or Wnts, which activate 

transcriptional programs in DA progenitors enabling them to eventually acquire a dopaminergic 

phenotype (Ang, 2006; Prakash and Wurst, 2006; Smidt and Burbach, 2007). As DA progenitor cells 

progress along their developmental trajectory, they sequentially activate sets of genes important in 

specifying cell fate and migrate away from the ventricular zone to their final locations in the marginal 

zone, where they become fully mature DA neurons (Andersson et al., 2006; Prakash and Wurst, 2006). 

Beginning from E8.5-9.5, DA progenitor cells express pro-neural markers Sox2 and Ngn2, which is 

followed by an intermediate stage of development with expression of Nurr1, En1 and Lmx1a in DA 

progenitors. After E11.5, mature DA neurons express cell type-specific markers, including tyrosine 

hydroxylase (TH), Pitx3 and the dopamine transporter (DAT)(Andersson et al., 2006; Smidt and Burbach, 

2007). 
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In addition to the intrinsic transcriptional programs, extrinsic factors such as Wnt and Shh can 

activate distinct transcriptional cascades necessary for dopaminergic phenotype induction. Wnt signaling 

through the canonical β-catenin pathway control the activation of Otx2 (Prakash et al., 2006) and 

Lmx1a/b (Chung et al., 2009; Tang et al., 2009) while Shh exerts its effects through Gli transcription 

factor-mediated induction of Foxa2 (Ferri et al., 2007). Though distinct, these extrinsic signals and their 

intrinsic transcriptional targets functionally interact at multiple levels. At the ligand level, Wnt1 

antagonizes Shh signaling to cause down-regulation of Shh expression as well as its downstream target, 

Foxa2 (Joksimovic et al., 2009; Tang et al., 2010). However, forced expression of Wnt1 transcription 

targets, Lmx1a and Otx2, act synergistically with Foxa2 to enhance differentiation of DA neurons (Chung 

et al., 2009; Nakatani et al., 2010). The interplay between these distinct yet interdependent mechanisms 

and their effects on DA neurogenesis in vivo and in vitro are still not well-elucidated. 

 

1.2 Circuitry of midbrain DA neurons 

 Midbrain DA neurons comprised of the substantia nigra pars compacta (SNpc) and the ventral 

tegmental area (VTA) project via the nigrostriatal and mesocortical or mesolimbic pathways, respectively, 

to release dopamine in target structures (Fig1.1d). SNpc afferents innervate the dorsal striatum and 

function in voluntary motor control as part of basal ganglia circuitry. Dopamine release from SNpc 

modulates corticostriatal transmission in medium spiny neurons expressing dopamine D1 or D2 receptors, 

which leads to movement activation or suppression, respectively (Calabresi et al., 2014; Kravitz et al., 

2010; Tritsch and Sabatini, 2012). In Parkinson’s disease, loss of DA neurons from SNpc is thought to 

result in overall motor inhibition due to differential effects on D1- and D2-expressing neurons (Calabresi 

et al., 2014; Kravitz et al., 2010). In addition to its role in motor control, recent studies have identified 

dopaminergic input from SNpc to be important for goal-directed behaviors and habit learning (Bromberg-

Martin et al., 2010; Faure et al., 2005; Redgrave et al., 2010; Seger and Spiering, 2011; Wang et al., 2011). 

Moreover, the mode of DA neuron firing (tonic or phasic) appears to predict or modulate distinct aspects 

of behavior, with abolishment of phasic firing selectively impairing acquisition of cue-dependent learning 
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while leaving other DA-dependent behaviors intact (Cagniard et al., 2006a; Cagniard et al., 2006b; Jin 

and Costa, 2010). 

 Output firing patterns of midbrain DA neurons in SNpc are determined by the integration of 

synaptic inputs from diverse regions in the brain (Lee and Tepper, 2009; Watabe-Uchida et al., 2012) 

(Fig1.1e). Glutamatergic and cholinergic afferents from somatosensory/motor cortex and the subthalamic 

nucleus are thought to drive phasic firing, while GABAergic input from areas like dorsal striatum and 

globus pallidus are thought to mediate suppression of firing (Lee and Tepper, 2009; Lobb et al., 2010; 

Watabe-Uchida et al., 2012). More recently, local inhibitory microcircuits in the substantia nigra pars 

reticulata (SNpr) were shown to directly attenuate phasic firing of SNpc DA neurons in an associative 

learning behavioral paradigm (Pan et al., 2013). Consistent with this idea, the extent of DA dendritic 

innervation into SNpr dictated GABAergic input and predicted inhibitory responses to aversive 

stimuli.(Henny et al., 2012) 

Despite the physiological and clinical relevance of midbrain DA neuron circuitry, the 

mechanisms involved in its establishment and maintenance are not well elucidated. Growth factor 

signaling has emerged as a promising route of inquiry due to the aforementioned roles in early 

specification of DA progenitors, the neuroprotective effect of TGF-β and GDNF against toxic insults, as 

well as the reported concerted activity of Shh and GDNF in cellular and neurochemical maintenance of 

the nigrostriatal circuit (Gonzalez-Reyes et al., 2012). 
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Figure 1.1 Development of ventral midbrain dopaminergic (DA) neurons in mice. (a) Schematic diagram 

illustrating that a combinatorial transcriptional code defines progenitor domains in the embryonic ventral midbrain 

from E8.5-12.5. Expansion of the neurogenic niche is coincident with the dynamic expression of transcriptional 

factors that pattern the ventral midbrain and determine eventual neural identities. (b-c) Coronal sections from E15.5 

embryonic midbrain immunostained with tyrosine hydroxylase (TH). (d) Sagittal section from a P14 mouse brain 

immunostained with TH highlighting DA cell bodies in the SNpc and VTA and their anterior projections. (e) 

Coronal section from a P14 mouse brain immunostained with TH showing DA neurons in the SNpc and the 

elaboration of dendrites into the SNpr. 
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1.3 TGF-β signaling mechanism in embryonic development 

The TGF-β (transforming growth factor-beta) superfamily of signaling factors, including TGF-βs, 

bone morphogenic proteins (BMPs), nodal and activins, mediate a spectrum of developmental processes 

from gastrulation, epithelial to mesenchymal transition, to vascular and neuronal development (Massague 

and Chen, 2000; Schmierer and Hill, 2007). Specifically in neuronal development, TGF-β signaling plays 

diverse roles in regulating induction, specification and maintenance of the neural phenotype that is highly 

context-dependent with both spatial, temporal and cell-type specificity. Inhibition of TGF-β signaling 

leads to induction of neural tissue in the ectoderm during gastrulation (Chang and Harland, 2007; Sasai et 

al., 2008) and also conversion of human ES and iPS cells to a neural fate (Chambers et al., 2009). In 

Drosophila, TGF-β signaling was found to be important in regulating synaptic growth (Sweeney and 

Davis, 2002) as well as axonal remodeling during metamorphosis (Zheng et al., 2003). Additionally, loss 

of TGF-β1 leads to neuronal apoptosis (Brionne et al., 2003) while neutralization of TGF-βs prevents 

ontogenetic neuron death (Krieglstein et al., 2000). To circumvent indirect or non-cell autonomous effects 

of loss-of-function in TGF-β, several studies use more precise approaches to directly address the cell-type 

specificity of TGF-β signaling. For instance, loss of TGF-β signaling from neocortical neurons prevented 

axon specification through interaction with the Par3/6 polarity complex (Yi et al., 2010). Additionally, 

during development of the visual system, deletion of TGF-β type II receptor (TβRII) from retinal 

ganglion cells resulted in synaptic pruning defects in the lateral geniculate nucleus. 

In the canonical TGF-β signaling pathway, TGF-β ligands, of which three isoforms exist, bind the 

constitutively active TβRII receptor. This causes the recruitment and phosphorylation of the TGF-βI 

receptor (TβRI), which in turn phosphorylates receptor-regulated Smads (Smad 2 and 3, also known as R-

Smads) allowing them to form complexes with Smad4 (also known as co-Smad) and translocate to the 

nucleus to regulate gene transcription. Depending on the context, TGF-β signaling can also be activated 

through Smad-independent pathways, mediated through the activation of kinases like Erk, SAPK/JNK, 

and p38 MAPK (Massague and Chen, 2000; Schmierer and Hill, 2007). 
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1.4 TGF-β signaling in dopaminergic neuron development 

Numerous studies have shown the involvement of TGF-β signaling in the development of DA 

neurons. The neurotrophic effect of TGF-β is demonstrated by the routine use of TGF-β ligands to derive 

dopaminergic neurons from mouse and human embryonic stem cells (Perrier et al., 2004). Addition of 

TGF-β1 to embryo-derived vMB neurospheres along with glial-cell-derived neurotrophic factor (GDNF) 

family ligands also induces the expression of transcription factors like Nurr1 and Pitx3, critical regulators 

of midbrain DA neurons (Roussa et al., 2008). Ventral midbrain astrocytes have also been shown to 

induce dopaminergic neurogenesis from rat ventral midbrain precursors through release of TGF-β3 

(Kaartinen et al., 1995; Li et al., 2009). 

Evidence supporting a role for TGF-β signaling in the survival of DA neurons comes from 

genetic studies. Lack of TGF-β3 results in increased apoptosis of DA neurons in the substantia nigra and 

ventral tegmental area during the period of programmed cell death at P0 (Zhang et al., 2007); however, 

these mutant mice did not show a detectable difference in DA neurons at E12.5, suggesting that TGF-β is 

required for the survival, but not neurogenesis, of DA neurons. Mice with single null mutations of TGF-β 

isoforms also do not display severe phenotypes in midbrain DA neurons during embryonic development 

but this could indicate that TGF-β isoforms may functionally compensate for each other (Kaartinen et al., 

1995; Sanford et al., 1997; Shull et al., 1992). Indeed, double knockout of TGF-β2 and TGF-β3 leads to a 

loss of TH+ neurons at E14.5 in mouse embryos (Roussa et al., 2006). Together, these results support that 

different TGF-β isoform may be functionally redundant in regulating the survival of DA neurons during 

embryonic development. 

Despite the well-documented effects of TGF-β in the survival of DA neurons in culture and 

during embryonic development (Krieglstein et al., 1995; Krieglstein and Unsicker, 1994), the perinatal or 

early postnatal lethality of TGF-β null mice precludes investigation into the functions of TGF-β in the 

maturation and postnatal development of the nigrostriatal and mesocortical system. Some recent studies 

suggest a role for TGF-βs in postnatal development of ventral midbrain DA neurons. It was determined 

that TGF-β2 haploinsufficient mice have reductions in DA neurons and striatal dopamine at six weeks of 
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age (Andrews et al., 2006). Smad3 (a downstream mediator of TGF-β signaling)-deficient mice were also 

reported to lose nigrostriatal neurons around 2-3 months of age (Tapia-Gonzalez et al., 2011). However, 

these studies have inherent limitations, such as the failure to account for cell-type specificity and the lack 

of distinction between a neurodevelopmental or neurodegenerative phenotype.   
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CHAPTER 2 

Interactions of Wnt/β-Catenin and Sonic Hedgehog Signaling Regulate Neurogenesis of 

Ventral Midbrain Dopaminergic Neurons 
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2.1. Abstract 

Signaling mechanisms involving Wnt/β-catenin and sonic hedgehog (Shh) are known to regulate the 

development of ventral midbrain (vMB) DA neurons. However, the interactions between these two 

mechanisms and how such interactions can be targeted to promote a maximal production of DA neurons 

are not fully understood. Here we show that antagonistic effects between activation of Wnt/β-catenin and 

Shh can be observed in primary cultures of vMB progenitors. Even though addition of Wnt or Shh 

independently increased the yield of DA neurons, simultaneous treatments had an antagonistic effect on 

the generation of DA neurons. Analyses of conditional mutants with region-specific removal of the Shh 

receptor Smoothened in the vMB progenitors (Shh-Cre;Smofl/fl) showed a increase in Wnt1 expression and 

BAT-GAL reporter activity. Conversely, constitutive activation of Smoothened signaling in vMB (Shh-

Cre;SmoM2) resulted in a reduction of Wnt1 expression and BAT-GAL reporter activity. 

Together, these results indicate that a balance between Wnt/β-catenin and Shh signaling mechanisms 

regulates the progression from progenitors to dopamine neurons and have implications on the growth 

factor-induced generation of DA neurons from stem cells.  
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2.2. Introduction 

The developing ventral midbrain (vMB) in vertebrates contains a neurogenic niche that is 

enriched with progenitor cells for dopaminergic (DA) neurons (Lindvall et al., 1984). Within this niche, 

progenitors for DA neurons undergo lineage specification, migration, and differentiation to become 

mature DA neurons (Ang, 2006; Arenas, 2008; Prakash and Wurst, 2006; Smidt and Burbach, 2007). 

Several lines of evidence indicate that two distinct genetic networks critically regulate the development of 

DA neurons. Sonic hedgehog (Shh) induces the expression of forkhead transcription factor Foxa2 in vMB 

through specific Gli (glioma-associated oncogene homolog) transcription factor binding elements in the 

enhancer sequence of Foxa2 (Sasaki et al., 1997). Interestingly, the enhancer elements in Shh contain 

highly conserved binding sites for Foxa2 that regulate the expression of Shh in vMB (Jeong and Epstein, 

2003; Lin et al., 2009), supporting the notion that Shh and Foxa2 constitute a feedback transcriptional 

mechanism for mutual expression. Consistent with this notion, mouse mutants with region-specific 

removal of Foxa2 in vMB show a severe loss of Shh (Lin et al., 2009).  

In addition to the Shh–Foxa2 regulatory loop, the canonical Wnt/β-catenin signaling mechanism 

controls a distinct set of transcription factors critical for the development of DA neurons. Specifically, 

genetic studies in several mouse mutants indicate that Wnt1 and Otx2 (Orthodenticle homeobox 2) form a 

feedback mechanism to regulate the expression for each gene (Prakash et al., 2006; Puelles et al., 2004; 

Vernay et al., 2005). Furthermore, in mouse embryonic stem cells (mESCs), Wnt1 and Lmx1a (LIM 

homeobox transcription factor 1, alpha) form a feedback regulatory mechanism similar to that in Shh–

Foxa2 (Chung et al., 2009).  

Several Wnts regulate the development of DA neurons in vMB. For instance, Wnt1 regulates 

proliferation, specification, neurogenesis in vMB DA progenitors, as well as the survival of DA neurons 

(Danielian and McMahon, 1996; McMahon and Bradley, 1990; Prakash et al., 2006; Thomas and 

Capecchi, 1990). Other components of the Wnt signaling pathway, including Wnt2, the Wnt receptors 

Fzd3 and Fzd6, and the Wnt coreceptor Lrp6, have been found to regulate the development of DA 

neurons (Castelo-Branco et al., 2010; Stuebner et al., 2010). Similarly, β-catenin, a critical Wnt signaling 
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component, is expressed in vMB DA progenitors and is required for the maintenance of adherent 

junctions, the integrity of radial glia processes, and cell cycle progression of DA progenitors (Joksimovic 

et al., 2009; Tang et al., 2009). Analyses of conditional mouse mutants in which the glycogen synthase 

kinase 3β (GSK3β) phosphorylation sites in β-catenin (β-CtnEx3) were removed from the neurogenic 

niche in vMB mice indicate that the stabilization of β-catenin in vMB promoted a marked expansion of 

DA progenitors but led to a reduced expression of Shh and Foxa2 (Tang et al., 2010).  

To further characterize this antagonistic interaction between the Wnt and Shh pathways, I 

performed in vitro assays of DA progenitors, coupled with analyses of conditional mouse mutants in 

which Smoothened (Shh receptor) was removed (Shh-Cre; Smofl/fl) or constitutively active (Shh-Cre; 

SmoM2). These results provide evidence that mutually antagonistic Wnt/β-catenin and Shh signaling 

pathways regulate DA progenitor development and DA neurogenesis. 

 

2.3. Results 

Mutually antagonistic effects of Wnt and Shh signaling in the generation of DA neurons from ventral 

midbrain precursors in vitro 

To characterize the interactions between canonical Wnt/β-catenin and Shh in the generation of 

DA neurons, I cultured progenitors from the vMB of wild-type E10.5 embryos and treated these 

progenitors with single, combined, or sequential treatment of Shh, Wnt1, or the GSK3β inhibitor 

CT99021 (Fig. 2.1A). My results showed that treatment of these progenitors with increasing amount of 

recombinant Wnt1 or Shh led to a dose-dependent increase in DA neuron numbers, with the optimal 

concentration at 250 ng/ml (Fig. 2.1B, C, E, F, H, I). Consistent with these results, the selective GSK3β 

inhibitor CT99021 also promoted the generation of DA neurons (Fig. 2.1J). Surprisingly, combined 

treatments of Wnt1 and Shh did not show an additive or synergistic effect on the generation of DA 

neurons. Rather, higher doses of Wnt1 (1,250 ng/ml) appeared to reduce DA neuron generation from the 

progenitors at the optimal condition for Shh (250 ng/ml) (Fig. 2.1K). Similarly, the GSK3β inhibitor 

CT99021 also showed inhibitory effects on the generation of DA neurons in the optimal conditions for 
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Shh (250 ng/ml) (Fig. 2.1l). Such antagonistic effects between Wnt1 and Shh in the generation of DA 

neurons were also detected in cultures obtained from the vMB of E13.5 embryos (Fig 2.2). The lack of 

additive or synergistic effect between Wnt1 and Shh raised the possibility that a sequential activation of 

canonical Wnt/β-catenin and Shh signaling pathways may be able to better recapitulate the in vivo 

conditions of DA neurogenesis and maximize the yield of DA neuron generation in cultures. To test this 

hypothesis, I cultured progenitors from E10.5 embryos and first treated them with optimal concentration 

of the GSK3β inhibitor CT99021 or Shh (the “priming” stage), followed by switching culture conditions 

to optimal concentration of Shh or CT99021 (the “maintenance” stage) (Fig. 2.1A). Contrary to our 

expectations, sequential treatments with CT99021 followed by Shh, or Shh followed by CT99021, 

reduced the number of DA neurons compared with cultures treated with CT99021 or Shh alone (Fig. 

2.1M, N). 
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Figure 2.1. Ventral midbrain progenitor cultures show antagonistic effect between canonical Wnt/β-catenin 

signaling and Shh. (A), Schematic diagrams illustrating the two culture conditions for DA progenitors. In the 

“single or combined treatment” paradigm, vMB progenitors are treated with Shh, Wnt1, the GSK3β inhibitor 

CT99021 alone, or with a combination of Shh and Wnt1, or Shh and CT99021 (B–L). In the “sequential treatment” 

paradigm, the vMB progenitors are treated with Shh or CT99021 from day 1 to 3 and then switched to CT99021 or 

Shh from day 3 to 5 (M, N). (B–J) Compared with control (B, E), treatments with Shh or Wnt1 alone increase the 

number of DA neurons in a dose-dependent manner, with the maximal effect at 250 ng/ml (C, F, H, I). Similarly, 

treatments with the GSK3β inhibitor CT99021 can also increase the number of DA neurons (J). (K, L) To determine 

whether simultaneous treatments of Wnt1 and Shh can maximize the production of DA neurons, we treat the 

progenitor cultures with optimal concentration of Shh (250 ng/ml) and increasing amounts of Wnt1 or CT99021 (D, 

G, K, L). Combined treatment of Shh and Wnt1 show a very modest increase in DA neuron number at 50 and 250 

ng/ml Wnt1 but not at high dose (1250 ng/ml). On the contrary, combined treatments of Shh and CT99021 show an 

antagonistic effect (n=4). Scale bar (in G): B–G, 50 µm. (M, N) Compared with single treatment with CT99021 or 

Shh, sequential treatment of CT99021 and Shh decreases the DA neuron number (n=3). 
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Figure 2.2. E13.5 ventral midbrain cultures show antagonistic effect between canonical Wnt/β-catenin 

signaling and Shh. (A) Schematic diagrams illustrating the conditions for E13.5 vMB cultures. Briefly, E13.5 vMB 

progenitor cells are treated with Shh alone, GSK3β inhibitor CT99021 alone, or with a combination of or Shh and 

CT99021 (B-D). (B, C) Compared to control, treatments with Shh (B) or CT99021 (C) alone increase the number of 

DA neuron. (D) Combined treatments of Shh and CT99021 show an antagonistic effect. When treating the cells with 

Shh (250ng/ml) and increasing amount of CT99021 (from 0.1 to 2.5 µM), it decreases the DA neuron number (n = 

3). 
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Smoothened antagonizes Wnt signaling in the ventral midbrain 

Previously, our lab and others reported that stabilizing canonical Wnt signaling antagonized Shh 

expression in vMB to control the temporal development of DA neurons (Joksimovic et al., 2009; Tang et 

al., 2010). To examine the effect of Shh signaling on Wnt1 expression, I performed in situ hybridization 

to examine the expression of Wnt1 mRNA in both Shh-Cre;Smofl/fl (Smoothened loss-of-function) and 

Shh-Cre;SmoM2 (Smoothened gain-of-function) mutants. Consistent with the antagonistic interactions 

between Wnt/b-catenin and Shh signaling in vMB DA neuron development, Wnt1 mRNA levels were 

increased in the vMB of Shh-Cre;Smofl/fl at both E10.5 and E12.5 compared with control (Figure 2.3A-

B’). By contrast, in the Shh-Cre;SmoM2 mutant, Wnt1 mRNA level was modestly down-regulated at 

E10.5, but returned to the control levels at E12.5 (Figure 2.3C-D’). 

To further investigate the effects of Smoothened on Wnt signaling, we generated SmoM2;BAT-

GAL and Shh-Cre;SmoM2;BAT-GAL mice, in which the Wnt signaling reporter, BAT-GAL, could be 

used as a surrogate for canonical Wnt activity (Maretto et al., 2003). Consistent with the Wnt1 mRNA 

changes in Shh-Cre;SmoM2 mutants, quantification of the number of β-Gal+ cells showed a significant 

reduction at E10.5 in Shh-Cre;SmoM2;BAT-GAL, but a return to control levels at E12.5 (Figure 2.3E-F). 

Collectively, these data suggest that there is a mutual antagonism effect between Shh and Wnt signaling 

in vMB. Perturbations in the Shh signaling mechanism triggered a transient, compensatory activation of 

Wnt signaling on vMB at E10.5. 
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Figure 2.3. Loss and gain of function in Smoothened affects Wnt1 and Wnt signaling in the embryonic ventral 

midbrain (vMB). (A-B’) Wnt1 mRNA was increased in vMB of Shh-Cre;Smofl/fl at both embryonic day (A) 10.5 

and E12.5 (B). Wnt1 mRNA was slightly decreased in vMB of Shh-Cre;SmoM2 at E10.5 (C-C’), but resumed at 

E12.5 (D-D’). (E-E’) LacZ staining from BAT-GAL reporter indicate that the number of Wnt-responsive cells was 

decreased in vMB of Shh-Cre;SmoM2;BAT-GAL mutants at E10.5, but returned to the same level as controls at 

E12.5 (data not shown). (F) Quantification confirms the decrease of Wnt-responsive cells in vMB of Shh-

Cre;SmoM2;BAT-GAL mutants at E10.5, which returns to the same level as controls at E12.5. Student’s t-test, n = 3 

or 4. Scale bars: 100 µm (A-B), 200 µm (C-D), 50 µm (E). 

 

 



	   18	  

2.4. Discussion 

Antagonistic effects between Shh and Wnt signaling in dopaminergic neuron development 

Both loss-of-function and gain-of-function analyses of β-catenin in vMB have shown that 

canonical Wnt signaling antagonizes Shh expression during the neurogenesis of DA neurons (Joksimovic 

et al., 2009; Tang et al., 2010). Such effects of Wnt and Shh have also been confirmed for the generation 

of DA neurons from stem cells (Chung et al., 2009).  

Using vMB progenitor cultures from E10.5 and E13.5 embryos, we showed that single treatments 

with Wnt1, GSK3β inhibitor CT99021 and Shh promote the production of DA neurons. Despite these 

encouraging results, simultaneous treatment with optimal doses of Wnt1 or CT99021 and Shh in vMB 

progenitors shows no additive or synergistic effects, whereas treatments with higher doses of CT99021 

and Shh actually suppress the generation of DA neurons (Fig. 2.1). Furthermore, sequential treatments of 

Shh and CT99021 also do not show additional benefits (Fig. 2.1). Using in situ hybridization for Wnt1 

expression, we found increased Wnt1 expression in the neurogenic niche for DA neurons in Shh-

Cre;Smofl/fl conditional mouse mutants (Fig. 2.3). Conversely, the Smoothened gain-of-function mutants 

Shh-Cre;SmoM2 exhibited reduced BAT-GAL reporter activity, indicating that canonical Wnt activity is 

reduced in these mutants (Fig. 2.3).  

These results support the model that Wnt/β-catenin and Shh each control distinct downstream 

target genes that work cooperatively to control the development of DA neurons (Chung et al., 2009; 

Prakash and Wurst, 2006). Constitutive activation or loss of one signaling mechanism may perturb a 

delicate balance between Wnt/β-catenin and Shh signaling mechanisms in the process of DA 

neurogenesis, thereby leading to reduced generation of DA neurons. Clinically, this study has 

implications on the differentiation of embryonic or induced pluripotent stem cells into DA neurons for the 

treatment of Parkinson’s disease. Even though growth factor addition may greatly enhance the yield of 

DA neurons, optimization of timing as well as type of growth factor is necessary so as to accurately 

recapitulate in vivo conditions and circumvent inherent antagonistic interactions. 
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CHAPTER 3 

TGF-β Signaling Regulates Neurite Outgrowth and Synapse Homeostasis of Midbrain 

Dopaminergic Neurons 
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3.1. Abstract 

The neural circuits involving midbrain dopaminergic (DA) neurons regulate reward and goal-directed 

behaviors. Although local GABAergic input is known to modulate DA circuits, the mechanism that 

controls excitatory/inhibitory synaptic balance in DA neurons remains unclear. Here we show that 

transforming growth factor β-1 (TGF-β1) uses an autocrine mechanism to promote the growth of DA 

axons and dendrites. Loss of TGF-β type II receptor (TβRII) in DA neurons causes a significant reduction 

in excitatory synaptic inputs, excitatory-inhibitory ratio and phasic firing. Interestingly, mouse mutants 

lacking TGF-β signaling in DA neurons exhibit behavioral inflexibility in a reversal learning paradigm 

that tests their ability to relinquish learned behaviors and re-establish new stimulus-reward associations. 

These results reveal previously unrecognized role of TGF-β signaling in regulating a delicate balance of 

excitatory and inhibitory synapse formation in local microcircuits involving DA and neighboring 

GABAergic neurons. They also underscore the potential contributions of TGF-β signaling to 

neuropsychiatric disorders. 
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3.2. Introduction 

Dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and ventral tegmental area 

(VTA) originate from the neurogenic niche in the embryonic ventral mesencephalon, and require extrinsic 

factors to achieve proper growth and differentiation (Arenas, 2014). In the previous chapter, it was 

established that Wnt and Shh signaling mediate DA neurogenesis, albeit in a mutually antagonistic 

fashion. What further extrinsic signals might contribute to DA neuron outgrowth and maturation? 

Following neurogenesis, DA neurons send their axons to the striatum and prefrontal cortex and their 

dendrites to substantia nigra pars reticulate (SNpr) to establish neural circuits that impact motor learning, 

reward, motivation and goal-directed behaviors (Gerfen and Surmeier, 2011; Schultz, 2002; Schultz et al., 

1997). In addition, DA neurons exhibit characteristic tonic or rhythmic phasic (or burst) firing patterns, 

which serve as critical drivers of DA neuron performance (Blythe et al., 2009; Hyland et al., 2002; 

Overton and Clark, 1997). It is known that a delicate balance of excitatory and inhibitory synaptic inputs 

to DA neurons is required to maintain phasic firing of DA neurons. Importantly, perturbations to phasic 

firing of DA neurons and their circuitry undermine our ability to form reward associations, and contribute 

to the pathogenesis of impulsive behaviors and other neuropsychiatric diseases (Dagher and Robbins, 

2009; Everitt and Robbins, 2005; Hyman et al., 2006; Yin and Knowlton, 2006). Recent studies have 

identified Shh and glial-derived neurotrophic factor (GDNF) playing a role in the maintenance of adult 

nigrostrital circuits. However, the mechanisms that regulate the development of local circuitry in DA 

neurons and, in particular, the balance of excitatory and inhibitory synaptic inputs, remain unclear. 

Three closely related members of the transforming growth factor β (TGF-β) family exhibit potent 

effects to promote the survival of DA neurons in culture (Krieglstein, 2004; Krieglstein et al., 1995; 

Poulsen et al., 1994; Roussa et al., 2006; Zhang et al., 2007). However, it remains unclear if TGF-β 

ligands can promote synaptic plasticity and maintenance of neural circuits in mature DA neurons similar 

to that described in the Drosophila neuromuscular junction and Aplysia sensory neurons (Chin et al., 

2002; Fuentes-Medel et al., 2012; Goold and Davis, 2007; Zhang et al., 1997). The evidence that provides 

more direct support for TGF-β in synapse formation in the mammalian nervous system comes from the 
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identification of TGF-β3 as a potent astrocyte-derived factor that can promote the transcription of 

complement genes C1qa, C1qb and C1qc in retinal ganglion cells (RGC)(Bialas and Stevens, 2013). 

Expression of TGF-β ligands in the developing retina coincides with the period of synapse refinement in 

the retinogeniculate system. Indeed, deletion of TGF-β type II receptor (TβRII) in RGC results in reduced 

C1q expression and defective microglia-mediated synaptic pruning in the dorsal lateral geniculate nucleus 

(Bialas and Stevens, 2013). In addition, mice with brain-specific deletion of TGF-β1 show reduced 

dendritic spines and long term potentiation (LTP) in hippocampal neurons (Koeglsperger et al., 2013). 

Although brain-specific TGF-β1 knockout mice exhibit robust astrogliosis with defects in the expression 

of glutamate transporters in astrocytes, the mechanism leading to the synaptic phenotypes in these 

mutants remains unclear. 

This chapter focuses on the role of transforming growth factor β (TGF-β) signaling in regulating 

the development of DA neurons that underlies excitation-inhibition balance and plasticity of 

dopaminergic circuitry. Previous studies have shown that TGF-β and its downstream transcriptional 

cofactor HIPK2 (homeodomain interacting protein kinase 2) are required for survival of DA neurons 

during embryonic development (Krieglstein et al., 2011; Roussa et al., 2006; Zhang et al., 2007). Indeed, 

mice globally lacking TGF-β or HIPK2 show severe DA neuron loss and most die at perinatal stages. 

Those that do survive exhibit psychomotor behavioral deficits (Zhang et al., 2007). To investigate the 

exact mechanism of TGF-β in DA neurons, we developed in situ probes specific for each TGF-β isoform, 

and showed that TGF-β1, not TGF-β2 or TGF-β3, is expressed in post-mitotic DA neurons in SNpc and 

GABAergic neurons in SNpr during early postnatal brain stages, suggesting that TGF-β1 may regulate 

these neurons via an autocrine or paracrine mechanism. To circumvent the pro-survival role of TGF-β 

signaling, we generated a conditional mutant in which DAT-iCre selectively removed TGF-β type II 

receptor (TβRII) in mature DA neurons (Chytil et al., 2002; Turiault et al., 2007). Our results showed that 

removing TβRII in mature DA neurons does not affect survival, but disrupted a balanced transcriptional 

control of TGF-β1 expression mediated by Smad2/3 and AP-1 transcription factor c-Jun. Furthermore, 
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deletion of TβRII in DA neurons caused significant reductions in axonal and dendritic growth in DA 

neurons, but led to an up-regulation of TGF-β1 expression in neighboring parvalbumin (PV)+ 

GABAergic neurons in the SNpr. These phenotypes resulted in a significant increase in inhibitory inputs, 

a marked reduction in excitatory-inhibitory (E-I) ratio, and reduced phasic firing frequency in DA 

neurons. Behaviorally, adult mice lacking TGF-β signaling in DA neurons exhibited profound defects in 

behavioral flexibility and failed to re-establish new stimulus-reward associations in a reversal learning 

paradigm. These results reveal a previously unrecognized role for TGF-β in regulating the balance of 

excitatory and inhibitory synapse formation during the development of dopaminergic neural circuits in 

early postnatal life. 

 

3.3. Results 

An Autocrine Mechanism Supports TGF-β1 Expression in DA Neurons 

To investigate how TGF-β regulates the development of postmitotic DA neurons, we developed in 

situ hybridization probes to characterize the expression of each of the three TGF-β isoforms. In postnatal 

mouse brains, Tgfb1 mRNA showed abundant expression in the majority of DA neurons in SNpc and in 

GABAergic neurons in SNpr (Fig. 3.1a-d). In contrast, Tgfb2 and Tgfb3 mRNA expression were below 

detectable levels in DA and GABAergic neurons (Fig. 3.2c-j). Compared to DA neurons, Tgfb1 mRNA 

levels were in lower abundance in astrocytes in the hippocampus and cortex, but were undetectable in 

astrocytes and microglia in the ventral midbrain (Fig. 3.3). Consistent with the timing of Tgfb1 expression 

in DA neurons, we observed that TGF-β type II receptor (TβRII) protein expression became more 

abundant in all DA neurons from E15.5 to postnatal stages (Fig. 3.4a-b, e-f). To examine the in vivo 

function of TGF-β signaling in mature DA neurons, we generated conditional DAT-iCre;TbRIIfl/fl mutants 

in which the floxed exon 2 of the TbRII gene was deleted using the BAC transgenic DAT-iCre (Chytil et 

al., 2002; Turiault et al., 2007). Consistent with the timing of DAT-iCre recombination, loss of TβRII 

protein in P0 DA neurons was confirmed using immunohistochemistry (Fig. 3.4a-h). Unlike Hipk2-/- 
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mutants (Zhang et al., 2007), DAT-iCre;TbRIIfl/fl mutants showed no perinatal or postnatal lethality, with 

no loss of DA neurons and no increase in cell death in DA neurons (Fig. 3.4i-m). 

The co-expression of Tgfb1 and TbRII in DA neurons suggested that TGF-β might use an autocrine 

mechanism to sustain its own expression. Consistent with this idea, fluorescent in situ hybridization 

(FISH) showed that, compared to control (TbRIIfl/fl) DA neurons, Tgfb1 mRNA was drastically reduced in 

DAT-iCre;TbRIIfl/fl DA neurons across all bregma levels (Fig. 3.1a-c). Despite the reduced number of 

Tgfb1+; TH+ DA neurons in DAT-iCre;TbRIIfl/fl mutants, the signal intensity of Tgfb1 mRNA in the few 

Tgfb1+;TH+ neurons remained unchanged compared to control (Fig. 3.1d). Similar to DA neurons, ~60% 

GABAergic neurons in SNpr of control mice also expressed Tgfb1 mRNA (arrowheads in Fig. 3.1e-f). 

Contrary to the marked reduction of Tgfb1 mRNA in DA neurons of DAT-iCre;TbRIIfl/fl mutants, a 

significantly higher percentage of GABAergic neurons were positive for Tgfb1 mRNA (Fig. 3.1g). The 

average Tgfb1 mRNA signal intensity in DAT-iCre;TbRIIfl/fl GAD67+ neurons increased by ~77% 

compared to control neurons (Fig. 3.1h). Given the essential roles of Smad2/3 and AP-1 transcription 

factors in TGF-β receptor downstream signaling (Derynck and Zhang, 2003; Massague et al., 2005), we 

examined the level of phosphorylated Smad2 (p-Smad2) and phosphorylated c-Jun (p-c-Jun) in DA 

neurons of control and DAT-iCre;TbRIIfl/fl mutants by confocal microscopy. Our results showed that, 

compared to control, the level of p-Smad2 in DA neurons was drastically reduced in DAT-iCre;TbRIIfl/fl 

mutants, whereas total Smad2 levels remained unchanged (Fig. 3.1i-n and Fig. 3.4d-f). In contrast, p-c-

Jun levels were significantly increased in the DA neurons of DAT-iCre;TbRIIfl/fl mutants. To characterize 

how Smad2 and c-Jun regulate the transcription of Tgfb1, we identified 4 Smad-binding elements (SBE) 

and 4 AP-1 binding sites in the 5 kb sequence upstream of the transcriptional start site in mouse Tgfb1 

locus (Fig. 3.4a). Luciferase reporter assays showed that Smad2 robustly activated, whereas c-Jun 

suppressed transcription of Tgfb1 promoter to maintain a balance of Tgfb1 expression (Ventura et al., 

2004)(Fig. 3.4b-c). 
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Figure 3.1. Transcriptional regulation of Tgfb1 expression in DA neurons by Smad2 and c-Jun. 

(a-h) Tgfb1 mRNA expression in control and DAT-iCre;TbRIIfl/fl mutant DA and GABAergic neurons. Confocal 

images of TH (a, b) and GAD67 (e, f) immunofluorescent staining (green) combined with fluorescent in situ 

hybridization for Tgfb1 mRNA expression (red) in TbRIIfl/fl (a, e) and DAT-iCre/+;TbRIIfl/fl (b, f) ventral midbrain 

DA neurons. Scale bars represent 100 μm. Higher magnification of single cells shown in insets. (c-d, g-h) 
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Quantification of the percentage of Tgfb1+;TH+ double positive (c) and Tgfb1+;GAD67+ double-labeled (g) 

neurons across five bregma levels, from anterior to posterior (control: N= 4, mutants: N = 3-4, Genotype: F1,28= 

54.45, p < 0.0001 and F1,24= 6.65, p = 0.0165, respectively, two-way ANOVA). (d, h) Quantification of Tgfb1 

mRNA fluorescence intensity in individual TH+ (d) and GAD67+ (h) neurons (N = 3, 130-180 neurons analyzed 

per genotype, * p < 0.05, n.s., not significant, Student’s t test). Data presented as mean ± s.e.m. (i, j) Confocal 

microscopy shows reduced p-Smad2 fluorescence intensity (green) in TH+ DA neurons (red) in DAT-iCre; TbRIIfl/fl 

(j) at P14, compared to control neurons in TbRIIfl/fl (i) brains. (k, l) In contrast, the fluorescent intensity of p-c-Jun 

(green) is increased in TH+ DA neurons (red) in DAT-iCre;TbRIIfl/fl (j), compared to those in control TbRIIfl/fl (k). 

Insets show higher magnification images. Scale bar represents 60 μm. (m-n) Quantification of nuclear p-Smad2 

(m) and p-c-Jun (n) fluorescence intensities in DA neurons in TbRIIfl/fl and DAT-iCre;TbRIIfl/fl at P14 (N = 3, 100-

150 neurons analyzed per genotype, *** p < 0.005, Student’s t test). Data presented as mean ± s.e.m.. 
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Figure 3.2. Predominant expression of Tgfβ1 in the ventral midbrain.  

(a,c,e) In situ hybridization for Tgfβ1, Tgfβ2 and Tgfβ3 mRNA using isoform-specific probes evidenced by 

differential regional labeling in the hippocampus. (b,d,f) In situ hybridization for Tgfβ1, Tgfβ2 and Tgfβ3 mRNA 

combined with DAB immunostaining (in brown) in the P28 ventral midbrain. (g-i) Fluorescent in situ hybridization 

for Tgfβ2 mRNA (red) (g-h) and Tgfβ3 mRNA (i-j) combined with immunostaining (green) for TH (g,i) and 

GAD67 (h,j) in P28 substantia nigra. Scale bars represents 500 µm in (a), 50 µm in (b inset) and 100 µm in (g). 

 



	   28	  

 
 

 
 

Figure 3.3. Barely detectable levels of Tgfβ1, Tgfβ2 and Tgfβ3 mRNA in microglia and astrocytes in ventral 

midbrain as compared to cortex and hippocampus. (a-f) Fluorescent in situ hybridization for Tgfβ1 (a,d), Tgfβ2 

(b,e) and Tgfβ3 (c,f) mRNA (red) combined with immunostaining (green) for Iba1 (a-c) and GFAP (d-f) in P28 

substantia nigra. Insets show higher magnification images of single cells. (g-j) Fluorescent in situ hybridization for 

Tgfβ1 mRNA (red) combined with immunostaining for GFAP (green) in the hippocampus (g-h) and cortex (i-j). 

Higher magnification of single cells shown in (h-j). (k-n) Fluorescent in situ hybridization for Tgfβ1 mRNA (red) 

combined with immunostaining for Iba1 (green) in the hippocampus (k-l) and cortex (m-n). Higher magnification of 

single cells shown in (l-n). Scale bars represents 50 µm in (a, d) 200 µm (g,k) and 20 µm in (h,l). 
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Figure 3.4. Loss of TβRII from DA neurons does not reduce cell survival or total number of TH+ neurons. 

(a-h) Immunostaining of TβRII (green), TH (red) and DAPI (blue) in E15.5 (a-d) and P0 (e-h) TbRIIfl/fl (a,b,e,f) and 

DAT-iCre;TbRIIfl/fl (c,d,g,h) ventral midbrain. (f,h) Higher magnification images showing TβRII along neuronal 

processes of TH+ cells in control P0 TbRIIfl/fl (f) but not in DAT-iCre;TbRIIfl/fl (h) midbrain. (i) Quantification of 

TH+ neuron number in TbRIIfl/fl and DAT-iCre;TbRIIfl/fl substantia nigra pars compacta at E15.5, P0, P14 and P28 by 

stereological counting (n=3-4 per group, five sections per animal). Neuron numbers not significantly different 

between TbRIIfl/fl and DAT-iCre;TbRIIfl/fl. Data presented as mean ± s.e.m. and analyzed using Student’s t test. (j-m) 

Immunostaining of TH (green) and TUNEL (red) labeling for cells undergoing apoptosis in P0 TbRIIfl/fl (j,k) and 

DAT-iCre;TbRIIfl/fl (l,m) ventral midbrain. (k,m) Higher magnification of TUNEL+ cells in the ventral midbrain. 

Scale bars represent 200 µm in (a,e,j), 50 µm in (k) and 20 µm in (b,f). 
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Figure 3.5. Luciferase assay using reporter constructs generated from 5kb upstream of the transcriptional 

start site in mouse Tgfb1 locus. (a) Schematic diagram of promoter region in mouse Tgfb1 locus and luciferase 

reporter constructs. Relative activation and suppression by each construct shown in arrows on right. (b) Relative 

luciferase activity of four reporter constructs: (-4~-3 kb)-Luc, (-3~-2 kb)-Luc,  (-2~+754 bp)-Luc and (-417 

bp~+754 bp)-Luc normalized to activity of luciferase construct (pGL4.10-Luc) alone. (c) Mouse Neuro-2A cells 

were co-transfected with (-417 bp~+754 bp)-Luc and increasing concentrations of plasmids encoding Smad2/3/4 or 

c-Jun. Data presented as mean ± s.e.m. (d) Immunostaining for Smad2/3 (green) and TH (red) in P14 substantia 

nigra in TbRIIfl/fl (d) and DAT-iCre;TbRIIfl/fl (e). (f) Quantification of total Smad 2/3 fluorescence intensity showed 

no difference between TbRIIfl/fl and DAT-iCre;TbRIIfl/fl. Scale bar represents 60 µm in (d).  
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TGF-β1 Controls Growth of Axons and Dendrites in DA Neurons 

Given the reported role of TGF-β signaling in axon specification in cortical neurons (Yi et al., 2010), 

we asked whether loss of TβRII in DA neurons likewise affected axon specification. To this end, we 

analyzed DAT-iCre;TbRIIfl/fl mice that also carried the R26Ryfp (DAT-iCre/+;TbRIIfl/fl;R26Ryfp/+) or Ai14 

reporter (DAT-iCre;TbRIIfl/fl;Ai14) and found no axon specification defects in DA neurons. However, 

quantification of DA axon density in DAT-iCre;TbRIIfl/fl mutants, using TH or tdTomato staining intensity, 

showed a persistent reduction of outgrowth and innervation to the striatum at E15.5, E17.5 and P14 (Fig. 

3.6a-j). Consistent with these results, immunogold electron microscopy showed a significant reduction of 

TH+ axon density in the striatum of DAT-iCre;TbRIIfl/fl mutants (Fig. 3.6k-m). In addition, DAT-

iCre;TbRIIfl/fl mutants showed reductions in the density and the length of TH+ dendrites in SNpr at P0 and 

P14 (Fig. 3.7a-b), suggesting that loss of TGF-β signaling may have affected the growth of DA neuron 

dendrites. To test this, we prepared brain slices from P14 control and DAT-iCre;TbRIIfl/fl;Ai14 mutants 

and injected biocytin into individual DA neurons to highlight their dendritic arbors (Henny et al., 2012) 

(Fig. 3.7c-d). Neurolucida 3D reconstruction of DA neurons from different regions of SNpc showed a 

consistent reduction in dendritic complexity and cumulative surface areas in DAT-iCre;TbRIIfl/fl;Ai14 

mutant (Fig. 3.7e-f). Interestingly, whereas control DA (DAT-iCre;Ai14) neurons contained dendritic 

protrusions morphologically resembling thin, stubby or mushroom spines seen in cortical neurons, the 

number and density of dendritic spines in DA neurons of DAT-iCre;TbRIIfl/fl;Ai14 mutants were markedly 

reduced (Fig. 3.7g-j). This reduction affected all spine categories, and could be detected in both proximal 

and distal dendrites (Fig. 3.7k-m, Fig. 3.8).  

To determine if TGF-β1 is sufficient to promote neurite outgrowth in DA neurons, we cultured 

primary DA neurons from E13.5 control TbRIIfl/fl and DAT-iCre/+;TbRIIfl/fl embryos, and showed that 

control DA neurons elaborated long, branching dendrites whose growth could be further stimulated by 

recombinant TGF-β1 (10 ng/ml) or completely blocked by TβRI inhibitor SB-431542 (Fig. 3.9a-c). In 

contrast, DAT-iCre/+;TbRIIfl/fl DA neurons had shorter and less complex dendrites that did not respond to 

TGF-β1 treatment (Fig. 3.9d-e). Sholl analyses showed that TGF-β1 (10 ng/mL) treatment increased 
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dendritic branches in control DA neurons, especially within 50-200 µm radius of the cell body, whereas 

the same treatment did not increase dendritic branches in DAT-iCre/+;TbRIIfl/fl DA neurons (Fig. 3.9f). 

Consistent with these findings, control DA neurons showed much higher cumulative surface areas at basal 

condition and after TGF-β1 treatment than DAT-iCre/+;TbRIIfl/fl DA neurons (Fig. 3.9g). Finally, the 

dendritic growth in control DA neurons responded to TGF-β1 treatment in a dose-dependent manner, 

while growth could be blocked by SB-431542 to the level similar to DAT-iCre/+;TbRIIfl/fl DA neurons 

(Fig. 3.9h). Together, these results support the idea that TGF-β signaling is both necessary and sufficient 

for the growth of axons and dendrites in DA neurons.  
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Figure 3.6. Loss of TGF-β  receptor TβRII in DA neurons leads to reduced axonal growth. (a, b) Coronal 

sections of immunostaining for TH (red) and DAPI (blue) in E15.5 TbRIIfl/fl (a) and DAT-iCre; TbRIIfl/fl (b) striatum. 

Scale bar is 200 µm. (c, d) Sagittal sections of immunostaining of GFP and TH in E17.5 DAT-iCre;R26Ryfp/+ (c) and 

DAT-iCre;TbRIIfl/fl;R26Ryfp/+ (d) brains. Arrowheads highlight the TH+ and GFP+ axons innervating the striatum at 

E17.5. Scale bar is 500 µm. (e, f) Coronal sections of tdTomato fluorescence in the striatum of P14 DAT-

iCre;Ai14/+ (e) and DAT-iCre;TbRIIfl/fl;Ai14/+ (f). Scale bar 500 µm. (g, h) Sagittal sections of immunostaining for 

TH in P14 TbRIIfl/fl (g) and DAT-iCre;TbRIIfl/fl brains (h). Scale bar represents 1 mm in (g). (i) Quantification of TH 

fluorescence density in the striatum at E15.5, E17.5 and P14 (n=3-4 per group, 3-5 sections per time-point). Data 

presented as mean ± s.e.m. and analyzed using Student’s t test. (j, k) Immunogold electron micrographs of TH-

labeled terminals in the striatum of P14 DAT-iCre (j) and DAT-iCre;TbRIIfl/fl (k) mice. Scale bar 1 µm. (l) 

Quantification of TH+ terminals in control (DAT-iCre/+) and DAT-iCre;TbRIIfl/fl mice (N = 3 per genotype, control: 

34 fields, mutants: 50 fields, * p < 0.05, Student’s t test).  
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Figure 3.7. Loss of TGF-β  receptor TβRII in DA neurons leads to reduced dendritic length and complexity. 

(a, b) TH immunofluorescent stain highlights the extension of DA neuron dendrites into the SNpr in TbRIIfl/fl (a) and 

DAT-iCre;TbRIIfl/fl (b) at P14. Higher magnification images are shown in insets. Scale bars are 200 µm in low 

magnification and 20 µm in higher magnification images. (c, d) Three-dimensional Neurolucida reconstructions of 

biocytin-labeled individual DA neuron in P14 DAT-iCre (c) and DAT-iCre;TbRIIfl/fl (d) brains. (e, f) Quantification 

of dendritic complexity by Sholl analysis (Genotype: F1,2554= 86.97, *** p < 0.0001, two-way ANOVA)(e) and 

cumulative dendritic surface area (Genotype: F1,2554= 161.90, *** p < 0.0001, two-way ANOVA)(f) of biocytin-

labeled neurons (N = 9 neurons per genotype). (g-j) High magnification images of biocytin-labeled DA neurons 

showing spine density and morphology in proximal (g, i) and distal (h, j) dendrites of P14 DAT-iCre and DAT-

iCre;TbRIIfl/fl brains. (k-m) Quantification showing number of spines plotted against distance from the cell body (N 

= 9 neurons per group, Genotype: F1,2496= 773.54, p < 0.0001, two-way ANOVA)(s), spine density (*** p < 0.005, 

Student’s t test) (t) and total number of spines (*** p < 0.005, Student’s t test)(u) . Data presented as mean ± s.e.m. 

and analyzed using two-way ANOVA (e, f, k) or Student’s t test (l, m). SNpc, substantia nigra pars compacta; SNpr, 

substantia nigra pars reticulata. * p < 0.05, *** p < 0.005. 
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Figure 3.7. DAT-iCre;TbRIIfl/fl DA neurons show reduced spine density across all spine categories. 

Quantification of numbers of thin, stubby, mushroom and branched spines in biocytin-labeled DA neurons in 

TbRIIfl/fl and DAT-iCre;TbRIIfl/fl P14 ventral midbrain (n=9 neurons per group). Data presented as mean ± s.e.m. and 

analyzed using Student’s t test.  
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Figure 3.9. TGF-β signaling in DA neurons is sufficient for neurite outgrowth in vitro.  

(a) Experimental design for recombinant TGF-β1 ligand and SB-431542 treatment of DA primary neuron cultures 

from E13.5 embryos. (b-e) Representative tracings of Neurolucida reconstructed TH+ neurons from TbRIIfl/fl (b,c) 

and DAT-iCre;TbRIIfl/fl (d,e) cultures that were untreated (b,d) or treated with TGF-β1 (c,e). (f-h) Quantification of 

neurite phenotype using Sholl analysis (f), cumulative surface area (g) and total dendrite length (h). Data are from 

three mice per group, 7-8 neurons per sample. Data presented as mean ± s.e.m. and analyzed using two-way 

ANOVA (f,g) and Student’s t test (h). * p < 0.05. 
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Loss of TβRII in DA Neurons Alters Excitatory and Inhibitory Synaptic Inputs and Reduces Burst Firing 

Given the profound loss of spines and the dendritic phenotype, we next investigated the excitatory 

and inhibitory synaptic inputs to DA neurons (Watabe-Uchida et al., 2012). Using vesicular glutamate 

transporter type 2 (VGlut2) as a presynaptic excitatory marker, we observed a consistent reduction of 

VGlut2 density in P0 DAT-iCre/+;TbRIIfl/fl ventral midbrain and along TH+ dendrites at P14 (Fig. 3.10a-

f). To characterize changes in the local GABAergic microcircuits within ventral midbrain, we examined 

several GABAergic neuron markers and found that the majority of GABAergic neurons in SNpr 

expressed parvalbumin (PV), but not calbindin, calretinin or NPY (Fig. 3.11). Interestingly, no PV+ 

neurons were detected at P0, but the number of PV+ neurons was significantly increased in the SNpr of 

DAT-iCre;TbRIIfl/fl mutants at P14 and P28 (Fig. 3.10g-k). To further characterize the synaptic defects, 

we performed immunogold electron microscopy and showed that in control mice, ~86% of TH+ dendrites 

in SNpc and ~93% in SNpr contained definitive synapses (Fig. 3.10l-p). In contrast, substantially fewer 

TH+ dendrites (~64%) in SNpc and SNpr of DAT-iCre;TbRIIfl/fl mutants contained definitive synapses. 

Even after normalizing the number of synapses by the circumference of TH+ terminals, the density of 

synapses in DAT-iCre;TbRIIfl/fl mutants was significantly reduced in SNpc and SNpr (Fig. 3.10q). To 

characterize excitatory vs. inhibitory synapses in DA neurons of DAT-iCre;TbRIIfl/fl mutants, we analyzed 

ultrastructural features that distinguish inhibitory (symmetric) from excitatory (asymmetric) synapses, and 

showed that excitatory synapse density was significantly reduced and inhibitory-to-excitatory synapse 

ratio was higher in TH+ and non-TH+ dendrites in DAT-iCre;TbRIIfl/fl (Fig. 3.10r-s).  

To analyze the functional consequence of the altered ratio of excitatory and inhibitory synapses in 

DAT-iCre;TbRIIfl/fl mutants, we performed electrophysiological recordings and found a significant, albeit 

modest, decrease in the frequency of mEPSC in DA neurons of DAT-iCre/+;Ai14/+;TbRIIfl/fl mutants 

(Fig. 3.12a, c), while the amplitude was comparable between the genotypes (Fig. 3.13a, c). In contrast, 

mIPSC frequency in DA neurons of DAT-iCre/+;Ai14/+;TbRIIfl/fl mutants showed a dramatic increase 

compared with control littermates (Fig. 3.12b, d), without affecting the amplitude (Fig. 3.13b, d). We 
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then examined both input-output relationships for evoked EPSC and IPSC from the same neuron by 

locally stimulating synaptic inputs to the dendrites of DA neurons to measure the excitation/inhibition 

ratio (EPSC/IPSC ratio). Consistent with the mEPSC/mIPSC results, we found that the excitatory input-

output curve was decreased in DAT-iCre/+;Ai14/+;TbRIIfl/fl DA neurons, whereas the inhibitory input-

output curve was enhanced, resulting in a marked reduction in the E/I ratio (Fig. 3.12e-g). These results 

indicate that there is greater inhibitory drive onto SNpc DA neurons in DAT-iCre/+;Ai14/+;TbRIIfl/fl 

mutants.  

DA neurons in SNpc can exhibit both low frequency tonic firing activity (< 4 Hz) and high frequency 

phasic burst-firing activity (> 10 Hz), determined by their intrinsic properties and synaptic activities 

(Blythe et al., 2009; Hyland et al., 2002; Overton and Clark, 1997). This burst-firing property is 

particularly relevant as it is governed by the balance of excitation and inhibition through regulation of 

membrane potential and input resistance of the neuron (Isaacson and Scanziani, 2011). To assess whether 

changes of excitation/inhibition ratio in DAT-iCre/+;Ai14/+;TbRIIfl/fl mutants lead to defects in the 

generation of burst-firing, we recorded spontaneous and burst-firing of DA neurons in SNpc in response 

to a brief, local electrical stimulation (100 Hz, 1 sec). While high frequency stimulation to control DA 

neurons induced a significant increase in the firing frequency, the same stimulation could not elicit a 

similar increase in burst-firing in DAT-iCre/+;Ai14/+;TbRIIfl/fl DA neurons, reflected by reduced number 

of action potentials (AP), reduced maximal frequency and reduced mean frequency of APs generated 

during burst-firing evoked by high-frequency stimulation (Fig. 3.12h,i). There was no difference in 

spontaneous firing frequency or other physiological characteristics of action potentials between the 

genotypes (Fig. 3.13e-g), suggesting the defects in burst-firing are not caused by changes in DA neuron 

intrinsic properties.  
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Figure 3.10. Loss of TGF-β signaling in DA neurons reduces excitatory synaptic inputs, but increases 

inhibitory synaptic inputs. (a-d) Confocal images of DA neurons immunostained for VGlut2 (green) and TH (red) 

in TbRIIfl/fl (a, b) and DAT-iCre;TbRIIfl/fl (c, d) at P0 and P14. Insets show higher magnification images. (e) 

Fluorescence density of VGlut2+ synapses at P0 (N = 3, 9 fields per genotype, p < 0.001, Student’s t test). (f) 

Percentage of VGlut2-positive puncta at P14 (N = 3, 35-38 fields per genotype, p = 0.005, Student’s t test). (g-j) 

Immunohistochemistry of parvalbumin-positive GABAergic neurons in SNpr of TbRIIfl/fl (g, h) and DAT-

iCre;TbRIIfl/fl (i, j) at P14. Higher magnification images shown in (h, j). (k) Stereological quantification of PV+ 

neuron number at P14 and P28 (N = 3-4 per group, 5 serial sections per animal, * p < 0.05, Student’s t test). (l-o) 

Immunogold electron micrographs of TH-labeled synapses in P14 TbRIIfl/fl (l, n) and DAT-iCre;TbRIIfl/fl (m,o). 

Examples of asymmetric (l, m) and symmetric (n, o) synapses onto TH+ dendrites. (p-s) Quantification of the 

number of TH+ terminals with synapses in SNpc and SNpr (p), the number of synapses normalized to TH+ terminal 

circumference in SNpc and SNpr (q) and for asymmetric and symmetric synapses in SNpc (r), and the ratio of 

symmetric versus asymmetric synapses in TH+ and non-TH+ terminals (s)(N = 3, 27-59 fields quantified per group, 

Student’s t test). * p < 0.05, ** p < 0.01, *** p < 0.005, n.s., not significant. Data presented as mean ± s.e.m. and 

analyzed using Student’s t test (e-f, k, p-r). Scale bars represent 100 µm (a), 20 µm (a, inset), 10 µm (b), 200 µm 

(g), 50 µm (h) and 500 nm (n). 
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Figure 3.11. Parvalbumin is the most prominently expressed inhibitory neuron marker in the ventral 

midbrain. (a-b) Immunostaining of Calbindin (green) and TH (red) in P14 TbRIIfl/fl (a) and DAT-iCre;TbRIIfl/fl (b) 

ventral midbrain. (c-d) Immunostaining of neuropeptide Y (NPY, green) and TH (red) in P14 TbRIIfl/fl (c) and DAT-

iCre;TbRIIfl/fl (d) ventral midbrain. (e-f) Immunostaining of Calretinin (green) and TH (red) in P14 TbRIIfl/fl (e) and 

DAT-iCre;TbRIIfl/fl (f) ventral midbrain. (g-h) Immunostaining of parvalbumin (PV, green) and TH (red) in P14 

TbRIIfl/fl (g) and DAT-iCre;TbRIIfl/fl (h) ventral midbrain. Individual channels are shown on the right. Scale bars 

represent 200 µm. Dotted line denotes pial surface. 
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Figure 3.12. DA neurons lacking TβRII showed excitation/inhibition imbalance and reduced synaptic 

stimulation-induced burst firing.  (a-b) Sample recording traces showing mEPSC (a) and mIPSC (b) recorded 

from dopaminergic (DA) neurons from littermate control (top) and DAT-iCre/+;Ai14/+;TbRIIfl/fl conditional mutant 

mice (bottom). (c) Cumulative probability plots of mEPSC inter-event intervals (top left, mEPSC frequency, p < 

0.05, K.S. test) and summary of mean mEPSC frequency (top right). (d) Cumulative probability plots of mIPSC 

inter-event intervals (top left, mIPSC frequency, p < 0.05, K.S test) and summary of mean mIPSC frequency (top 

right, p < 0.05, Mann-Whitney). (e) Sample recording traces showing evoked EPSCs (left) and input/output curve 

for evoked EPSC (right)(*, p < 0.05, Mann-Whitney). (f) Sample recording traces showing evoked IPSCs (left) and 

input/output curve for evoked IPSC (right)(*, p < 0.05, Mann-Whitney). (g) Sample recording traces and 

excitation/inhibition ratios (EPSC/IPSC ratios)(*p < 0.05, Mann-Whitney). (h) Sample recording traces showing 
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spontaneous and burst firing of DA neurons recorded from littermate control (left) and DAT-iCre/+;Ai14/+;TbRIIfl/fl 

conditional knockout mice (right) in response to high-frequency stimulation. Rectangular bar indicates stimulation 

(100 Hz, 1 sec). (i) Number of AP of burst firing, maximal frequency of burst firing and mean frequency of burst 

firing evoked by high-frequency stimulation (* p < 0.001, Mann-Whitney). Error bar represents mean ± s.e.m. 

Statistical significance is determined using Mann-Whitney test (*p < 0.05, ** p < 0.01, *** p < 0.001). 

Kolmogorov-Smirnov test is used for cumulative distribution of mEPSC and mIPSC.  
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Figure 3.13. Dopaminergic neurons lacking TβRII do not show changes in intrinsic firing properties. (a) 

Sample recording traces showing mEPSC recorded from dopaminergic (DA) neurons from littermate control and 

DAT-iCre/+;Ai14/+;TbRIIfl/fl conditional mutant mice. (b) Sample recording traces showing mIPSC recorded from 

DA neurons from littermate control and DAT-iCre/+;Ai14/+;TbRIIfl/fl conditional mutant mice. (c) Cumulative 

probability plots of mEPSC amplitudes (left, mEPSC amplitude, p > 0.51, K.S. test) and summary of mean mEPSC 

amplitude (right). (d) Cumulative probability plots of mIPSC amplitudes (left, mIPSC amplitude, p > 0.14, K.S. test) 

and summary of mean mIPSC amplitude (right, p > 0.68, Mann-Whitney). (e-f) Sample recording traces showing 

spontaneous burst firing (e) and average action potential (AP) waveform (f) recorded from DA neurons from 

littermate control (top) and DAT-iCre/+;Ai14/+;TbRIIfl/fl (bottom) mice. (g) Mean frequency (p > 0.23), AP 

amplitude (p > 0.20), AP width (p > 0.40) and AP threshold of spontaneous firing in SNpc dopaminergic neurons (p 

> 0.68). Error bar represents mean ± s.e.m. Statistical significance is determined using Mann-Whitney test. 

Kolmogorov-Smirnov test is used for cumulative distribution of mEPSC and mIPSC.  
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Loss of TGF-β Signaling in DA Neurons Leads to Hyperactivity and Reversal Learning Defects 

We next examined whether the perturbations of excitation-inhibition balance in DAT-iCre/+;TbRIIfl/fl 

DA neurons impacted psychomotor behaviors and reward learning (Adamantidis et al., 2011; Tsai et al., 

2009). In open field tests, 2 month-old DAT-iCre/+;TbRIIfl/fl mice exhibited features of hyperactivity with 

significant increases in total distance traveled, average velocity and rearing, but no difference in 

proportion of time spent in the periphery versus center (Fig. 3.14a, Fig. 3.15a-c). The hyperactivity 

phenotype in DAT-iCre/+;TbRIIfl/fl mice persisted at 5 and 7 months old, even though overall activity for 

both groups declined with age (Fig. 3.14a). Similarly, DAT-iCre/+;TbRIIfl/fl mice were also hyperactive 

on an elevated plus maze with a marked increase in total distance traveled, but no differences in 

proportion of time spent in either arm (Fig. 3.14b,c). The lack of spatial preference in the open field and 

elevated plus maze suggest that DAT-iCre/+;TbRIIfl/fl mice do not have anxiety-like behaviors. Gross 

motor function and motor learning on Rotarod were also not impaired in DAT-iCre/+;TbRIIfl/fl mice (Fig. 

3.15b). 

Given the importance of DA neuron burst-firing in reward-learning (Adamantidis et al., 2011; Tsai et 

al., 2009), we investigated whether DAT-iCre/+;TbRIIfl/fl mice showed impairments in a 4-choice 

discrimination reversal-learning paradigm (den Ouden et al., 2013; Izquierdo and Jentsch, 2012; Johnson 

and Wilbrecht, 2011). Both control and DAT-iCre/+;TbRIIfl/fl mice were trained to dig for food rewards 

(the habituation and shaping phases) and then learned to associate a specific odor with the food reward 

(the discrimination phase)(Fig. 3.14d). This determined whether there were genotype-specific changes in 

the ability to learn a reward association. In the reversal phase, the food reward was paired with a different 

odor to determine whether there were genotype-specific differences in behavioral flexibility. In addition, 

during the reversal phase, a new odor never paired with food was introduced to assess their response to 

novelty (Fig. 3.14d). Mice were considered to have reached criterion in both the discrimination and 

reversal phases once they successfully identified food reward in 8 out of 10 consecutive trials. DAT-

iCre/+;TbRIIfl/fl mice showed no difference from controls in the number of trials to criterion (TTC) during 
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the discrimination phase (Fig. 3.14e), suggesting that DAT-iCre/+;TbRIIfl/fl mice did not have deficits in 

the acquisition of reward association. However, in the reversal phase, DAT-iCre/+;TbRIIfl/fl mice required 

approximately twice the number of trials to establish the new odor-reward association (Fig. 3.14e). DAT-

iCre/+;TbRIIfl/fl mice committed more total errors, the majority of which were due to digging in the 

previously rewarded odor (“reversal errors”)(Fig. 3.14f). Importantly, DAT-iCre;TbRIIfl/fl mice continued 

to return to the previously rewarded odor even after a correct trial in the new odor (“regressive errors”). 

Consistent with their hyperactive phenotype, DAT-iCre/+;TbRIIfl/fl mice tended to show a shorter latency 

to dig for food in both the discrimination and reversal phases (Fig. 3.14g-h). There was no significant 

difference in “perseverative errors” (digging in the first odor before trying a new strategy), “irrelevant 

errors” (digging in an odor that was never rewarded), or “novel errors” (digging in the novel odor)(Fig. 

3.15e). Together, these data suggest that changes in excitation/inhibition balance do not affect the ability 

to learn a food reward association, but have dramatic effects on the ability of the mice to update the 

reward association as new information becomes available.  
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Figure 3.14. DAT-iCre;TbRIIfl/fl mice display locomotor hyperactivity and deficits in reversal learning. (a) 

Activity tracing of two-month old male control (N = 14) and DAT-iCre;TbRIIfl/fl (N = 8) mice for one hour in the 

open field test. (b) Distance traveled per ten-minute segment in the open field test (Genotype: F1,20= 6.14, p = 

0.0223, two-way ANOVA). (c) Distance traveled by two-, five- and seven-month old male control and DAT-

iCre;TbRIIfl/fl mice in the open field test (N = 12 mice per group, Genotype: F2,44= 10.44, p = 0.0038, two-way 

ANOVA). (d) Experimental design of four-choice discrimination reversal learning behavioral paradigm showing 

time course of habituation, shaping, discrimination and reversal phases. Schematic diagram below shows the four-

chambered arena with bowls that contain shavings. In the shaping phase, the shavings are unscented. In the 

discrimination and reversal phases, shavings are scented with four different odors (O1-O4). The star icon represents 

the bowl that contains food reward in each phase. (e) Quantification of the number of trials to criterion in three-

month old male control (N = 20) and DAT-iCre;TbRIIfl/fl (N = 16) mice during discrimination (Disc.) and reversal 

(Rev.) phases (* p < 0.05, n.s., not significant, Student’s t test between genotypes and paired t test within genotypes). 

(f) Quantification of total number of errors, reversal errors (returns to anise) and regressive errors in three-month old 
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male control and DAT-iCre;TbRIIfl/fl mice during reversal phase. (g-h) Quantification of cumulative latency (time 

taken to make a digging choice per trial) over the first ten trials in the discrimination (Genotype: F1,340= 25.65, *** p 

< 0.0001, two-way ANOVA)(g) and reversal phases (Genotype: F1,340= 54.23, *** p < 0.0001, two-way 

ANOVA)(h).  Data presented as mean ± s.e.m. and analyzed using two-way ANOVA (a, g-h) Student’s t test (b-c, 

e-f) and paired t test (e). * p < 0.05, *** p < 0.005.  
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Figure 3.15. DAT-iCre;TbRIIfl/fl mice exhibit hyperactivity in the Open Field test but do not show motor 

deficits on the rotarod. (a-c) Performance by two-month old control and DAT-iCre;TbRIIfl/fl mice in the Open Field 

test, analyzed for basic movement (a), total distance traveled (b), average velocity (c) and rearing (d) using 

MotorMonitor software over ten minutes of continuous monitoring (n=12 mice per group, basic movement: two-

way ANOVA, p=0.0043). (e) Total distance traveled by two-month old control (N = 14) and DAT-iCre;TbRIIfl/fl (N 

= 8) mice in 60 minutes of open field monitoring. (f) Ratio of time spent in the center and periphery of open field 

apparatus during 60 minutes of monitoring. Control and control and DAT-iCre;TbRIIfl/fl mice do not show any 

significant difference. (g) Proportion of time spent in open and closed arms of the elevated plus maze by two-month 

old male control (N = 13) and DAT-iCre;TbRIIfl/fl (N = 12) over ten minutes continuous monitoring. (h) 

Quantification of average latency to fall in the rotarod test over nine trials in two-month old control and DAT-

iCre;TbRIIfl/fl mice (n=12 mice per group, two-way ANOVA, p>0.05). Data presented as mean ± s.e.m. and 

analyzed using Student’s t test (b,c,e). n.s. not significant, *p<0.05, ***p<0.005. 
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3.4. Discussion 

Several neurotrophic factors exhibit prosurvival effects for DA neurons (Andressoo and Saarma, 

2008; Aron and Klein, 2011). However, removing these neurotrophic factors or their receptors has either 

no or very modest effects on DA neurons during development or in the aging process (Baquet et al., 2005; 

Jain et al., 2006; Kramer et al., 2007). Furthermore, it is unclear if these trophic factors can modulate 

synaptic functions in DA neural circuits. Our findings reveal a previously unrecognized role of TGF-β1 as 

an autocrine trophic factor that regulates the growth of axons and dendrites in DA neurons. Loss of TGF-

β signaling in DA neurons perturbs the balance of excitatory and inhibitory synaptic inputs and phasic 

firing properties, which contributes to hyperactivity and behavioral inflexibility in a stimulus-dependent 

reinforcement task. These results underscore the critical role of TGF-β1 as a permissive trophic signal 

that balances the excitatory and inhibitory synaptic inputs in DA neurons. They also provide important 

insights to how perturbations to TGF-β signaling in these neurons may contribute to neuropsychiatric 

disorders that affect activity and behavioral flexibility in reversal learning. 

Previous studies have shown that TGF-β signaling plays critical roles in astrocytes and microglia 

under physiological and injury conditions (Bialas and Stevens, 2013; Butovsky et al., 2014). However, 

neuronal expression and function of TGF-β in postnatal brains remains poorly characterized. Using Tgfb 

isoform-specific in situ hybridization probes, we show that Tgfb1 mRNA, but not Tgfb2 or Tgfb3, is 

abundantly expressed in DA neurons in SNpc and GABAergic neurons in SNpr in postnatal brains. In 

contrast, Tgfb1 mRNA is below detectable levels in astrocytes and microglia in substantia nigra. 

Although we cannot rule out that a small amount of TGF-β may be released by glial cells, the robust co-

expression of Tgfb1 mRNA and TbRII in postnatal DA neurons support the idea that DA neurons likely 

use an autocrine mechanism to maintain a relatively high level of TGF-β1 expression during the 

maturation of DA neurons. In support of this, bioinformatics and luciferase reporter analyses identify 

several Smad and AP-1 transcription factor binding elements in the promoter sequence of Tgfb1 locus, 

which positively and negatively regulate Tgfb1 mRNA expression, respectively. Consistent with these 

results, control DA neurons contain high p-Smad2 and low p-c-Jun levels in the nucleus, whereas DA 
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neurons in DAT-iCre;TbRIIfl/fl mutants show a marked reduction in p-Smad2 level and an increase in p-c-

Jun level. Together, these results support the idea that DA neurons use a positive feedback mechanism to 

maintain a high level of TGF-β1 expression.  

Both TGF-β and TGF-β downstream transcriptional cofactor HIPK2 regulate DA neuron survival 

during embryonic development (Krieglstein, 2004; Krieglstein et al., 1995; Poulsen et al., 1994; Roussa et 

al., 2006; Zhang et al., 2007). In addition, TGF-β signaling has been shown to regulate axonal 

specification in the embryonic cortical neurons and dendritic arborization in newborn neurons in the 

dentate gyrus (He et al., 2014; Yi et al., 2010). Using electroporation of Cre recombinase plasmids in the 

cerebral cortex of E14.5 TbRIIfl/fl mice, it has been reported that developing cortical neurons lacking 

TβRII exhibit retardation in neuronal migration and no axonal outgrowth. Conversely, when exposed to 

TGF-β-coated substrates in vitro, embryonic cortical neurons show robust growth of supernumerary 

axons (Yi et al., 2010). Our results indicate that removal of TβRII from DA neurons between E15.5-P0 

does not compromise DA neuron survival, nor does it cause the same profound axonal specification 

phenotype reported in cortical neurons. Instead, loss of TβRII in DA neurons leads to reduced axonal 

fiber density in late embryonic and young adult brain. Several factors may contribute to the different 

phenotypes caused by TβRII removal in cortical neurons and DA neurons. These include the timing of 

Cre expression and the functional redundancy of non-Par6-dependent pathways may result in a much 

milder axonal phenotype in the DA neurons of DAT-iCre/+;TbRIIfl/fl mutants. 

In addition to the axonal phenotype, DA neurons in DAT-iCre/+;TbRIIfl/fl mice also exhibit reduced 

dendritic length and complexity. Using dissociated cultures, we show that TGF-β1 dose-dependently 

promotes neurite outgrowth in control DA neurons and that this effect can be completely blocked by 

TβRI inhibitor SB-431542. In contrast, DA neurons from DAT-iCre/+;TbRIIfl/fl mice do not respond to 

TGF-β1 treatment. In fact, the dendritic length and complexity of DAT-iCre/+;TbRIIfl/fl DA neurons are 

identical to control neurons treated with TβRI inhibitor SB-431542. The dendritic phenotypes in the DA 

neurons of DAT-iCre/+;TbRIIfl/fl mice are similar to those reported in the newborn neurons of the dentate 
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gyrus in adult ALK5fl/fl mutants using lentivirus expressing Cre recombinase or wild type mice receiving 

retroviruses expressing shRNA to down-regulate ALK5 expression in progenitors (He et al., 2014). In 

general, these results support the important role of TGF-β signaling in neurite outgrowth and maintenance. 

However, it is possible that certain aspects of TGF-β signaling mechanisms may have more prominent 

effects in different neurons. Future studies comparing the TGF-β-dependent gene expression profiles and 

phosphor-proteomics should provide more insights to decipher these interesting differences. 

Morphological and electrophysiological data in DAT-iCre;TbRIIfl/fl mutants show that loss of TGF-β 

signaling in DA neurons causes a significant reduction in excitatory synaptic inputs and a robust increase 

in inhibitory synaptic inputs, which lead to a drastic reduction in excitation-inhibition ratio and reduced 

burst-firing. At least two complementary mechanisms may contribute to the increase in inhibitory 

synaptic inputs to DA neurons in DAT-iCre;TbRIIfl/fl mutants. First, recent results from 

electrophysiological recording of individual DA neurons followed by Neurolucida 3D reconstruction of 

their dendritic structure indicate that the somato-dendritic architecture of DA neurons correlates with their 

afferent synaptic organization (Henny et al., 2012). It is estimated that DA neurons receive approximately 

8,000 synaptic inputs, of which ~30% are glutamatergic and 40-70% are GABAergic. Interestingly, the 

proportion of inhibitory synaptic inputs to DA neurons appears to be dictated by the relative extension of 

DA dendrites into the SNpr. It is possible that the reduced DA dendritic extension into SNpr in DAT-

iCre;TbRIIfl/fl mutants may trigger compensatory GABAergic synaptogenesis. Another potential 

mechanism causing the increase in inhibitory synapses in the SNpr of DAT-iCre;TbRIIfl/fl mutants may be 

due to the increased Tgfb1 mRNA expression in GABAergic neurons in SNpr. TGF-β is known to 

promote synaptogenesis in invertebrate and vertebrate nervous system (Chin et al., 2002; Fuentes-Medel 

et al., 2012; Goold and Davis, 2007). Furthermore, two recent studies indicate that TGF-β may 

preferentially promote GABAergic synapse formation. In C. elegans, an RNAi screen identifies genes 

encoding TGF-β, receptor-regulated R-Smad and Co-Smad as key factors in promoting GABAergic 

synapse inputs to body muscles (Vashlishan et al., 2008). In addition, intraventricular infusion of TGF-β1 

in adult mice enhances inhibitory synapse density in cerebral cortex (Diniz et al., 2014). Our results show 
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a significant increase of Tgfb1 mRNA in GABAergic neurons in the SNpr of DAT-iCre;TbRIIfl/fl mutants, 

which coincides with the prominent growth of PV+ dendrites in SNpr in postnatal life. Although it is 

unclear why Tgfb1 mRNA is up-regulated in the SNpr PV+ GABAergic neurons in DAT-iCre;TbRIIfl/fl 

mutants, it is likely that the increase of TGF-β1 expression can promote neurogenesis, dendritic growth 

and synapse formation in late-born PV+ neurons in SNpr, which form “high-PV configurations” that can 

interfere with reward and goal-directed learning in DA neurons similar with its ability to interfere with the 

acquisition of new memories and structural synaptic plasticity in hippocampus-based learning (Donato et 

al., 2015; Donato et al., 2013).  

While TGF-β/BMP signaling has been implicated in regulating synaptic homeostasis in invertebrates 

(Davis, 2013), it is less clear whether similar effects exist in the mammalian nervous system. Our results 

provide the first compelling evidence that loss of TGF-β signaling in DA neurons can indeed cause a 

marked reduction in the excitation/inhibition (E/I) synaptic ratio in local neural circuits involving DA 

neurons. Given the critical role of DA neurons in reward and goal-directed learning, we further 

investigate the behavioral outcomes in DAT-iCre;TbRIIfl/fl mutants. In open field and elevated plus maze 

tests, DAT-iCre;TbRIIfl/fl mutants show persistent hyperactivity, but do not have any sign of anxiety or 

depression. In the reversal learning paradigm, DAT-iCre;TbRIIfl/fl mutants have no problem acquiring a 

new reward association, but do show profound deficits in relinquishing learned behaviors and re-

establishing new reward associations. Interestingly, the hyperactivity and behavioral inflexibility 

phenotypes in DAT-iCre;TbRIIfl/fl mutants are similar to symptoms observed in neuropsychiatric disorders, 

including autism, attention deficit hyperactivity disorder (ADHD), post-traumatic stress disorder (PTSD) 

and schizophrenia. Indeed, misexpression of members of the TGF-β signaling pathway, including TGF-β2 

and TbRI, have been linked to GABAergic synaptic defects in the hippocampus of schizophrenia patients 

(Benes et al., 2007). These results and those from our study suggest that TGF-β signaling mechanism may 

serve as a therapeutic target for GABAergic synaptic dysfunction in neuropsychiatric disease.
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CHAPTER 4 

The Role of TGF-β Signaling in Morphine-Dependent Reward Behaviors 
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4.1. Abstract 

Recent studies have highlighted and consolidated the idea of neurotrophic factors performing 

modulatory functions in the neural circuits involving midbrain dopaminergic (DA) neurons. In the context 

of reward circuitry and drugs of abuse, much remains to be discovered concerning the role of such factors 

in regulating cellular and synaptic plasticity in response to opiates like morphine. In this chapter, we show 

that transforming growth factor β-1 (TGF-β1) expression is up-regulated in GABAergic neurons of the 

SNpr in response to a chronic morphine withdrawal paradigm while the levels remain unchanged in SNpc 

DA neurons. Mice lacking TGF-β type II receptor (TβRII) in DA neurons failed to show morphine-

induced conditioned place preference but were sensitive to the locomotor effects of morphine. These data 

suggest a role for TGF-β in cellular changes in response to morphine administration as well as in 

morphine-induced behaviors and identify TGF-β as a possible avenue of exploration in addiction research. 
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4.2. Introduction 

 Naturally rewarding stimuli, such as palatable food or mating opportunities, are strongly 

reinforcing and promote learning that integrates reward-predicting cues with actions leading to reward 

consumption (Hyman et al., 2006; Kauer and Malenka, 2007). These learning processes also assign 

incentive value to rewards, which are dependent on the motivational state of the animal (Bromberg-

Martin et al., 2010). A variety of pharmacological agents such as psychostimulants and opiates exert their 

effects on the same reward pathways and as a result, are also potently reinforcing of behaviors aimed at 

the acquisition of these drugs (Nestler, 2004). Despite convergence in the ability to increase synaptic 

dopamine in the striatum, these agents have disparate targets and modes of action. Stimulants such as 

amphetamines or cocaine act on the dopamine transporter found on DA terminals in the striatum while 

opiates like morphine inhibit GABAergic neurons in the VTA and SN, leading to disinhibition 

(activation) of DA neurons (Hyman et al., 2006; Nestler, 2004). With chronic drug exposure, synaptic 

adaptations may occur in the cells and circuits undergoing stimulation, leading to tolerance and possibly 

withdrawal when drug administration is ceased (Hyman et al., 2006; Kauer and Malenka, 2007).  

In addition to their roles in regulating neuronal development and survival, neurotrophic factors 

have been shown to be critical modulators of synaptic plasticity. In the context of reward circuitry, several 

extrinsic factors were identified as neuromodulators of DA transmission. GDNF and Neurturin (NTN), 

another member of the GDNF superfamily of neutrotrophic factors, were shown to augment dopamine 

release in the striatum and to increase amphetamine-evoked overflow of dopamine (Bourque and Trudeau, 

2000; Cass and Peters, 2010; Hebert et al., 1996). Similarly, brain-derived neutrotrophic factor (BDNF) is 

able to promote synaptic plasticity induced by cocaine or other stimulants via feed-forward actions on the 

mesolimbic afferent pathway (Graham et al., 2007; Horger et al., 1999; Lobo et al., 2010). Interestingly, it 

was recently shown that BDNF also has a contrasting role in mediating opiate-induced adaptations in 

midbrain circuitry, whereby suppression of BDNF signaling enhances morphine-induced DA neuron 

excitability (Koo et al., 2012). 
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 Our earlier findings have shown that TGF-β signaling is critical for maintaining DA neuron 

excitation-inhibition balance and disruption of TGF-β pathway results in increased inhibitory drive onto 

DA neurons, most likely arising from SNpr GABAergic neurons that also express the mu-opioid receptor 

(Cui et al., 2014). Additionally, mice undergoing chronic morphine withdrawal exhibit deficits in reversal 

learning (personal communication with Jennifer Whistler), which is a phenotype we have observed in 

DAT-iCre; TbRIIfl/fl mice. Based on these observations, we postulated that TGF-β might be another factor, 

similar to BDNF, which modulates morphine-induced changes in DA or GABAergic neuron plasticity.  

 

4.3. Results 

 Recent investigations into the effect of opiates on Bdnf expression in the VTA have revealed that 

opiates down-regulate intracellular BDNF signaling pathways and decreases Bdnf expression in the VTA 

(Koo et al., 2012; Mazei-Robison et al., 2011; Russo et al., 2007). To determine if TGF-β signaling might 

be similarly affected after morphine exposure, we analyzed Tgfb1 expression in wild type mice that have 

undergone chronic morphine withdrawal (see Materials and Methods for experimental details). 

Fluorescent in situ hybridization using Tgfb1-specific probes revealed that while chronic morphine 

treatment did not alter Tgfb1 levels in TH+ DA neurons, it did significantly up-regulate Tgfb1 expression 

in PV+ GABAergic neurons in the SNpr by about 30% (Fig. 4.1). This phenotype is reminiscent of that 

observed in DAT-iCre;TbRIIfl/fl mice, whereby loss of TGF-β signaling in DA neurons triggers an up-

regulation of Tgfb1 expression in neighboring GABAergic neurons in the SNpr.  

 Given these similarities and the fact that DA neurons in DAT-iCre;TbRIIfl/fl have reduced 

excitation-inhibition balance and defects in reversal learning, we hypothesized that DAT-iCre;TbRIIfl/fl 

mice would show deficits in morphine-induced reward behaviors. We performed morphine conditioned 

place preference (CPP) using control and DAT-iCre;TbRIIfl/fl mice to analyze their responses to drug 

reward. Baseline activity was recorded on the first day of testing, followed by saline injections in one 

compartment (Zone 2) and morphine (10 mg/kg dose) in the other compartment (Zone 1) on three 

successive days (see Materials and Methods for experimental details). Preference was determined on the 



	   57	  

fifth day of testing. Baseline preference were borderline significantly different in control and DAT-

iCre;TbRIIfl/fl mice (p = 0.049) with control mice showing a slight preference for the Zone 2 (Fig. 4.2d). 

Despite this, control mice displayed robust responses to the rewarding effect of morphine and spent more 

time in Zone 1 after morphine treatment as compared to baseline (p = 0.009) (Fig. 4.2d). Surprisingly, 

DAT-iCre;TbRIIfl/fl mice were resistant to the effect of morphine and did not show any preference for the 

drug-paired compartment as compared to baseline (p = 0.84). Preference scores between control and 

DAT-iCre;TbRIIfl/fl mice were significantly different, with control mice spending about 20% more time in 

the drug-paired chamber while DAT-iCre;TbRIIfl/fl mice barely showed a difference (p = 0.01) (Fig. 4.2c). 

However, even though DAT-iCre;TbRIIfl/fl mice showed no response to the rewarding effect of morphine, 

they still displayed morphine-induced locomotor activity to the same extent as in control mice (Fig. 4.2e). 

Baseline activity for DAT-iCre;TbRIIfl/fl mice was higher than control mice, consistent with previous data 

shown in Chapter 3, and morphine administration increased activity in control and DAT-iCre;TbRIIfl/fl 

mice by about two-fold. 
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Figure 4.1. Chronic morphine exposure up-regulates Tgfb1 expression in parvalbumin (PV) positive 

GABAergic neurons. (a, d) Fluorescent in situ hybridization for Tgfb1 mRNA (red) combined with 

immunostaining for PV (green) and TH (blue) in 3-month old mouse brains treated with 5 consecutive doses of 

saline (a) or morphine (d). (b, e) Higher magnification view of PV+ neuron (green) from saline- (b) and morphine-

treated (e) animals showing Tgfb1 mRNA signal (red). (c, f) Higher magnification view of TH+ neuron (blue) from 

saline- (c) and morphine-treated (f) animals showing Tgfb1 mRNA signal (red). (g-h) Quantification of Tgfb1 

mRNA fluorescent staining intensity in PV+ (g) and TH+ (h) neurons. Scale bars represent 200 µm (a) and 20 µm 

(b, c). Data presented as mean ± s.e.m. and analyzed using Student’s t test; n.s. not significant.  
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Figure 4.2. DAT-iCre;TbRIIfl/fl mice fail to show morphine-induced conditioned place preference. (a-b) 

Activity tracings of representative control (N = 10) (a) and DAT-iCre;TbRIIfl/fl (N = 9) (b) mice in the two-

chambered conditioned place preference apparatus at baseline and after morphine pairing. Saline was administered 

in Zone 2 and morphine at 10 mg/kg dose (Morph) was administered in Zone 1. (c) Preference scores for morphine-

paired chamber (Zone 1) comparing control and DAT-iCre;TbRIIfl/fl mice. (d) Quantification of percentage of time 

spent in Zone 1 Pre- and Post-morphine treatment. (e) Distance traveled by control and DAT-iCre;TbRIIfl/fl mice 

during the three-day conditioning phase where either saline or morphine was administered. Control (N=10) DAT-

iCre;TbRIIfl/fl  (N=9), data presented as mean ± s.e.m. and analyzed using Student’s t test. 
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4.4. Discussion 

Our data firstly identifies Tgfb1 expression in SNpr GABAergic neurons as being sensitive to 

chronic morphine administration and withdrawal. Using in situ hybridization, we show that Tgfb1 

expression is up-regulated in PV+ GABAergic neurons in SNpr 30 days after five doses of morphine. 

Even though the exact timing and the kinetics of Tgfb1 up-regulation after morphine treatment is unclear , 

these results potentially imply that chronic morphine treatment may up-regulate TGF-b1 expression and 

TGF-β downstream signaling cascades in GABAergic neurons. One possible mechanism is that, with 

repeated morphine exposure, the reward circuitry involving DA and GABAergic neurons may become 

tolerant to morphine’s effect in disinhibiting DA neurons, leading to enhanced inhibition by GABAergic 

neurons when morphine is withdrawn. Future studies will be needed to further characterize the 

mechanism leading to the up-regulation of Tgfb1 expression in SNpr GABAergic neurons in DAT-

iCre;TbRIIfl/fl mice and chronic morphine treatment, and how up-regulation of Tgfb1 expression might 

result in increased inhibition by GABAergic neurons onto DA neurons. It will also be interesting to 

determine whether activation of TGF-β signaling in SNpr GABAergic neurons might lead to changes in 

cellular and synaptic plasticity and the suppression of BDNF expression in these neurons (Koo et al., 

2012).  

Behaviorally, DAT-iCre;TbRIIfl/fl mice were sensitive to the locomotor effects of morphine but 

appeared to be resistant to the rewarding effects of morphine. Given the increased inhibitory drive onto 

DA neurons in DAT-iCre;TbRIIfl/fl mice, this could indicate that morphine’s influence on GABAergic 

neurons in the midbrain was insufficient to overcome the existing inhibitory tone. Alternatively, DAT-

iCre;TbRIIfl/fl mice might have increased sensitivity to morphine. Several studies suggest that most dose-

response curves for CPP are bell-shaped and at higher doses, morphine has aversive effects (Berger and 

Whistler, 2011). It is possible that at this dose (10 mg/kg), based on increased sensitivity to morphine, 

DAT-iCre;TbRIIfl/fl mice became averse to morphine treatment, thereby skewing their preference scores. 

Either possibility presents intriguing questions. From previous reports, we know that suppression of 
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BDNF signaling in DA neurons results in enhanced morphine-induced CPP (Koo et al., 2012). If loss of 

TGF-β signaling diminishes CPP, it is likely that BDNF and TGF-β might interact in an antagonistic 

fashion to regulate DA neuron excitability and response to GABAergic neuron disinhibition. Collectively, 

the data presented in this chapter highlights TGF-β signaling as an important modulator in cellular and 

behavioral responses to morphine treatment and reveal a previously unrecognized role for TGF-β as a 

viable target in addiction research. 
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Materials and Methods 

 



	   63	  

 
Mice 

Shh-Cre, Smoothenedfl/fl (Smofl/fl), SmoothenedM2 (SmoM2), Rosa26 (R26R) and BAT-GAL mice 

(stock numbers 005622, 004526, 005130, 003474 and 005317, respectively; the Jackson Laboratory, Bar 

Harbor, ME, USA). To generate conditional mutant mice that lacked Smoothened in the ventral 

neurogenic niche for DA neurons, Smofl/fl mice were first crossed with Shh-Cre to generate Shh-

Cre;Smofl/+ mice, then Shh-Cre;Smofl/+ mice were crossed with Smofl/fl to generate the Shh-Cre;Smofl/fl 

mutant. We also used the same Cre line to generate conditional mutants in which the constitutive active 

Smoothened receptor was expressed in the Shh-Cre domain (Shh-Cre;SmoM2). 

Transgenic DAT-iCre mice were obtained from the lab of Dr. Ken Nakamura (Gladstone Institute 

of Neurological Disease) and mice harboring the conditional (‘floxed’) allele for TGF-β type II receptor 

(TbRIIfl mice) were obtained from Dr. Samuel Pleasure (UCSF).  The Ai14 reporter line (Jackson Lab, 

Stock 007914) was obtained from Dr. Allison Xu (UCSF). Animal care followed the Institutional of 

Animal Care and Use Committee (IACUC) and the NIH guidelines. 

 

Primary Dopaminergic Neuron Cultures 

Primary cultures for dopamine neurons were prepared from embryonic ventral midbrain using 

microisland methods according to published procedures(Takeshima et al., 1996; Tang et al., 2010). 

Briefly, E10.5 or E13.5 mouse embryos were collected from timed-pregnant females. The ventral 

midbrain was dissected, dissociated after treatment with trypsin and cultured on coverslips coated with 

poly-D-ornithine (Sigma) and laminin (Sigma) at the density of 1.0x106/ml. The dissociated cells were 

maintained in DMEM/F-12 (1:1) medium containing 10% FBS overnight. Then, the media was changed 

to DMEM/F-12 (1:1) medium containing N2 supplements (Invitrogen), 20 ng/ml FGF2 (Millipore 

Corporation), 100 ng/ml FGF8 (Peprotech), and designated factors, including 50-1250 ng/ml Shh 

(Peprotech), 50-1250 ng/ml Wnt1 (Peprotech), 0.1-2.5 µM GSK3β inhibitor CT99021 (Axon Medchem), 

1-10 ng/ml TGF-β1 (R&D), TGF-β3 (R&D) and 1 mM SB-431542 (Sigma) for additional 2 days in vitro 
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(DIV) before they were fixed with 4% PFA and processed for immunofluorescence.  

 

Stereology and Quantification for Dendrite Phenotype 

Confocal images of cultured neurons stained with TH antibody were used for Neurolucida (MBF 

Bioscience) tracing and reconstruction. Sholl analysis was performed using Neurolucida Explorer 

software. For in vivo biocytin labeling, published methods were followed(Marx et al., 2012). Briefly, 300 

mM slices were prepared from P14 DAT-iCre/+;Ai14/+ or DAT-iCre/+;TbRIIfl/fl;Ai14/+ mouse brains. 

After single tdTomato-positive DA neurons were filled with biocytin, sections were fixed with 4% PFA 

and washed in PBS. After quenching with 3% H2O2 solution, slices were incubated in 1% avidin-

biotinylated HRP complex (ABC solution, Vector Labs) and developed using nickel- and cobalt-

intensified DAB solution. Slices were mounted and dried on gelatinized microscope slides then 

dehydrated through ten ethanol concentrations and embedded in Eukitt embedding medium (Fluka). 

Manual 3D reconstruction of labeled neurons was done using an Olympus BX51 microscope and 

Neurolucida software.  

 

Immunohistochemistry and In Situ Hybridization 

Immunohistochemistry was performed as described previously with minor modifications (Tang et 

al., 2010). Specifically, mouse embryos and tissue were collected at embryonic day 15.5 (E15.5), E17.5, 

postnatal day 0 (P0), P14, and P28 were fixed in 4% PFA overnight at 4oC. Samples sectioned using a 

Leica cryostat were cryoprotected in 15% and 30% sucrose solutions and embedded in OCT. Samples 

sectioned using Leica vibratome were embedded in 6% Agarose. Sections were prepared at 50µm. 

Primary antibodies in this study included: anti-tyrosine hydroxylase (1:1,000, AB152, Millipore, or 

1:1000, AB113, Abcam), anti-phospho-Smad2 (1:250, #3101L, Cell Signaling), anti-Smad2/3 (1:200, 

#3102, Cell Signaling), anti-phospho-c-Jun (1:200, 06-659, Millipore), anti-VGAT (1:500, #13011, 

Synaptic Systems), anti-VGLUT2 (1:500, #135402, Synaptic Systems), anti-GFAP (1:1,000, #3670, Cell 

Signaling), anti-Iba1 (1:2,000, #019-19741, Wako), anti-Gad67 (1:500, mAB5406, Millipore), anti-
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Parvalbumin (1:2,000, ab11427, Abcam), anti-Neuropeptide Y (1:1,000, No. 22940, Immunostar), anti-

Calbindin (1:1,000, C2724, Sigma), anti-Calretinin (1:1,000, AB5054, Millipore), anti-GFP (1:500, GFP-

1020, Aves), anti-Synaptophysin (1:500, S5768, Sigma), anti-Gephyrin (1:500, #147011, Synaptic 

Systems), and anti-TGFb receptor type II (1:200, ab61213, Abcam). For immunofluorescent staining, 

sections were incubated with primary antibody overnight, followed by secondary antibodies conjugated 

with Alexa fluorophores 488 and 568 (1:300, Invitrogen) for 2 hours to detect signals. For chromogen 

staining, sections were incubated with primary antibody overnight, followed by incubation for 1 hour 

with biotinylated IgG and avidin-biotin complex (Vector Laboratories, Burlingame, CA). Tissue sections 

were incubated with diaminobenzidine (DAB) solution to visualize the staining results.  

To detect the expression of Wnt1, Tgfb1, Tgfb2 and Tgfb3 mRNA in embryonic and postnatal 

mouse brains, we prepared anti-sense ribonucleic acid (RNA) probes for in situ hybridization using 

plasmids that contained cDNA for Wnt1, Tgfb1 (Open Biosystems), Tgfb2, or Tgfb3. The plasmids were 

linearized with appropriate restriction enzymes, and transcribed with SP6 or T7 polymerase using 

digoxigenin (DIG)-labeling reagents and a DIG RNA labeling kit (Roche). Tissue and embryos were 

fixed overnight at 4oC in 4% PFA in DEPC-treated PBS, cryoprotected in 15% and 30% sucrose, 

embedded in OCT, and sectioned at 40 µm thickness. During hybridization, free-floating sections were 

first washed with acetylation solution and 1% Triton X-100. Then sections were incubated with 

hybridization buffer (Amresco) for 2-4 hrs before applying hybridization buffer containing DIG-labeled 

riboprobes (200-300 ng/ml) at 65°C overnight. For in situ hybridization using alkaline phosphatase (AP), 

sections were washed twice on Day 2 with 0.2x SSC solution in 0.1% Tween 20 (pH4.5) at 65°C for 30 

min (high stringency wash), and with 100 mM Maleic acid, 150 mM NaCl, 2 mM levamisole and 0.1% 

Tween (pH7.5) for 10 min. Then the sections were incubated with anti-DIG antibody overnight at 4°C, 

and the in situ hybridization results developed using BM purple (Boehringer Manneheim). For 

fluorescence in situ hybridization (FISH), we used reagents from TSATM Plus DNP (HRP) system 

(NEL747A001KT, PerkinElmer) to detect mRNA. On Day 2, sections were subjected to high stringency 

wash at 65°C for 30 min twice, blocked with TNB buffer for 30 min, and incubated with anti-DIG-HRP 
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(1:100, #11207733910, Roche), followed by incubation with DNP Amplification Reagent (1:50) for 10 

min, and by secondary antibody anti-dinitrophenyl-KLH conjugated with Alexa fluorophore 488 (A11097, 

Invitrogen) or anti-DNP-HRP conjugate (1:100) and Cyanine 3 Tyramide reagent (1:500, Perkin Elmer). 

Finally, the sections were mounted and dried under room temperature and mounted with either Clear 

Mount (Electron Microscopy Sciences) or Fluoromount-G (0100-01, SouthernBiotech). Images were 

captured using a Nikon C2 confocal microscope system or a BX53 Olympus microscope equipped with 

Olympus DP72 camera. 

 

Bioinformatics and Luciferase Assays for Transcriptional Regulation of Tgfb1  

To identify potential Smad and AP-1 binding motifs that control the expression of TGF-b1, we 

isolated a 5 kb mouse Tgfb1 genomic sequence upstream of the first coding exon. The mouse Tgfb1 locus 

contained two transcriptional start sites (TSS)(+1 and +290), with the first ATG located at position +868. 

This 5 kb Tgfb1 genomic sequence was analyzed using the “Cluster Buster” software(Frith et al., 2003) 

(http://zlab.bu.edu/cluster-buster/), which identified 4 Smad-binding elements (SBE)(+369, +63, -3,673 

and -3,847) and 4 AP1 binding sites (+685, -1,405, -2,189 and -3,354). Given the distribution of the SBE 

and AP-1 sites, this 5 kb sequence was divided into 4 regions that contained one or two binding sites, 

amplified by polymerase chain reaction, and subcloned into the pGL4.10-Luc promoterless vector 

(Promega). All Tgfb1-Luciferase constructs were confirmed by sequencing analysis, and luciferase assays 

performed by transfecting N2A neuroblastoma cells with the reporter plasmids together with the control 

Renilla luciferase plasmid pRL-null (Promega) using LipofectAMINE 2000 reagent (Invitrogen) 

according to the manufacturer’s recommendations. Luciferase activity was measured with the Dual-

Luciferase Reporter assay system (Promega) 24 hours after transfection, and was normalized by 

measuring the Renilla luciferase activity.  

 

Immunogold Electron Microscopy 

P14 mice were transcardially perfused using 2% PFA/0.2% glutaraldehyde in 0.1 M phosphate 
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buffer solution (PBS). Brains were removed, fixed in 2% PFA overnight and sectioned at 60 mm using a 

vibratome. Sections were cryoprotected in 25% sucrose/10% glycerol in PBS for 2 hours, freeze-thawed, 

incubated for an hour in 4% normal goat serum (NGS)/PBS, and then with anti-TH antibody (1:400, 

Milipore) in 1% NGS. After washing in PBS, sections were incubated for 2 hours with Ultra small gold 

conjugated secondary goat anti-rabbit IgG (1:100, Aurion) in 0.2% acetylated BSA solution (BSA-c™, 

Aurion)/0.2% fish gelatin in PBS. Silver enhancement was performed using the R-Gent SE-EM Silver 

Enhancement kit (Aurion) according to manufacturer’s protocol. Sections were post-fixed in 0.5% OsO4, 

dehydrated through increasing concentrations of ethanol and propylene oxide, and impregnated with resin 

overnight. They were then mounted on Sigmacote-coated glass slides with resin and heated at 60°C 

overnight. Areas of interest were cut out from the sections, embedded in resin and heated again at 60°C. 

Ultra thin sections (1 mm) were cut with a microtome (Reichert-Jung, Reichert) and collected on copper 

grids. Sections were examined with a JEOL 1200EX electron microscope. 

 

Whole-cell Patch Clamp Recording of DA Neurons 

Acute brain slices from both hemispheres containing the substantia nigra pars compacta (SNpc) 

were obtained from P14~P16 DAT-iCre;Ai14;TbRII+/+ (control littermates) and  DAT-iCre;Ai14;TbR2fl/fl 

conditional mutant mice of both genders. Animals were anesthetized with isoflurane, decapitated, and 

briefly exposed to chilled artificial cerebrospinal fluid (ACSF) containing: 125 mM NaCl, 2.5 mM KCl, 

1.25 mM NaH2PO4, 25 mM NaHCO3, 15 mM glucose, 2 mM CaCl2 and 1 mM MgCl2 oxygenated with 

95% O2 and 5% CO2 (300~305 mOsm, pH 7.4). Coronal or sagittal slices containing SNc were prepared 

(275 µm) using tissue vibratome (VT1200S, Leica) and slices were first maintained in ACSF for 30 min 

at 34 °C and then for an additional 30 min at room temperature before recording. After recovery, slices 

were transferred to submerge recording chamber perfused with ACSF at a rate of 2~4 ml/min at 30~31 °C 

(Warner Instrument, USA). Dopaminergic neurons were identified by red fluorescent protein variant 

(tdTomato) signal (BX51, Olympus). Whole-cell voltage clamp recordings were made with borosilicate 

glass pipettes (3~4 MΩ) filled with an internal solution containing: 126 mM CsMeSO3, 10 mM HEPES, 1 
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mM EGTA, 2 mM QX-314 chloride, 0.1 mM CaCl2, 4 mM MgATP, 0.3 mM Na3GTP, 8 mM Na2-

phosphocreatine (280~290 mOsm, pH 7.3 with CsOH). 0.2% Biocytin was added to internal solution for 

morphological reconstruction of dopaminergic neurons. To measure both EPSC and IPSC from the same 

neurons, dopamine neurons were held at –70 mV (the reversal potential of chloride) to measure EPSC and 

at 0 mV (the reversal potential of ionotropic glutamate receptors) to measure IPSC, respectively. For 

mEPSC/mIPSC experiment, TTX (500 nM) and R-CPP (10 µM) was always present to block sodium 

channel and NMDA receptors, respectively. At lease 5 min stable recordings were obtained for mEPSCs 

and mIPSCs. For input-output curve (I/O) of evoked EPSCs and IPSCs, local electrical stimulation was 

delivered at 0.05 Hz (stimulus pulse duration, 0.1 ms; stimulus intensity, 6~18 mV) using a glass pipette 

filled with ACSF and three successive responses were averaged, representing the averaged response from 

one stimulus intensity. E/I ratio was calculated by dividing the amplitude of EPSC by the amplitude of 

IPSC. R-CPP (10 µM) was present to block NMDAR. To examine the burst firing properties of SNc 

dopaminergic neurons, current-clamp mode was used to measure membrane potentials with potassium-

based internal solution containing: 135 mM KMeSO3, 3 mM KCl, 10 mM HEPES, 1 mM EGTA, 0.1 mM 

CaCl2, 4 mM MgATP, 0.3 mM Na3GTP, 8 mM Na2-phosphocreatine (280~290 mOsm, pH 7.3 with 

KOH). To induce burst firing, local electrical stimulation was delivered at 100 Hz (stimulus duration, 1 

sec; pulse duration, 0.1 ms; intensity, 20 mV). Access resistance was 15~25 MΩ and only cells with a 

change in access resistance < 20% were included in the analysis. Whole-cell patch recordings were 

performed using Multiclamp 700B (Molecular Devices), monitored (WinWCP, Strathclyde 

Electrophysiology Software) and analyzed offline using Clampfit 10.0 (Molecular Devices). Signals were 

filtered at 2 kHz and digitized at 10 kHz (NI PCIe-6259, National Instruments). Reagents were purchased 

from Sigma except R-CPP, QX-314 and TTX (Tocris).   

 

Behavioral Paradigms 

Open field and elevated plus maze. Naïve control and DAT-iCre/+;TbRIIfl/fl male mice between 8 

and 10 weeks of age (n=12 for both genotypes) were acclimated to the testing room for at least 30 min 
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before being placed in arena. Open field recordings were performed using Kinder Scientific SmartFrame 

Open Field apparatus (16” x 16”) and MotorMonitor tracking and analysis software. Elevated Plus Maze 

recordings were performed using Kinder Scientific Elevated Plus maze apparatus with arms 2” wide x 15” 

long and closed wall 6” high. MotorMonitor software was used for tracking and analysis. The first 10 

minutes of activity was recorded for each mouse.  

For 60-minute activity testing, ENV-510 Open Field Arena (10.75" X 10.75" X 8" H) from Med 

Associates was used (n=14 for control and n=8 for DAT-iCre;TbRIIfl/fl) and analyzed using Activity 

Monitor software. Center zone was defined as a square in (X, Y) coordinates as (4, 4) to (12, 12). 

Periphery was defined as the residual space. 

Rotarod. 8-10 week old male mice (n=12 for control and DAT-iCre;TbRIIfl/fl) were tested for 

motor coordination and learning by placing them on a rotating rod that incrementally accelerated from 4 

to 40 rpm over 5 min. Each mouse underwent 3 sessions per day and performance was assessed on three 

consecutive days as latency to fall from the rod. 

Reversal Learning. The 4-choice odor discrimination and reversal task followed the protocols by 

Johnson and Wilbrecht (ref. 29). The test arena is composed of four chambers of clear acrylic with outer 

dimensions 9” height x 12” x 12” and internal walls 2 ⅞” x 8 ¾” height. A central removable cylinder is 6” 

in diameter and 8 ¾” tall. Bowls containing cheerios and wood shavings are 2 ⅞” wide and 1 ¾” deep and 

made of opaque white ceramic. 12-week-old male control and DAT-iCre;TbRIIfl/fl mice (control: n=10 and 

DAT-iCre;TbRIIfl/fl: n=8) were food-deprived over two days to 90% of their original body weight and fed 

to maintain 90% body weight during training. For the habituation phase, a mouse was placed in the center 

of the arena with the cylinder lowered around it. A bowl containing ⅛th of a Honey Nut Cheerio (General 

Mills, Minneapolis, MN) was placed in each of the four compartments. The cylinder was then raised and 

the animal was allowed to explore freely and eat from the bowls. Bowls were rebaited every 10 minutes 

and the total time for habituation is 30 minutes.  

The first day of training was a habituation phase that allowed mice to become familiar with the 

arena and bowls containing Cheerio. In the shaping phase, one bowl and increasing amounts of unscented 
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wood shavings (over 16 trials) were used to train the mouse to dig for cheerio pieces. The bowl changed 

compartments each trial and the time taken to complete each trial was recorded. The third day consisted 

of an odor discrimination phase and a reversal phase. In the odor discrimination phase, shavings scented 

with odors (O1-O4: anise, clove, litsea and thyme respectively) were placed in separate sham-baited 

bowls. Only O1 was rewarded, with ⅛th of a Cheerio buried at the bottom of the bowl. The stimulus 

presentation was alternated so that an odor was never in the same location two trials in a row. Each trial 

was timed and criterion was met when a mouse completed 8 out of 10 consecutive trials successfully. 

Once criterion was met for discrimination, the reversal phase was initiated. In this phase, O2 (clove) 

became the rewarded odor and O4 (thyme) was switched out for a novel odor, eucalyptus. Again, each 

mouse ran this behavior to criterion.  

To quantify the reversal learning phenotype, mice were recorded for the frequency of their entry 

to each quadrant, the latency to start digging and their digging choice (O1-O4). Errors during the reversal 

learning paradigm were defined as follows: (1) Reversal – mouse dig in previously rewarded odor (anise); 

(2) Perseverative – number of reversal errors made before one correct; (3) Regressive – reversal errors 

made after one correct; (4) Novel – mouse digs in novel odor (eucalyptus); (5) Irrelevant – mouse digs in 

never rewarded odor (litsea). Cumulative latency to start digging was quantified for the first ten trials in 

each phase and analyzed using two-way ANOVA.  

Conditioned place preference (CPP). The conditioning apparatus was obtained from Med 

Associates and consisted of two chambers characterized by distinct visual (white or black walls) and 

tactile (wire mesh or steel rod floors) cues. On the first day of the experiment, baseline preferences were 

assessed. The door separating the two chambers was left open, and mice were allowed to freely explore 

both chambers for 30 min. On day two, mice were injected with saline (9 a.m.-12 p.m.) and immediately 

confined to one chamber (Zone 2) for 30 min. In the afternoon (1 – 4 p.m.), they were injected with 

morphine sulfate (Morph) at 10mg/kg, subcutaneously and immediately restricted to the other chamber 

(Zone 1) for 30 min. Conditioning with saline and morphine was repeated on the next two days. The test 

session was identical to the baseline session and occurred on day five. Time spent in each chamber and 
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distances traveled were analyzed. Data are presented as the % time spent in the drug-paired side during 

the test session minus that during the baseline session. 8-10 week old male mice (n = 10 for control and n 

= 9 for DAT-iCre;TbRIIfl/fl) were used. 

 

Statistical Analyses 

Confocal images were quantified for mean fluorescence density using ImageJ and analyzed using 

Student’s t test. Stereological counting for neuron number was performed using Stereo Investigator and 

analyzed using Student’s t test. Reconstruction of cultured or biocytin-labeled neurons was performed 

using Neurolucida software and analyzed using Neurolucida Explorer. Two-way ANOVA test was 

performed using GraphPad Prism 5 for Sholl and Cumulative surface area. Immunogold EM images were 

quantified for area and perimeter using ImageJ and analyzed using Student’s t test. Data expressed as 

mean ± s.e.m. Analysis of electrophysiological recording data was performed in Clampfit (Molecular 

Devices, USA). All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software). 

Summary data are reported as mean ± s.e.m. Non-matched samples were analyzed with the nonparametric 

Mann-Whitney rank sum test. Matched samples were analyzed with Wilcoxon signed ranks test. p < 0.05 

was considered statistically significant. Behavioral data from the open field test and the reversal learning 

paradigm were analyzed using Student’s t test and two-way ANOVA, followed by Bonferroni post hoc 

tests. Data from the elevated plus maze were analyzed using two-tailed Student’s t test.  
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